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Abstract

Utility elicitation is a critical function of any au-
tomated decision aid, allowing decisions to be tai-
lored to the preferences of a specific user. How-
ever, the size and complexity of utility functions
often precludes full elicitation, requiring that de-
cisions be made without full utility information.
Adopting theminimax regretcriterion for decision
making with incomplete utility information, we de-
scribe and empirically compare several new pro-
cedures for incremental elicitation of utility func-
tions that attempt to reduce minimax regret with as
few questions as possible. Specifically, using the
(continuous) space of standard gamble queries, we
show that myopically optimal queries can be com-
puted effectively (in polynomial time) for several
different improvement criteria. One such criterion,
in particular, empirically outperforms the others we
examine considerably, and has provable improve-
ment guarantees.
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new decision criteria are needed. In addition, methods
for the automatic generation of queries have been devel-
oped that reduce uncertainty or incompleteness in the util-
ity function with minimal effort. Within Al, probabilistic
models of utility function uncertainty have been uded

2]. By assuming a density over possible utility functions,
expectations over this density can be taken to determine the
value of a decision; and standard Bayesian updating tech-
niques can be used to account for the responses to queries.
A different perspective is taken in work on imprecisely spec-
ified multiattribute utility theory (ISMAUT)[8; 7] in which
linear constraints on multiattribute utility functions are re-
fined, allowing the set of Pareto optimal decisions to be iden-
tified; these constraints are often refined until one action can
be proven optimal. Boutilier, Bacchus and Brafni8@hand
Blythe[1] adopt a somewhat related perspective, also reason-
ing with linear constraints on utility functions.

In this work, we adopt a distribution-free model, work-
ing with linear constraints on utility functions, much like
ISMAUT. Unlike ISMAUT, we allow for decisions to be
made (or recommended) even when the incompleteness in
utility knowledge prevents us from proving a decision is op-
timal. In such circumstances, we adopt thenimax regret

As software for decision making under uncertainty become&ecision criterion. We also propose and examine several
increasingly common, the process of utility elicitation takesmethods for generating queries that reduce regret quickly,
on added importance. Tailoring decisions to a specific uselft contrast to work on ISMAUT (where quergeneration
requires knowledge of the user’s utility function, information Strategies have not been studied in depth). In this sense,
that generally cannot be built into software in advance. Inour model more closely resembles probabilistic modéls
domains as varied as travel planning, product configuration2l, which rely on the fact that decisions of goespected
and resource allocation, to name but a few, assessing a useftgality can be made with uncertain utility information. Using
utility function is an integral part of interactive decision mak- the minimax regret criterion, we generate decisions whose
ing.  Unfortunately, as is well-known among decision ana-quality (difference from optimal) can be bounded in the face
lysts, utility functions are unwieldy, complex, and difficult of incomplete utility information. These bounds can be traded
for users to articulatgs]. To mitigate these difficulties, ana- Off against query cost or minimum error requirements to
lysts have developed many techniques for easing the burdéh!ide the query process.
of elicitation. For example, structuring of multiattribute util-  The paper is organized as follows. We outline relevant
ity functions reduces the number of parameters that need to Heckground in Section 2 and define the minimax regret crite-
assesselb]; and the use aftandard gamble queriemnd sen-  rion for decision making with incomplete utility information.
sitivity analysis allows users to calibrate utilities more easilyWe show how decisions of minimax regret can be computed
[5]. using simple linear programs (LPs) if utility constraints are
More recently, emphasis has been placed on decision maknear. We also discuss incremental elicitation, focusing on
ing with incomplete utility information. The principle of standard gamble queries (SGJS§], the responses to which
maximum expected utility (MEU) cannot be used directlyimpose one-dimensional, linear utility constraints that can be
in such cases, since the utility function is unknown; thuseasily handled using LPs. Our key contribution is described
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in Section 3, where we develop several myopic elicitationover unknown utility values:; are linear. We us€' C U to
strategies. Assuming linear constraints in each utility dimendenote the subspace GfsatisfyingC.

sion (an assumption consistent with the use of SGQs), we If a system makes a decisiehunder such conditions of
show that the minimax regret improvement offered by anyincomplete utility information, some new decision criterion

response to a SGQ, as a function of the (continuous) que
parameter, is piecewise linear (PWL) and weakly monotoni

mnust be adopted to rank decisions. Follow[3} we adopt
¢he minimax regret decision criteriof Define the optimal

(decreasing or increasing, depending on the response). Thiecisiond;, with respect to utility vectot to be

fact allows optimal queries under each query strategy to be

computed efficiently, in time linear in the number of utility

dy = arg max EU(d;, ).

attributes, despite the fact that query space is continuous. We - )
present empirical results comparing the different strategies iff the utility function were knowndy, would be the correct
Section 4, demonstrating the effectiveness, in particular, off€cision. Theegretof decisiond; with respect tau is

themaximum expected improvemetrategy.

2 Minimax Regret with Incomplete Utility
Information

R(d;,uw) = EU(dy,u) — EU(d;, u).

i.e., the loss associated with executifiginstead of acting
optimally. LetC C U be the feasible utility set. Define the

maximum regredf decisiond; with respect ta_' to be
We assume a system charged with making a decision on be-

half of a user in a specifidecision scenarioBy a decision MR(d;, C) = US%(R(d“ u)

scenario, we refer to a setting in which a fixed set of choices . ) - .

(e.g., actions, policies, recommendations) are available to th@"d the decisiod¢, with minimax regrewith respect ta’"
system, and the (possibly stochast_iq) effects of these choices d, = arg min MR(d;, C).

are known. For example, the decisions could be courses of d;

medical treatment with known probabilities for specific out-
comed4]. The system’s task is to take the optimal decision
with respect to the user’s utility function over outcomes, or
some approximation thereof. The system may have little in-

formation about the user’s utility function, so to achieve this, If the only information we have about a user’s utility function
it must find out enough information about this utility function is that it lies in the seC, thendy; is a reasonable decision.
to enable a good decision to be made. We assume that TH&Pecifically, without distributional information over the set
system has available to it a set of queries it can ask of the us@f possible utility functions, choosing (or recommendidg)

that provide such information. We make these concepts mor@inimizes the worst case loss with respect to possible real-
precise below. izations of the utility function (e.qg., if the true were chosen

by an adversary).

If C is defined by a sef of linear constraints, thedy,
as well asMMR(C) can be computed using a set of linear
programd3]. We can compute thpairwise max regretfor
any pair of decisiond; andd;,

PMR(di, d;, ) = max EU(d;, u) — BU (d;, u)

The (minimax) regret levebf feasible utility setC is
MMR(C) = MR(d¢,, C).

2.1 The Minimax Criterion

Formally, adecision scenarigonsists of a finite set of possi-
bledecisionsD, a finite set of» possible outcomes (or states)
S, and a distribution functioi*r, € A(S), for eachd € D.
The termPr,(s) denotes the probability of outcomebe-
ing realized if the system takes decisi®nA utility function

u : S — [0,1] associates utilityu(s) with each outcome
s. We often viewu as an-dimensional vectot, whoseith
componentu; is simply u(s;). We assume that utilities are
normalized in the rang@®, 1] for convenience. Thexpected
utility of decisiond with respect to utility function is:

EU(d,u) = Z Pra(s;)u;.
i€S

using an LP (i.e., maximizing a linear function of the un-
known outcome utilities subject ). SolvingO(|D|?) such
LPs, one for each ordered pair of actions, allows us to iden-
tify the decisiondy, that achieves minimax regret and to de-
termine the minimax regret levé{MR(C).

2.2 Incremental Elicitation

Given partial knowledge of a utility function in the form of
constraint set, the optimal decisio§, may have an unac-
ceptable level in regret. In such a case, a user could be queried
in order to reduce this level of uncertainty, thus generally im-
Jproving decision quality.

Note thatEU(d, u) is linear inu. The optimal decisior*
w.r.t. » is that withmaximum expected utility (MEU)

In general the utility functiom will not be known with cer-
tainty at the start of the elicitation process, nor at its end. A
in ISMAUT [8; 7], we model this uncertainty by assuminga  2Minimax regret is often used for decision making undict
set of linear constraintd over the set of possibly utility func- or unquantified uncertaint}s], but its application to imprecisely
tionsU = [07 1]”_ More precisely, we assume that constraintsknown utility functions appears not to have been considered in the
- decision analysis literature.

1The extension of our elicitation methods to a set of possible 3Note that max regret cannot increase with additional utility in-
decision scenarios is straightforward. formation: ifC C C’, then MMR(C) < MMR(C").
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A common type of query is a standard gamble w.r.t. out-soning, myopic approximations tend to be used frequently in
comes;, where the user is asked if she preferso a gam-  practicel5; 4.
ble in which the best outcomer occurs with probability
and the worst , occurs with probabilityt — 7 [6]. We will 3 Myopic Elicitation Strategies
designate this query;(!) and focus our attention on such

standard gamble queriesr SGQs! Given a responsges In this section we describe three myopic strategies for query

to queryq;(1), the constraint; > [ can be imposed on the selection under the minimax regret criterion. Throughout this
k2 1 T

user's utility function, thus (in general) refining our knowl- S€ction we make the following assumptions:

edge; similarly, ano response corresponds to the constraint(a) The initial constraints have the form of upper and lower
u; < . A response to any standard gamble query imposes bounds in each utility dimension (these may be trivial
a one-dimensional (i.e., axis parallel) linear constraint on the bounds, 0, 1).

utility set. Thus if our initial constraint s€tis linear, comput- éb) SGQs are asked, assuming some known best and worst
ing the minimax optimal decision after a sequence of SGQS * ;icome. These ensure that each constraint set (after any
can be accomplished using the LP method above. Further- query) has the same form as the initial set (i.e., a hyper-

more, ifC consists of a set of bounds on utility values in each rectangle). We denote hyb; and!b; the current bounds
dimension—i.e. forms a hyper-rectangle withif, 1]"— on the utili.tyu- of oUtCOMEs: . !

then after any sequence of SGQs, the feasible utility set re- o . )

tains this form. (c) For simplicity, we assume a threshelds used to imple-
The interactive decision making context we consideris one ~ Ment termination; that is, when the predicted improve-

in which queries are asked repeatedly until the minimax re- mentof a query falls below, we terminate the process.

gret level falls to some acceptable value. At that point thewe discuss the impact of relaxing these assumptions later.

“optimal” decision, that with minimax regret given the cur-

rent constraints, is recommended. Termination can be bas&il Characterization of Regret Reduction

on simple thresholding, or can take into account the cost ofyyery selection is complicated by the fact that, in general,
a query (which can be weighed against the predicted imthere aren typesof SGQs that can be asked—one per out-
provement in decision quaht?).Ge_neraI!y, gueries W|I_I be comes;—and a continuous set of instances of each type
asked that offer the greatest predicted improvement in demqi(l) for eachl € [Ib;, ub;]. Whatever criterion is used to
sion quality. select queries, it must distinguish among queries in this

Both query selection and termination rely critically on the dimensional continuous space.
way in which “predicted improvement in decision quality”  Before describing the three strategies, we characterize the
is defined for a query. For example, when asking a queryeduction in minimax regret offered by a response to a SGQ.
q:(1) with respect to current constraint gtwe obtain two  Assume current constraint &t with boundsub; andib; in
constraint sets’,, andC,.,, respectively, given responses, dimensioni. Given queryg; (1), with Ib; < [ < ub;, a nega-
no andyes. We might then define the improvement in de- tive response will provide us with a refined set of constraints
cision quality associated with the query as some function o = — ¢ {u; < I}—i.e., it reduces the upper bound, on
MMR(Cp,) and MMR(Cyes). Such a method of evaluating ,,,—with (ideally) reduced regret. A positive response gives
gueries imyopic the query is evaluated in isolation, without ;5 g similarly refined constraint s@j...
consideration of its impact on the value or choice of future Focusing on the negative response, note that we'll end up
queries. ) o with differentC,,, sets depending on the query pointNat-

It is important to note that optimal query choice is inher- yrally, the closer the query pointis to ib;, the more infor-
ently nonmyopic—in general, a sequence of several queriegative a negative response is (since it constrajn® be in
may offer much more value than the aggregate myopic valuege interval[lb;, I]). Intuitively, we'd expect minimax regret
of the component queries. Unfortunately, nonmyopic meth+g be smaller given a tighter query. In fact, we can say more.

ods require some form of lookahead, and thus often imposgefine MMR,,, (C, i, ) to be MMR(C,.,) where theno is in
severe computational costs on the process of query selegesponse to quenry, (1). We have:

tion. For this reason, we focus on the development of several

myopic query selection strategies in the next section. ThiSheorem 1 For anyi < n, MMR,,,(C.i,1) is a PWL, non-

is analogous to the use of myopic methods for the apProXgecreasing function df ' T ’

imation of value of information in cases where uncertainty

is quantified probabilistically; while the computation of true Proof: For space reasons, we provide only an intuitive proof
value of information requires some form of sequential reasketch. DefinePMR(d,d’,C,i,1) = PMR(d,d’,C U {u; =
. [}); thatis, PMR(d,d’,C,1,1) is the pairwise max regret of

40ther types of queries could be considered, though we rely on . ;
. . : w.r.t. d’ given the current constrainpus knowledge that
the special nature of SGQs in some of our results. SGQs are usecél_ Z 7. Itis not hard to see thaPMR(d,d’,C,i,1) is a

widely in decision analysigb], and have been the main query type Ui = . o .
studié,d in recent Bayegiar[:st]alicitation scherfted]. Y BPE Jinear function ofi: maximizing the regret ofl w.r.t. d’ is

50f course, elicitation can continue until a zero-regret (i.e., opti-effécted by setting each component of the utility func-
mal) decision is identified: this occurs wheneg@ic R, for some  tion to either its upper bound (Prq(s;) < Pra(s;)) or
decisiond, the region of utility space for whichi is optimal. The lower bound (ifPrg(s;) > Pra(s;)). Since this max is
regionsR, are convex polytopes withity. achieved independently in each dimension, the contribution
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MMI-optimal
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Ibj (a) ub;j Ibj (b) ub; Ibj (c) ub;

Figure 1: Structure of various functions in dimensienas a function of: (a) The PMR for d; (w.rt. di, dz, ds) are shown; as is
MR(d,C,1,1), the max (thin solid line) of pairwise max regret functiodgR,., (thick solid upper line) is obtained by replacing tRa/R
line d2 — d1 (with negative slope) by the constant line, and again taking the max/{6R .., (dashed line) is the min of th&/R,,, functions
for each decision; (c) Intersection 8fMR,,, and MMR ., gives maximin improvement in MMR.

to max regret in dimensions other thais constant, while improvement of query;(1):

the contribution to regret in dimensiargivenw,; = [ is lin-

ear inl, with coefficientPry (s;) — Prq(s;). It follows that MI(qi(1),C) =

MR(d,C,i,l) = maxy PMR(d,d’,C,1,1) is a PWL convex MMR(C) — max{ MMR,.s(C,i,1), MMR,,(C,1,1)}.

function ofi, since it is the max of these pairwise regret func- . - .
tions (see Figure 1(a)). At each stage, the query(!) is asked whose minimum im-

Now defineMR . (d,C,i,1) = MR(d,C U {u; < I}), the provement with respect to the current constraint set is max-
no b Y - ) T = H

max regret ofd after obtaining a negative response to queryim“m- Thf pro‘;esfhsw?ﬁ Wf;lfgdno query has minimum im-
g:(1). (Note that this differs fromM/R(d, C, i, 1), which is de- ~Provementgreaterinan thres . .

fined by assuming,; = [, notu; < 1.) MRy, (d,C,i,1) is To compute the optimal MMI query point, we find the
also a PWL convex function, obtained from the set of lin-OPtimal query point in each dimensianand ask the SGQ

ear PMR-functions that make up/R(d,C,i,1) as follows: corresponding to the dimension_with greatest’ MMI. The
we replace any linear components with negative slope by th WL representation .Of the fUﬂCtIOWMRyES(C', 1) a'?d :
constant lineMR(d,C, i, Ib;). Intuitively, if the regret ofd MR,,,(C, i, 1) described above allows the optimal point in
w.rt. d’ after learningu; — | decreases with, then simply each dimension to be computed readily. The poitat of-

learning that,; < [ cannot reduce pairwise max regret, since.fers MM in dimensioni can b? determmed by computing the
ptersectlon of the two functions: since one is nondecreas-

this weaker constraint does not rule out the maximum regre' 4 the oth , ing. th . int of th
at! = Ib; (see Figure 1(a) for this intuitive flattening of the N9 @nd the othér nonincreasing, theé maximum point or the

: i N function max{ MMR,.s, MMR,,} must lie at the intersec-
regret line ford, — dy). This ensures tha¥/R ., (d,C, 4,1) is . vyes» . no Lo
also nondecreasing inas illustrated in Figure 1(a). tion. Note that the IFE]?;]%:“(?” musth_smst S|1nce§ eFachlras the
Finally, note that, by definition of minimax regret, Some Maximum vai (C) (see Figure 1(c)). Finally,

MMR,y(C,,1) = ming MRy, (d,C,4,1). The minimum of ' the value of the improvement in regret is the difference be-

a collection of PWL, convex, nhondecreasing functions is alsé[Ween the or_|g|nal minimax regret level and this value_. .
Computation of the intersection of these functions is

Ei\évul_r: ri(gbr;g)rldecreasmg (though not necessarily convex) (Ses?raightforward, requiring only the computation of the inter-

Note that this proof sketch shows how to construct a finiteseCtlon of the linear segments whose bounds overlap. As

epresentaton ofhe uncto 7, (C. 1) as e co- 2467, 1S C20 e Sccomprinecin near me n e
lection of linear functions and inflection points. By entirely 9 X 9

. X . 7
analogous reasoning, we also have: ments in these functions is (very_loc_)s_ely) bc_)undedlBV. _
Since we must compute the optimizing point for each util-

ity dimension, the complexity of this algorithm@(n|D|?).
Theorem 2 For any: < n, MMR,.(C,i,1) isa PWL, non-  The algorithm thus scales linearly in the number of outcomes
increasing function of. and quadratically with the number of decisions.

3.2 Maximin Improvement 3.3 Average and Expected Improvement

One difficulty with the MMI criterion for query selection is
hat, due to its worst-case nature, we can often find situations
fh which no query offers positive (minimum) improvement
(we will see evidence of this in the next section), despite the

One goal of any query strategy is to determine utility informa-
tion that reduces regret as quickly as possible. Unfortunatel
for any given SGQy; (), the exact reduction in regret can-
not typically be predicted in advance, since it differs depend
ing on whether aes or no response is obtained. Timeax- 8If the intersection occurs where both functions are “flat,” any
imin improvement (MMIuery strategy myopically selects query point in the intersection can be used.

queries with the besworst-caseresponse. More precisely, ’In practice, the number of segments appears to grow sublinearly
let C be our current constraint set. We define the minimumin the number of decision®].
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fact that the current regret level is positive. This occurs wher ¢

T T T
-+ Predicted MMR by MEI

at least one of the responses for every query offers no im ol — Actual MMR by MEI i
provement, thus stalling the query process. Intuitively, just | _* = True Regret by ME|
because one response to a qug(y) offers no improvement osb | N -+ Actual MMR by Random Queries ||
is no reason not to ask the query: the opposite response m: \ - True Regret by Random Queries
still offer immediate improvemertThis suggests an alterna- g °7[ N )
tive criterion calledmaximum average improvement (MAI) & | \| |
SGQs are ranked according to the average improvement o & 1 RN
fered by both positive and negative responses. 'é os |\ RN 1

Computing the optimal query point according to MAI can % oal N N |
also exploit the PWL nature of the functioh&V/R ., (C, i, 1) £ TNT RN

= N

andMMR,,(C,1,1). As with MMI, we compute the optimal ol Ny N 7
guery point in each dimensiohindependently. It is not hard A+ ,

to see that the point of maximum average improvement mus  °2[ |\ ey }

occur at an inflection point of one of the two functions. Thus, | S |

each dimension can be optimized in time linear in the numbe %%

of segments in the two functions. o = L - = . = et
The MAI criterion is not subject to stalling in the sense that Number of Queries

MMlis: if MMR(C) is positive, then there exists some query
with positive MAI (this will follow from a result discussed Figure 2:Performance of MEI on three-good problems (40 runs).
below). However, it is subject to a different form of stalling:
it may well be the case that the quegy!) with MAI occurs
at one of the boundary point&; or [b;. In such a case, only
one (consistent) response is possible, imposing no addition&lroposition 1 If MMR(C) > 0, then there exists some query
constraints on the utility function. As such, the constraintg;(!) with positive expected improvement; and at least one
setC will remain unchanged, meaning that the same queryesponse to the MEI-optimal query reduces minimax regret.
remains MAI-optimal at the next stage.

This second type of stalling can be prevented. Suppose

ﬂ%}gyﬂfﬁgﬁj%f gpﬁ{}"ﬁ}%ﬁ?gf{ u—bi;dﬁ‘.el\fvifer;ogvﬁg}gt The MEI criterion could be adopted using other distri-
greater improvement at the poinb;); but sinceu; cannot  butional assumptions, though the optimization required by
exceedub;, the probability of receiving ajes response is query selection could become more complicated. It is worth
zero, so thges-improvement cannot be realized. We can thusnoting that the manner in which we use distributional in-
make the query; (I) appear to be less desirable by accountingformation is consistent with the worst-case perspective im-
for the odds of receiving a specific response. W@ximum posed by the minimax criterion. With some distribution
expected improvement (MHjiterion does just this. We de- gyer utility functions, we could adopt the perspective4f
fine the expected improvement of a query: 2], and make decisions by taking expectations with respect
to this distribution. However, even in this case, minimax re-
gret allows one to offeguarantee®n decision quality that a
Bayesian approach does not address. The MEI criterion ex-
At each stage, we ask the query with maximum EI. ploits distribu_tional informatiomnly to gui(_je the querying
X . . . process, hoping to reach a point more quickly where accept-
_Computation of expected improvement requires some disgp o o jarantees can be provided: the distribution is not used
tribution over responses. For simplicity, we assume a uniz, oy ajuate decisionser se
form distribution over utility functions and noise-free re-
sponses: thu®r(yes|qi(1),C) = (ub; —1)/(ub; — Ib;) (with While other prior distributions will generally require a dif-
the negative probability defined similarly). This assumptionferent approach to the optimization problem for query selec-
also allows for the ready computation of the MEI-optimal tion, it is interesting to observe that queries associated with a
query. Again, we optimize each dimension separately. Thénixture of uniform distributionsan be determined in exactly
optimization in dimensiori can be effected by doing sep- the same manner. The derivation of the optimal query given
arate optimizations in the regions defined by the union ofsuch a mixture is straightforward, and these models have the
the inflection points in the function8/MR,.(C,i,l) and  desirable property (like uniform priors) that they are closed
MMR,,,(C,i,1). We defer the details, but note that the func- under update by query responses. Thus, if our prior beliefs
tion being optimized within each region is a simple quadraticcan be approximated well using a mixture of uniforms with
function ofl that can be solved analytically. Thus the compu-a small number of components, MEI-querying can be used
tational complexity of this criterion is similar to that of MMI directly as described here, without distribution-specific opti-
and MALl. Fortunately, MEI is not subject to stalling: mization. It is important to note, however, that, even if the
approximate priors are used, the decision quality of the MEI
®Note that, since MMI is myopic, even a nonimproving responsestrategy is unaffected—only the number of queries required
may offer information that can be exploited in the future. may be adversely impacted.

EI(q:(1),C) = MMR(C) — [Pr(yes|qi(1),C) MMRyes(C,,1)
+ Pr(no|q¢i(1),C) MMR,.,(C,3,1)].
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4 Empirical Results 1

We evaluated the MMI, MAI, and MEI query criteria on oo\ TT7F
a number of elicitation problems in two different domains.

With the MEI criterion, we have also tested its robustness tc  **[ ~1 T |
different assumptions about the prior over utility functions. ;|

We first tested our methods in two bidding scenarios in-5 | = -
volving simultaneous auctions and combinatorial preference § °6r = =41 ]
[2]. In the first scenario, a bidding agent must offer bids fore | =~ L
four different goods auctioned simultaneously in four differ- §
ent markets. To discretize the decision space, we assume tt & oa- :
the agent can offer three distinct bids—low, medium, and$
high—for each good. Each of these bid levels correspond °%f
to a precise cost: should the bid win, the user pays the pric
associated with each bid (with, of course, higher prices as
sociated with higher bid levels). To suppress the need fo o1
strategic reasoning, the agent has a fixed, known probabilit L
of winning a good associated with each of the three bid lev- % 5 10 15 2 30 3 40
els. The probabilities of winning each good are independent, Number of Queries
and increasing in the bid level. With four goods and three _
bid levels, there are 81 possible decisions (mappings fronfigure 3:Performance of MAI on three-good problems (40 runs).
markets to bids) and 16 outcomes (subsets of goods the user
might obtain). The user’s utility function need not be addi- . ) . ) . .
tive with respect to the goods obtained. For instance, the usétitable queries, allowing optimal decisions and tight regret
might value goods, andgs in conjunction, but may value guarantees to pe identified with few interactions. For refer-
neither individually. Thus utility is associated with each of €Nce, we also include the performance of randomly selected
the 16 outcomes. We assume that the overall utility functiorlY€es (where both dimensie@and query point are chosen
(accounting for price paid) is quasi-linear; so the price p{j\ioumformly_ at rando'm from thg feaS|pIe region). Becquse the
is subtracted from the utility of the subset of goods obtainedProblem is of relatively low dimension, random queries per-
A smaller scenario with three goods was also run: this has 27rm reasonably well, though they have difficulty reducing
decisions and 8 outcomes. regret to zero, and do not compete with MEI queries. '

We first discuss the smaller (3-good) scenario. For each Figure 3 shows the same measurements for the MAI crite-
query criterion, we run elicitation using that criterion for 40 Mon. We note that this query strategy does not reduce regret
steps (or until no query has positive value). For each criounds nearly as quickly as the MEI strategy, reaching only
terion, 40 trials using random utility functions drawn from &N average regret guarantee of 0.18 after 40 queries. True re-
[0, 1] were run, with elicitation simulated using responsesgret is generally much better, but still does not approach the
based on that function. For each query in a run, we record?€rformance of MEI (or even random queries). We note that
(a) predicted MMR—the MMR level that is predicted to hold the MAI criterion ofte_n.stalls: insucha case, we cqm_plete the
after asking the optimal quefytb) actual MMR—the MMR data with the last minimax regret value. Finally, it is worth
level realized once the actual query response is obtained; af}fting that the MMI criterion performs extremely badly. We
(c) thetrue regret—the difference in utility between the mini- 90Nt plot its performance, but note that in all runs, it stalls
max decision and the true optimal decision for the underlyingtter @ maximum of five queries; its average minimax regret
utility function. While our algorithms don't have access to oundis 0.8, and average true regret level is 0.3 when it stalls.

true regret, this measure gives an indication of true decision 1h€ MEI criterion appears to offer much better perfor-

quality, not just the quality guarantees the algorithms provide™ance than MAI, MMI, or random querying. Figure 4 shows
Figure 2 shows the performance of the MEI criterion (std.tN€ Performance of MEI, MAI and random querying strate-

error bars are shown on actual MMR and true regret, but arg1€S on the larger four-good (16-outcome, 81-decision) sce-

excluded from predicted MMR for legibility). We see that Nari0. Again we see that MEI converges quickly and outper-

the algorithm quickly converges to a point where the mmi_forms the other strategies. With the increase in dimensional-

max regret guarantees are quite tight: within 20 queries, thiy: rar;]dor_n qLIJIeries fare worsithan MAIl-optimaI queridels. Wef
average regret guarantee falls below 0.1 (less than 10%); a te that in all experiments, the optimal query (regardless o

within forty queries, decision quality is guaranteed to be with¢Mt€ron) can be computed very quickly.
4% of optimal. More interesting, we see thatie regret We have also tested the MEI criterion on a travel plan-

ithin 2g1iNg domain (as in the previous tests, MEI seems to domi-

queries. Thus the actual decision quality associated with acRate the other criteria, so we focus on it). In this domain,

ing according the decision with MMR is generally far better 21 @gént must choose a collection of flight segments from

than the MMR guarantee. The MEI criterion seems to selecf fight database to take a user from a source to a destina-
tion city [1]. To make the elicitation problem interesting, we

°For example, MMI predicts the maximum regret over all re- added the following information to the DB: the probability of
sponses, while MEI predicts the expected regret. any flight arrival being delayed by specific amount of time;

T T T
----- Predicted MMR
— Actual MMR
—— True Regret

0.2
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Figure 4:Performance on four-good problems (40 runs). Figure 5:Performance on YYZ-SFO, with utility functions drawn
from uniform (40 runs).

the probability of missing a connecting flight as a function of ) o ) o
connection time and airport; a distribution over ground travelconsiderably from strong prior information. Indeed, minimax
times to a hotel in the destination city as a function of arrival'egretis reduced very quickly when a reasonable prior is used
time (reflecting, e.g., arrival in rush hour or off-peak); and thet0 select queries; and true regret is reduced to zero in every
probability of losing a hotel room as a function of arrival time instance of this scenario within four queries. Random query-
at the hotel. As a result, for any specific flight combinationing does very poorly, indicating that this problem is not easy
(decision), a joint distribution over these variables (outcome}0 solve without sufficient utility information. The robustness
is obtained. A user's utility function is quasi-linear, given of_l\/_IEI to inaccurate priors is also in evidence. We see _that
by her utility for a specific outcome over these four attributesMinimax regret and true regret are also reduced very quickly
less the flight price. The specific formulation discretizes thes@/hen an uniformative uniform prior is used to guide the MEI-
attributes, so the outcome space is of size 64. In our expefUerying process.
iments, the flight DB was designed to allow 20 flights (both
direct and indirect) between pairs of cities. 5 Concluding Remarks

We tested the MEI strategy using a uniform prior over util- . ) )
ity space to select queries, with user utility functions drawn¥Ve have presented a new procedure for decision making with
from the same uniform distribution. The results for a specificncomplete utility information which recommends decisions
source-destination pair (Toronto-San Francisco) are shown fat minimize maximum regret. We defined several different
Figure 5. As before, we see that the MEI strategy easily outtYOpic query selection criteria, and showed that myopically
performs random querying, both in terms of the regret guar®Ptimal queries under each criterion can be computed effec-
antees, and the true regret of the decisions it would recondively, in polynomial time. The empirical performance of one
mend at each stage. These results are representative of thGeh criterion, maximum expected improvement, proved to
obtained in other decision scenarios. be rather attractive: not only did it provide strong guarantees

We also explored the use of strong prior knowledge to2fter few queries, b_ut true decision quality tended to exceed
guide the querying process. We repeated the test above, drafff€S€ guarantees significantly.
ing user utility functions from a strongly peaked (truncated) Our work differs from existing approaches to preference
Gaussian distribution over utility space (with diagonal covari-€licitation in several important ways. Like recent Bayesian
ance matrix, and varian€e03 in each dimension). We tested approachebt; 2], our approach identifies a concrete decision
the MEI-criterion using a (hand-chosen) mixture of three uni-N the face of utility function uncertainty. Unlike these meth-
form distributions over subregions of utility space that very0ds, for the purposes of decision making, we assume only
roughly approximated the GaussihTo test the robustness  constraints on po_ssmle utility fl.!nCt.I0n§, not dlstrlbut|ons. As
of MEI to inaccurate priors, we also used MEI using a single? result, the minimax regret criterion is used to identify de-
uniform prior over all of utility space (despite the fact that Cisions with guaranteed error bounds on quality. Our use of
the true utility function is drawn from the Gaussian). The re-constraints on utility functions is more closely related to work

sults illustrated in Figure 6 demonstrate that MEI can benefien ISMAUT [8; 7]. However, the focus in ISMAUT is the
identification of Pareto optimal decisions in the face of utility

9n principle, this mixture could have been fit to the actual prior function uncertainty, as opposed to the choice of a specific de-
using, say, EM; but our goal is not accurate modeling of the prior. cision that maximizes some decision criterion. Furthermore,
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Figure 6:Performance on YYZ-SFO, with utility functions drawn (7]
from a strongly peaked Gaussian. MEI querying using both a uni-
form prior and a 3-component mixture are shown (40 runs).

8
little attention has been paid to query strategies in ISMAUT,[ ]

which, in contrast, is our main focus.

There are a number of directions in which this work can
be extended. Obviously, scaling issues are of paramount
importance. We are currently exploring pruning techniques
for removing decisions from consideration that can never be
minimax optimal, thus reducing the quadratic dependence
on the number of decisions. We are also exploring meth-
ods for dealing with more general linear constraints (apart
from one-dimensional bounds), as well as more expressive
query types. Also of interest are methods for dealing with
noisy/inconsistent query responses, and visualization tech-
niques. Finally, we are developing heuristics that simulate
some of the effects of nonmyopic elicitation without explicit
lookahead. One such technique involves enumerating the ver-
tices of the region® ; of utility space in which each decision
d is optimal (the regions are convex polytopes). Queries at
those points can quickly help rule out suboptimal actions. We
hope to combine the computationally attractive methods de-
vised in this paper with more intensive techniques like this to
help reduce the number of required queries even further.
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Abstract

Computing least common subsumers (Ics) and most
specific concepts (msc) are inference tasks that can
support the bottom-up construction of knowledge
bases in description logics. In description logics
with existential restrictions, the most specific con-
cept need not exist if one restricts the attention to
concept descriptions or acyclic TBoxes. In this pa-
per, we extend the notions Ics and msc to cyclic
TBoxes. For the description logic ££ (which al-
lows for conjunctions, existential restrictions, and
the top-concept), we show that the Ics and msc al-
ways exist and can be computed in polynomial time
if we interpret cyclic definitions with greatest fix-
point semantics.

1 Introduction

Computing the most specific concept of an individual and
the least common subsumer of concepts can be used in the
bottom-up construction of description logic (DL) knowledge
bases. Instead of defining the relevant concepts of an ap-
plication domain from scratch, this methodology allows the
user to give typical examples of individuals belonging to the
concept to be defined. These individuals are then general-
ized to a concept by first computing the most specific concept
of each individual (i.e., the least concept description in the
available description language that has this individual as an
instance), and then computing the least common subsumer of
these concepts (i.e., the least concept description in the avail-
able description language that subsumes all these concepts).
The knowledge engineer can then use the computed concept
as a starting point for the concept definition.

The least common subsumer (lcs) in DLs with existential
restrictions was investigated in [Baader et al., 1999]. In par-
ticular, it was shown there that the Ics in the small DL ££
(which allows for conjunctions, existential restrictions, and
the top-concept) always exists, and that the binary Ics can be
computed in polynomial time. Unfortunately, the most spe-
cific concept (msc) of a given ABox individual need not exist
in languages allowing for existential restrictions or number
restrictions. As a possible solution to this problem, Kisters

*Partially supported by the DFG under grant BA 1122/4-3.
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and Molitor [2001] show how the most specific concept can
be approximated in ££ and some of its extensions. Here, we
follow an alternative approach: we extend the language by
cyclic terminologies with greatest fixpoint (gfp) semantics,
and show that the msc always exists in this setting. Of course,
then one must also be able to compute the Ics w.r.t. cyclic ter-
minologies with gfp-semantics. For the DL ALN (which al-
lows for conjunctions, value restrictions, and number restric-
tions) it was shown in [Baader and Kusters, 1998] that the
most specific concept always exists if one adds cyclic con-
cept definitions with gfp-semantics. One reason for Kiisters
and Molitor to choose an approximation approach rather than
an exact characterization of the most specific concept using
cyclic definitions was that the impact of cyclic definitions in
description logics with existential restrictions was largely un-
explored.

The paper [Baader, 2003a] is a first step toward overcom-
ing this deficit. It considers cyclic terminologies in ££ w.r.t.
the three types of semantics (greatest fixpoint, least fixpoint,
and descriptive semantics) introduced by Nebel [1991], and
shows that the subsumption problem can be decided in poly-
nomial time in all three cases. This is in stark contrast to the
case of DLs with value restrictions. Even for the small DL
F Lo (which allows conjunctions and value restrictions only),
adding cyclic terminologies increases the complexity of the
subsumption problem from polynomial (for concept descrip-
tions) to PSPACE. The main tool in the investigation of cyclic
definitions in £ L is a characterization of subsumption through
the existence of so-called simulation relations on the graph
associated with an £ £-terminology, which can be computed
in polynomial time [Henzinger et al., 1995].

This characterization of subsumption can be used to char-
acterize the Ics w.r.t. gfp-semantics via the product of this
graph with itself (Section 4). This shows that, w.r.t. gfp se-
mantics, the Ics always exists, and that the binary Ics can be
computed in polynomial time. (The n-ary lcs may grow ex-
ponentially even in ££ without cyclic terminologies [Baader
etal., 1999].)

The characterization of subsumption w.r.t. gfp-semantics
can be extended to the instance problem in ££. This allows
us to show that the msc in ££ with cyclic terminologies inter-
preted with gfp semantics always exists, and can be computed
in polynomial time (Section 5).

In the next section, we introduce £ £ with cyclic terminolo-
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[Name | Syntax | Semantics |
concept name A AT C AT

role name r T C AT x AT
top-concept T AT

conjunction cnb ctnp*

exist. restriction 3r.C | {z|3y: (x,y) ert Ay € CT}
|concept definition | A= D | AT =D" |
individual name a al e AT

concept assertion A(a) a’ € AT

role assertion r(a,b) (aT, %) € r*

Table 1: Syntax and semantics of £L.

gies as well as the Ics and the msc. Then we recall the impor-
tant definitions and results from [Baader, 2003a]. Section 4
formulates and proves the new results for the Ics, and Sec-
tion 5 does the same for the msc.

2 Cyclic terminologies, least common
subsumers, and most specific concepts

Concept descriptions are inductively defined with the help
of a set of constructors, starting with a set N of concept
names and a set Ng of role names. The constructors deter-
mine the expressive power of the DL. In this paper, we restrict
the attention to the DL £L£, whose concept descriptions are
formed using the constructors top-concept (T), conjunction
(C n D), and existential restriction (3r.C). The semantics of
& L-concept descriptions is defined in terms of an interpreta-
tion Z = (AZ,-T). The domain AT of Z is a non-empty set
of individuals and the interpretation function -Z maps each
concept name A € N¢ to a subset AZ of AT and each role
r € Ng to a binary relation rZ on AZ. The extension of
-T to arbitrary concept descriptions is inductively defined, as
shown in the third column of Table 1.

A terminology (or TBox for short) is a finite set of con-
cept definitions of the form A = D, where A is a concept
name and D a concept description. In addition, we require
that TBoxes do not contain multiple definitions, i.e., there
cannot be two distinct concept descriptions Dy and D5 such
that both A = D; and A = D, belongs to the TBox. Con-
cept names occurring on the left-hand side of a definition are
called defined concepts. All other concept names occurring
in the TBox are called primitive concepts. Note that we al-
low for cyclic dependencies between the defined concepts,
i.e., the definition of A may refer (directly or indirectly) to
A itself. An interpretation Z is a model of the TBox T iff
it satisfies all its concept definitions, i.e., AZ = D7 for all
definitions A= D in T.

An ABox is a finite set of assertions of the form A(a) and
r(a,b), where A is a concept name, r is a role name, and
a, b are individual names from a set N;. Interpretations of
ABoxes must additionally map each individual name a € N;
to an element a” of AZ. An interpretation Z is a model of the
ABox A iff it satisfies all its assertions, i.e., a’ € AT for all
concept assertions A(a) in A and (aZ,b%) € rZ for all role
assertions r(a, b) in A. The interpretation Z is a model of the
ABox A together with the TBox 7T iff it is a model of both 7
and A.

320

The semantics of (possibly cyclic) £L£-TBoxes we have de-
fined above is called descriptive semantic by Nebel [1991].
For some applications, it is more appropriate to interpret
cyclic concept definitions with the help of a fixpoint seman-
tics.

Example 1 To illustrate this, let us recall an example from
[Baader, 2003a]: Inode = Node M Jedge.Inode.

Here the intended interpretations are graphs where we have
nodes (elements of the concept Node) and edges (represented
by the role edge), and we want to define the concept Inode
of all nodes lying on an infinite (possibly cyclic) path of the
graph. In order to capture this intuition, the above definition
must be interpreted with greatest fixpoint semantics.

Before we can define greatest fixpoint semantics (gfp-
semantics), we must introduce some notation. Let 7 be an
EL-TBox containing the roles N;,;., the primitive concepts
Nprim, and the defined concepts Ng.y = {A41,..., A} A
primitive interpretations .7 for 7 is given by a domain A7,
an interpretation of the roles r € Ny by binary relations
r7 on A7, and an interpretation of the primitive concepts
P € Npyrim by subsets P7 of A7. Obviously, a primitive
interpretation differs from an interpretation in that it does not
interpret the defined concepts in Ng.¢r. We say that the in-
terpretation 7 is based on the primitive interpretation 7 iff
it has the same domain as 7 and coincides with 7 on N; .
and Npim. For a fixed primitive interpretation 7, the inter-
pretations Z based on it are uniquely determined by the tuple
(A%,..., AL) of the interpretations of the defined concepts in
Nyey. We define

Int(J) := {Z | T is an interpretation based on 7}.

Interpretations based on 7 can be compared by the following
ordering, which realizes a pairwise inclusion test between the
respective interpretations of the defined concepts: if Z;, 7, €
Int(7), then

Ti =7 I, iff Al C AP foralli,1 <i<k.

Itis easy to see that < 7 induces a complete lattice on Int(7),
i.e., every subset of Int(7) has a least upper bound (lub) and
a greatest lower bound (glb). Using Tarski’s fixpoint theorem
[Tarski, 1955] for complete lattices, it is not hard to show
[Nebel, 1991] that, for a given primitive interpretation 7,
there always is a greatest (w.r.t. < 7) model of 7 based on 7.
We call this models the greatest fixpoint model (gfp-model)
of 7. Greatest fixpoint semantics considers only gfp-models
as admissible models.

Definition 2 Let 7 be an ££-TBox and A an ££-ABox, let
A, B be defined concepts occurring in 7, and a an individual
name occurring in A. Then,
o A is subsumed by B w.r.t. gfp-semantics (A Cysp 7 B)
iff AZ C BZ holds for all gfp-models Z of 7.

e a is an instance of A w.rt. gfp-semantics (A =45p,7
A(a)) iff aZ € AT holds for all models Z of A that are
gfp-models of 7.

On the level of concept descriptions, the least common sub-
sumer of two concept descriptions C, D is the least concept
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description E that subsumes both C' and D. An extensions
of this definition to the level of (possibly cyclic) TBoxes is
not completely trivial. In fact, assume that A, A, are con-
cepts defined in the TBox 7. It should be obvious that taking
as the Ics of A, A, the least defined concept B in T such
that Ay Cyp,7 B and Ay Cypp 7 B is too weak since the
Ics would then strongly depend on what other defined con-
cepts are already present in 7. However, a second approach
(which might look like the obvious generalization of the def-
inition of the Ics in the case of concept descriptions) is also
not quite satisfactory. We could say that the Ics of Ay, A, is
the least concept description C' (possibly using defined con-
cepts of 7) such that Ay Cgsp, 7 C and Ay Cyp, 7 C. The
problem is that this definition does not allow us to use the
expressive power of cyclic definitions (with gfp-semantics)
when constructing the Ics. For example, consider the TBox
T consisting of the following concept definitions:

Bluelnode = Blue M Node M Jdedge.Bluelnode,
Redlnode = Red M Node N Jedge.RedInode.

The intended interpretation is similar to the one in Example 1,
with the only difference that now nodes may have colors,
and we are interested in blue (red) nodes lying on an infi-
nite path consisting of blue (red) nodes. Intuitively, the lcs
of Bluelnode and RedInode describes nodes lying on an in-
finite path (without any restriction on their color), i.e., the
concept Inode from Example 1 should be a definition of this
Ics. However, this cannot be expressed by a simple concept
description. It requires a new cyclic definition.

Consequently, to obtain the Ics we must allow the origi-
nal TBox to be extended by new definitions. We say that
the TBox 75 is a conservative extension of the TBox 7; iff
T1 € 72 and 77 and 73 have the same primitive concepts and
roles. Thus, 7> may contain new definitions A = D, but then
D does not introduce new primitive concepts and roles (i.e.,
all of them already occur in 77), and A is a new concept name
(i.e., A does not occur in 77). The name “conservative exten-
sion” is justified by the fact that the new definitions in 75 do
not influence the subsumption relationships between defined
concepts in 7; (see [Baader, 2002] for a proof).

Lemma 3 Let 77, 7> be £L£-TBoxes such that 75 is a conser-
vative extension of 71, and let A, B be defined concepts in Ty
(and thus also in 7). Then A Cgyp,. 13 B iff A Cgpp 75 B.

Definition 4 Let 7; be an ££-TBox containing the defined
concepts A, B, and let 75 be a conservative extension of 7;
containing the new defined concept E. Then E in 75 is a least
common subsumer of A, B in 7y w.r.t. gfp-semantics (gfp-Ics)
iff the following two conditions are satisfied:

1. ACyfp7 Eand B Cypp, 75 E.

2. If 73 is a conservative extension of 75 and F' a defined
concept in 73 such that A Cyrp 13 F and B Cgsp 73 F
then E Cysp, 75 F.

In the case of concept descriptions, the Ics is unique up
to equivalence, i.e., if E; and E, are both least common
subsumers of the descriptions C, D, then By = E, (i.e.,
E; C Eyand Es C Ej). Inthe presence of (possibly cyclic)
TBoxes, this uniqueness property also holds (though its for-
mulation is more complicated).
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Proposition 5 Let 7; be an ££-TBox containing the defined
concepts A, B. Assume that 7, and 7, are conservative ex-
tensions of 77 such that

o the defined concept E in 73 is a gfp-lcs of A, B in 71;
o the defined concept E’ in 7 is a gfp-lcs of A, B in Ty ;

o the sets of newly defined concepts in respectively 72 and
7T, are disjoint.

For T3 := ToUTS,wehave E =,;, 15 E' (ie, E Cqpp, 73 E'
and E’ Cofp,Ts E).

The notion “most specific concept” can be extended in a
similar way from concept descriptions to concepts defined in
a TBox.

Definition 6 Let 7; bean ££-TBoxand A an ££-ABox con-
taining the individual name a, and let 75 be a conservative ex-
tension of 77 containing the defined concept E. Then E in 75
is a most specific concept of a in .4 and 77 w.r.t. gfp-semantics
(gfp-msc) iff the following two conditions are satisfied:

1 AEgsp7 E(a).

2. If T3 is a conservative extension of 75 and F' a de-
fined concept in 73 such that A =44, 7; F(a), then
E Cofp, T F.

Uniqueness up to equivalence of the most specific concept
can be formulated and shown like uniqueness of the least
common subsumer.

3 Characterizing subsumption

In this section, we recall the characterizations of subsump-
tion w.r.t. gfp-semantics developed in [Baader, 2003a]. To
this purpose, we must represent TBoxes and primitive inter-
pretations by description graphs, and introduce the notion of
a simulation on description graphs.

Before we can translate £L£-TBoxes into description
graphs, we must normalize the TBoxes. In the following, let
T be an £L£-TBox, Ng.s the defined concepts of T, Nypim,
the primitive concepts of 7, and Ny, the roles of 7.

We say that the ££-TBox T isnormalized iff A=D € T
implies that D is of the form

P1|_|...|—]Pm[—|3’f'1.Bl|_|...|_|E|’I’Z.Bg7

form,£ >0, Pi,..., Py € Norim, "1, -.,7¢ € Nroje, and
By,...,By € Ngey. Ifm=£0=0,thenD =T.

As shown in [Baader, 2003a], one can (without loss of gen-
erality) restrict the attention to normalized TBox. In the fol-
lowing, we thus assume that all TBoxes are normalized. Nor-
malized £L£-TBoxes can be viewed as graphs whose nodes
are the defined concepts, which are labeled by sets of prim-
itive concepts, and whose edges are given by the existential
restrictions. For the rest of this section, we fix a normalized
EL-TBox T with primitive concepts Ny, , defined concepts
Ney, and roles Nyge.

Definition 7 An £/L-description graph is a graph G =
(V, E, L) where

e V is aset of nodes;
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e E CV x Nyye x V is a set of edges labeled by role
names;

e L: V — 2Neim s a function that labels nodes with sets
of primitive concepts.

The normalized TBox 7 can be translated into the follow-
ing £ L-description graph G+ = (Nyes, E7, LT):

o the nodes of G are the defined concepts of T;

o if A is adefined concept and

AEPlﬂ...ﬂPmﬂaTl.Bl|_|...|_|E|7"Z.Bg

its definition in T, then
- Ly (A)={P,...,Pp} and

— A is the source of the edges
(A,Tl,Bl), ey (A,Tg,Bg) € ET.

Any primitive interpretation 7 = (A7,-7) can be
translated into the following &£L£-description graph G =
(AJ, EJ? LJ):

e the nodes of G ; are the elements of A7;

* By :={(ry) | (z,y) er’};
e Ly(x) ={P € Npim, | z € P7} forallz € A7.

Conversely, every £ L-description graph can be viewed as
representing either an ££-TBox or a primitive interpretation.

Simulations are binary relations between nodes of two £ £-
description graphs that respect labels and edges in the sense
defined below.

Definition 8 Let G; = (V;,E;, L;) (i = 1,2) be two £L-
description graphs. The binary relation Z C V; x Va is a
simulation from G; to G, iff

(S1) (v1,v2) € Z implies Ly (vy) C Lo(ve); and

(S2) if (v1,v2) € Z and (vy,7,v]) € Ej, then there exists a
node v} € V3 such that (vi,v}) € Z and (va,r,v5) €
Es.

We write Z: G; ~ Go tO express that Z is a simulation from
Gy to Gs.

It is easy to see that the set of all simulations from G, to G,
is closed under arbitrary unions. Consequently, there always
exists a greatest simulation from G; to Gs. If Gy, G- are finite,
then this greatest simulation can be computed in polynomial
time [Henzinger et al., 1995]. As an easy consequence of this
fact, the following proposition is proved in [Baader, 2003a].

Proposition 9 Let G,,G» be two finite £L-description
graphs, v; a node of G; and v, a node of G,. Then we
can decide in polynomial time whether there is a simulation

7Z:G1 ~ G- such that (’01,'1)2) €.

Subsumption w.r.t. gfp-semantics corresponds to the exis-
tence of a simulation relation such that the subsumee simu-
lates the subsumer:

Theorem 10 Let 7 be an ££-TBox and A, B defined con-
cepts in 7. Then the following are equivalent:

1. ACysp,7 B.
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2. There is a simulation Z: G; ~ G such that (B, A) €
Z.

The theorem together with Proposition 9 shows that sub-
sumption w.r.t. gfp-semantics in £L is tractable. The proof
of the theorem given in [Baader, 2003a] depends on a charac-
terization of when an individual of a gfp-model belongs to a
defined concept in this model.

Proposition 11 Let 7 be a primitive interpretation and 7 the
gfp-model of 7 based on 7. Then the following are equiva-
lent for any A € Ng.y and z € A7:

1. xe AL
2. Thereis asimulation Z: G ~ G suchthat (4, z) € Z.

This proposition is also important in the proof of correct-
ness of our characterization of the instance problem (Theo-
rem 17).

4 Computing the Ics

We will show how the characterization of subsumption w.r.t.
gfp-semantics given in Theorem 10 can be used to charac-
terize the gfp-lcs (see [Baader, 2002] for more details and
proofs). Let 71 be an £L-TBox, let Gr; = (Ndes, E75, L7;)
be the corresponding description graph, and let A, B be de-
fined concepts in 77 (i.e., elements of Ng.f). In principle,
the Ics of A, B in 7y is defined in a TBox whose description
graph is the product of Gr; with itself.

Definition 12 Let G, = (Vi, By, Ly) and Gy = (Va, Es, L)
be two description graphs. Their product is the description
graph G; x G» := (V, E, L) where

o V.=V x Vs

o E = {((v1,v2),r,(v;,v8)) | (v1,r,0v1) € Ep A

(’1)2,7‘, ’Ué) € EQ};

e L(vi,v9) := Li(vy) N La(vs).

The description graph G, x Gr, yields a TBox T such
that Gr = G, x Gr;. Now, 75 := 71 U T is a conservative
extension of 7;. In fact, Gr; x Gp; is based on the same
primitive concepts and roles as G;, and the set of defined
concepts in 7 is Nyes X Nyey, Which is disjoint from Ny .
Lemma 13 (A, B) in T3 is the gfp-lcs of A and B in 7;.

Computing the (binary) product of two &L-description
graphs can obviously be done in polynomial time, and thus
the gfp-Ics can be computed in polynomial time.

Theorem 14 Let 7; be an £L£-TBox, and let A, B be defined
concepts in 7;. Then the gfp-Ics of A, B in 7Ty always exists,
and it can be computed in polynomial time.

5 Instance and most specific concepts

One motivation for considering cyclic terminologies in £L is
the fact that the most specific concept of an ABox individ-
ual need not exist in £L (without cyclic terminologies). An
example is the simple cyclic ABox A := {r(b,b)}, where
b has no most specific concept, i.e., there is no least ££-
concept description D such that b is an instance of D w.r.t.
A [Kisters and Molitor, 2001]. However, if one allows for
cyclic TBoxes with gfp-semantics, then the defined concept
B with B = 3r.B is such a most specific concept.
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5.1 Theinstance problem w.r.t. gfp-semantics

Let 7 be a normalized ££-TBox and A an ££-ABox. In
the following, we assume that 77 is fixed and that all instance
problems for A are considered w.r.t. this TBox.

In this setting, .4 can be translated into an £ £-description
graph G 4 by viewing A as a graph and extending it appropri-
ately by the graph G+ associated with 7. The idea is then that
the characterization of the instance problem should be simi-
lar to the statement of Proposition 11: the individual a is an
instance of A in A iff there is a simulation Z: G ~ G4 such
that (4,a) € Z.

Before giving an exact definition of G 4, we consider an ex-
ample that demonstrates that a too simple-minded realization
of this idea does not work. Let

A = {A(a),P(a)} and
T = {A=3r.A, B=PN3r.B}.

The ABox A itself can be viewed as an £ L-description graph
consisting of a single node @ with label { P}. Since A = 3r.A
isin 7 and A(a) is in A, we extend this graph by an r-loop
from a to a. Figure 1 shows the graph G obtained this way as
well as the £ £-description graph G+ corresponding to 7.

Obviously, there is a simulation Z: G ~ G such that
(B,a) € Z. However, it is easy to see that a is not an in-
stance of B. The reason for this problem is that node labels
and edges in Gy state facts that must hold for all individu-
als that are instances of the defined concept labeling a given
node whereas assertions of the ABox make statements about
properties of particular named individuals. The construction
of G in the above example mixes these different things, and
thus leads to unfounded conclusions.

In order to separate edges and labels coming from ABox
assertions from the ones coming from TBox definitions, we
do not “identify” the node a with the node A if A(a) belongs
to A (as done in the construction of G above). Instead, we do
a “one-step expansion” of the definition of A. The right-most
graph in Figure 1 shows the graph G 4 obtained this way in
our example. Obviously, there is no simulation Z: G ~ G
such that (B, a) € Z.

Below, we give a formal definition of the ££-description

graph G 4 associated with the ABox A and the TBox 7T in the
general case.
Definition 15 Let 7 be an ££-TBox, A an ££-ABox, and
Gr = (V, E, L) be the £L£-description graph associated with
T. The £L-description graph G4 = (V4, E4, L4) associ-
ated with .4 and 7 is defined as follows:

e The nodes of G 4 are the individual names occurring in

A together with the defined concepts of T, i.e.,
V4=V U{a]|aisanindividual name in A}.

e The edges of G 4 are the edges of G, the role assertions
of A, and additional edges linking the ABox individuals
with defined concepts:

E, = EuU{(a,rb)|r(a,bd) e A} U
{(a,r,B) | A(a) € Aand (A,r,B) € E}.

o if u € V4 is a defined concept, then it inherits its label
from Gr, i.e., La(u) := L(u) if u € V. Otherwise,
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u € V4 \ V is an ABox individual, and then its label is
derived from the concept assertions for « in A:

La(w):={P|Pu)e AU |J L(A).
A(u)eA
Here P denotes primitive and A denotes defined con-
cepts.

Before we can characterize the instance problem via the
existence of certain simulation relations from G to G4, we
must characterize under what conditions a gfp-model of T
is a model of A. In the following we assume that primitive
interpretations 7 also interpret ABox individuals. We say
that the simulation Z: G4 ~ G respects ABox individuals
iff {z | (a,z) € Z} = {a7} for all individual names a
occurring in A.

Proposition 16 Let 7 be a primitive interpretation and 7 the
gfp-model of 7 based on 7. Then the following are equiva-
lent:

1. 7 is a model of A.

2. There is a simulation Z: G4 ~ G that respects ABox
individuals.

The following characterization of the instance problem is
an easy consequence of this proposition and Proposition 11.

Theorem 17 Let 7 be an ££-TBox, A an ££-ABox, A a
defined concept in 7 and ‘a’ an individual name occurring
in A. Then the following are equivalent:

L Akt Ala).
2. Thereisasimulation Z: G ~ G4 suchthat (4,a) € Z.

The theorem together with Proposition 9 shows that the
instance problem w.r.t. gfp-semantics in ££ is tractable.

Corollary 18 The instance problem w.r.t. gfp-semantics in
EL can be decided in polynomial time.

5.2 Computingthe gfp-msc

Let 7; be an ££-TBox and A an £L£-ABox containing the
individual name a. Let G4 = (Va,E4,L4) be the EL-
description graph corresponding to .A and 77, as introduced
in Definition 15. In order to obtain the gfp-msc of a, we view
G 4 as the £ L-description graph of an ££-TBox 7z, i.e., let T2
be the TBox such that G 4 = G7;. By the definition of G 4, the
defined concepts of 75 are the defined concepts of 7; together
with the individual names occurring in A. It is easy to show
that 75 is a conservative extension of 7. To avoid confusion
we will denote the defined concept in 75 corresponding to the
individual name b in A by C,.

Using the results of the previous subsection, we can show
[Baader, 2002] that C, is the gfp-msc of a.

Lemma 19 The defined concept C, in 75 is the gfp-msc of
‘a’ in Aand 7.

Given 77 and A, the graph G 4 can obviously be computed

in polynomial time, and thus the gfp-msc can be computed in
polynomial time.
Theorem 20 Let7; be an ££-TBox and A an £L£-ABox con-
taining the individual name ‘a’. Then the gfp-msc of ‘a” in 7
and A always exists, and it can be computed in polynomial
time.
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Figure 1: The ££-description graphs G, Gr, and G 4 of our example.

6 Conclusion

In [Baader, 2003a] we have shown that subsumptionin £ re-
mains polynomial if one allows for cyclic terminologies with
greatest fixpoint (gfp) semantics. In Section 5.1 of this pa-
per we have complemented this result by showing that the
instance problem in ££ with cyclic terminologies interpreted
with gfp-semantics is also polynomial. Thus, all the standard
inferences in ££ remain polynomial if one allows for cyclic
terminologies with gfp-semantics. Our main motivation for
considering cyclic terminologies with gfp-semantics in ££
was that the most specific concept of an ABox-individual then
always exists. In fact, we have shown in this paper that both
the least common subsumer (lcs) and the most specific con-
cept (msc) can be computed in polynomial time in ££ with
cyclic terminologies interpreted with gfp-semantics. Thus,
also two of the most important non-standard inferences in
DLs [Kdisters, 2001] remain polynomial in this context.

It should be noted that there are indeed applications where
the expressive power of the small DL £ £ appears to be suf-
ficient. In fact, SNOMED, the Systematized Nomenclature
of Medicine [Cote et al., 1993] uses ££ [Spackman, 2000;
2001].

Subsumption [Baader, 2003a] and the instance problem
[Baader, 2003b] are also polynomial w.r.t. descriptive se-
mantics. For the Ics, descriptive semantics is not that well-
behaved: in [Baader, 2003] we have shown that w.r.t. de-
scriptive semantics the Ics need not exist in ££ with cyclic
terminologies. In addition, we could only give a sufficient
condition for the existence of the Ics. If this condition ap-
plies, then the Ics can be computed in polynomial time. In
[Baader, 2003b] similar results are shown for the msc w.r.t.
descriptive semantics.

One problem left for future research is the question of how
to obtain a decidable characterization of the cases in which
the lcs (msc) exists w.r.t. descriptive semantics, and to deter-
mine whether in these cases it can always be computed in
polynomial time.
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Abstract

Cyclic definitions in description logics have un-
til now been investigated only for description log-
ics allowing for value restrictions. Even for the
most basic language FLq, which allows for con-
junction and value restrictions only, deciding sub-
sumption in the presence of terminological cycles
is a PSPACE-complete problem. This paper inves-
tigates subsumption in the presence of terminolog-
ical cycles for the language £L£, which allows for
conjunction, existential restrictions, and the top-
concept. In contrast to the results for 7L, sub-
sumption in ££ remains polynomial, independent
of whether we use least fixpoint semantics, greatest
fixpoint semantics, or descriptive semantics.

1 Introduction

Early description logic (DL) systems allowed the use of value
restrictions (Vr.C), but not of existential restrictions (3r.C).
Thus, one could express that all children are male using the
value restriction Vchild.Male, but not that someone has a son
using the existential restriction Ichild.Male. The main rea-
son was that, when clarifying the logical status of property
arcs in semantic networks and slots in frames, the decision
was taken that arcs/slots should be read as value restrictions
(see, e.g., [Nebel, 1990]). Once one considers more expres-
sive DLs allowing for full negation, existential restrictions
come in as the dual of value restrictions [Schmidt-Schaul
and Smolka, 1991]. Thus, for historical reasons, DLs that
allow for existential, but not for value restrictions, are largely
unexplored. In the present paper, we investigate termino-
logical cycles in the DL £L£, which allows for conjunction,
existential restrictions, and the top-concept. In contrast to
(even very inexpressive) DLs with value restrictions, sub-
sumption in ££ remains polynomial in the presence of ter-
minological cycles. It should be noted that there are in-
deed applications where the small DL £ £ appears to be suffi-
cient. In fact, SNOMED, the Systematized Nomenclature of
Medicine [Cote et al., 1993] employs £ £ [Spackman, 2001;
Spackman et al., 1997]. Even though SNOMED does not
appear to use cyclic definitions, this may be due to a lack

*Partially supported by the DFG under grant BA 1122/4-3.
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of technology rather than need. In fact, the Galen medical
knowledge base contains many cyclic dependencies [Rector
and Horrocks, 1997]. Also, even in the case of acyclic ter-
minologies, our polynomial subsumption algorithm improves
on the usual approach that first unfolds the TBox (a poten-
tially exponential step) and then applies the polynomial sub-
sumption algorithm for ££-concept descriptions [Baader et
al., 1999].

The first thorough investigation of cyclic terminologies in
description logics (DL) is due to Nebel [1991], who intro-
duced three different semantics for such terminologies: least
fixpoint (Ifp) semantics, which considers only the models that
interpret the defined concepts as small as possible; greatest
fixpoint (gfp) semantics, which considers only the models
that interpret the defined concepts as large as possible; and
descriptive semantics, which considers all models.

In [Baader, 1990; 1996], subsumption w.r.t. cyclic termi-
nologies in the small DL F L, which allows for conjunction
and value restrictions only, was characterized with the help of
finite automata. This characterization provided PSPACE de-
cision procedures for subsumption in FLq with cyclic termi-
nologies for the three types of semantics introduced by Nebel.
In addition, it was shown that subsumption is PSPACE-hard.
The results for cyclic FLq-terminologies were extended by
Kusters [1998] to ALN, which extends F Lo by atomic nega-
tion and number restrictions.

The fact that the DL ALC (which extends FLq by full
negation) is a syntactic variant of the multi-modal logic K
opens a way for treating cyclic terminologies and more gen-
eral recursive definitions in more expressive languages like
ALC and extensions thereof by a reduction to the modal mu-
calculus [Schild, 1994; De Giacomo and Lenzerini, 1994]. In
this setting, one can use a mix of the three types of semantics
introduced by Nebel. However, the complexity of the sub-
sumption problem is EXPTIME-complete.

In spite of these very general results for cyclic definitions
in expressive languages, there are still good reasons to look
at cyclic terminologies in less expressive (in particular sub-
Boolean) description logics. One reason is, of course, that
one can hope for a lower complexity of the subsumption prob-
lem. For DLs with value restrictions, this hope is not fulfilled,
though. Even in the inexpressive DL FLq, subsumption be-
comes PSPACE-complete if one allows for cyclic definitions.
This is still better than the EXPTIME-completeness that one
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[Name | Syntax | Semantics |
concept name A AT C AT

role name r rT C AT x AT
top-concept T AT

conjunction cnb ctnp*

exist. restriction Ir.C | {z|3y: (z,y) erf Ay e CT}
|concept definition | A= D | AT =D" |

Table 1: Syntax and semantics of £L.

has in ALC with cyclic definitions, but from the practical
point of view it still means that the subsumption algorithm
may need exponential time.

In contrast, the subsumption problem in ££ can be decided
in polynomial time w.r.t. the three types of semantics intro-
duced by Nebel. The main tool used to show these results
is a characterization of subsumption through the existence of
so-called simulation relations.

In the next section we will introduce the DL ££ as well
as cyclic terminologies and the three types of semantics for
these terminologies. Then we will show in Section 3 how
such terminologies can be translated into description graphs.
In this section, we will also define the notion of a simulation
between nodes of a description graph, and mention some use-
ful properties of simulations. The next three sections are then
devoted to the characterization of subsumption in ££ w.r.t.
gfp, Ifp, and descriptive semantics, respectively.

2 Cyclicterminologiesin theDL ££

Concept descriptions are inductively defined with the help of
a set of constructors, starting with a set N of concept names
and a set N of role names. The constructors determine the
expressive power of the DL. We restrict the attention to the
DL £ £, whose concept descriptions are formed using the con-
structors top-concept (T), conjunction (C' M D), and existen-
tial restriction (3r.C). The semantics of £L-concept descrip-
tions is defined in terms of an interpretation T = (AZ,.7).
The domain A7 of 7 is a non-empty set of individuals and the
interpretation function -Z maps each concept name A € N¢
to a subset A” of AT and each role r € Ny to a binary re-
lation rZ on AZ. The extension of - to arbitrary concept
descriptions is inductively defined, as shown in the third col-
umn of Table 1.

A terminology (or TBox for short) is a finite set of con-
cept definitions of the form A = D, where A is a concept
name and D a concept description. In addition, we require
that TBoxes do not contain multiple definitions, i.e., there
cannot be two distinct concept descriptions D; and D5 such
that both A = D; and A = D belongs to the TBox. Con-
cept names occurring on the left-hand side of a definition are
called defined concepts. All other concept names occurring
in the TBox are called primitive concepts. Note that we al-
low for cyclic dependencies between the defined concepts,
i.e., the definition of A may refer (directly or indirectly) to
A itself. An interpretation Z is a model of the TBox 7 iff
it satisfies all its concept definitions, i.e., AZ = DZ for all
definitions A= D in T.

The semantics of (possibly cyclic) ££-TBoxes we have
just defined is called descriptive semantic by Nebel [1991].
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For some applications, it is more appropriate to interpret
cyclic concept definitions with the help of an appropriate fix-
point semantics. Before defining least and greatest fixpoint
semantics formally, let us illustrate their effect on an exam-

ple.

Example 1 Assume that our interpretations are graphs where
we have nodes (elements of the concept name Node) and
edges (represented by the role edge), and we want to define
the concept Inode of all nodes lying on an infinite (possibly
cyclic) path of the graph. The following is a possible defini-
tion of Inode: Inode = Node I Jedge.Inode.

Now consider the following interpretation of the primitive
concepts and roles:

AJ = {m07m1,m2,...}U{n0}7
Node”? := A7,
edgej = {(my,mit1) |7 >0} U {(ng,no)}-

Where M := {mqg,mi,ma,...} and N := {no}, there
are four possible ways of extending this interpretation of the
primitive concepts and roles to a model of the TBox consist-
ing of the above concept definition: Inode can be interpreted
by M UN, M, N, or §. All these models are admissible
w.r.t. descriptive semantics, whereas the first is the gfp-model
and the last is the Ifp-model of the TBox. Obviously, only
the gfp-model captures the intuition underlying the definition
(namely, nodes lying on an infinite path) correctly.

It should be noted, however, that in other cases descrip-
tive semantics appears to be more appropriate. For example,
consider the definitions

Tiger = Animal M Jparent.Tiger and

Lion = Animal M 3parent.Lion.

With respect to gfp-semantics, the defined concepts Tiger and
Lion must always be interpreted as the same set whereas this
is not the case for descriptive semantics.*

Before we can define Ifp- and gfp-semantics formally, we
must introduce some notation. Let 7 be an ££-TBox con-
taining the roles Ny, the primitive concepts Ny, and the
defined concepts Nges := {A1,..., Ax}. A primitive inter-
pretations .7 for 7 is given by a domain A7, an interpreta-
tion of the roles » € N, by binary relations r7 on A7,
and an interpretation of the primitive concepts P € Nppim,
by subsets P of A7. Obviously, a primitive interpretation
differs from an interpretation in that it does not interpret the
defined concepts in Ng.¢. We say that the interpretation Z
is based on the primitive interpretation 7 iff it has the same
domain as 7 and coincides with 7 on N, and Nypim,. For
a fixed primitive interpretation .7, the interpretations Z based
on it are uniquely determined by the tuple (Af,..., Af) of
the interpretations of the defined concepts in Ng. ;. We define

Int(J) := {Z | Z is an interpretation based on 7 }.

Interpretations based on 7 can be compared by the following
ordering, which realizes a pairwise inclusion test between the

This example is similar to the “humans and horses” example
used by Nebel [1991] to illustrate the difference between descriptive
semantics and gfp-semantics in ALN.
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respective interpretations of the defined concepts: if 71,7, €
Int(J), then

Ty =7 I, iff A7* C AP foralli,1<i<k.

Itis easy to see that < 7 induces a complete lattice on Int(.7),
i.e., every subset of Int(7) has a least upper bound (lub) and
a greatest lower bound (glb). Using Tarski’s fixpoint theorem
[Tarski, 1955] for complete lattices, it is not hard to show
[Nebel, 1991] that, for a given primitive interpretation 7,
there is always a greatest and a least (w.r.t. <) model of
T based on 7. We call these models respectively the greatest
fixpoint model (gfp-model) and the least fixpoint model (Ifp-
model) of 7. Greatest (least) fixpoint semantics considers
only gfp-models (Ifp-models) as admissible models.

Definition 2 Let7 bean £L£-TBox and A, B be defined con-
cepts? occurring in 7. Then,

e A is subsumed by B w.r.t. descriptive semantics (A Cr
B) iff AT C BZ holds for all models Z of 7.

o A is subsumed by B w.r.t. gfp-semantics (A Cgrp, 7 B)
iff AZ C BZ holds for all gfp-models Z of 7.

o A is subsumed by B w.r.t. Ifp-semantics (4 Cisp,7 B)
iff AZ C B7 holds for all Ifp-models Z of 7.

We will show in the following that all three subsumption
problems are decidable in polynomial time. To do this, we
represent £L-TBoxes as graphs.

3 Description graphsand simulations

EL-TBoxes as well as primitive interpretations can be rep-
resented as description graphs. Before we can translate ££-
TBoxes into description graphs, we must normalize them. In
the following, let 7 be an ££-TBox, Ng.y the defined con-
cepts of 7, Nprim the primitive concepts of 7, and Ny, the
roles of 7.

We say that the ££-TBox T isnormalized iff A=D € T
implies that D is of the form

Pll’l...I_IPmI‘IHrl.Bll‘l

form,0 >0, P,...,Py € Nppim, 1, .,7¢ € Nrgie, and
Bi,....By € Ndef- fm=¢=0,thenD =T.

Since there is a polynomial translation of general TBoxes
into normalized ones [Baader, 2002], one can restrict the at-
tention to normalized TBoxes. Thus, we will assume that
all TBoxes are normalized. Normalized ££-TBoxes can
be viewed as graphs whose nodes are the defined concepts,
which are labeled by sets of primitive concepts, and whose
edges are given by the existential restrictions. For the rest of
this section, we fix a normalized ££-TBox T with primitive
concepts Ny,im, defined concepts Ny ¢, and roles Nyge.

Definition 3 An &L-description graph is a graph ¢ =
(V, E, L) where

e V isaset of nodes;

..M 3ry.By,

20bviously, we can restrict the attention to subsumption between
defined concepts since subsumption between arbitrary concept de-
scriptions can be reduced to this problem by introducing definitions
for the descriptions.
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e E CV x Nyye x V is aset of edges labeled by role
names;

e L: V — 2Nmim s a function that labels nodes with sets
of primitive concepts.
The normalized TBox 7 can be translated into the follow-
ing £L-description graph G = (Ngef, BT, LT):
o the nodes of G are the defined concepts of T;
o if Ais adefined concept and
AEP1|—| ..|_|Pm|—]E|7‘1.B1|—]
its definition in 7, then
- Ly(A)={P,..., Py}, and
— A is the source of the edges
(A, r1, Bl), ey (A, Te, Bg) € ET
Any primitive interpretation 7 = (A7,-7) can be trans-
lated into the following &£L-description graph G; =
(AJ7 Ejv LJ):
o the nodes of G are the elements of A7 ;

o By :={(z,r,y) | (z,y) € 7 };
o Ly(x):={P € Nppim | z € P7} forallz € A7.

The translation between £ £-TBoxes (primitive interpreta-
tions) and & L-description graphs works in both directions,
i.e., any £L-description graph can also be view as an ££-
TBox (primitive interpretation).

Simulations are binary relations between nodes of two ££-
description graphs that respect labels and edges in the sense
defined below.

Definition4 Let G; = (V;, E;, L;) (i = 1,2) be two £L-
description graphs. The binary relation Z C V; x V, is a
simulation from G; to G, iff

..M 3re.By

(S1) (v1,vq) € Z implies Ly (vy) C La(vs); and
(S2) if (v1,v2) € Z and (v1,7,v]) € En, th en there exists a
node v} € V2 such that (v,v}) € nd (ve,r,v5) €

E,.

We write Z: G; ~ G» to express that Z is a simulation from
Gi1 10 Gs.

It is easy to see that the set of all simulations from G, to G,
is closed under arbitrary unions. Consequently, there always
exists a greatest simulation from G, to G,. If G, G, are finite,
then this greatest simulation can be computed in polynomial
time [Henzinger et al., 1995]. The following proposition is
an easy consequence of this fact (see [Baader, 2002]).

Proposition5 Let G;,G> be two finite £/L-description
graphs, v; a node of G; and v, a node of G,. Then we
can decide in polynomial time whether there is a simulation
Z:G1 ~ Gy such that (vy,v2) € Z.

4 Subsumption w.r.t. gfp-semantics

In the following, let 7 be a normalized £ £-TBox with primi-
tive concepts Npyin,, defined concepts Ny, ¢, and roles Nye.
Before characterizing subsumption w.r.t. gfp-semantics, we
give a characterization of when an individual of a gfp-model
belongs to a defined concept in this model.
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Proposition 6 Let 7 be a primitive interpretation and Z the
gfp-model of 7 based on 7. Then the following are equiva-
lent for any A € Ng.; and z € A7

1. x € AL,
2. Thereisasimulation Z: G ~ G suchthat (4, z) € Z.

This proposition (whose proof can be found in [Baader,
2002]), can now be used to prove the following characteriza-
tion of subsumption w.r.t. gfp-semantics in £L.

Theorem 7 Let 7 bean £L-TBox and A, B defined concepts
in 7. Then the following are equivalent:

1. ACyp,7 B.
2. There is a simulation Z: G ~ G with (B, A) € Z.

Proof. (2= 1) Assume that the simulation Z: G ~ G sat-
isfies (B, A) € Z. Let J be a primitive interpretation and 7
the gfp-model of 7 based on 7. We must show that z € A%
implies x € BZ.

By Proposition 6, z € AT implies that there is a simulation
Y: G ~ Gz suchthat (4, ) € Y. Itis easy to show that the
composition X := Z oY is a simulation from G+ to Gz such
that (B, z) € X. By Proposition 6, this implies z € B~.

(1= 2) Assume that A Ty, 7 B. We consider the graph
G7, and view it as an £L-description graph of a primitive
interpretation. Thus, let 7 be the primitive interpretation with
G7 = G7,and let Z be the gfp-model of 7 based on 7.

Since the identity is a simulation 1d: G ~ G = G that
satisfies (A, A) € Id, Proposition 6 yields A € AZ. But then
A Cgsp7 Bimplies A € B, and thus Proposition 6 yields
the existence of a simulation Z: G ~ G = Gt such that
(B,A) € Z. O

The theorem together with Proposition 5 shows that sub-
sumption w.r.t. gfp-semantics in ££ is tractable.

Corollary 8 Subsumption w.r.t. gfp-semantics in ££ can be
decided in polynomial time.

Example 9 Consider the TBox 7 consisting of the following
concept definitions:

B=3.C,C=3r.D,D=3r.C, A=A, A =3r.D.

The £ L-description graph G corresponding to this TBox can
be found in Figure 1. Let V- = {4, A, B, C, D} denote the
set of nodes of this graph. Then Z := V7V isasimulation
from G to G+. Consequently, all the defined concepts in T
subsume each other w.r.t. gfp-semantics.

5 Subsumption w.r.t. Ifp-semantics

For the sake of completeness, we also treat Ifp-semantics.
It should be noted, however, that the results of this section
demonstrate that Ifp-semantics is not interesting in £L.

Let 7 be an ££-TBox and G the corresponding £L-
description graph. Where A, B are nodes of G, we write

A 5+ B to denote that there is a path in G- from A to B,

and A i>T B to denote that there is a non-empty path in G
from A to B. We define the set Cyc; as

{A | there exists a node B such that A < B % B},
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Figure 1: The £L-description graph G+ of Example 9.

i.e., Cycy consists of the nodes in G7 that can reach a cyclic
path in G7-. The following proposition is an easy consequence
of the definition of Ifp-semantics and of Cyc;- (see [Baader,
2002]).

Proposition 10 Let 7 be an ££-TBox and A a defined con-
ceptin 7. If A € Cycr, then A is unsatisfiable w.r.t. Ifp-
semantics, i.e., AZ = () holds for all Ifp-models Z of 7.

In Example 9, all the defined concepts belong to Cyc, and
thus they are all unsatisfiable w.r.t. Ifp-semantics.

Since all the defined concepts in Cycs are unsatisfiable,
their definitions can be removed from the TBox without
changing the meaning of the concepts not belonging to Cyc-.
(Their definition cannot refer to an element of Cycs.) This
leaves us with an acyclic terminology, on which gfp- and Ifp-
semantics coincide [Nebel, 1991]. Thus, subsumption w.r.t.
Ifp-semantics in £L can be reduced to subsumption w.r.t. gfp-
semantics.

Corollary 11 Subsumption w.r.t. Ifp-semantics in ££ can be
decided in polynomial time.

6 Subsumption w.r.t. descriptive semantics

Let 7 be an £L£-TBox and Gr the corresponding ££-
description graph. Since every gfp-model of 7 is a model
of T, A C7 B implies A Cysp7 B. Consequently,

A C+ B implies that there is a simulation Z: G ~ G7 with
(B, A) € Z. In the following we will show what additional
properties the simulation Z must satisfy for the implication
in the other direction to hold.

To get an intuition on the difference between gfp- and de-
scriptive semantics, let us consider Example 9. With respect
to gfp-semantics, all the defined concepts of 7 are equivalent
(i.e., subsume each other). With respect to descriptive seman-
tics, A, B, D are still equivalent, C'is equivalentto A’, but A’
is not equivalent to B, and C and D are also not equivalent
(in both cases, the concepts are not even comparable w.r.t.
subsumption).

To see that C and A’ are equivalent w.r.t. descriptive se-
mantics, it is enough to note that the following identities hold
in every model Z of 7: A% = (Ir.D)T = CZ. A similar
argument shows that B and D are equivalent. In addition,
equivalence of C' and A’ also implies equivalence of A and
B. The following model of 7 is a counterexample to the
other subsumption relationships:

1. AT :={c,d};
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B = B, 3 B 83 B, 8 B; 3
A A Z VA
A = A, B 4 3 4, B 4, -

Figure 2: A (B, A)-simulation chain.

2. T :={(c,d),(d,c)};

3. AT .= BT .= DT := {d}, A"T := CT := {c}.

We will see below that the reason for A’ and B not being
equivalent is that in the infinite path in G starting with A’,
one reaches D with an odd number of edges, whereas C is
reached with an even number; for the path starting with B,
it is just the opposite. In contrast, the infinite paths starting
respectively with A and B “synchronize” after a finite number
of steps. To formalize this intuition, we must introduce some
notation.

Definition 12 The path p;: B = By = B; -3 By -3 By =%

- in Gr is Z-simulated by the path po: A = 49 5 41 3
Ay B As B3 ... in Gy iff (B;, A;) € Zforalli > 0. In
this case we say that the pair (p1,p2) is a (B, A)-simulation
chainw.r.t. Z (see Figure 2).

Consider the TBox 7 and the simulation Z introduced in
Example 9. Then

B 5 ¢ 5 bp L ¢ &% p I
A A Al A A
A 5 4 5 b 5 ¢ 5 D 5

isa (B, A)-simulation chain w.r.t. Z, and

B 5 ¢ 5 b 5 ¢ 5 D 5

A A AN A A

A4 % b 5 ¢ 5 D 5 ¢ 5
isa (B, A")-simulation chain w.r.t. Z. Note that the first chain
synchronizes after a finite number of steps in the sense that
there is a Z-link between the same defined concept. In con-
trast, the second chain does not synchronize in this sense.

If (B, A) € Z, then (S2) of Definition 4 implies that, for
every infinite path p; starting with By := B, there is an infi-
nite path p, starting with Ay := A such that p, is Z-simulated
by po. In the following we construct such a simulating path
step by step. The main point is, however, that the decision
which concept A, to take in step n should depend only on
the partial (B, A)-simulation chain already constructed, and
not on the parts of the path p; not yet considered.

Definition 13 A partial (B, A)-simulation chain is of the
form depicted in Figure 3. A selection function S for A, B
and Z assigns to each partial (B, A)-simulation chain of this
form a defined concept A,, such that (A,_1,7,,Ay) is an
edge in G and (B, A,) € Z.

Givenapath B =By & B; 3 B, 3 B; 3 ... anda
defined concept A such that (B, A) € Z, one can use a selec-
tion function S for A, B and Z to construct a Z-simulating
path. In this case we say that the resulting (B, A)-simulation
chain is S-selected.
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B = B 3 B 23 s* B.. = B,
A VA A
A = 4 3 4 3 St A

Figure 3: A partial (B, A)-simulation chain.

Definition 14 The simulation Z: G- ~ Gr is called (B, A)-
synchronized iff there exists a selection function S for A, B
and Z such that the following holds: for every infinite S-
selected (B, A)-simulation chain of the form depicted in Fig-
ure 2 there exists an ¢ > 0 such that 4; = B;.

We are now ready to state our characterization of subsump-
tion w.r.t. descriptive semantics (see [Baader, 2002] for the
proof).

Theorem 15 Let 7 be an ££-TBox, and A, B defined con-
cepts in 7. Then the following are equivalent:

1. ACy B.

2. Thereis a (B, A)-synchronized simulation Z: G ~ G
such that (B, A) € Z.

It remains to be shown that property (2) of the theorem can
be decided in polynomial time. To this purpose, we construct
a simulation Y such that (2) of Theorem 15 is equivalent to
(B,A) € Y (see [Baader, 2002] for the proof that this is
indeed the case):

We define Y := | J,,~, Y, Where the relations Y, are defined
by induction on n: Yj is the identity on the nodes of Gr. If
Y, is already defined, then

Yot1 = Y,U{(C,C") | (C,C") satisfies (1), (2), (3) below}.

1 L7 (C) C Ly (C),

2. (C,r1,C1),...,(C,re, Cy) are all the edges in G with
source C,

3. there are edges (C',r1,C1), ..., (C’,re, Cy) in Gy such
that (C1,C1) € Ya,...,(Ce,C)) € Ys,.

The relation Y can obviously be computed in time polyno-
mial in the size of Gr. By using the techniques employed
to decided Horn-SAT in linear time [Dowling and Gallier,
1984], it is not hard to show that Y can actually be computed
in time quadratic in the size of Gr.

Corollary 16 Subsumptionw.r.t. descriptive semanticsin £L
can be decided in polynomial time.

An alternative way for showing the polynomiality result
would be to reduce the existence of a (B, A)-synchronized
simulation Z satisfying (B, A) € Z to the strategy problem
for a certain two-player game with a positional winning con-
dition. The existence of a winning strategy is in this case a
polynomial time problem [Grédel, 2002].

7 Future and related work

We have seen that subsumption in ££ with cyclic terminolo-
gies is polynomial for the three types of semantics introduced
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by Nebel [1991]. In some applications, it would be interest-
ing to have a mix of all three semantics, and it remains to
be seen whether the polynomiality results also hold in such a
setting (which would correspond to a restriction of the modal
p-calculus [Kozen, 1983]).

Sub-Boolean DLs (like ££) have attracted renewed at-
tention in the context of so-called non-standard inferences
[Kusters, 2001] like computing the least common subsumer
and the most specific concept. In [Baader, 2003] we have
shown that the characterization of subsumption in ££ w.r.t.
gfp-semantics also yields an approach for computing the least
common subsumer in ££ w.r.t. gfp-semantics. In addition,
we have extended the characterization of subsumption in ££
w.r.t. gfp-semantics to the instance problem, and have shown
how this can be used to compute the most specific concept.

Simulations and bisimulations play an important role in
modal logics (and thus also in description logics). How-
ever, until now they have mostly been considered for modal
logics that are closed under all the Boolean operators, and
they have usually not been employed for reasoning in the
logic. A notable exception are [Kurtoninaand de Rijke, 1997;
1999], where bisimulation characterizations are given for
sub-Boolean Modal Logics and DLs. However, these charac-
terizations are used to give a formal account of the expressive
power of these logics. They are not employed for reasoning
purposes.

In [Baader et al., 1999], subsumption between £ £-concept
descriptions was characterized through the existence of ho-
momorphisms between the description trees (basically the
syntax trees) associated with the descriptions. If one looks
at the polynomial time algorithm for deciding the existence
of such a homomorphism, then it is easy to see that it actually
computes the greatest simulation between the trees. For trees,
the existence of a homomorphism mapping the root to the root
coincides with the existence of a simulation containing the
tuple of the roots. For graphs, a similar connection does not
hold. In fact, for graphs the existence of a homomorphism
is an NP-complete problem. For simple conceptual graphs
(or equivalently, conjunctive queries) the implication (con-
tainment) problem can be characterized via the existence of
certain homomorphisms between graphs [Chein et al., 1998],
and is thus NP-complete.
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Abstract

The evolution of Description Logics (DLs) and
Propositional Dynamic Logics produced a hierar-
chy of decidable logics with multiple maximal el-
ements. It would be desirable to combine different
maximal logics into one super-logic, but then in-
ference may turn out to be undecidable. Then it
is important to characterize the decidability thresh-
old for these logics. In this perspective, an interest-
ing open question pointed out by Sattler and Vardi
[Sattler and Vardi, 1999] is whether inference in a
hybrid p-calculus with restricted forms of graded
modalities is decidable, and which complexity class
it belongs to. In this paper we prove that this calcu-
lus and the corresponding DL p ALCZO are un-
decidable. Second, we prove undecidability results
for logics that support both a transitive closure op-
erator over roles and number restrictions.

Keywords: Description logics, hybrid p-calculus,
regular roles, graded modalities, number restric-
tions.

1 Introduction

Description logics are popular knowledge representation lan-
guages, with important applications to the semantic web, soft-
ware engineering and heterogeneous databases. Description
logics (DLs) are strictly related to propositional dynamic log-
ics (PDLs), that play an important role in software and pro-
tocol verification based on automated reasoning techniques.
The analogies between the two frameworks are so tight that
DLs and PDLs can be regarded as syntactic variants of the
same family of logics.

The simplest DLs and PDLs can be easily embedded into
a fragment of L2, that is, first-order logic with two variables.
Application requirements led researchers to extend these ba-
sic logics with more expressive constructs, such as fixpoints,
nominals (that represent individuals in DLs), transitive clo-
sure operators similar to Kleene’s star, and equivalents of gen-
eralized quantification called number restrictions (or count-
ing) in DLs and graded modalities in PDLs. At the same time,
applications require these logics to be decidable and have ac-
ceptable computational complexity.

DESCRIPTION LOGICS

The evolution of DLs and PDLs produced—and keeps
on extending—a hierarchy of decidable logics with multi-
ple maximal elements. Currently, two of the maximal de-
cidable DLs are pALCZO (featuring fixpoints and nomi-
nals [Sattler and Vardi, 1999; Bonatti, 2002]) and unALCZQ
(featuring fixpoints and number restrictions). The corre-
sponding PDLs are the hybrid u-calculus and the p-calculus
with graded modalities, respectively [Sattler and Vardi, 1999;
Kupferman et al., 2002].

Of course, it would be desirable to combine the features of
different maximal logics into one super-logic. A combination
of pALCZO and pALCIQ would help—for example—in
describing the functional behavior of e-Services (cf. [Bon-
atti, 2002] and related comments on SDL(X) in Section 5).
However, in the super-logic inference may turn out to be too
complex, and in particular undecidable.

A related, interesting open question pointed out by Sattler
and Vardi [Sattler and Vardi, 1999] is whether inference in
the union of the hybrid p-calculus and the p-calculus with
graded modalities is decidable, and which complexity class
it belongs to. More precisely, Sattler and Vardi mention a
slightly simpler logic: a hybrid u-calculus with determin-
istic programs. Deterministic programs are a special case
of graded modality, whose counterpart in DLs are features,
i.e., functional roles. The DL corresponding to the hybrid
p-calculus with deterministic programs is called pALCZO;.

The main contribution of this paper is a negative answer
to the above open question. We prove that the hybrid u-
calculus with deterministic programs and the correponding
DL pALCIO;  are undecidable. For this purpose, we use a
novel approach based on nested fixpoints.

The second contribution is an undecidability result for log-
ics that support number restrictions together with regular role
expressions. These results show that transitive role closure
can be more expressive than fixpoints in some contexts.

In the next section we recall the basic notions about DLs
and the p-calculi. Section 3 is devoted to the undecidabil-
ity proof for pALCZOy and the hybrid p-calculus with de-
terministic programs. Section 4 briefly illustrates the unde-
cidability result for the combination of transitive closure and
number restrictions. Finally, Section 5 concludes the paper
with a brief discussion of the results and some directions for
further research. Some proofs will be omitted because of
space limitations.
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2 Preliminaries

The vocabulary of the description logics we deal with in this
paper is specified by the following disjoint sets of symbols:
a set of atomic concepts At, a set of nominals Nom, a set of
concept variables Var, and a set of atomic roles AR.

The set of roles is the smallest superset of AR such that if
R, R are roles then R—, RU R/, and R* are roles.

Let Rbe arole, X € Varandn € N. The set of concepts is
the smallest superset of At U Nom U Var such thatif C, C’, D
are concepts, then =C, C'M D, 3s"R.C, and uX.C" are con-
cepts, provided that all the free occurrences of X in C’ lie
within the scope of an even number of operators = and 3",

Semantics is based on interpretations of the form 7 =
(AT, Ty where AZ is a set of individuals and - is an inter-
pretation function mapping each A € At U Nom onto some
AT C AZ, and each R € AR onto some RT C AT x AZ,
Furthermore, nominals must be mapped onto singletons. A
valuation on T is a function p : Var — p(AZ). As usual,
p[X/S] denotes the valuation such that p[X/S](X) = S and
forall Y # X, p[X/S](Y) = p(Y). The meaning of inverse
roles is

(R)" = {{,2)|(z,y) € R"},

while (RUR')Z = RZUR'*, and (R*) denotes the reflexive
transitive closure of RZ.

The meaning of compound concepts is determined by pairs
(Z, p). By S we denote the cardinality of a set S.

(=C)E = AT\CI Al = AT (Aechy)

(CnD)l = CInD} X! = p(X) (X e Var)
3s"R.O). = {a|t{y| (z,y) e R" Ay €CI} < n}
mX.0)F = N{sca?|chyscs).

Subscript p will be sometimes omitted when it applies to a

closed concept (i.e., such that all variables are bound by p).
Other standard constructs can be derived from the above

concepts. We use the symbol = to define abbreviations.

CUDé—!(—ICﬂ—ID) TéAl_l—lA(AEAt)
VR.C & 30RO JR.C £ -VR.-C
32"R.C & -3S" R.C vX.C & -uX.~CO[X/-X]

Here C[X/—X] is the concept obtained from C' by replacing
all free occurrences of X with =X

The syntactic restrictions on concept variables make ev-
ery concept C' monotonic with respect to its free variables.
Then pX.C(X) and vX.C'(X) denote exactly the least and
the greatest fixpoints of C'(X), that can be characterized with
the standard iterative constructions.

An assertion has the form C T D where C' and D are
closed concepts. It is satisfied by Z (equivalently, Z is a model
of the assertion) iff CZ C DZ. A TBox is a finite set of
assertions. A TBox is satisfiable iff it has a model, that is, an
7 that satisfies all the assertions in the TBox. Symmetric pairs
of assertions such as C C D and D C C will be abbreviated
by C = D. A TBox T entails C C D if every model of T
satisfies C C D.

The description logic ALC is a fragment of the logic de-
scribed so far, supporting only atomic roles, =, M and IR.C
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(plus all the constructs definable from these). In ALC,
Nom = {).

By convention, the name of a description logic contains
ALC if the logic extends ALC. Moreover, the name contains
an Z if inverse roles (R ™) are supported, an O if Nom # 0,
a Q if number restrictions (3S"R.C) are supported, and a
w if fixpoints are supported. For example, ALCZO denotes
the extension of ALC with inverse roles and nominals. A
subscript f indicates that roles may be declared to be func-
tions. Note that such assertions are a special case of number
restriction, as they can be expressed with axioms of the form
T C 3IS'R.T. If the logic supports role operators besides
inversion, we list those operators as superscripts. For exam-
ple ALCTIY* denotes the extension of ALCZ with role union
and reflexive transitive closure.

Description logics can be regarded as variants of the propo-
sitional p-calculi. Individuals correspond to possible worlds
and roles correspond to accessibility relations. Atomic con-
cepts play the role of propositional symbols. In particular,
wALCZO ¢ can be embedded into the hybrid p-calculus with
deterministic programs and graded modalities ((n, P)F" and
[n, P]F) via the following satisfiability-preserving transla-
tion. For all propositions p, and for all n > 0,

elp) =p e(FNG) = e(F)Ae(G)
e(-F) = —e(F) e(FP"P.F) = (n—1,P)e(F)
e(uX.F) = pX.e(F) e(CED) = [ole(-CUD).

Moreover, functional roles are mapped onto deterministic
programs (whose accessibility relation is the graph of a
function), and nominals are mapped onto their equivalents
(called nominals, too), that in PDL terms are propositional
symbols that are true in exactly one world. Program o
denotes the universal program whose accessibility relation
consists of all pairs of possible worlds. The reader is re-
ferred to [Sattler and Vardi, 1999; Kupferman er al., 2002;
De Giacomo, 1995] for further details.

3 Undecidability of . ALCIO;
This section is devoted to the proof of the following theorem.

Theorem 3.1 In pALCIOy, concept satisfiability, TBox sat-
isfiability and entailment are all undecidable.

We find it convenient to prove this theorem by first reduc-
ing domino problems to TBox satisfiability, and then extend-
ing this result to the other decision problems.

Recall that domino problems consist in placing tiles on
an infinite grid, satisfying a given set of constraints on ad-
jacent tiles. Formally, a domino problem is a structure D =
(T, H,V), where T is a set of tile types and H,V C T? spec-
ify which tiles can be adjacent horizontally and vertically,
respectively. A solution to D is a tiling, that is, a function
7:N?> — T, such that

l. if r7(z,y) = tand 7(x + 1,y) = t' then (¢,¢') € H, and
2. if r(x,y) =tand 7(x,y + 1) = t' then (¢,t') € V.

The existence of a solution for a given domino problem is
known to be undecidable (cf. [Gridel et al., 1999]).
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Domino problems are reduced to reasoning problems by
characterizing (i) the grid and (ii) correct tilings. Formally,
the grid is a structure G = (N?, h9 v9), where hY(z,y) =
(x +1,y),and v9(z,y) = (x,y + 1), forall 2,y € N.

In description logics, hY and v¥ can be denoted by two
roles, h and v. If the two roles characterize the grid cor-
rectly (see Figure 1(a)), then characterizing the solutions of a
domino problem is easy, even within simple (and decidable)
description logics such as ALC, by means of the following
assertion:

T (We)n(],01
teT teT t'eT\{t}

LI ¢, n3e.

(t,t')eH

—(Cy M Ct’)) n (1
L cy)] .
(t,t")eV

Here for each tile type ¢, a distinct concept name C is in-
troduced. Assertion (1) basically states that each individual
is a tile (first term), that distinct tile types contain different
tiles (rest of the first line), and that the tiling preserves the
constraints specified by H and V' (second line).

The real problem is characterizing the grid, because there
is no direct way to force h and v to commute. Here we shall
provide a projective characterization of G, that is, we shall
capture exactly the class of interpretations isomorphic to the
expansion G* = (N?, h9,v9,09") of G, where O is a unary
relation and 09" = {(0,0)}.

We proceed in three steps. First, h and v must be forced to
be injective functions. For this purpose, we declare all roles
and their converse to be functional, which is equivalent to
adopting the following assertion, for all roles R.

AS'RT)NESIR.T). )

Second, all nodes are classified with respect to their incom-
ing and outcoming edges. Note that the domain and the range
of a role R can be defined as follows.

dom(R) £ 3R.T
range(R) iR~ T

Now we can define the vertical and the horizontal borders of
the grid (B, and By, respectively), and the internal nodes
(C). O is a nominal that represents the origin of the grid.

[ {ﬁct U <Elh.

teT

L

> 1l

B, £ O U (dom(h) N dom(v) N —range(h) M range(v))
Bp, £ O U (dom(h) N dom(v) M range(h) N —range(v))
C £ dom(h) N dom(v) Mrange(h) Mrange(v)

The following assertions state the properties of O and force
the above concepts to cover all the domain.

O C dom(h) M dom(v) M —range(h) M —range(v) (3)
TCB,UB,UC 4
Third, we characterize the global structure of the grid. The
next assertions ensure that the vertical border B,, and the hor-

izontal border By, have the desired structure (i.e., they should
be isomorphic to N).

B, =
BhE

uX [O U Eiv*.X] 5)
X [O u Hh_.X] . (6)
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Note that B, and Bj, contain no cycles, because of (2) and
(3), so the two fixpoints induce infinite linear sequences of
nodes.

Finally, we introduce an assertion that forces h and v to
commute everywhere.

T C wuX.£(X), where 7
EX) £ OUpo(X)Uwpi(X)
eo(X) 2 (3hIv . X)N(3v .3h.X)
e1(X) & ByN3h .uY.pe(X,Y)
e(X,Y) & (B,uw3nY)NX

Informally speaking, the constructive characterization of the
fixpoint in (7) corresponds to a visit of the grid along diag-
onals directed north-west (Figure 1(b)). At each iteration, a
new node z is considered. Subformula o (X) ensures that
Zo is connected to the last visited element x; in such a way
that h and v commute. Actually, h and v are not explicitly re-
quired to commute. They actually do (equation (9)) because
each visited node & but the last one (i.e., x1) must be con-
nected by v o h™ and h™ o v to another visited node (Proposi-
tion 3.3.e), therefore, by (2), there exist no further links voh™
and h™~ o v connecting T to (the not yet visited node) xq. It
follows that only z; can be connected to z as specified by
©0(X). This makes h and v commute and ensures that z is
unique. Every time the vertical border B, is reached, subfor-
mula ¢, (X)) adds the first element of the next diagonal. For
this purpose, subformula pY.,(X,Y") looks for diagonals
entirely contained in X (the set of nodes visited so far) so that
anew diagonal is not entered before the previous one has been
completely visited. Figure 1(c) illustrates this phase. Let X;
be the current set of visited nodes. The black circles are the
elements of oy (X;). In this example, uY.2(X;,Y) equals
X, because the latter contains precisely the first 3 diagonals.
In the following we formalize all the above intuitions.

Let 7 consist of the assertions (2), the local constraints (3)
and (4), and the fixpoint assertions (5), (6) and (7). In the rest
of this section, let Z be a model of T .

First we introduce some notation related to the domain el-
ements of Z. Let o € OZ. Forall d, j € N, let

eaj = (W " ovt) o (hF)%(0).

Note that e4,; is not necessarily defined, because h 7 is par-
tial. Informally speaking, d counts diagonals and j is the dis-
placement within a diagonal (cf. Figure 1(b)). Indexes are
ordered lexicographically. Define

(di, 1) =2 (d2,j2) iff di < dyor (di = dz and j; < j2) -
For all sets S C AZ, let max(S) be the element eq; € S
with <-maximal index (if any). The restriction of < to NZ/ =
{(z,y) € N’ | > y} admits a successor relation, namely:

: d,j+1
suce<(d, j) = { Ed-{-_l'_,()%

With a slight abuse of notation, succ<(eq;) will denote

ifj <d
ifj=d.

Csuce<(d,j)- ) o .
Next we need a constructive characterization of the fixpoint
in assertion (7). To improve readability, in the following we
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Figure 1: Modeling and visiting the grid G

abbreviate £(X)7 /g, to &7 (S), where S C A”. Formulae
p; ¢ = 0,1,2) will be treated in a similar way. Then the
fixpoint can be characterized as follows.

uX.((X) = U X, where (8)
i<w
Xo = &
X; = (X)) (i>0)

To ensure that the fixpoint is actually reached within w steps,
as implicitly claimed by the above construction, it suffices to
show that & is continuous.

Proposition 3.2 ¢ is continuous, that is, for all non-
decreasing sequences {X;}i<a, where a is an ordinal,
~

fI(Ui<a Xl) = U,‘<a fI(Xt) .
The following technical result formalizes the intuitive ex-
planation of the nested fixpoint construction.

Proposition 3.3 For all integers i > 0 such that X; C X;y1,
there exists eq ;j € X;11 such that:

a. Xit1 =X;U{eqj}.

b. eq; = succ<(max(X;)) = max(X;t1).

c. Ifj > 0thenv=L(eq ) = eq—1,j-1-

d Ifd> jthenh L(eq;) =eq_1,;.

e. Forall v € X1 \ {ea;}, if h"1(z) is defined then
vE(hE(x)) € Xir1 and h (v (z)) € Xit1 -

f Foralley; € Xiy1, ifex, € Bg then k = 1.

Proof. We prove a—f simultaneously, by induction on ¢. For
1= 0, X,‘ = OI = {0} = {6070} and Xi+1 = (p%(Xo) =
X; U {e1p} C BE. Then a—f are trivially satisfied with
(d,7) = (1,0).

Now assume ¢ > 0. Let zp € X;y; \ X;. Then there
are two possibilities: either zo € @& (X;) or 2o € T (X;).
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Note that these two cases are mutually exclusive, because the
elements of & (X;) are in the range of vZ, while the elements
of ¢7 (X;) are not, because they belong to BF.

Case 1: zy € ¢f(X;). By definition of ¢, there
must be z1, 2o € X; such that hZ(v"%(zg)) = x; and
v~ (h%(z0)) = 2. Since h? and v~7 are injective func-
tions (by the assertions (2)), vZ (h=Z(z1)) = h =L (v (z2)) =
xo € X;, and hence, by induction hypothesis e (I.H.e for
short), z; = z» = max(X;). Now, by choosing d and j
such that max(X;) = eq j—1, we have o = h™% (vl (22)) =
h=Z(v%(eq,j-1)) = eaq,j. The above equations can be rewrit-
ten as

of (™ (max(X;))) = k™7 (v" (max(X;))) =
= Top=¢€q;- ©)
Since (9) holds for arbitrary g € X;4+1 \ X;, we have that g
is the unique member of X ;11 \ X}, and hence point a holds.
Now, since max(X;) = eqj—1 and succ<(d,j — 1) =
(d, 7), we immediately get point b.
To prove ¢, note that

—~
=

v_I(edJ) = o I (v (h T (max(X;)))) =
= ht(eqj 1) M ed-1,5-1. (10)
To prove d, note that

10)

hl(ea;) = h 2@ (v (eay)) =
by def.

- h*I(vI(ed—Lj—l)) =

Point e follows from the corresponding I.H.e and (9).

We are only left to show that f holds. The induction
hypothesis LH.f covers all cases but (k,l) = (d,l). If
ea; € BE, thenvZ(eq ;) € BL, by assertion (5). Moreover,
’UiI(edﬂ') = eq-1,j—1, by (10). Then €ed—1,j—1 € BvI, and
hence, by LH.f,d — 1 = 5 — 1. Point f follows immediately.

This concludes the proof for Case 1.

€d—1,j -
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Case 2: xy € pT (X%) By definition of ¢, the following
facts hold: (i) zo € By, (ii) there exist {z1,...,z,} € X;
(n > 0) such that

r, € Bf (1)
zn = h7F(xo) (12)
o = hfwr () A<k<n—-1). (13)

(cf. Figure 1(c)). By LH.f and (11), 21 = eq—1,q—1 for
some d € N. Then, by (13), {z1,...,2,} must equal
{edfl,dflaedfl,dfb---;edfl,O}-

Now, if eg_1,4-1 # max(X;), then the set
{ed—1,d4-1,€4-1,d4—2,---,€4—1,0} would be entirely
contained in X;_; and hence o € ¢f(X;_1) C X;, a
contradiction. Consequently,

€d—1,d—1 = maX(X,-) . (14)

Note also that

To (g) hI(ZL“n) = hI(ed,Lo) = €4,0 - (15)
Now we are ready to prove a—f. Let j = 0.

Since zo = eq o for an arbitrary xy € X;11 \ X;, point a
holds.

Moreover, succ<(d—1,d—1) = (d, 0) so point b is entailed
by (14). B

Point ¢ holds vacuously as j = 0.

Point d holds, as h™Z(eq0) = eq—1,0 by definition of e4o.

Point e is covered by I.H.e with the exception of
max(X;) = eq—1,4—1, that satisfies e vacuously because it
is a member of BZ and hence h~Z(eq_1 4—1) is undefined.

Finally, to prove point f, note that e;o & BvZ (because
ea,0 € B} \ OF), so f is satisfied vacuously when (k,l) =
(d,0). All the other cases are implied by I.H.f. This com-
pletes the proof. ]

We are now ready to prove the two propositions that con-
firm that 7 characterizes the grid.

Proposition 3.4 Every model of T is isomorphic to G*.
Proof. Suppose Z is a model of 7. Then (5) and (6) cause
AT to be infinite. On the contrary, each X; (i < w) is finite,
by Proposition 3.3.a. It follows by assertion (7) that no X;
can be a fixpoint of ¢ for i < w, and hence the hypothesis
of Proposition 3.3—that is, X; C X;;; —is satisfied for all
1 < w.

As a first consequence of Propositions 3.3.a,b, we have
that for all (d,j) € N2, eq; is defined and A" = {eq; |
(d,j) € N3 }. Since X; C X;41, Propositions 3.3.a,b imply
also that eq j and ey, ; are always distinct when (d, j) # (k,1).

Then the function f : AT — N? specified by

flea) =(d—j,j)
is well defined and total. Moreover, the total function g :
N? — A7 defined by g(i, j) = e;4;,; satisfies go f = fog =
id, so f is a bijection.

We are left to show that f is a morphism. By Proposi-
tion 3.3.c,d, we have that for all (d,j) € N, h'(eq;) =

€d+1,; and UI(edVJ') = €4+1,j+1- Then
h9(f(ea,s)) (d—j+1,75) = f(h*(ea;)), and
v9(f(ea,;)) (d—j,j+1) = f(v"(eay))-
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Moreover, f(O) = {f(eo0)} = {(0,0)} = O9". We con-
clude that f is an isomorphism. ]

Proposition 3.5 G* is a model of T

Since the p ALCZO; TBox 7T is a projective characteriza-
tion of G (by Propositions 3.4 and 3.5) and the pALCIO
assertion (1) is satisfied only by correct tilings, we derive the
following lemma.

Lemma 3.6 Satisfiability of pALCIOy TBoxes is undecid-
able.

We are left to extend this lemma to concept satisfiability
and entailment. This is done through the following reduc-
tions.

Lemma 3.7 In all extensions of nALCL,

a. TBox satisfiability can be reduced to concept satisfiabil-
ity in polynomial time.

b. Concept unsatisfiability can be reduced to entailment in
polynomial time.

By Lemma 3.6 and Lemma 3.7, we conclude that the main
result of this section, Theorem 3.1, holds.

Finally, with Theorem 3.1 and the standard embedding of
description logics into propositional dynamic logics, we im-
mediately obtain the following result.

Corollary 3.8 Formula satisfiability in the hybrid u-calculus
with deterministic programs is undecidable.

4 Regular roles and counting

Description logics with regular role expressions introduce a
form of recursion (Kleene’s star, or reflexive transitive clo-
sure) different from fixpoints. It is interesting to investigate
the interplay of this form of recursion and counting.
Consider ALCZQ"* (the extension of ALCZQ with role
union and reflexive transitive closure). We prove its undecid-
ability by characterizing domino problems with unbounded
grids (i.e., grids without borders) in ALCZQ""*. The grid is
modelled by splitting the injective functional role h (resp. v)
into the disjoint union of two roles hg and h; (resp. vy and
v1), alternated as shown in Figure 2(a). Nodes are then par-
tioned into four classes n; ;, 0 < 4,5 < 1, according to their
incoming and outcoming edges ((3R) abbreviates IR.T):

(3h) 1 (Jvy) 1 (Fhy_;) 1 (Fvg_;) M
—(Fhi—;) N =(Fv1—;) M =(Fh; ) N =(Fv;) .

Y
Nij =

All nodes are forced to belong to one of these four classes by
an assertion T C 190 U no,1 Uni,0 U711
Furthermore, the four assertions

(Vh,‘.’l}l_,ﬂ') [l (V’l)j.?],‘71_j) (16)

(where 0 < 4,5 < 1) force the desired alternation of hg, hy,
vo and vy (cf. Figure 2(a)).

Now the compound role (h; U v;)* applied to a node ¢
can reach at most five different nodes cy-c4 (cf. Figure 2(b)),
because the alternation of edges with index 0 and 1 (more
precisely, assertions (16)) guarantees that c1, c3, ¢4 have no

m,; &
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Figure 2: Modeling an even grid G

outcoming v; edges, and that ¢z, c3, c4 have no outcoming h;
edges.

Then the following assertions (where 0 < i,5 < 1) imply
that for each node in 7; ;, h; and v; commute.

7],'73' E 3<4(h,‘ |_|’Uj))'= . (17)

In fact—with reference to Figure 2(b)—for all ¢y in 7; j, as-
sertion (16) forces nodes cy-c4 to belong to different (mutu-
ally disjoint) concepts 7, ,, with the exception of ¢z and c4,
both of which belong to 171 _;,1—;j. Now if c3 # c4 then (17)
would be violated (there would be 5 nodes reachable with
(h; Uwv;)*), so h; and v; commute (i.e., ho, h1, vg, v1 char-
acterize the unbounded grid).

We are only left to model correct tilings. It suffices to adapt
assertion (1) by replacing h and v with hg Ul hy and vy U
v1, respectively. From the above discussion we derive the
following theorem.

Theorem 4.1 ALCZQY* is undecidable.

On the contrary, nALCZQ" is decidable. In fact, every
expression in pALCZQ" is equivalent to an expression in
the decidable logic 4 ALCZQ thanks to the equivalence

I"(Rur).Cc= L

(AsFR.ON3Is"FR.O).
0<k<n

Then Theorem 4.1 suggests that transitive closure is more
powerful than fixpoints in this context (the extension of
ALCTQ" with fixpoints is decidable, while the extension
with * is not).

5 Discussion and conclusions

Description logics evolved into a hierarchy of decidable log-
ics with multiple maximal elements. Some support fixpoints,
inverse roles, and either nominals or number restrictions (but
not both) [Sattler and Vardi, 1999; Kupferman et al., 2002].
Others support rich sets of role operators, including union and
transitive closure.

The results of this paper show that the above features can-
not be easily combined into one decidable logic. In particular,
no decidable extension of ALCZ can simultaneously support
fixpoints, nominals and number restrictions, even in the very
special case where number restrictions are confined into the
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functionality assertions (2).! As a corollary, the hybrid p-
calculus with deterministic programs is proved to be unde-
cidable. Moreover, Theorem 4.1 shows that role union and
transitive closure cannot occur together within number re-
strictions (it provides also evidence that * is more expressive
than fixpoints).

These results have immediate implications on DLR [Cal-
vanese ef al., 1999], a rich DL with n-ary relations. Recall
that 4 ALCZQ can be embedded into DLR,, [Calvanese er
al., 1999]. Similarly, ALCZQ can be embedded into DLR
(the fragment of DLR, without fixpoints). Then Theo-
rem 3.1 and Theorem 4.1 imply that decidability is preserved
neither by extending DLR,, with nominals, nor by extend-
ing DLR with role operators LI and *.

An interesting question arising from these results concerns
the family of service description logics SDL(X) [Bonatti,
2002]. These logics are analogous to DLR,, in the sense
that they model mappings (that can be regarded as n-ary re-
lations). SDL(X) differs from DLR,, because the former
features set abstraction and composition, while DLR, sup-
ports number restrictions. Service descriptions in SDL(X)
are supposed to extend an underlying ontology written in a
standard description logic X (modelling concepts and roles
only). The main reasoning tasks for SDL(X’) are proved
to be decidable by embedding SDL(X) into decidable ex-
tensions of both uALCZO and X'. By the undecidability of
pALCLOy, it follows that this technique cannot be applied
when X’ supports number restrictions, or simply functional
roles. Then the (un)decidability of SDL(X), when X sup-
ports number restrictions of some sort, remains an interesting
open issue.
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Abstract

Motivated by the matchmaking problem in elec-
tronic marketplaces, we study abduction in De-
scription Logics. We devise suitable definitions of
the problem, and show how they can model com-
monsense reasoning usually employed in analyz-
ing classified announcements having a standardized
terminology. We then describe a system partially
implementing these ideas, and present a simple
experiment, which shows the correspondence be-
tween the system behavior with human usersjudge-
ment.

1 Motivation

We describe several scenarios in which matchmaking [Di
Noiaet al., 2003; Sycaraet al., 2002; Di Sciascio et al., 2001;
Trastour et al., 2002] is necessary, starting with a human sit-
uation and moving to more automated ones.

Human matchmaking. Imagine you are looking for an
apartment in London, UK. On a local newspaper, you pub-
lished a classified ad, which we call D (for Demand), asking
the following:

Apt. required: Soho, 2rooms, smoker, dog,
garden, max 600/month. Phone xxx-yyyyy

Since no one phoned you, you open a copy of the same news-
paper, and start filtering a long list of classified ads offering
apartments to rent. You might encounter the following ad,
that we call .S; (for Supply):

Apt. centre (Piccadilly), car place, fireplace,
2 rooms. Phone zzz-wwwww

Then you wonder if this offer fits your needs. The match be-
tween Soho and Piccadilly depends on some domain knowl-
edge— actually, they are consistent, although Piccadilly does
not imply Soho. Then .S; does not mention that dogs and
smokers are alowed, but this does not necessarily mean that
they are not (open-world assumption). It does not mention
a garden too, but there is a car place, which could be turned
into a small garden if it is open air and private. Should you
phonetoinquire S; first, or phone first the following S,:

AAA Apt. in London. Phone sss-ttttt
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Here it is not just a problem of hypothetical reasoning, it is
also a problem of giving some total order to offers that are
compatible with yours, presumably trying to maximize the
probability of finding a good offer in few phone calls — but
wait: if these offers would match, why they didn’t phone you?

Software agents matchmaking. A similar scenario, but for
the fact that agents may actively look for a matching coun-
teroffer, instead of simply posting their offer. So they may
actualy call you...

Matchmaking in Electronic marketplaces. The same sce-
nario, but with some sort of standardized language to describe
supplies and demands, and maybe some centralized facilita-
tor for matchmaking, e.g., containing the necessary domain
knowledge.

Service Discovery. Either for software agents or in e
marketplaces, the offers may describe a general service in
some standardized language, such asthe simple 128-bit string
of Bluetooth, or the more structured DAML-S.

The third and fourth scenarios are more amenable to au-
tomated matchmaking, since they imply a standardized lan-
guage and ontology. However, observe that also in the first
and second scenarios, when supplies and demands are ex-
pressed in heterogeneous forms, matchmaking is not a mere
schemal/data integration problem. In fact, integration tech-
niques [Madhavan et al., 2001] may be employed to make
heterogeneous supplies and demands comparable; but once
they are reformulated in a comparable way, one is still left
with true matchmaking problems: i) given a proposal, are
there compatible counteroffers? ii) if there are many com-
patible counteroffers, which are the most promising ones (and
why)?

2 Principlesfor matchmaking

We now discuss in detail various technical options for per-
forming matchmaking, first trying to highlight limitations
of non-logical approaches, and then discussing the general
Knowledge Representation principles that alogical approach
may yield.

First of all, we notethat if suppliesand demands are smple
names or strings, the only possible match would be identity,
resulting in an all-or-nothing approach to matchmaking. This
is the approach taken by Bluetooth, whose Service Discov-
ery Protocol tries to match Universally Unique Identifiers of
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services and requests. Although effective for fixed techni-
cal domains, such an approach misses the fact that proposals
usually have some sort of structure in them. Such a structure
could be exploited in order to evaluate “interesting” inexact
matches.

Vector-based techniquestaken by classical Information Re-
trieval can be used, too, thus reverting matchmaking to sim-
ilarity between weighted vectors of stemmed terms, as pro-
posed in the COINS matchmaker [Kuokka and Harada, 1996]
or in LARKS [Sycara et al., 2002]. Obviously lack of doc-
ument structure in descriptions would make matching only
probabilistic and strange situations may ensue, e.g., the de-
mand “Apt. with two Rooms in Soho pets allowed no
smokers” would match the supply “Apt. with two Rooms
in Soho, no pets, smokers allowed”.

A further possibility is to use sets of words to describe the
structure of supplies and demands. We consider these de-
scription as a particular case of logical description, and move
on to Description Logics (DLs). Hence, from now on we
suppose that supplies and demands are expressed in aDL L,
equipped with a model-theoretic semantics. We suppose also
that a common ontology for supplies and demands is estab-
lished, asa TBox 7 in £. Now a match between a supply
S and ademand D could be evaluated according to 7. This
framework ensures the first property that we would like to
hold for matchmaking, namely, an open-world assumption.

Property 1 (Open-world descriptions) The absence of a
characteristic in the description of a proposal should not be
interpreted as a constraint of absence. Instead, it should be
considered as a characteristic that could be either refined
later, or left open if it isirrelevant for the issuer of the pro-
posal.

Moreover, if all constraints of a demand D were fulfilled
by a supply S, but not vice versa, then S should be among
the top ranked suppliesin the list of potential partners of the
demander, while D should not appear at the top in the list of
potential partners of the supplier.

Property 2 (Non-symmetric evaluation) A matchmaking
system may give different evaluations to the match between a
supply .S and a demand D, depending on whether it istrying
to match S with D, or D with .S —i.e., depending on who is
going to use this evaluation.

There are three rel ations between concepts expressing sup-
plies and demands, that we consider meaningful in match-
making: implication, consistency, and inconsi stency.

Inthefirstcase, 7 = (D C S), i.e, constraints imposed
by D imply those of S, and vice versaif 7 = (S C D).
This relation extends the previous set-based inclusion to gen-
eral concepts. If both7 = (D C S)and 7 = (S C D),
then D and S should be considered equivalent in 7. This
relation extends exact matching, making syntax differences
irrelevant. In case of consistency, D M S is satisfiable in 7.
Then, there is a potential match, in the sense that the con-
straints of neither proposal exclude the other. This relation
has been highlighted also by other researchers [Trastour et
al., 2002]. However, that proposal lacks a ranking between
different potential matches. In the third case, D M S is unsat-
isfiable in 7. Although aso in this case a matching could be
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defined [Di Noia et al., 2003], we do not treat this case here
for lack of space. Hence, from now on we concentrate on po-
tential match only. We now highlight some principles that —
we believe — every ranking function should have in logical
matchmaking.

First of al, if alogic is used to give some meaning to de-
scriptions of supplies and demands, then proposals with the
same meaning should have the same ranking, independently
of their syntactic descriptions.

Definition 1 (Syntax independencein ranking) A ranking
of matches is syntax independent if for every pair of supplies
S1 and Sy, demand D, and ontology 7', when S; islogically
equivalent to S, then S; and S, have the sameranking for D,
and the same holds also for every pair of logically equivalent
demands D;, D, with respect to every supply S.

For example, an apartment .S;, described as available for
the summer quarter, should have the same rank — with re-
spect to a request — as another S,, identical but for the
fact that it is described to be available for june-july-august.
Clearly, when the logic admits a normal form of expressions
— asCNF or DNF for propositional logic, or the normal form
of concepts for the DL of CLASSIC [Borgidaet al., 1989] —
using such a normal form ensures by itself syntax indepen-
dence.

We now consider the relation between ranking and impli-
cations. We go back to the descriptions with sets of words,
since they are easy to read through. Let D be a demand and
S1, S betwo supplies defined as follows:

D = {apartment, soho,twoRooms, petsAllowed}
S1 = {apartment, soho, boiler, quiet}
Sy = {apartment, soho, boiler, quiet, last Floor }

In this case, the characteristics that S, addsto S; areirrele-
vant for D. Hence, whatever the rank for Sy, the one for S,
should be the same. If instead we et

S3 = {apartment, soho, boiler, quiet, pets Allowed}

then S5 should be ranked better than S; since it adds a char-
acteristic required by D. We generalize this example to con-
cepts, and state the following definition.

Definition 2 (M onotonicity of ranking over subsumption)
A ranking of potential matches is monotonic over subsump-
tion whenever for every demand D, for every pair of supplies
S1 and Sy, and ontology 7, if S; and Ss are both potential
matches for D, and 7 | (S2 C S7), then Sy should be
ranked either the same, or better than S;, and the same
should hold for every pair of demands D,, D, with respect
toasupply S.

Intuitively, the above definition could be read of as A rank-
ing is monotonic over subsumption if: the more specific, the
better. Observe that we use the word “better” instead of using
any symbol <, >. Thisisbecause some rankings may assume
that “ better” means“increasing” (towards either infinity, or 1)
while others may assume “decreasing” (towards 0). Observe
also that the above definition refers only to potential matches,
i.e., consistent matches — otherwise, 1 would be the best
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match (being the most specific concept), which is obviously
not the case.

We remark that the properties and definitions we stated in
this section are independent of the particular DL employed,
or even the particular logic chosen. For instance, the same
properties could be stated if propositional logic was used to
describe supplies, demands and the ontology. In this respect,
we believe that this section keeps its significance also if one
chooses more expressive DLs such as SHOQ(D) [Horrocks
and Sattler, 2001] or DAML [Paolucci et al., 2002].

3 Abduction in Description Logics

We tend to follow the notation of [Eiter and Gottlob, 1995]
for propositional abduction whenever possible, and adapt it
to our setting.

Definition 3 Let £ beaDL, C, D, betwo conceptsin £, and
7T be a set of axioms in £. A Concept Abduction Problem
(CAP), denoted as (L, C, D, T), isfinding a concept H € L
suchthat7 FCNMH=1,and7 =ECNHLCD.

We use P as a symbol for a CAP, and we denote with
SOL(P) the set of al solutions to a CAP P. Observe that
if C M D is unsatisfiable in 7, then trivially SOL(P)= 0,
i.e., there are no solution to P if C' and D are not a poten-
tial match. Hence from now on we concentrate on the case
THECND=1.

As propositional abduction extendsimplication, aCAP ex-
tends concept subsumption. But differently from proposi-
tional abduction, we do not make any distinction between
manifestations and hypotheses, which is usua when ab-
duction is used for diagnosis. However, diagnosis is not
our domain of application for abduction, and when mak-
ing hypotheses about properties of goods in e-marketplaces,
there is no point in making such a distinction. This unifor-
mity implies that if C 11 D is sdtisfiable in 7, then D €
SOL((L,C,D,T)), i.e, there is always the trivial solution
D to a non-trivial CAP (L,C, D, T). Interpreted in our e
marketplace application domain, it means that if | hypoth-
esize for the counteroffer exactly all my specifications, the
counteroffer trivially meets my specifications. Since one
wants to model Occam'’s razor, some minimality in the hy-
potheses must be defined. In the following definition, we
denote with C+ the subsumption relation between concepts
w.rt.aTBox 7.

Definition 4 Let P=(L,C,D,T) be a CAP. The set
SOLc (P) isthe subset of SOL(P) whose concepts are max-
imal under Cr. Theset SOL<(P) isthe subset of SOL(P)
whose concepts have minimum length.

We note that being maximal under T is still a minimality
criterion, since it means that no unnecessary hypothesisis as-
sumed. It can be proved that the two measures are incompa-
rable.

Proposition 1 There exists a CAP P such that the two sets
SOLc(P) and SOL<(P) areincomparable.

Proof. It is sufficient to consider D = A; M Ay M As,
C = A,and7 = {B C A, As}. The logic is
even propositional. Then A, M A3 € SOL:-((L,C, D, T)),
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B € SOL<({L,C,D,T)), and neither solution is in the
other set. O
The proof highlights that, although <-minimality could be
preferable for conciseness, it is heavily dependent on 7. For
every concept H € SOL(P), itissufficient to add the axiom
A = H toget a<-minimal solution A.

A third minimality criterion is possible for DLs that admit
a normal form as a conjunction of concepts, that is, every
concept C'in £ can be rewritten as an equivalent concept C 11
..M C,. Thisisthe casefor £L = ALN, and for the DL of
the CLASSIC KR system. We call such anormal form CNF,
in analogy with propositional logic.

Definition 5 Let P=(L,C, D,T) be a CAP in which £ ad-
mits a CNF. The set SOLn(P) is the subset of SOL(P)
whose concepts are minimal conjunctions, i.e, if C €
SOLR(P) then no sub-conjunction of C isin SOL(P). We
call such conceptsirreducible solutions of P.

It turns out that M-minimality subsumes both C-minimality
and <-minimality. Thisis not a surprise, since M-minimality
isaform of Cy-minimality, i.e., maximality for subsumption
w.r.t. an empty TBox.

Proposition 2 For every CAP P in which £ admits a CNF,
both SOLc(P) and SOL<(P) areincluded in SOLnr(P).

Proof. If a concept C is not rM-minimal, then it is not
<-minimal, and thesamefor C,. O

3.1 Computational Complexity

Since Concept Abduction extends Concept Subsumption
w.r.t. a TBox, complexity lower bounds of the latter problem
carry over to decision problems related to a CAP.

Proposition 3 Let P=(L£,C,D,7) be a CAP. If Concept
Subsumption wirt. a TBox in £ is a problem C-hard for a
complexity class C, then deciding whether a concept belongs
to SOL(P) isboth C-hard and co-C-hard.

Proof. Hardnessfor C comesfrom thefact that C'is subsumed
by DinTiff T € SOL(P). O
Hence, if £ contains the DL AL, then deciding whether
a concept belongs to SOL(P) is EXPTIME-hard [Donini,
2003] for ageneral TBox 7, but it is PSPACE-hard if 7 con-
tains only acyclic concept axioms [Calvanese, 1996].
Regarding upper bounds, a simple result can be derived
from the fact that D is always a solution of the CAP
(L,C,D,T) — dthough not aways a minimal one. First
of al, atotal length-lexicographic order < can be defined
over concepts as follows: given two concepts C, D € L,
let C < D if either |C| < |D|, or both |C| = |D| and C
is lexicographically before D. Based on this total order, an
algorithm for finding a <-minimal solution of a CAP, using
polynomial space relatively to an oracle for subsumption in
L, isthe following:

input: aCAPP=(L,C,D, T),withT =CMN D=1
output: aconcept in SOL<(P)
variables: concept x € £
begin
=T,
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while |z| < |D| do
f(TECNzCDand7T ECNzC 1)
then return x;
x = next concept following = in <
endwhile;
return D
end.

The above algorithm uses polynomial space (considering the
two calls to subsumption as an oracle) since it just tries all
concepts with less symbols than D, and returns D if it does
not find a shorter solution. Therefore, it provides an upper
bound on the complexity of CAP, depending on the complex-
ity classto which subsumptionin £ belongsto. Although this
result does not directly lead to apractical algorithm, it putsan
upper bound on the complexity of the problem, hence on the
complexity of every optimal agorithm.

Theorem 1 Let P=(L,C, D, T) bea CAP. If subsumptionin
L belongsto a complexity classC that isincluded in PSPACE,
then finding a concept in SO L< (P) isa problemin PSPACE.
Otherwise if PSPACE isincluded in C, then finding a concept
in SOL<(P) isaprobleminC.

Given that the problem of finding a solution cannot be simpler
than the corresponding decision problem, we can conclude
with some general results about <-minimal abduction.

Theorem 2 Let P=(L,C,D,T) be a CAP, with £ a DL
whose expressiveness is between AL and the DL containing
concept constructors, L, -, AR.C, VR.C and role construc-
torsL, role chain, transitive-reflexive roles, role identity, role
inverse. Then finding a concept in SOL<(P) is a problem
EXPTIME-complete when 7 is a general TBox.

Proof. Hardness results for AL are in [Donini, 2003]. Mem-
bership result for the most expressive logic comes from
converse-Propositional Dynamic Logic [Vardi and Wolper,
1986]. O

Hence, for a general TBox the best known agorithms re-
quire exponentia time and also exponentia space (unlessone
proves PSPACE = EXPTIME).

When the TBox isacyclic, complexity resultsfor subsump-
tion imply that finding a concept in SOL< (P) is a problem
PSPACE-complete for DLs whose expressiveness is between
ALE [Calvanese, 1996] and ALC [Baader and Hollunder,
1991]. Even for the simplest logic AL, the problem is co-
NP-hard [Calvanese, 1996].

3.2 Irreducible solutionsin ALN

In this section, we assume that 7 of aCAP P=(L,C, D, T)
is always acyclic. Finding an irreducible solution is easier
than finding a <-minimal or a C-minimal solution, since a
greedy approach can be used to minimize the set of conjuncts
in the solution: starting from C' 1 D, delete one redundant
conjunct at a time from D. However, instead of starting
from C M D, we adapt a structural subsumption agorithm
[Borgidaand Patel-Schneider, 1994] that collectsall concepts
that should be conjoined to C' to be subsumed by D. The a-
gorithm operates on conceptsin normal form; roughly speak-
ing, this form is obtained by expanding concept names with
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their definition in 7°, and then applying the following rewrit-
ing rules as much as possible;

VR.CMNVR.D — VRCMND

cnit — 1

>nR)N(KEmR) — Lifn>m
VR.L — VYR.LM(< 0R)

In the following agorithm, we denote the fact that a con-
cept A appears as a conjunct of aconcept C' with A € C.

Algorithm findIrred(P);
input: aCAPP=(L,C, D, T), with L=ALN, acyclic T,
and7 CnND=1
output: concept H € SOLA(P)
(where H = T meansthat C' isalready subsumed by D)
variables: concept H
begin
H:=T;
for every concept namey in D
if yisnotinC
then H := H My;
for every concept (> n R)inD
such that thereisno concept (> m R) inC withm > n
H:=HnN(> nR),
for every concept (< n R)inD
such that thereisno concept (< m R) in C withm <n
H:=HnN(< nR),
for every concept VR.E in D
if thereexistsVR.F' inC
then H := H N findIrred((L,F,E,T));
ese H := HN findIrred({(L, T,E,T));
* now H € SOL(P), but it might be reducible */
for every concept H; in H
if H without H; € SOL(P)
then delete H; from H; return H;
end.

It can be proved that the concept H returned by findIrred()
is indeed an irreducible solution of P. As for complexity,
the expansion of the TBox in the construction of the normal
form can lead to an exponential blow-up, as demonstrated by
Nebel in[1990]. And anyway, apolynomial algorithm cannot
be expected since subsumption in AL with an acyclic 7 is
co-NP-hard [Calvanese, 1996]. However, in the cited paper
Nebel argues that the expansion is exponential in the depth
of the hierarchy 7; if the depth of 7" is O(log|T]|), then the
expansion is polynomial, and so is the above algorithm.

Theorem 3 Let P= (£,C,D,T) be a CAP, with £L=AL,
and 7 an acyclic TBox whose depth is always bounded by
O(log |7T]). Then finding an irreducible solution to P is a
problem solvable in polynomial time.

In order to rank the proposals in a marketplace according
to how “near” they are to a given proposal D, we take the
number of concept names in the irreducible solution returned
by the above agorithm. Although this makes the rank depend
on the algorithm, it can be easily proved that this definition is
in accordance with the principles highlighted in Section 2.
Moreover, the fact that a concept H is actually computed
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makes it easy to devise an explanation facility, in case a user
wants to know why a given proposa has been ranked before
another. This transparency is crucial for our electronic busi-
ness scenario, wherewe must give the user reasonsto trust the
system. In the next section, we show the results of an exper-
iment comparing the rank obtained by our deployed system
and the rank provided by some usersin the same scenario.

4 Experiments

Using the highlighted properties as aformal specification we
designed and implemented a prototype facilitator. The system
embeds an adapted NeoClassic reasoner, the C++ implemen-
tation of the original Classic. The rationale of the choice of
the Classic system, apart from the obvioudly useful availabil-
ity of concrete datatypes and the possibility to extend itsfunc-
tionalities through test functions, isits polynomial time infer-
ence. The system receives a description of demand/supply.
Then, the reasoner checks the description for consistency; if it
fails, based on the reasoner output, the system provides an er-
ror message stating the error occurred. Otherwise the proper
matchmaking process takes place, and the system returns a
ranked set of matches. When no exact match is available,
The user may investigate potential matches. In this process
he/she is helped by the system ranking. We believe that de-
gree of conformance of an automated matchmaking facilitator
to users’ perception is of extreme importance, especialy in a
setting as our own, which ranks and categorizes matches. To
evaluate the ability of the system to meet users’ expectations
we set up alittle experimental framework.

We selected all apartments-rental advertisements from the
dedicated section of a local newspaper on Oct. 6th of last
year. We subdivided them in two sets, demands (23 adver-
tisements) and supplies (39 advertisements). It is notewor-
thy that, at least for the single-day pick we made, we were
not able to detect any exact match. We submitted to twenty
volunteers of various sex and age, a questionnaire that in-
cluded 8 items. Each item was one demand and a set of
up to eight supplies, or one supply and a set of up to eight
demands. Volunteers were asked to rank, according to their
judgement, elements of each set with respect to the given ad-
vertisement, with the following question: Order the follow-
ing Demands(Supply) with respect to the given Supply (De-
mands) as you would contact them had you issued the given
Supply (Demand). Volunteers were given unlimited time and
in average it took approximately half hour to complete the
guestionnaire. Then the same sets of items were submitted
to the reasoner. As a general consideration, the response of
the reasoner was quite close to the users' ones, and consid-
ering average volunteers orderings the system ranking was in
agreement with the human judgement almost always. Aver-
age percentage of deviation from the mean values determined
by the users on the whole experiment was 8.3.

As an example, we show here in more detail results of
the evaluation for asingle demand/supplies matching process,
extracted form the experimental setting. Let us consider the
example demand: student looking for a nice 1/2 bed flat, ch,
furnished, kitchen, washing machine. Price: 150

Also consider the following advertisements submitted as
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demand (and Bedroom (all toLetFor Student) (at-least 1 hasBed)
(at-nmost 2 hasBed) (at-least 1 hasFacilities) (all hasFacilities
(and Washi ngMachi ne NoAut ononpusHeati ng Ful | yFurni shed)) (all
hasServi ces Kitchen) (all price (nmaxi num 150)))

supplyl (and Bedroom (all price (minimm120)) (all pricelncludes
(and Bill TVPrice)) (all hasFacilities (and Ful |l yFurnished
Spatious)))

supply2 (and (all price (mninmm150))(at-least 2 hasRoon) (at-nost
2 hasRoon) (al | hasRoom Roon) (at-|east 2 tolLetFor)(at-nbst 2

toLet For)(all toLetFor (and Couple Student))(at-least 1

deposi t Required) (al | depositRequired Yes))

suppl y3 (and (at-least 1 depositRequired)(all depositRequired
Yes) (all price (mninum80)) Bedroom (all toLetFor (and Student
NoSnoker Worker (all sex Fenale))))

suppl y4 (and Singl eRoom (all tolLetFor (and NoSnoker
Student)) (at-least 2 occupants)(all price (mninum 120)))

suppl y5 (and Doubl eRoom (al |l tolLetFor Single)(all hasFacilities
(and Lounge Garden))(all hasServices Kitchen)(all price (mninmm
85)) (all pricelncludes Council Tax))

suppl y6 (and Bedroom (at-least 1 occupants) (all price (mnimm
81)) (all toLetFor Female)(all hasFacilities (and Washi ngMachi ne
TV VCR)))

suppl y7 (and Bedroom (all price (mnimm95)) (all occupants
Fam ly) (at-least 2 occupants) (all tolLetFor (and Student
Professional (all sex Fenale))))

suppl y8 (and Flat (at-least 2 hasBed) (at-nost 2 hasBed) (all
toLet For Student) (all hasFacilities ADSL) (all price (mninmm

95))))

Figure 1: Neoclassic descriptions of demand and supplies

supplies:

e Supplyl: large, fully furnished room, price includes cable TV
and bills. Price: 120

e Supply2: double room, suit a couple or two girls, required
deposit. Price: 150

e Supply3: roomto rent, suit a non smoking female student with
worker, international preferred, deposit required. Price: 80

e Supply4: singleroomin clean flat for nosmoker quiet student,
sharing with 2 others. Price: 120

e Supply5: dbl room in shared house, suit single person, use of
lounge, kitchen , garden, rent includes council tax. Price: 85

e Supply6: femaleto sharearoomin aresidential area flatshare,
washing machine, TV, VCR. Price: 81

e Supply7: large room in family houseshare with 2 adults, suit
prof / student female, viewing recommended. Price: 95

e Supply8: 2 bed flat, perfect for student, dble bed ADS. com-
puter beneath. Price: 600

The tranglation of these advertisementsinto Classic, in ac-
cordance with our ontology is pictured in Figure 1. Table 1
shows results provided from the matchmaking algorithm
comparing the system provided ranking and the average vol-
unteers orderings for demands w.r.t. to a supply. Figure 2
shows the same results in a graphical form. Natice that,
while volunteers gave strictly ranked orderings, the system
could also provide equal ranking for various matches. Poly-
gons represent a range for the system total order of supplies,
when there are equally ranked supplies. For example, Sup-
ply 3 and 7 are given the same rank by the system, so they
could be equally put in fourth or fifth position when supplies
are given a total order. Hence we consider correct system
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matched system
pairs ranking
demand,supplyl 2-3
demand,supply2 8
demand,supply3 4-5
demand,supply4 2-3
demand,supply5 1
demand,supply6 6
demand,supply? 4-5
demand,supply8 7

averaged
usersranking

~NOUITRPWAODN

Table 1: System results and user preferences

o = N W H~ OO N ®

supplyt supply? supply3 ‘ supplyd ‘ supphys ‘ supplyé supphy? supply®

domand

Figure 2: System and averaged users ranking

ranks for Supply 3 and 4, because users' rank fall inside the
polygons, while we consider incorrect system placement of
Supply 2 and 7 (dotted lines mark the difference).

5 Conclusion

Motivated by the matchmaking problem in electronic mar-
ketplaces, we have studied abduction in DLs. We have pre-
sented suitable definitions of the problem, and have shown
how they can model commonsense reasoning usualy em-
ployed in analyzing typical commercial advertisements. Al-
though we used the simple DL ALN, our definitions and
logical framework can be used also when a more expressive
DL isused. Of course in this case more complex algorithms
should be devised. To substantiate these ideas we have im-
plemented a prototype based on the devised specifications
adapting a NeoClassic reasoner, and presented experiments
that show the correspondence between the system behavior
with human users judgement.
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Abstract

Motivated by medical terminology applications, we
investigate the decidability of the well known ex-
pressive DL, SHZQ, extended with role inclusion
axioms (RIAs) of the form R o S C P. We show
that this extension is undecidable even when RIAs
are restricted to the forms RoS C Ror SoRC R,
but that decidability can be regained by further re-
stricting RIAs to be acyclic. We present a tableau
algorithm for this DL and report on its implemen-
tation, which behaves well in practise and provides
important additional functionality in a medical ter-
minology application.

1 Motivation

The description logic (DL) SHZQ [Horrocks et al., 1999;
Horrocks and Sattler, 2002b] is an expressive knowledge rep-
resentation formalism that extends ALC [Schmidt-Schauf
and Smolka, 1991] (a notational variant of the multi modal
logic K [Schild, 1991]) with qualifying number restrictions,
inverse roles, role inclusion axioms (RIAs) R C S, and
transitive roles. The development of SHZQ was motivated
by several applications, one of which was the representation
of knowledge about complex physically structured domains
found, e.g., in chemical engineering [Sattler, 2000] and med-
ical terminology [Rector and Horrocks, 1997].

Although SHZQ allows many important properties of
such domains to be captured (e.g., transitive and inverse
roles), one extremely useful feature that it cannot express
is the “propagation” of one property along another prop-
erty [Padgham and Lambrix, 1994; Rector, 2002; Spackman,
2000]. E.g., it may be useful to express the fact that certain
locative properties are transfered across certain partonomic
properties so that a trauma or lesion located in a part of a body
structure is recognised as being located in the body structure
as a whole. This enables highly desirable inferences such as a
fracture of the neck of the femur being inferred to be a kind of
fracture of the femur, or an ulcer located in the gastric mucosa
being inferred to be a kind of stomach ulcer.

The importance of these kinds of inference, particularly
in medical terminology applications, is illustrated by the fact
that the Grail DL [Rector et al., 19971, which was specifically
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designed for use with medical terminology, is able to repre-
sent these kinds of propagation (although it is quite weak in
other respects). Moreover, in another medical terminology
application using the comparatively inexpressive DL ALC, a
rather complex “work around” is performed in order to repre-
sent similar propagations [Schulz and Hahn, 20011." Similar
expressiveness was also provided in the CycL language by
the transfersThro statement [Lenat and Guha, 1989].

It is quite straightforward to extend SHZQ so that this
kind of propagation can be expressed: simply allow for role
inclusion axioms of the form Ro.S C P, which then enforces
all models 7 to interpret the composition of R” with S” as a
sub-relation of PZ. E.g., the above examples translate into

hasLocationo isDivisionOf C hasLocation,

which implies that
FracturelJhasLocation.(NeckM3isDivisionOf.Femur)

is subsumed by/a specialization of
Fracturel JhasLocation.Femur

Unfortunately, this extension leads to the undecidability of
the interesting inference problems; see [Wessel, 2001] for an
undecidability proof and [Baldoni, 1998; Baldoni ez al., 1998;
Demri, 2001] for the closely related family of Grammar Log-
ics. On closer inspection of the problem, we observe that only
RIAs of the form RoS C S or SoR C S are required in order
to express propagation. Surprisingly, it turns out that SHZQ
extended with this restricted form of RIAs is still undecidable.
Decidability can be regained, however, by further restricting
the set of RIAs to be acyclic (in a non-standard way). This
additional restriction does not seem too severe: the above ex-
amples are still covered, acyclic sets of RIAs should suffice
for many applications, and cycles in RIAs may even be an
indicator of modelling flaws [Rector, 2002]. We call this de-
cidable logic RZ Q.

Here, we present the above undecidability result and prove
the decidability of SHZQ with acyclic RIAs via a tableau-
based decision procedure for concept satisfiability. The al-
gorithm works by transforming concepts of the form VR.C,
where R is a role, into concepts of the form V.A.C', where A is
a non-deterministic finite automaton (NFA). These automata

'In this approach, so-called SEP-triplets are used both to com-

pensate for the absence of transitive roles in ALC, and to express
the propagation of properties across a distinguished “part-of” role.
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are derived from a set of RIAs R by first unfolding R into a
set of implications exp(R) between regular expressions and
roles, and then transforming the regular expressions into au-
tomata. The algorithm is of the same complexity as the one
for SHZ Q—in the size of exp(R) and the length of the input
concept—but, unfortunately, exp(R) is exponential in R. We
present a syntactic restriction that avoids this blow-up; inves-
tigating whether this blow-up can be avoided in general will
be part of future work. Finally, in order to evaluate the prac-
ticability of this algorithm, we have extended the DL system
FaCT [Horrocks, 1998] to deal with acyclic RIAs. We discuss
how the properties of NFAs are exploited in the implementa-
tion, and we present some preliminary results showing that
the performance of the extended system is comparable with
that of the original, and that it is able to compute inferences of
the kind mentioned above w.r.t. the well known Galen medi-
cal terminology knowledge base [Rector and Horrocks, 1997,
Horrocks, 1998].

For full proofs, the interested reader is referred to [Hor-
rocks and Sattler, 2002a].

2 Preliminaries

In this section, we introduce the DL SHTZQ. This includes
the definition of syntax, semantics, and inference problems.

Definition 1 Let C and R be sets of concept and role names.
The set of roles is RU {R~ | R € R}. For roles R; (each
of which can be inverse), a role inclusion axiom (RIA) is an
expression of the form Ry C Ry, RioRs C Ry, or RioRs C
R,. A generalised role box (g-RBox) is a set of RIAs.

An interpretation T = (A”, . T) associates, with each role
name R, a binary relation R* C AT x AL Inverse roles are
interpreted as usual, i.e.,

(R7)t = {(y,2) | (x,y) € RT} foreachrole R € R.

An interpretation T is a model of a g-RBox R if it satisfies
each inclusion assertion in 'R, i.e., if
R{ - R% foreach R C Ry € R and
RfoR: C R% foreach Ry o Ry C R3 € R,
where o stands for the composition of binary relations.

Transitive role names were not introduced since RoR C R
is equivalent to saying that R is a transitive role.

To avoid considering roles such as R~~, we define a func-
tion Inv onroles as follows: Inv(R) = R~ if R is arole name,
and Inv(R) =Sif R=S5".

Obviously, if So R C S € R(RoS L S € R
or R C S € R), then each model of R also satisfies
Inv(R) o Inv(S) C Inv(S) (Inv(S) o Inv(R) C Inv(S) and
Inv(R) C Inv(S)). Thus, in the following, we assume that a
g-RBox always contains both “directions” of a RIA.

For a g-RBox R, we define the relation E to be the
transitive-reflexive closure of C over K.

Definition 2 A role S is simple if it does not have implied
sub-roles, i.e., if Sy o Sy T S3 implies S3 =S does not hold.

The set of SHTTQ-concepts is the smallest set such that
(i) every concept name is a concept, and, (ii) if C, D are
concepts, R is a role (possibly inverse), S is a simple role
(possibly inverse) , and n is a nonnegative integer, then CMD,
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CuD,-C,VYR.C,3dR.C, (=nS.C), and (<nS.C) are also
concepts.

An interpretation Z = (AT, 1) consists of a set AT, called
the domain of Z, and a valuation -~ which maps every concept
to a subset of AT and every role to a subset of AT x AT such
that, for all concepts C, D, roles R, S, and non-negative
integers n, the following equations are satisfied, where M
denotes the cardinality of a set M :

(ﬁC)I — AI \ CI,

(cnbDyf=ctnpt, (CubD)t=c*uD?

(AR.C)t ={z | y.(x,y) € RT andy € C*},

(VR.C)E ={z |Vy.(z,y) € RT impliesy € C*},
(>nR.C)r ={z | t{y]| (z.y) € Rt andy € C} > n},
(<nR.CY ={x | {y | (z,y) € R” andy € CT} < n}.
A concept C'is called satisfiable w.r.t. a g-RBox R iff there

is a model T of R with CT # (. A concept D subsumes a
concept C w.r.t. R (written C CTr D) iff C* C D holds
for each model I of R. For an interpretation I, an element
x € AT is called an instance of a concept C iff v € CT.

Remarks: number restrictions (>nR.C) and (<nR.C) are
restricted to simple roles (intuitively these are (possibly in-
verse) roles that are not implied by others) since SHZ Q with-
out this restriction is undecidable [Horrocks et al., 1999].

For DLs that are closed under negation, subsumption and
(un)satisfiability can be mutually reduced: C' C D iff C'M1=D
is unsatisfiable, and C' is unsatisfiable iff C T A M —A for
some concept name A. It is straightforward to extend these
reductions to g-RBoxes and TBoxes. In contrast, the reduc-
tion of inference problems w.r.t. a TBox to pure concept in-
ference problems (possibly w.r.t. a g-RBox), deserves spe-
cial care: SHZQ is expressive enough to internalise TBoxes,
i.e., to reduce reasoning w.r.t. TBoxes to reasoning with-
out TBoxes [Schild, 1991; Horrocks et al., 1999]. Thus, in
the following, we restrict our attention to the satisfiability of
SHTIQ-concepts.

2.1 Relationship with other formalisms

Grammar logics are a class of propositional multi modal
logics where the accessibility relations are ‘“axiomatised”
through a grammar [Farinds del Cerro and Penttonen, 1988].
More precisely, for o;, 7; modal parameters, the production
ruleo; ...0,, — 71 ...7, can be viewed as a notational vari-
antforthe RIA 7 o... 07, C 0y o...00y,,. Analogously to
the DL case, the semantics of a grammar logic takes into ac-
count only those frames/relational structures that “satisfy the
grammar’.

Now grammars are traditionally organised in (refinements
of) the Chomsky hierarchy, which induces a hierarchy of
grammar logics, e.g., context free grammar logics are those
propositional multi modal logics where the accessibility rela-
tions can be axiomatised through a context free grammar. Un-
surprisingly, the expressiveness of the grammars influences
the expressiveness of the corresponding grammar logics. It
was shown that satisfiability of regular grammar logics is
ExpTime-complete [Demri, 20011, whereas this problem is
undecidable for context free grammar logics [Baldoni, 1998;
Baldoni et al., 1998]. The latter result is closely related to the
undecidability proof in [Wessel, 2001].
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Here, we are concerned with (a) multi modal logics
that provide for a converse operator on modal parameters
and graded modalities (to restrict the number of accessible
worlds; see, e.g., [Tobies, 2001]) and (b) a certain sub-class
of context-free grammars. In our undecidability proof in Sec-
tion 3, the main difficulty was to develop a grammar that
generates the language {(ab)™(cd)™ | n > 0} using only
productions of the form R — RS or R — SR.> We can
construct a “similar” grammar G with L(G) N (ab)*(cd)* =
{(ab)™(cd)™ | n > 0}. The production rules of G are

D — AD, A — AC,
¢ - BC, B - BD, A—a,...D—d.

Role value maps (RVMs) [Brachman and Schmolze, 1985;
Schmidt-Schauss, 1989] are closely related to the RIAs
investigated here. RVMs are concepts of the form
Ry...R, T S;...8,, for R;, S; roles, whose interpreta-
tion (Ry ... Ry, TSy ...5,)7 is defined as follows:

{z € AT | (Ry...Rn) (x) C (Si...S0)%(x)},

where (R ... R;,)%(z) denotes the set of those y € AZ that
are reachable from x via Rf o ... o RZ . Thus the RIA R o
S C T is equivalent to saying that each individual must be an
instance of RS T T. The undecidability proof of KL-ONE
[Schmidt-Schauss, 1989] also involves RVMs T' C RS, and
thus cannot be adapted easily to our logic.

3 SHTZO is undecidable

Due to the syntactic restriction on RIAs, we were not able
to adapt the undecidability proof for ALC with context-free
or linear grammars in [Baldoni, 1998; Baldoni et al., 1998;
Demri, 2001], the one for ALC with role boxes [Wessel,
2001], or the one for KL-ONE [Schmidt-Schauss, 1989] to
prove undecidability of SHTZ Q. In the following, we sketch
the reduction of the undecidable domino problem [Berger,
1966] to SHT T Q satisfiability.

Definition 3 A domino system D = (D,H,V') consists of
a non-empty set of domino types D = {D1, ..., Dy}, and of
sets of horizontally and vertically matching pairs H C D x D
and V. C D x D. The problem is to determine if, for
a given D, there exists a tiling t : IN x N — D such
that for all m,n € IN, (t(m,n),t(m + 1,n)) € H and
(t(m,n), t(myn +1)) € V.

For a domino system D, we define a SHTZ Q-concept C'p
and a g-RBox R p such that D has a tiling iff C'p is satisfiable
w.r.t. Rp. Due to space limitation, we only present Rp:

{viCyi, viCv, hy Ty, hy Th|0<i<3}U
{ xz‘_@lyi E Yi, xz‘_@lxi E xz‘_@l
YiorTi £ Tiy Yigr¥i E Y |0 <@ <3}
where & and & denotes addition and subtraction modulo four.
Existential and number restrictions on roles ~ and v (for

the horizontal and vertical neighbours) are used to ensure that
a point has at most one vertical and at most one horizontal

*Thanks to Christof Loding at RWTH Aachen!

DESCRIPTION LOGICS

B
)
Y1
h1 Yo N
b Yl "
ho
zg
U1 z1 |vo
Y1
h1 R Yo N
Y ——
ho
zg
v1 z1 |vo
ho <! h3 . ha

Figure 1: The staircase structure and the effects of Rp.

successor, and that these successors satisfy the horizontal and
vertical matching conditions induced by H and V'; this, as
well as ensuring that each point is associated with exactly
one domino type, is standard in domino reductions.

The next step is rather special: we do not enforce a grid
structure, but a structure with “staircases”, which is illus-
trated in Figure 1. To this purpose, we introduce four sub-
roles vp, . .., vs of v and four sub-roles hg, ..., hz of h, and
ensure that we only have “staircases”. An ¢-staircase is an
alternating chain of v; and h; edges, without any other v;-
or hj-successors. At each point on the z-axis, two staircases
start that need not meet again, one ¢-staircase starting with
v; and one ¢ © 1-staircase starting with h;o1. A symmetric
behaviour is enforced for the nodes on the y-axis.

It only remains to ensure that, if two elements b, b’ repre-
sent the same point in the grid, then they are associated with
the same domino type: b and b’ “represent the same point” if
there is an n and an instance a on the x-or the y-axis such that
both b and b’ are reachable by following a staircase starting at
a for n steps, i.e., if there is a v;h;-path (resp. h;v;-path) of
length n from a to b, and a h;o1vio1-path (resp. vig1 hig-
path) of length n from a to b'.

To this purpose, we add super roles x; of h; and y; of
v; (for which we use dashed arrows in Figure 1), and the
last group of RIAs in Rp. These role inclusion axioms en-
force appropriate, additional role successorships between el-
ements, and we use the additional roles x; and y; since we
only want to have at most one v; or h;-successor. For each
2 staircases starting at the same element on one of the axes,
these RIAs ensure that each pair of elements representing the
same point is related by y;. To see this, consider the conse-
quences of the RIAs for elements representing the four points
(1,0),...,(2,1), and “apply” the RIA y; o T xo. Next,
“apply” 1 o C 2, and finally 27 yo C yo, which yields the
yo-link between the two elements representing (2, 1). Then,
starting with y; yo T y;, we can continue with the points
(2,1),...,(3,2) and work up the role inclusion axioms and
up the staircase.

The above observations imply that the concept C'p is satis-
fiable w.r.t. Tp and Rp iff D has a solution.
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Theorem 1 Satisfiability of SHTTQ-concepts w.r.t. gener-
alized RBoxes is undecidable.

4 RIQ is decidable

In this section, we show that SHZ Q with acyclic generalised
RBoxes, RZQ, is decidable. We present a tableau-based
algorithm that decides satisfiability of RZQ-concepts, and
therefore also subsumption in RZQ and, using internalisa-
tion, both inferences w.r.t. TBoxes. The tableau algorithm
implemented in the FaCT system [Horrocks, 1998] was ex-
tended to the one presented here, and the empirical results
are reported in Section 5.

Definition 4 Let R be a g-RBox (containing always both di-
rections of a RIA; see above). A role R directly affects a role
Sif R # S and either RC S € R, RoSC S € R, or
SoRLC S € R. Let “affects” be the transitive closure of
“directly affects”. An acyclic generalised RBox (a-RBox) is
a g-RBox where “affects” has no cycles. RZQ is the restric-
tion of SHTIQ to a-RBoxes.

Please note that, in a-RBoxes, we can no longer say that a

role R is symmetric using R C R~ and R~ C R since this
would yield an “affects” cycle of length 2.
Syntactic transformations Before specifying this algorithm,
we transform the RBox to make the presentation of the algo-
rithm easier—basically, we unfold the role hierarchy to make
all implications explicit.

Firstly, for each (possibly inverse) role R we define two
regular expressions as follows:

TR = (U 50};5:;671 S)*R(U RoTT%&}I;ER T)*
- TR ifRoRCREZR
PR = (tr)T ifRoRCRER

Secondly, we iteratively replace roles in pr with unions of
regular expressions of roles, working our way up the affect-
ing relation. We start with roles “almost” minimal w.r.t. the
affecting relation, i.e., we start with roles R such that all roles
S which affect R are not affected. We proceed with roles di-
rectly affected by roles that are either already treated or not
affected by other roles, and do the following:

PR =
for each S # R occurring in pr do
pr = (pr with S replaced with p ¢ 5 ppP)-

After this recursion, we define exp(R) := {pr C R |
R occurs in R}.

Due to the acyclicity of R, the recursion in this transfor-
mation terminates after at most n steps for n the number of
role inclusion axioms in R. Please note that, by construction,
for each (possibly inverse) role R occurring in R, exp(R)
contains exactly one inclusion pp C R.

For example, for the RIAs R

RoS Esv SoW Esv TloRl ERlv

RyoT, LRy, VoIt' ETy, RiC R, RoCR

the above transformation yield a set exp(R) containing

P£R

(RU RT3 U (V*Ty)*Ry)*SW* C S,
RUR,T; U(V*T,)*R, CR,
RQTZ* E RQ, (VXTl)XRl E Rh V*Tl E T1~
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(pr with R replaced with RU|Jr &, = pp) and,

Unfortunately, the size of exp(R) can be exponential in the
size of /R. A further syntactic restriction which avoids this
exponential blow-up is described in Section 4.1.

The regular role terms on the left hand side of exp(R) are
read with the standard semantics for regular role expressions,
(i.e., using union, composition, and transitive closure of bi-
nary relations, see, e.g., [Schild, 1991]). We use L(p) to de-
note the language described by a regular expression p.

Lemma 1 An interpretation L is a model of an acyclic gen-
eralised RBox R iff T is a model of exp(R).

The Tableau Algorithm tries to construct, for an input
RZQ-concept D and an a-RBox R, a tableau (an abstraction
of a model) for D w.r.t. R. We can prove that this algorithm
constructs a tableau for D and R iff D is satisfiable w.r.t.
‘R, and thus decides satisfiability of RZQ concepts w.r.t. an
a-RBox. But for the use of NFAs introduced below, this algo-
rithm is quite similar to the one for SHZQ [Horrocks et al.,
1999; Horrocks and Sattler, 2002b].

If R occurs in R, then pp T R € exp(R), and we can
build a non-deterministic finite automaton (NFA) A® with
L(AR) = L(pr). Due to the use of non-deterministic au-
tomata, A can be of size linear in |pg|. Otherwise, A% is a
(two-state) automaton with L(A®) = {R}.

For A an NFA and ¢ a state in 4, A, denotes the NFA
obtained from A by making ¢ the (only) initial state of A,
and we use ¢ —s ¢ € A to denote that 4 has a transition
labelled with S from ¢ to ¢'.

As usual, each concept can be easily transformed into an
equivalent one in negation normal form (NNF, i.e., negation
occurs in front of concept names only), and we use =C' for the
NNF of a concept C'. For a concept C, clos(C') is the smallest
set that contains C' and that is closed under sub-concepts and
4. Then fclos(C', R) is the superset of clos(C, R) that con-
tains V.Aqs .D for each S occurring in R or C' with ¢ a state in

A% and VS.D € clos(C).

A completion tree T for a RZQ concept D and an a-
RBox R is a tree where each node x is labelled with a set
L(x) C fclos(D, R) and each edge (x, y) from a node x to its
successor y is labelled with a non-empty set L((x,y)) C R
of (possibly inverse) roles occurring in D and R. Finally,
completion trees come with an explicit inequality relation #
on nodes which is implicitly assumed to be symmetric.

If R € L({x,y)) for a node x and its successor y and
R [£S, then y is called an S-successor of x and z is called an
Inv(S)-predecessor of y. If y is an S-successor or an Inv(5)-
predecessor of z, then y is called an S-neighbour of x. Fi-
nally, ancestor is the transitive closure of predecessor.

For a role S, a concept C' and a node z in T we define
ST(x,C) := {y | y is an S-neighbour of z and C' € L(y)}.

A node is blocked iff it is either directly or indirectly
blocked. A node x is directly blocked iff none of its ances-
tors are blocked, and it has ancestors z’, y and y’ such that
(1) y is not the root node; (2) z is a successor of 2’ and y
is a successor of y'; and (3) L(z) = L(y), L(2") = L(¥),
L({z',z)) = Ly, y)). Anodey is indirectly blocked if one
of its ancestors is blocked.
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RM: if Cy M Cy € L(x), x is not indirectly blocked,
and {01, CQ} Z L(l’)
thenL(x) = L(x) U {Cl, Cz}

RU: if Cy U Cy € L(x), x is not indirectly blocked,
and {C1,C2}NL(z) =0
then L(z) := L(z) U {E} for some E € {C4,C>}

R3: if35.C' € L(z), « is not blocked, and
x has no S-neighbour y with C' € L(y)
then create a new node y with

L((z,y)) := {S}and L(y) := {C}

RV;: if VS.C' € L(x), z is not indirectly blocked, and
VAS.C ¢ L(x)
then L(z) := L(x) U {VA°.C}

RV,: ifVA,.C' € L(x), « is not indirectly blocked,
p —s qin Ay, and y is an S-neighbour of « with
VA,.C ¢ L(y)
then L(y) := L(y) U{VA,.C}

RVs: if VA.C € L(x), x is not indirectly blocked,
e € L(A),and C ¢ L(z)
then L(z) := L(z) U{C}

R?: if (<nS.C) € L(x), = is not indir. blocked, and y
is an S-neighbour of x with {C, -C} N L(y) = 0
then L(y) := L(y) U{E} forsome E € {C,-C}

R>:if (>nS.C) € L(x), x is not blocked, and there are
N0 Y1,...,Yn € ST(x,C) withy; # y; foreachi # j
then create n new nodes y; with L((z,y;)) = {S},
L(y)) ={C},andy; #y,forl <i<j<n.

R<:if (€nS.C) € L(x), x is not indirectly blocked,
#ST(z,C) > n, there are y, z € ST (x,C) with
not y # z and y is not an ancestor of z,
then L(z) := L(z) U L(y) and if z is an ancestor of
then  L((z,2)) := L((z,2)) U Inv(L((z,y)))
else  L((z,2)) := L((z,2)) UL((z,y))
and remove y and the sub-tree below y

Figure 2: The Expansion Rules for RZQ.

For a node x, L(x) is said to contain a clash if, for some
concept name A, {A4,—-A} C L(x), or if there is some
concept (<nS.C) € L(x) and x has n + 1 S-neighbours
Yo, ---,Yn With C' € L(y;) and y; # y; forall0 < i < j <
n. A completion tree is clash-free if none of its nodes con-
tains a clash, and it is complete if no rule from Figure 2 can
be applied to it.

For a RZQ-concept D, the algorithm starts with the com-
pletion tree consisting of a single root node z with L(z) =
{D} and # empty. It applies the expansion rules in Figure 2,
stopping when a clash occurs, and answers “D is satisfiable
w.r.t. R” iff the completion rules can be applied in such a way
that they yield a complete and clash-free completion tree, and
“D is unsatisfiable w.r.t. /R” otherwise.

Most of the rules have been used before for fragments of
‘RZQ—only the three V;-rules are new: they are elegant gen-
eralisations of standard rules for value restrictions taking into
account automata.

As usual, we can prove termination, soundness, and com-
pleteness of the tableau algorithm to show that it indeed de-

DESCRIPTION LOGICS

cides satisfiability of RZ Q-concepts w.r.t. a-RBoxes.

Theorem 2 The tableau algorithm decides satisfiability and
subsumption of RZQ-concepts w.r.t. a-RBoxes and TBoxes.

4.1 Avoiding the blow-up

So far, the satisfiability algorithm presented here involves
an exponential blow-up compared to similar algorithms that
are implemented in state-of-the-art description logic reason-
ers [Horrocks, 1998; Haarslev and Moller, 2001]: the closure
fclos(D, R) is exponential in R since we have “unfolded”
the a-RBox R into the possibly exponentially large exp(R).
While investigating whether and how this exponential blow-
up can be avoided, we observe that a further restriction of the
syntax of a-RBoxes avoids this blow-up:

An a-RBox R is called simple if, whenever Ry o S C S
and S o R, C S are in R, then R; and Ry do not have a
common subrole R’ that occurs on the right hand side of an
axiomR' o S"C R'orS'oR'C R

For a simple a-RBox R, exp(R) is only polynomial in the
size of R since each term used in the substitution step of the
construction of exp(R) from R is at most used once in each
other axiom.

Thus, for simple role hierarchies, the tableau algorithm
presented here is of the same worst case complexity as for
SHIQ, namely 2NExpTime. A detailed investigation of the
exact complexity will be part of future work.

5 Empirical Evaluation

In order to evaluate the practicability of the above algorithm,
we have extended the DL system FaCT [Horrocks, 1998] to
deal with RZQ, and we have carried out a preliminary em-
pirical evaluation.

From a practical point of view, one potential problem with
the RZQ algorithm is that the number of different automata,
and hence the number of different V.A.C' concepts, could
be very large. Moreover, many of these automata could be
equivalent (i.e., accept the same languages). This could ad-
versely effect blocking, and thus lead to a serious degradation
in performance [Horrocks and Sattler, 2002b].

The FaCT implementation addresses these possible prob-
lems by transforming all of the initial NFAs into minimal
deterministic finite automata (DFAs) using the AT&T FSM
Library™ [Mohri et al., 1998]. One DFA is constructed for
each role, the states in each automaton are uniquely num-
bered, and the implementation uses concepts of the form
VA.C, where A is the number of a state in one of the au-
tomata. Because the automata are deterministic, for each con-
cept of the form V.A.C in the label of a node z, the RV,-rule
can add at most one concept to the label of a given neigh-
bouring node y per role in the label of the edge (z, y). More-
over, because the automata are minimal, if V.A.C' leads to the
presence of V.A".C' in some successor node as a result of re-
peated applications of the RV;-rule, then V.A.C' is equivalent
toVA'.C iff A = A’. As A and A’ are numbers, such com-
parisons are very easy, and minimisation of automata avoids
unnecessary blocking delays.

The implementation is still at the “beta” stage, but it has
been possible to carry out some preliminary tests using the

347



well known Galen medical terminology KB [Rector and Hor-
rocks, 1997; Horrocks, 1998]. This KB contains 2,740 named
concepts and 413 roles, 26 of which are transitive. The roles
are arranged in a relatively complex hierarchy with a maxi-
mum depth of 10. Classifying this KB using FaCT’s SHZQ
reasoner takes 116s on an 800 MHz Pentium III equipped
Linux PC. Classifying the same KB using the new RZQ rea-
soner took a total of 275s, but this includes 135s to compute
the minimal DFAs for the role box (it should be noted that this
is an unusually large and complex role box, and that comput-
ing the DFAs is a preprocessing step that will not need to be
repeated when the remainder of the KB is extended, modified,
or queried). This result is encouraging as it shows that, in the
case of the Galen KB at least, using automata in V.A.C' con-
cepts does not, in itself, lead to an unacceptable degradation
in performance.

The KB was then extended with several RIAs that express
the propagation of location across various partonomic roles.
These included

hasLocationo isSolidDivisionOf C hasLocation,
hasLocationo isLayerOf C hasLocation.

Classifying the extended KB took 280s, an increase of only
2% (3.5% if we exclude the DFA computation time). Sub-
sumption queries w.r.t. this KB revealed that, e.g.,

FracturellJhasLocation.NeckOfFemur
was implicitly a kind of
FracturelJdhasLocation.Femur

(NeckOfFemur is a solid division of Femur), and

Ulcer M dhasLocation.GastricMucosa
was implicitly a kind of
Ulcer N dhasLocation.Stomach

(GastricMucosais a layer of Stomach). None of these sub-
sumption relationships held w.r.t. the original KB. The times
taken to compute these relationships w.r.t. the classified KB
could not be measured accurately as they were of the same
order as a system clock tick (10ms).
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Abstract

Many description logics (DLs) combine knowledge
representation on an abstract, logical level with an
interface to “concrete” domains such as numbers
and strings. We propose to extend such DLs with
key constraints that allow the expression of state-
ments like “US citizens are uniquely identified by
their social security number”. Based on this idea,
we introduce a number of natural description logics
and present (un)decidability results and tight NEX-
PTIME complexity bounds.

1 Introduction

Description Logics (DLs) are a family of popular knowledge
representation formalisms. Many expressive DLs combine
powerful logical languages with an interface to concrete do-
mains (e.g., integers, reals, strings) and built-in predicates
(e.g., <, sub-string-of) [Lutz, 2002b]. These can be used to
form descriptions such as “employee working for the govern-
ment and earning more than her boss” that combine “abstract”
logical components (e.g., working for the government) with
components using concrete domains and predicates (e.g., a
numerical comparison of earnings).

DLs with concrete domains have turned out to be useful for
reasoning about conceptual (database) models [Lutz, 2002¢],
and as the basis for expressive ontology languages [Horrocks
et al., 2002]. So far, however, they have not been able to ex-
press key constraints, i.e., constraints expressing the fact that
certain “concrete features” uniquely determine the identity of
the instances of a certain class. E.g., the concrete feature ““so-
cial security number (SSN)” might serve as a key for citizens
of the US, and the combination of identification number and
manufacturer might serve as a key for vehicles. Such con-
straints are important both in databases and in realistic on-
tology applications. In a DL context, key constraints have
so far only been considered on logical, “non-concrete” do-
mains [Borgida and Weddell, 1997; Calvanese et al., 2000;
Khizder et al., 2001; Toman and Weddell, 2002].

It is easy to see that concrete keys can express nominals,
i.e., concepts to be interpreted as singleton sets (closely re-
lated to the “one-of” operator): e.g., if SSN is a key for Hu-
man (SSN keyfor Human), then the concept “Human with SSN
1234” (Human M 3SSN. =1234) has at most one instance.
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In this paper, we extend the well-known DLs with concrete
domains ALC(D) and SHOQ(D) [Baader and Hanschke,
1991; Horrocks and Sattler, 2001] with key constraints and
analyse the complexity of reasoning with the resulting log-
ics ALCOK(D) and SHOQK (D). We show that allowing
complex concepts to occur in key constraints dramatically
increases the complexity of ALC(D) (which is PSPACE-
complete): it becomes undecidable. Restricting key con-
straints to atomic concepts (such as “Human” in the above
example) still yields a NEXPTIME-hard formalism, even for
rather simple (PTIME) concrete domains. We show several
variants of this result that depend on other characteristics of
key constraints, such as the number of concrete features and
the “path length”. This effect is consistent with the observa-
tion that the PSPACE upper bound for ALC (D) is not robust
[Lutz, 2003].

Additionally, we prove the NEXPTIME bounds to be
tight by presenting tableau algorithms for ALCOK (D) and
SHOQK(D) with key admissible concrete domains that are
in NP, where key admissibility is a simple and natural prop-
erty. We have chosen to devise tableau algorithms since they
have the potential to be implemented in efficient reasoners
and have been shown to behave well in practise [Horrocks
et al., 2000]. Due to space restrictions, we can only sketch
proofs and refer to [Lutz et al., 2002] for more details.

2 Preliminaries

First, we formally introduce

ALCOK(D).

Definition 1. A concrete domain D is a pair (Ap,®p),
where Ap is a set and ®p a set of predicate names. Each
predicate name P € ®p is associated with an arity n and an
n-ary predicate PP C A%,

Let N¢, No, Ng, N¢r be pairwise disjoint and countably in-
finite sets of concept names, nominals, role names, and con-
crete features. We assume that Ng has a countably infinite
subset N, of abstract features. A path u is a composition
f1--- fng of n abstract features fy,..., f,, (n > 0) and a
concrete feature g. Let D be a concrete domain. The set of
ALCOK(D)-concepts is the smallest set such that (i) every
concept name and every nominal is a concept, and (ii) if C
and D are concepts, R is a role name, g is a concrete feature,
ui,..., Uy, are paths, and P € ®p is a predicate of arity n,

the description logic
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then the following expressions are also concepts:
-C, CnD,CcuD, dR.C, VR.C, Juy,...,u,.P, and gt

A key definiton is an expression (u1, . . ., ux keyfor C') for
u1,...,uy (k> 1) paths and C' a concept. A finite set of key
definitions is called a key box. O

As usual, we use T to denote an arbitrary propositional tau-
tology. Throughout this paper, we will consider several frag-
ments of the logic ACCOK(D): ALCO(D) is obtained from
ALCOK(D) by admitting only empty key boxes; by disal-
lowing the use of nominals, we obtain the fragment ALC(D)
of ACCO(D) and ALCK(D) of ALCOK(D).

The description logic ALCOK(D) is equipped with a
Tarski-style set-theoretic semantics. Along with the seman-
tics, we introduce the standard inference problems: concept
satisfiability and concept subsumption.

Definition 2. An interpretation T is a pair (Az,-), where
A7 is a non-empty set, called the domain, and T is the in-
terpretation function. The interpretation function maps each
concept name C' to a subset C?% of Az, each nominal N to
a singleton subset N T of Az, each role name R to a subset
R? of Az x Az, each abstract feature f to a partial function
f* from Az to Az, and each concrete feature ¢ to a partial
function gI from A7 to Ap.

Ifu=f - fugisapathand d € Az, then u”(d) is de-
fined as g7 (fZ--- (f£(d))---). The interpretation function
is extended to arbitrary concepts as follows:

(=)t :=Ar\C?
(cnbD)yt.=ctnp?
(CuD)t.=ctubD?
(BR.C)E :={de Az |Je € Az: (de) € RENee CT}
(VR.C)L :={de€ Az |Ve€ Az: (d,e) € R = e € Ct}
(g1)* :={d € Az | g*(d) undefined}
(Buy, ..., un.P)r :={d€ Az | Jzy1,..., 2, € Ap:
u?(d) = z; and (24, ...,2,) € PP}
An interpretation Z is a model of a concept C iff C* # 0.
Moreover, T satisfies a key definition (u1, . . ., u, keyfor C')
if, for any a,b € C%, ut(a) = uf(b) for 1 < i < n implies
a = b. 7 is a model of a key box K iff 7 satisfies all key
definitions in . A concept C' is satisfiable w.r.t. a key box
K iff C' and K have a common model. C' is subsumed by a
concept D w.rt. K (written C' Cx D) iff C7 C D? for all
models Z of K. O

It is well-known that, in DLs providing for negation, sub-
sumption can be reduced to (un)satisfiability and vice versa:
C Cx D iff C 11 =D is unsatisfiable w.r.t. X and C' is sat-
isfiable w.r.t. K iff C' Zx —T. Thus we can concentrate
on concept satisfiability when investigating the complexity
of reasoning: the above reduction implies the corresponding
bounds for subsumption and the complementary complexity
class (usually co-NEXPTIME in this paper).

When devising decision procedures for DLs which are not
tied to a particular concrete domain, admissibility of the con-
crete domain usually serves as a well-defined interface be-
tween the decision procedure and concrete domain reasoners
[Baader and Hanschke, 1991; Lutz, 2002b]:
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Definition 3. Let D be a concrete domain. A D-conjunction
is a (finite) predicate conjunction of the form

c= /\ Pi(x((f), o ,xsj)),
i<k .
where P; is an n;-ary predicate for ¢ < k and the 2\ are
variables. A D-conjunction c is satisfiable iff there exists a
function ¢ mapping the variables in c¢ to elements of Ap such
that (5(50(()1)), ...,6(z%))) € PP for each i < k. We say
that the concrete domain D is admissible iff (i) ®p contains a
name Tp for Ap; (ii) ®p is closed under negation, and (iii)
satisfiability of D-conjunctions is decidable. We refer to the
satisfiability of D-conjunctions as D-satisfiability. O

As we shall see, it sometimes makes a considerable differ-
ence w.r.t. complexity and decidability to restrict key boxes
in various ways. Because of this, it is convenient to introduce
the following notions:

Definition 4. A key box K is called Boolean if all concepts
appearing in (key definitions in) X are Boolean combinations
of concept names; path-free if all key definitions in K are of
the form (g1, .. ., g, keyfor C') with g1, ..., g, € Nc; sim-
ple if it is both path-free and Boolean; and a unary key box if
all key definitions in K are of the form (u keyfor C'). A con-
cept C'is called path-free if, in all its subconcepts of the form
Juy, ..., up-P,uy, ..., u, are concrete features. ¢

To emphasize that a key box must not necessarily be Boolean
or path-free, we sometimes call such a key box general. Sim-
ilarly, to emphasize that a key box is not necessarily a unary
key box, we sometimes call such a key box n-ary key box.

3 Lower Complexity Bounds

In this section, we present lower complexity bounds for DLs
with concrete domains, key boxes and nominals. We start by
showing that satisfiability of ALCK(D)-concepts w.r.t. gen-
eral key boxes is undecidable for many interesting concrete
domains. This discouraging result is relativized by the fact
that, as shown in Section 4, the restriction to Boolean key
boxes recovers decidability. Next, we prove that satisfiabil-
ity of path-free ALC/K(D)-concepts w.r.t. simple key boxes
is NEXPTIME-hard for many concrete domains and that this
holds even if we restrict ourselves to unary key boxes. Fi-
nally, we identify a concrete domain such that ALCO(D)-
concept satisfiability (without key boxes) is already NEXP-
TIME-hard.

Undecidability of ALCK(D)-concept satisfiability w.r.t.
general key boxes is proved by reduction of the undecidable
Post Correspondence Problem (PCP) [Post, 1946].

Definition 5. An instance P of the PCP is given by a finite,
non-empty list (¢1,r1),..., (¢, ) of pairs of words over
some alphabet ¥. A sequence of integers ¢y, ... ,%,,, with
m > 1, is called a solution for P iff €;, ---{; =1y -1y, .
The problem is to decide whether a given instance P has a
solution. O

The reduction uses the admissible concrete domain W intro-
duced in [Lutz, 2003], whose domain is the set of words over
Y and whose predicates express concatenation of words. For
each PCP instance P = ({1,11),..., (g, i), we define a
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concept C'p and unary key box Kp such that P has no solu-
tion iff C'p is satisfiable w.r.t. p. Intuitively, Cp and p
enforce an infinite, k-ary tree, where each node represents a
sequences of integers, i.e. a potential solution. The role of
the key box is to guarantee that the tree is of infinite depth;
concrete features are used to store the left and right concate-
nations corresponding to the potential solutions; and concate-
nation predicates from the concrete domain W are used to
compute them. Finally, an inequality predicate also provided
by W is used to guarantee that none of the potential solutions
is indeed a solution. Since it is known that W-satisfiability is
in PTIME [Lutz, 2003], we obtain the following theorem.

Theorem 6. There exists a concrete domain D such that
D-satisfiability is in PTIME and satisfiability of ALCIC(D)-
concepts w.r.t. (general) unary key boxes is undecidable.

As shown in [Lutz, 2003; Lutz et al., 2002], the reduction can
easily be adapted to more natural concrete domains such as
numerical ones based on the integers and providing predicates
for equality to zero and one, binary equality, addition, and
multiplication.

We now establish lower bounds for ALCK(D) with
Boolean key boxes and for ALCO(D). These results are
obtained using a NEXPTIME-complete variant of the well-
known, undecidable domino problem [Knuth, 1968].

Definition 7. A domino system ® is atriple (T', H, V'), where
T C N is a finite set of tile types and H,V C T' x T repre-
sent the horizontal and vertical matching conditions. For © a
domino system and a = ag, . ..,a,—1 € T an initial condi-
tion, a mapping 7 : {0,...,2" "1} x {0,...,2""1} — T'is
a solution for ® and q iff, for all x,y < 2"t!, the following
holds: (i) if 7(x,y) = tand 7(z+1 mod 2"*! y) = t', then
(t,t") € H; (i) if 7(z,y) = t and 7(z,y + 1 mod 2"*!) =
t', then (t,t') € V; and (iii) 7(¢,0) = a; fori < n. O

This variant of the domino problem is NEXPTIME-
complete [Lutz, 2003]. The three NEXPTIME lower bounds
are obtained by using suitable and admissible concrete do-
mains Dy, D,, and D3 to reduce the above domino prob-
lem. More precisely, the simplest concrete domain D; is used
in the reduction to ALCK(D1)-concept satisfiability w.r.t.
Boolean (n-ary) key boxes, the slightly more complex D,
is used in the reduction to ALCK(D2)-concept satisfiabil-
ity w.r.t. Boolean unary key boxes, and the most powerful
concrete domain D3 is used in the reduction to ALCO(Ds)-
concept satisfiability without key boxes.

The idea underlying all three reductions is to use concept
names X, ...X,,Yp,...,Y, to represent positions in the
27+l x 27+l torus: if a is a domain element representing
the position (7, j), then @ € X7 expresses that the (-th bit in
the binary coding of 7 is 1, and a € Y/ expresses that the (-th
bit of j is 1. We use standard methods to enforce that there
exists a domain element for every position in the torus. The
main difference between the three reductions is how it is en-
sured that no position is represented by two different domain
elements—we call this uniqueness of positions.

The first reduction uses the very simple concrete do-
main D;, which is based on the set {0,1} and only pro-
vides unary predicates =g, =1, and their negations. Unique-
ness of positions is ensured by translating the position (i, j)
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of a domain element a into concrete domain values: for
xpos, € Ncr, we enforce that xpos? (a) = 1if a € X} and 0
otherwise (analogously for ypos, and Y;). Then the key def-
inition (xposy, . . .,Xpos,,,YPosy, - - . , ypos,, keyfor T) obvi-
ously ensures uniqueness of positions. Since the reduction
concept is path-free and D -satisfiability is easily seen to be
in PTIME, we obtain the following:

Theorem 8. D;-satisfiability is in PTIME and satisfiability
of path-free ALCK(D1)-concepts w.r.t. simple key boxes is
NEXPTIME-hard.

The (somewhat artificial) concrete domain D, can be replaced
by many natural concrete domains D proposed in the litera-
ture [Baader and Hanschke, 1992; Haarslev and Moller, 2002;
Lutz, 2002b; 2002d]: it suffices that D provides two unary
predicates denoting disjoint singleton sets.

The second reduction uses the more complex concrete do-
main D», which “stores” whole bit vectors rather than only
single bits. In D,, we can translate the position (z,j) of an
element a from concepts Xy, Y}, into a single bit vector of
length 2(n + 1) that is then stored as a bv-successor of a,
where bv is a concrete feature. Since we replaced the 2(n+1)
concrete features used in the first reduction (one for each bit)
by the single feature bv, it now suffices to use the simple
unary key box (bv keyfor T) to ensure uniqueness of posi-
tions. As in Dy, the reduction concept is path-free. In [Lutz
et al., 2002], it is shown that D,-satisfiability is in PTIME.

Theorem 9. D--satisfiability is in PTIME and satisfiability of
path-free ALCK(Dy)-concepts w.r.t. simple unary key boxes
is NEXPTIME-hard.

Again, the artificial concrete domain D, can be replaced by
more natural ones: we can simulate bit vectors using inte-
gers and the necessary operations on bit vectors by unary
predicates =,, for every interger n and a ternary addition
predicate—for more details see [Lutz et al., 2002].

The last lower bound is concerned with the DL ALCO(D).
In the absence of key boxes, we need a different reduction
strategy and the more complex concrete domain D3, which
extends D, with so-called domino arrays that allow us to store
the tiling of the whole torus in a single concrete domain value.
We can then ensure uniqueness of positions using a single
nominal. Computationally, the concrete domain D3 is still
very simple, namely in PTIME. However, it no longer suffices
to use only path-free concepts.

Theorem 10. Ds-satisfiability is in PTIME and satisfiability
of ALCO(D3)-concepts is NEXPTIME-hard.

4 Reasoning Procedures

We describe two tableau-based decision procedures for con-
cept satisfiability in DLs with concrete domains, nomi-
nals, and keys. The first is for ALCOK(D)-concepts w.r.t.
Boolean key boxes. This algorithm yields a NEXPTIME up-
per complexity bound matching the lower bounds established
in Section 3. The second procedure is for SHOQK (D) w.r.t.
path-free key boxes and also yields a tight NEXPTIME up-
per complexity bound. SHOQK (D) is an extension of the
DL SHOQ(D) introduced in [Horrocks and Sattler, 2001;
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Pan and Horrocks, 2002], which provides a wealth of ex-
pressive possibilities such as transitive roles, role hierar-
chies, nominals, qualifying number restrictions, and general
TBoxes with a path-free concrete domain constructor and
path-free key boxes. Path-freeness of SHOQK(D)’s con-
crete domain constructor is crucial for decidability. More-
over, it allows us to admit general rather than only Boolean
key boxes.

Tableau algorithms decide the satisfiability of the input
concept (in our case w.r.t. the input key box) by attempting to
construct a model for it: starting with an initial data structure
induced by the input concept, the algorithm repeatedly ap-
plies completion rules. Eventually, the algorithm either finds
an obvious contradiction or it encounters a contradiction-free
situation in which no more completion rules are applicable.
In the former case the input concept is unsatisfiable, while in
the latter case it is satisfiable.

Existing tableau algorithms for DLs with concrete do-
mains use admissibility as an “interface” between the tab-
leau algorithm and a concrete domain reasoner [Lutz, 2002b;
Baader and Hanschke, 1991]. In the presence of keys,
this is not enough: besides knowing whether a given D-
conjunction is satisfiable, the concrete domain reasoner has
to provide information on variables that must take the same
value in solutions. As an example, consider the concrete
domain N = (N,{<,| n € N}) and the N-conjunction
¢ = <a(v1) A <2(v2) A <2(v3). Obviously, every solution
0 for ¢ identifies two of the variables vy, v3, v3. This informa-
tion has to be passed from the concrete domain reasoner to the
tableau algorithm since, in the presence of key boxes, it may
have an impact on the satisfiability of the input concept. E.g.,
this information transfer reveals the unsatisfiability of 3R. Al
JR.(-ANB)N3R.(-AN-B)NVR.3g.<s w.rt. g keyfor T.
To formalize this requirement, we strengthen the notion of ad-
missibility into key-admissibility.

Definition 11. A concrete domain D is key-admissible iff (i)
®p contains a name Tp for Ap; (i) ®p is closed under
negation, and (iii) there exists an algorithm that takes as input
a D-conjunction ¢, returns clash if ¢ is unsatisfiable, and oth-
erwise non-deterministically outputs an equivalence relation
~ on the set of variables V' used in c such that there exists a
solution ¢ for ¢ with the following property: for all v,v" € V
o(v) = o6(v')iffv ~ o'. Such an equivalence relation is
henceforth called a concrete equivalence. We say that ex-
tended D-satisfiability is in NP if there exists an algorithm as
above running in polynomial time. ¢

It can easily be seen that any concrete domain that is ad-
missible and provides for an equality predicate is also key-
admissible [Lutz et al., 2002].

In the following, we assume that all concepts (the input
concept and those occuring in key boxes) are in negation nor-
mal form (NNF), i.e., negation occurs only in front of concept
names and nominals; if the concrete domain D is admissi-
ble, then every ALCOK(D)-concept can be converted into
an equivalent one in NNF [Lutz et al., 2002]. We use - C'
to denote the result of converting the concept =C' into NNF,
sub(C') to denote the set of subconcepts of C', and sub(/C) to
denote the set of subconcepts of all concepts occurring in key
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box K. Moreover, we use cl(C, K) as abbreviation for the set
sub(C) Usub(K) U{-D | D € sub(K)}.

Complexity of ALCOK(D)

We start the presentation of the ALCOK (D) tableau algo-
rithm by introducing the underlying data structure.

Definition 12. Let O, and O, be disjoint and countably in-
finite sets of abstract and concrete nodes. A completion tree
for an ALCOK(D)-concept C' and a key box K is a finite,
labeled tree (Va, Ve, E, £) with a set of nodes V, U V¢ such
that V; C O,, V. C O, and all nodes from V; are leaves.
Each node a € V, of the tree is labeled with a subset £(a)
of cl(C,K); each edge (a,b) € E with a,b € Vj is labeled
with a role name £(a, b) occurring in C' or K; and each edge
(a,x) € Ewitha € V, and x € V, is labeled with a concrete
feature £(a, x) occurring in C or K.

For T = (V,,V,E, L) and a € V,, we use levr(a) to
denote the depth at which a occurs in T (starting with the root
node at depth 0). A completion system for an ALCOK(D)-
concept C' and a key box K is a tuple (T, P, <, ~), where
T = (V,, Ve, E, L) is a completion tree for C' and IC, P is
a function mapping each P € ®p with arity n appearing in
C to a subset of V", < is a linear ordering of V; such that
levp(a) < levyp(b) implies a < b, and ~ is an equivalence
relation on V.

Let T = (V,, Vi, E, L) be a completion tree. A node b €
V, is an R-successor of a node a € V; if (a,b) € E and
L(a,b) = R. Similarly, a node x € V¢ is a g-successor of
a if (a,x) € E and L(a,z) = g. For paths u, the notion
u-successor is defined in the obvious way. O

Intuitively, the relation ~ records equalities between concrete
nodes that have been found during the model construction
process. The relation ~ induces an equivalence relation =,
on abstract nodes which, in turn, yields the equivalence rela-
tion &, D ~ on concrete nodes.

Definition 13. Let S = (T, P, <, ~) be a completion system
for a concept C' and a key box K with T = (V,,V,, E, L),
and let &~ be an equivalence relation on V. For each R €
Ng, a node b € V, is an R/~-neighbor of a node a € V,
if there exists a node ¢ € V, such that a &~ ¢ and b is an
R-successor of c. For paths u, the notion u/=~-neighbor is
defined analogously.

We define a sequence of equivalence
~0 C~l C---on 'V, as follows:

relations

~y={(a,a) |a €V}
U{(a,b) € V2| 3N € No : N € L(a) N L(D)}

At =t U

{(a,b) € V2| 3Fc€V,, fENsp:
a and b are f/~’-neighbors of ¢} U
{(a,b) € V2| 3(ui,...,u, keyfor D) € K,
Ja1,..., 2, ¢ @ is uj/~-neighbor of a,

Y1, ... Yn t yjis uj/~.-neighbor of b,
DeL(a)NLB)ANNVLI<j<n:z;~y,)}
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Finally, set ~, = U¢>o %g, and define v ~. yif x ~ y or
there are a € V, and_g € N¢r such that z and y are g/~,-
neighbors of a.

Intuitively, if we have a ~, b, then a and b describe the same
domain element of the constructed model (and similarly for
the = relation on concrete nodes).

Let D be a key-admissible concrete domain. To de-
cide the satisfiability of an ALCOK(D)-concept Cjy w.r.t.
a Boolean key box K (both in NNF), the tableau algo-
rithm is started with the initial completion system Sc, =
(TCU ) 7)07 wv 0)7 where TCU = ({(10}, 07 w? {G’O = {CO}})
and Py maps each P € ®p occurring in Cp to (). We now
introduce an operation that is used by the completion rules to
add new nodes to completion trees.

Definition 14. Let S = (T, P, <, ~) be a completion system
with T = (V4, V., E, £). An element of O, or O is called
fresh in T if it does not appear in T. We use the following
notions:

S+ aRb: Leta € V,, b € O, freshin T, and R € Ng. We
write S + aRb to denote the completion system S’ that can be
obtained from S by adding (a, b) to E and setting L(a,b) =
R and £(b) = (. Moreover, b is inserted into < such that
b < cimplies levr (D) < levr(c).

S+agx: Leta € Vo, x € O¢ freshin T and ¢ € Nc.
We write S + agx to denote the completion system .S’ that
can be obtained from S by adding (a,z) to E and setting
Lla,x) =g.

When nesting +, we omit brackets writing, e.g., S + aR1b +
bRyc for (S + aRy1b) + bRac. Letu = f1 -+ f,g be a path.
With S + aux, where a € V, and x € O is fresh in T, we
denote the completion system S’ that can be obtained from S
by taking fresh nodes by, . .., b, € O, and setting

S’ = S—|—(1f1b1++bn71fnbn+bngx <>

The completion rules are given in Figure 1, where we assume
that newly introduced nodes are always fresh. The RU and
Rch rules are non-deterministic and the upper five rules are
well-known from existing tableau algorithms for ALC(D)-
concept satisfiability (c.f. for example [Lutz, 2002d]). Only
RV deserves a comment: it considers R/~,-neighbors rather
than R-successors since /2, relates nodes denoting the same
domain element.

The last two rules are necessary for dealing with key boxes.
The “choose rule” Rch (c.f. [Hollunder and Baader, 1991;
Horrocks et al., 2000]) guesses whether an abstract node a
satisfies C' in case of C' occurring in a key definition and
a having neighbors for all paths wu; in this key definition.
The Rp rule deals with equalities between abstract nodes as
recorded by the ~, relation: if a =, b, then a and b describe
the same element, and thus their node labels should be identi-
cal. We choose one representative for each equivalence class
of =, (the node that is minimal w.r.t. <) and make sure that
the representative’s node label contains the labels of all the
nodes it represents.

Definition 15. Let S = (T, P, <, ~) be a completion system
for a concept C' and akey box K with T = (V,, Ve, <, ~). We
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RO ifCiCsy e E(a) and {Cl, Cz} z E(a)
then L(a) := L(a) U{C1,C2}

RU if C1 UCs € L(a) and {Cl, Cz} NL(a) = 0
then L(a) := L(a) U {C} for some C € {C1,C2}

R3 if AR.C € L(a) and there is no R/ =,-neighbor b of a
such that C' € L(b),
then S := S + aRband L(b) := {C}

RV if VR.C € L(a), bis an R/=2,-neighbor of a, and

C¢ L)
then £(b) := L(b) U{C'}
R3cif Juy,...,un.P € L(a) and there are no

u;-successors x; of a (for 1 < ¢ < n)
with (z1,...,2n) € P(P)
then S := (S + auizy + - - + aun®y,)
and P(P) :=P(P)U{(z1,...,xn)}
Rch if (u1, ..., u, keyfor C') € K, {C, ~C} N L(a) =0,
and there are u; /~,-neighbors z; of a (for 1 <7 < n)
then L(a) := L(a) U{D} for some D € {C,~C}
Rp if £(b) € L(a) and a € V; is minimal w.r.t. <

such thata ~, b
then L(a) := L(a) U L(b)

Figure 1: Completion rules for ALCOK (D).

say that the completion system .S is concrete domain satisfi-
able iff the conjunction

CS = /\ P($17...7xn)A /\ :(x7y)
P usedin C TRCY
(z1,..,xn)EP(P)

is satisfiable. S contains a clash iff (i) there is an a € V, and
an A € N¢ such that {A4,-A} C L(a); (ii) there are a €
and x € V¢ such that g1 € L(a) and z is g/=,-neighbor of
a; or (iii) S is not concrete domain satisfiable. If S does not
contain a clash, then S is called clash-free. S is complete if
no completion rule is applicable to .S. O

We now give the tableau algorithm in pseudocode nota-
tion, where check denotes the algorithm computing concrete
equivalences as described in Definition 11:

define procedure sat(.S)

do
if S contains a clash then return unsatisfiable
~ :=check((s)
compute 2, and then ~¢

while ~ # =~

if S contains a clash then return unsatisfiable

if S is complete then return satisfiable

apply a completion rule to S yielding S’

return sat(S")

The algorithm realizes a tight coupling between the con-
crete domain reasoner and the tableau algorithm: if the con-
crete domain reasoner finds that two concrete nodes are equal,
the tableau algorithm may use this to deduce (via the com-
putation of ~, and =) even more equalities between con-
crete nodes. The concrete domain reasoner may then return
in check((s) further “equalities” ~ and so forth.

A similar interplay takes place in the course of several re-
cursion steps: equalities of concrete nodes provided by the
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concrete domain reasoner may make new rules applicable (for
example Rp and then R3c) which changes P and thus also (s.
This may subsequently lead to the detection of more equali-
ties between concrete nodes by the concrete domain reasoner,
and so forth. Note that, in the absence of keys boxes, there is
much less interaction: it suffices to apply the concrete domain
satisfiability check only once after the completion rules have
been exhaustively applied [Baader and Hanschke, 1991].

In [Lutz et al., 2002], we prove that the algorithm runs
in non-deterministic exponential time: there are exponential
bounds on the number of abstract and concrete nodes in the
completion system, on the number of while loop iterations in
each recursion step, and on the size of (g. This yields the
following upper bound, which is tight by Theorem 9.

Theorem 16. For D a key-admissible concrete domain such
that extended D-satisfiability is in NP, ALCOK(D)-concept
satisfiability w.r.t. Boolean key boxes is in NEXPTIME.

Complexity of SHOQK (D)

We have designed a tableau algorithm for SHOQK (D) as a
combination of the one for SHOQ(D) in [Horrocks and Sat-
tler, 2001] and the one for ALCOK (D) presented above. It is
restricted to path-free concepts and path-free key boxes, but
can handle complex concepts in key boxes. The most impor-
tant difference from the ALCOK (D) algorithm is as follows:
in the presence of non-Boolean key boxes, the Rch rule may
add concepts of positive “role depth” to arbitrary nodes in the
completion tree. Thus the role depth does not automatically
decrease with the depth of nodes in the tree (as in the case
of ACCOK(D)) and a naive tableau algorithm would con-
struct infinite trees. However, even for SHOQ(D) without
key boxes, one has to enforce termination artificially by us-
ing a cycle detection mechanism called blocking—whereas
the ALCOK (D) algorithm terminates “naturally”. It can be
shown that blocking can be used in the presence of key boxes
without corrupting soundness or completeness. A detailed
description of this algorithm and a correctness proof is given
in [Lutz et al., 2002]. As a by-product of the SHOQK (D)
tableau algorithm, we obtain a small model property: every
satisfiable SHOQK (D)-concept has a model of size expo-
nential in the concept length. Thus we obtain the following
upper bound, which is tight by Theorem 9.

Theorem 17. For D a key-admissible concrete domain such
that D-satisfiability is in NP, SHO QK (D)-concept satisfia-
bility w.r.t. path-free key boxes is in NEXPTIME.

S Summary

We have identified key boxes as an interesting extension of
description logics with concrete domains, introduced a num-
ber of natural description logics, and provided a comprehen-
sive analysis of the decidability and complexity of reasoning.
Moreover, we have proposed tableau algorithms for two such
(NExXPTIME-complete) logics.

The main result of our investigations is that key constraints
are rather powerful, since they dramatically increase the com-
plexity of reasoning: PSPACE ALC(D) becomes undecidable
with unrestricted key boxes, and NEXPTIME-complete with
Boolean key boxes—provided that the concrete domain D is
not too complex, i.e., extended D-satisfiability is in NP.
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Abstract

Current Description Logic reasoning systems pro-
vide only limited support for debugging logically
erroneous knowledge bases. In this paper we pro-
pose new non-standard reasoning services which
we designed and implemented to pinpoint logical
contradictions when developing the medical ter-
minology DICE. We provide complete algorithms
for unfoldable 4LC-TBoxes based on minimisa-
tion of axioms using Boolean methods for min-
imal unsatisfiability-preserving sub-TBoxes, and
an incomplete bottom-up method for generalised
incoherence-preserving terminologies.

1 Introduction

Our work was motivated by the development of the DICE?
terminology. DICE implements frame-based definitions of
diagnostic information for the unambiguous and unified clas-
sification of patients in Intensive Care medicine. The repre-
sentation of DICE is currently being migrated to an expres-
sive Description Logic (henceforth DL) to facilitate logical
inferences. Figure 1 shows an extract of the DICE terminol-
ogy. In [Cornet and Abu-Hanna, 2002] the authors describe
the migration process in more detail. The resulting DL ter-
minology (usually called a “TBox”) contains axioms such as
the following, where classes (like BobyPART) are translated
as concepts, and slots (like REGION) as roles:

Brain T CentralNervousSystem 1 Jsystempart.NervousSystem M
BodyPart M Elregior!.HeadAndNeck M Vregion.HeadAndNeck
Central NervousSystem C NervousSystem

Developing a coherent terminology is a time-consuming
and error-prone process. DICE defines more than 2400 con-
cepts and uses 45 relations. To illustrate some of the prob-
lems, take the definition of a “brain” which is incorrectly
specified, among others, as a “central nervous-system” and
“body-part” located in the head. This definition is contradic-
tory as nervous-systems and body-parts are declared disjoint
in DICE. Fortunately, current Description Logic reasoners,

IDICE stands for “Diagnoses for Intensive Care Evaluation”.
The development of the DICE terminology has been supported by
the NICE foundation.
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such as RACER [Haarslev and Méller, 2001] or FaCT [Hor-
rocks, 1998], can detect this type of inconsistency and the
knowledge engineer can identify the cause of the problem.
Unfortunately, many other concepts are defined based on the
erroneous definition of “brain” forcing each of them to be
erroneous as well. In practice, DL reasoners provide lists of
hundreds of unsatisfiable concepts for the DICE TBox and the
debugging remains a jigsaw to be solved by human experts,
with little additional explanation to support this process.

By debugging we understand the identification and elimi-
nation of modelling errors when detecting logical contradic-
tions in a knowledge base. Debugging requires an explana-
tion for the logical incorrectness and, as a second step, its
correction. In this paper we will focus on the former as the
latter requires an understanding of the meaning of represented
concepts. We define a number of new non-standard reasoning
services to explain incoherences through pinpointing.

Our experience with debugging DICE provides some
hands-on examples for the problem at hand: take the con-
tradictory definition of brains in the DICE anatomy specifica-
tion. What information is useful for correcting the knowledge
base? First, we have to identify the precise position of errors
within a TBox; that is, we need a procedure to single out the
axioms causing the contradiction. The axioms for Brain and
CentralNervousSystem form such a minimal incoherent sub-
set of the DICE terminology. Formally, we introduce minimal
unsatisfiability-preserving sub-TBoxes (abbreviated MUPS)
and minimal incoherence-preserving sub-TBoxes (MIPS) as
the smallest subsets of axioms of an incoherent terminology
preserving unsatisfiability of a particular, respectively of at
least one unsatisfiable concept. Secondly, we highlight the el-
ements of these definitions containing the faulty specification.
An axiom, e.g., BrainCBodyPart 1 NervousSystem points to
the core of the erroneously modelled knowledge. For this
purpose we define generalised incoherence-preserving termi-
nologies (GIT) as sets of incoherent axioms, which are syn-
tacticly related to the original axioms, more general and have
minimal structural complexity.

The remainder of this paper is organised as follows: Sec-
tion 2 introduces the relevant DL concepts to make the paper
self-contained. In Section 3 we introduce the new reasoning
services and provide algorithms in Section 4. The paper fin-
ishes with a discussion of the results we obtained with our
new methods on the terminology DICE.
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| CLAss | SupeERCLASS | SLot | SLOT-VALUE
BRAIN BODYPART REGION HEAD AND NECK
CENTRAL NERVOUS SYSTEM SYSTEM PART NERVOUS SYSTEM

CENTRAL NERVOUS SYSTEM NERVOUS SYSTEM

Figure 1: An extract from the DICE terminology (frame-based).

2 Description Logics

We shall not give a formal introduction into Description Log-
ics here, but point to the new handbook [Baader et al., 2003].
Briefly, DLs are set description languages with concepts (usu-
ally denoted by capital letters), interpreted as subsets of a do-
main, and roles which are binary relations, which we denote
by small letters. In a terminological component 7 (called
TBox) the interpretations of concepts can be restricted to the
models of 7~ by defining axioms of the form CCD.? Based
on this formal model-theoretic semantics, a TBox can be
checked for incoherence, i.e., whether there are unsatisfiable
concepts: concepts which are necessarily interpreted as the
empty set in all models of the TBox. Other standard reason-
ing services include subsumption of two concepts C' and D
(a subset relation w.r.t. all models of 7). Subsumption with-
out reference to a TBox is called concept subsumption and
we write C C D. Recently, a number of non-standard rea-
soning services have been defined, such as the least common
subsumer of concepts or the minimal rewriting of concepts
(see [Kusters, 2001] for an overview).

ALC is asimple yet relatively expressive DL with conjunc-
tion (C' N D), disjunction (C U D), negation (=C') and uni-
versal (Vr.C) and existential quantification (3r.C'). A TBox
is called unfoldable if the left-hand sides of the axioms (the
defined concepts) are atomic, and if the right-hand sides (the
definitions) contain no direct or indirect reference to the de-
fined concept [Nebel, 1990].

3 Explaining Logical Incoherences

In this section we study ways of explaining incoherences in
DL terminologies. We propose to simplify a terminology 7
in order to reduce the available information to the root of the
incoherence. More concretely we first exclude axioms which
are irrelevant to the incoherence and then provide simplified
definitions highlighting the exact position of a contradiction
within the axioms of this reduced TBox. We will call the
former axiom pinpointing, the latter concept pinpointing.

In this section we will formally introduce axiom and con-
cept pinpointing for a general TBox without restrictions on
the underlying representation language. In Section 4 we will
give algorithms for the case of unfoldable ALC-TBoxes.

3.1 Axiom Pinpointing

Axiom pinpointing means identifying debugging-relevant ax-
ioms, where an axiom is relevant if a contradictory TBox be-
comes coherent once the axiom is removed or if, at least, a
particular, previously unsatisfiable concept turns satisfiable.

2\We will not consider assertional components in this paper.
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Consider the following (incoherent) TBox 71, where A, B
and C are primitive and A4, .. ., A7 defined concept names:
az‘lel E—IA M A2 Il A3 a$2:A2EA M A4

axs:As EA4 M As aw4:A4EVS.B nc

ax5:A5 EE'S.—!B axg:AG EAI (] 37‘.(143 M —|C Il A4)
arr: Ay EA4 M3s.—B
The set of unsatisfiable concept names as returned by a DL
reasoner is {A1, Az, Ag, A7 }. Although this is still of man-
ageable size, it hides crucial information, e.g., that unsatisfia-
bility of A; depends on unsatisfiability of A3, which is inco-
herent because of the contradictions between A4 and As. We
will use this example to explain our debugging methods.

Minimal unsatisfiability-preserving sub-TBoxes (MUPS)
Unsatisfiability-preserving sub-TBoxes of a TBox 7 and an
unsatisfiable concept A are subsets of 7 in which A is unsat-
isfiable. In general there are several of these sub-TBoxes and
we select the minimal ones, i.e., those containing only axioms
that are necessary to preserve unsatisfiability.

Definition 3.1 Let A be a concept which is unsatisfiable in
aTBox 7. Aset 7' C T is a minimal unsatisfiability-
preserving sub-TBox (MUPS) of 7 if A is unsatisfiable in
T, and A is satisfiable in every sub-TBox 7" c T".

We will abbreviate the set of MUPS of 7 and A by
mups(T, A). MUPS for our example TBox 71 and its un-
satisfiable concepts are:

mups(Ty, A1)= {{az1,ax2},{az1, azxs, axs,az5}}

mups(Ty, As3)= {{azs,azy,azs}}

mups(Ti, As)= {{az1, a2, az4, aze},

{az1,az3,024,025,a%6}}

mups(Ty, A7)= {{az4,az:}}
MUPS are useful for relating unsatisfiability to sets of axioms
but we will also use them in Section 4 to calculate MIPS.

Minimal incoherence-preserving sub-TBoxes (MIPS)
MIPS are the smallest subsets of an original TBox preserving
unsatisfiability of at least one atomic concept.

Definition 3.2 Let 7 be an incoherent TBox. A TBox 7' C
T is a minimal incoherence-preserving sub-TBox (MIPS) of
T if T' is incoherent, and every sub-TBox 7" c T is co-
herent.

We will abbreviate the set of MIPS of T by mips(T). For Ty
we get three MIPS:
mips(T1) = {{az1, a2}, {azs, az4, a5}, {azs, azr}}

It can easily be checked that each of the three incoherent
TBoxes in mips(T1) is indeed a MIPS as taking away a sin-
gle axiom renders each of the three coherent. The first one
signifies, for example, that the first two axioms are already
contradictory without reference to any other axiom, which
suggests a modelling error already in these two axioms.
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Cores

Minimal incoherence-preserving sub-TBoxes identify small-
est sets of TBox axioms causing the original TBox to be
incoherent. In terminologies such as DICE, which are cre-
ated through migration from other representation formalisms,
there are several such sub-TBoxes, each corresponding to a
particular contradictory terminology. Cores are now sets of
axioms occurring in several of these incoherent TBoxes. The
more MIPS such a core belongs to, the more likely its axioms
will be the cause of contradictions.

Definition 3.3 Let 7 be a TBox. A non-empty intersection
of n different MIPS in mips(T) (with n > 1) is called a
MIPS-core of arity n (or simply n-ary core) for 7.

Every set containing precisely one MIPS is, at least, a 1-ary
core. The most interesting cores of a TBox, 7, are those with
axioms that are present in as many MIPS of T as possible,
i.e., having maximal arity. On the other hand, the size of a
core is also significant, as a bigger size points to clusters of
axioms causing contradictions in combination only.

In our running example, axiom az4 occurs both in
{azs,azx4,azxs} and {azy, azxr}, which makes {az4} a core
of arity 2 for 71, which is the core of maximal arity in this
example.

3.2 Concept Pinpointing
The next step in the debugging process is to simplify the def-

initions in order to obtain more concise descriptions of errors
within an incoherent TBox.

Generalised Terminologies
Incoherence of a TBox can be regarded as an over-
specification of one or more concepts in the relevant defi-
nitions. Generalised terminologies are terminologies where
some of the definitions have been generalised.® Furthermore,
we require generalised definitions to be syntactically related
to the original axioms. For different representation languages
and types of knowledge bases we will have to formally spec-
ify what we consider to be syntactically related concepts. For
the time being let us keep the definition abstract and assume
that there is such a relation rel(C, C") denoting that two con-
cepts C' and C' are related. Formally, a concept C' is then
a syntactic generalisation of a concept C' if rel(C,C") and
C C (' (independent of 7). Note that we have to take care
of the case when C' is unsatisfiable w.r.t. 7. Then C' is equiv-
alent to L, and everything is more general. Therefore we
generalise C' without referencing to the original terminology
T, i.e., we check for simple concept subsumption, only.
Now, generalised incoherence-preserving terminologies
(GITs) are TBoxes where the defining concepts of the axioms
are maximally generalised without losing incoherence.

Definition 3.4 Let T = {C,CDy,...,C,CD,} be an in-
coherent TBox. An incoherent TBox 7' = {C,CD},...,

C,LCD!} is a generalised incoherence-preserving terminol-
ogy (GIT) of T if, and only if,

e each D} is a syntactic generalisation of D; (1 < i < n),

3To simplify matters we generalise the right-hand side of axioms
only as we are currently working with unfoldable TBoxes anyway.
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e every TBox 7" = {C1CDY,...,C,ED!"} with a syn-
tactic generalisation D}’ of D; where D; C D} and
D} iz D; (for some 1 < ¢ < n) is coherent.

We abbreviate the set of generalised incoherence-preserving
terminologies of a TBox T by git(7). Note that the set of
GITs of a TBox 7 is equivalent to the union of GITs for the
MIPS of 7. Take a simple syntactic relation relating a con-
cept with the syntactic sub-concepts of its unfolded version
with the same polarity and quantifier depth.* As this particu-
lar definition of a syntactic relation depends on unfolding the
related concepts, all but one axiom per GIT can be trivially
generalised to A;CT. Of all possible GITs we conjecture
that the simplest ones, e.g., those with syntactically minimal
generalisations, are most likely to be useful for the identifica-
tion of errors. In our experiments we use two alternative for-
malisations, the first with respect to minimal size of axioms,
the second with respect to the number of concept names oc-
curring in the GIT. Three minimal sized GITs exist for our
example TBox 7y, where we only show the non-trivial ax-
ioms:

git(T1) = {{A1 € ~AN A}, {43 C Vs.BM35.-B},
{47 CVs.BM3s.mB}}.

4 Debugging Unfoldable ALC-TBoxes

Practical experience has shown that applying our methods on
a simplified version of DICE can already provide valuable
debugging information. We will therefore only provide al-
gorithms for unfoldable .ALC-TBoxes [Nebel, 1990] as this
significantly improves both the computational properties and
the readability of the algorithm.

4.1 Algorithmsfor Axiom Pointing

The calculation of MIPS depends on the MUPS only, and
we will provide an algorithm to calculate these minimal
unsatisfiability-preserving sub-TBoxes based on Boolean
minimisation of terminological axioms needed to close a
standard tableau ([Baader et al., 2003] Chapter 2).

Usually, unsatisfiability of a concept is detected with a
fully saturated tableau (expanded with rules similar to those
in Figure 2) where all branches contain a contradiction (or
close, as we say). The information which axioms are rele-
vant for the closure is contained in a simple label which is
added to each formula in a branch. A labelled formula has
the form (a : C')® where a is an individual name, C a con-
cept and z a set of axioms, which we will refer to as label. A
labelled branch is a set of labelled formulas and a tableau is a
set of labelled branches. A formula can occur with different
labels on the same branch. A branch is closed if it contains
a clash, i.e. if there is at least one pair of formulas with con-
tradictory atoms on the same individual. The notions of open
branch and closed and open tableau are defined as usual and
do not depend on the labels. We will always assume that any

4The polarity of a concept name A specifies whether A occurs
within odd or even numbers of negations, the quantifier depth is
the sequence of roles over which the concept is quantified. Such
a relation will formally be defined for unfoldable ALC-TBoxes in
Definition 4.3.
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(rm: if

then B’ :=BU{(a:C1)"" (a:C
(a: C1 U Cy)label ¢ B, but neither (a : C1)!*¢! € B nor (a: C2)"** € B

(w): if

(a: C1 N Cy)1eb! € B, but not both (a : C1)"*! € Band (a: Cs)'***! € B
label
2)" "}

then B’ :=BU{(a:C1)"***}and B” := BU{(a: C)"***'}.

(a: A)e*' ¢ Band (ALC) € T

then B':=BU{(a: C)labElU{AEC}}.

3): if

(a: 3R;.C)"**"! € B, R; € Ng and all other rules have been applied on all
formulas over a, and if {(a : VR;.Cy)"% . ..

,(a:VR;.Cp)!e%!n} C Bis

the set of universal formulas for @ w.r.t. R; in B,
then BI — {(b . C)label (b . Cl)labellulabel (b e )labelnulabel}
= : ,(b: yeeey (b:Ch
where b is a new individual name not occurring in B.

Figure 2: Tableau Rules for ALC-Satisfiability w.r.t. a TBox 7 (with Labels)

formula is in negation normal form (nnf) and newly created
formulas are immediately transformed. We usually omit the
prefix “labelled”.

To calculate a minimal unsatisfiability-preserving TBox for
a concept name A w.r.t. an unfoldable TBox 7 we construct
a tableau from a branch B initially containing only (a : A)?
(for a new individual name a) by applying the rules in Figure
2 as long as possible. The rules are standard ALC-tableau
rules with lazy unfolding, and have to be read as follows:
assume that there is a tableau T' = {B, By, ..., By} with
n—+1 branches. Application of one of the rules on B yields the
tableau 7" := {B’, By, ..., By} for the (M), (3) and (Az)-
rule, 7" := {B',B", By, ..., By} in case of the (LI)-rule.

Once no more rules can be applied, we know which atoms
are needed to close a saturated branch and can construct a
minimisation function for A and 7" according to the rules in
Figure 3. A propositional formula ¢ is called a minimisa-
tion function for A and T if A is unsatisfiable in every subset
of 7 containing the axioms which are true in an assignment
making ¢ true. In our case axioms are used as propositional
variables in . As we can identify unsatisfiability of A w.r.t.a
set .S of axioms with a closed tableau using only the axioms in
S for unfolding, branching on a disjunctive rule implies that
we need to join the functions of the appropriate sub-branches
conjunctively. If an existential rule has been applied, the new
branch B’ might not necessarily be closed on formulas for
both individuals. Assume that B’ closes on the individual a
but not on &. In this case min_function(a, B, 7) = L, which
means that the related disjunct does not influence the calcula-
tion of the minimal incoherent TBox.

Based on the minimisation function min_function(a, {(a :
A)?},T) (letus call it ) which we calculated using the rules
in Figure 3 we can now calculate the MUPS for A w.r.t. 7.
The idea is to use prime implicants of ¢. A prime impli-
cant az; A ... A ax, is the smallest conjunction of literals®
implying ¢ [Quine, 1952]. As ¢ is a minimisation function
every implicant of ¢ must be a minimisation function as well
and therefore also the prime implicant. But this implies that
the concept A must be unsatisfiable w.r.t. the set of axioms
{azy,...,az,}. Asaxi A...Aazx, is the smallest implicant
we also know that {az,...,az,} must be minimal, i.e. a
MUPS. Theorem 4.1 captures this result formally.

®Note that in our case all literals are non-negated axioms.
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Theorem 4.1 Let A be a concept name, which is unsatisfi-
able w.r.t. an unfoldable ALC-TBox 7. The set of prime im-
plicants of the minimisation function min_function(a, {(a :
A2}, T) is the set mups(T, A) of minimal unsatisfiability-
preserving sub-TBoxes of A and 7.

Proof: We first prove the claim that the propositional formula
¢ := min_function(a, {(a : A)?},T) is indeed a minimisa-
tion function for the MUPS problem w.r.t. an unsatisfiable
concept A and a TBox 7. We show that a tableau starting on
a single branch B := {(a : A)?} closes on all branches by
unfolding axioms only, that are evaluated as true in an assign-
ment making ¢ true. This saturated tableau T"ab* is a particu-
lar sub-tableau of the original saturated tableau 7'ab which we
used to calculate min_function(a, {(a : A)?},T), and it is
this connection that we make use of to prove our first claim.
Every branch in the new tableau is a subset of a branch oc-
curring in the original one and we define visible formulas as
those labelled formulas occurring in both tableaux. By induc-
tion over the rules applied to saturate T'ab we can then show
that each branch in the original tableau closes on at least one
pair of visible formulas. If A is unsatisfiable w.r.t. 7, the
tableau starting with the branch {(a : A)?} closes w.r.t. T.
As we have shown that this tableau closes w.r.t. 7 on visi-
ble formulas, it follows that T'ab* is closed on all branches,
which proves the first claim. By another induction over the
application of the rules in Figure 3 we can prove that ¢ is a
maximal minimisation function, which means that ) — ¢ for
every minimisation function ¢. This proves the first part of
the proof; the first claim (and the argument from above) im-
plies that every implicant of a minimisation function identi-
fies an unsatisfiability-preserving TBox, and maximality im-
plies that prime implicants identify the minimal ones.

To show that the conjunction of every MUPS {az, . ..,az,}
is a prime implicant of min_function(a, {(a : A)?},T) is
trivial as az1 A . . . Aax,, is a minimisation function by defini-
tion. But as we know that min_function(a, {(a : A)?},T) is
maximal we know that az A. . .Aaz,, —min_function(a, {(a :
A)?},T) which implies that az; A ... A az,, must be prime
as otherwise {az1, ..., azx,} would not be minimal. L

Satisfiability in ALC is PsPACE-complete, and calculating
MUPS does not increase the complexity as we can construct
the minimisation function in a depth-first way, allowing us to
keep only one single branch in memory at a time. However,
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if rule= (M) has been applied to (a : C1 M C5)"® and B’ is the new branch return min_function(a, B', T);
if rule= (L) has been applied to (a : C1 U C5)'® and B’ and B” are the new branches

return min_function(a, B’, 7) A min_function(a, B”, T);

if rule= (3) has been applied to (a : 3R.C)"™® B’ is the new branch and b the new variable

return min_function(a, B’, 7") v min_function(b, B, T);

if rule= (Ax) has been applied and B’ is the new branch return min_function(a, B, T);

if no further rule can be applied return: \/ . 4y ¢ B, (@ : ~ayw e 8 (A

ax AN\ azx);

ar€x ar€yY

Figure 3: min_function(a, B, T): Minimisation-function for the MUPS-problem

we calculate prime implicants of a minimisation function the
size of which can be exponential in the number of axioms
in the TBox. Therefore, approximation methods have to be
considered in practice avoiding the construction of fully satu-
rated tableaux in order to reduce the size of the minimisation
functions.

From MUPS we can easily calculate MIPS, but we need
an additional operation on sets of TBoxes, called subset-
reduction. Let M = {7i,..., 7T} be aset of TBoxes. The
subset-reduction of M is the smallest subset sr(M) C M
such that for all 7 € M thereisaset 7' € sr(M) such that
T' C T. Asimple algorithm for the calculation of MIPS for
T now simply follows from Theorem 4.2, which is a direct
consequence of the definitions of MIPS and MUPS.

Theorem 4.2 Let 7 be an incoherent TBox with unsatisfiable
concepts A7 Then, mips(T) = sr(Usear mups(T, A)).

Checking elements of mips(T) for cores of maximal arity
requires exponentially many checks in the size of mips(T).
In practice, we therefore apply a bottom-up method searching
for maximal cores of increasing size stopping once the arity
of the cores is smaller than 2.

4.2 Algorithmsfor Concept Pinpointing

Calculating GITs depends on the definition of rel(C, C"). In
our case we will define this syntactic relation described in
Footnote 4 including quantifier depth and polarity.

Definition 4.3 Let 7 be an unfoldable ALC-TBox. A con-
cept C' is syntactically related to a concept C' (notation:
rel(C,C")) if C' C gs7(C), where the set of qualified sub-
concepts, gs7(C), is defined inductively:
gsT7(CND)={C",D',C'nD'|C" € qs7(C),D' € qs7(D)}
gsT(CUuD)={C',D',C' UD'|C" € gs7(C), D' € qs7(D)}
gs7(3r.C)=qs7(Vr.C)={3Ir.C",¥r.C’'|C" € ¢s7(C)}
gs7(=C)={~C" | C" € ¢s7(C)}
(A):{{A} UgsT(D) ifACDeT
{A}

T otherwise

Moreover, gs7(C) also contains L and T for all concepts C.

Note that we include terminological information from un-
folded TBox axioms in the definition of syntactic relatedness.
This choice allows us to create smaller and more concise
GITs but is non-essential. As the TBox is finite and cycle-
free, and as the concept size decreases in every recursion step,
gs7(C) is finite. Therefore there is only a finite set of con-
cepts related to any axiom ACC. A simple algorithm to cal-
culate GITs for an incoherent unfoldable ALC-TBox T is
therefore:

DESCRIPTION LOGICS

For all MIPS M € mips(T) (with |mips(T)| = m)

1. Let 7' be the TBox where all axioms ACC ¢ MinT
have been replaced by ACT.

2. Calculate different TBoxes 7" where an arbitrary num-
ber of axioms A;CC; € M have been replaced in 7' by
generalised axioms A;CC/, i.e., where C} € ¢gs7(C;)
and C; C C; forsomei € {1,...,m}.

3. Return those incoherent TBoxes 7" with minimal syn-

tactic generalisations according to the subsumption rela-
tion, and the size or number of concept names.

The algorithm described above is a naive algorithm which
might not terminate in reasonable time on large terminolo-
gies with complex definitions as the number of syntactically
related concepts for a given concept C is exponential in the
size of C. A more efficient algorithm to calculate GITs is
based on the fact that the syntactically related concepts can
be created ordered by size starting with atomic concepts. To
find GITs of minimal size we therefore apply a bottom-up
strategy checking more and more complex terminologies for
coherence in Step 2 stopping once we find an incoherent one.

5 Evaluation

The algorithms for axiom pinpointing have been imple-
mented in JAVA using RACER, which provides the set of un-
satisfiable concepts. We evaluated the methods on both the
anatomy fragment of DICE and the full DICE terminology.
The fragment defines 529 concept names, 76 of which were
unsatisfiable at first.® There are 5 MIPS containing 2 axioms
each, but no axiom occurs in all MIPS. However, there is a
core of arity 3 and size 1: the axiom defining “central ner-
vous system” as a “nervous system”. Note that the defini-
tion of “nervous system” is not contradictory but that its use
is erroneous, e.g., the concept brain should be defined as a
“part of” and not as a subconcept of the concept nervous sys-
tem. For each of the 5 MIPS minimal size GITs have been
calculated, and they point to the exact position of the logi-
cal incorrectness. For the MIPS related to the error described

5The high number of unsatisfiable concepts is due to the fact that
the DL terminology for DICE has been created by migration from a
frame-based terminological system. In order to make the semantics
as explicit as possible a very restrictive translation has been chosen
to highlight as many ambiguities as possible. Moreover, many con-
cepts were defined as sub-concepts of unsatisfiable concepts. See
[Cornet and Abu-Hanna, 2002] for details.
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in the introduction the minimal size GIT is simply Brain C
NervousSystem M BodyPart which, with the information that
BodyPart and NervousSystem are disjoint concepts, identifies
the erroneous specification.

The full DICE terminology defines more than 2400 con-
cepts, of which more than 750 were unsatisfiable given
the chosen migration method. Our implemented algorithms
found the MUPS for all but 7 unsatisfiable concepts. In
these seven cases the algorithm failed on the calculation of
the prime implicants as we use a naive method in our current
implementation. Based on the correctly calculated MUPS we
approximated the set of MIPS which contained more than 350
TBoxes. We implemented an iterative approach, calculating
the core Max of size 1 with maximal arity for mips(Tgice).
then the same for the remaining TBoxes in mips(7Tg;ce ) \Max
and so on. This way we identified 10 cores of size 1 with an
arity of 25 to 10, covering almost half of the errors. For some
of these cores we calculated GITs (by hand) which lead to the
identification of a number of modelling errors. Even though
the developed reasoning services are not yet fully integrated
into the knowledge modelling environment, they are useful to
pinpoint to the core of the logical contradiction, which is then
investigated and eliminated by a domain expert.

Although the theoretical complexity of the MUPS problem
is exponential in the size of the TBox the calculation of most
MUPS for DICE was not problematic due to the relatively
simple structure of the tableaux for the unsatisfiability proofs.
Runtime analysis suggests that most CPU-time is spent by
RACER identifying the unsatisfiable concepts, whereas com-
puting MUPS usually takes less than 10 percent of the overall
runtime’.

6 Conclusion & Further Work

Explanation has been a research topic right from the first
days of research in Artificial Intelligence (e.g., introducing
TMS [Doyle, 1979] or Diagnosis [Reiter, 1987]) and The-
orem Proving (recently [Fiedler, 2001]). Despite a signifi-
cant interest in explanation of DL reasoning recently shown
in the DL community (as [DIG, 2002] suggests) relatively lit-
tle work has been published on the subject. One exception is
[McGuinness, 1996] where the author provides explanation
for subsumption and non-subsumption. Her approach, based
on explanation as proof fragments, uses structural subsump-
tion for CLASSIC and has been extended to ALC-tableau
reasoning in [Borgida et al., 1999]. In contrast to this ap-
proach, our non-standard reasoning services for axiom and
concept pinpointing focus on the reduction of information,
and are independent of particular calculi or implementations.

We have introduced non-standard reasoning services facil-
itating the debugging of logically incoherent DL terminolo-
gies and algorithms to calculate them. Whereas the ideas
for axiom pinpointing are more evolved and efficiently im-
plemented, only a relatively naive algorithm for concept pin-
pointing has been developed as yet. We are currently working
on more efficient methods and alternative debugging services,
and tests are under way on the DICE terminology.

"For the full DICE terminology the overall runtime to calculate
MIPS is currently about 40 minutes on a PC with a 1GHz Pentium.
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As our methods are developed for the particular applica-
tion of the DICE terminology some restrictions apply, most
importantly to use ALC and to consider unfoldable TBoxes,
only. Neither is essential, and we conjecture that it is not too
hard to extend our algorithms to find MIPS and GITs both for
more expressive languages and for general TBoxes. Both is-
sues will be addressed in future investigations. Further work
must also extend the application domain to other terminolo-
gies as we believe that the success we have with debugging
DICE is not tied to the structure of this particular represen-
tation. Of particular interest should be applications related
to the Semantic Web effort as our methods are particularly
geared to support the debugging of existing terminologies and
logical contradictions caused by migration or merging of ter-
minologies.
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Abstract

This paper addresses the formal verification of di-
agnosis systems. We tackle the problem of diagnos-
ability: given a partially observable dynamic sys-
tem, and a diagnosis system observing its evolution
over time, we discuss how to verify (at design time)
if the diagnosis system will be able to infer (at run-
time) the required information on the hidden part of
the dynamic state. We tackle the problem by look-
ing for pairs of scenarios that are observationally
indistinguishable, but lead to situations that are re-
quired to be distinguished. We reduce the problem
to a model checking problem. The finite state ma-
chine modeling the dynamic system is replicated to
construct such pairs of scenarios; the diagnosabil-
ity conditions are formally expressed in temporal
logic; the check for diagnosability is carried out
by solving a model checking problem. We focus
on the practical applicability of the method. We
show how the formalism is adequate to represent
diagnosability problems arising from a significant,
real-world application. Symbolic model checking
techniques are used to formally verify and incre-
mentally refine the diagnosability conditions.

1 Introduction

Diagnosis is the process of inferring the (most plausible)
causes for the behavior of a given system, given a set of ob-
servations. In many control applications, ranging from in-
dustrial plants (e.g. production, power) to transportation (e.g.
railways, avionics, space), diagnosis needs to be carried out
on-line, in parallel with the control process. This is needed to
identify whether the controlled system is working correctly
or not, and to provide the controller with information on the
degraded conditions (e.g. what are the malfunctioning de-
vices), so that the appropriate counter-measures can be taken.
The ability to validate such diagnosis systems becomes very
important, in particular in the case of applications operating
in hazardous or inaccessible conditions and carrying out vital
functions.

In this paper, we focus on the key issue of diagnosability,
i.e. the possibility for an ideal diagnosis system to infer accu-
rate and sufficient run-time information on the behavior of the
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observed system. We propose a new, practical approach to the
verification of diagnosability, making the following contribu-
tions. First, we provide a formal characterization of diagnos-
ability problem, using the idea of context, that explicitly takes
into account the run-time conditions under which it should be
possible to acquire certain information.

Second, we show that a diagnosability condition for a given
plant is violated if and only if a critical pair can be found. A
critical pair is a pair of executions that are indistinguishable
(i.e. share the same inputs and outputs), but hide conditions
that should be distinguished (for instance, to prevent simple
failures to stay undetected and degenerate into catastrophic
events). We define the coupled twin model of the plant, and
show that it can be used to search for critical pairs.

Third, we recast the problem in the framework of Model
Checking [Clarke et al., 1999], a verification technique that
is gaining increasing interest also in Al. With model check-
ing, it is possible to exhaustively analyze the (possibly infi-
nite) behaviors of (large sized) finite state machines, and to
check if requirements expressed in terms of Temporal Log-
ics [Emerson, 1990] are met. We show how to represent a
diagnosability problem in terms of temporal logic formulae,
and how to reduce it to a model checking problem over the
coupled twin model.

Finally, we demonstrate the practical applicability within
the Livingstone framework, a model-based diagnosis system
developed at NASA Ames Research Center [Williams and
Nayak, 1996]. We developed a platform able to generate for-
mal models for the twin plant, starting from Livingstone mod-
els. Several diagnosability problems corresponding to inter-
esting scenarios from real-world applications were tackled by
means of the NUSMV model checker [Cimatti et al., 2002].
An experimental analysis shows that the verification of diag-
nosability can be practical: large Livingstone models of space
transportation systems are automatically analyzed within sec-
onds by means of SAT-based symbolic model checking tech-
niques.

The paper is organized as follows. In Section 2, we state
our working hypotheses. In Section 3 we formalize the prob-
lem, while in Section 4 we characterize our approach. In Sec-
tion 5, we discuss the application of model checking tech-
niques. In Section 6, we describe the experimental frame-
work. Finally, Section 7 reviews similar work, and Section 8
draws some conclusions and outlines future lines of activity.
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Figure 1: Architecture of a diagnosis system

2 Working Hypotheses

We consider a diagnosis system connected to a feedback con-
trol loop between a plant and its controller (Figure 1). The
inputs of the plant are the commands issued by the controller;
its outputs are measurements returned back to the controller.
The role of the diagnosis system is to observe the inputs and
the outputs to the plant, and to report a state estimation, track-
ing the evolution of the unobservable state of the plant. This
task is substantially more complex than diagnosis for a com-
binatorial, memory-less system. An estimation consists of a
set of possible states of the plant, in the following referred to
as a belief state. Although diagnosis might rank these states
based on likelihood, as a first approach we ignore that aspect.
We also disregard issues such as the correspondence between
the model of the plant and the plant itself. We will focus on
plants modeled as finite-state discrete systems. We assume
that we have a model of the plant as a partially observable
transition system, according to the following definition.

Definition 1 A (partially observable) plant is a structure
(X,U0,Y,0,), where X,U,Y are finite sets, respectively
called the state space, input space and output space, § C
X x U x X is the transition relation, and A C X x Y is
the observation relation.

We assume that a plant P = (X, U, Y, 0, A) is given. We use
z,xo,T1,... t0 denote states of P, u,ug,u1,... to denote
inputs of P, vy,yo,y1, - -- to denote outputs of P. We write
r - 2 for (z,u,z') € 6, and z/y for (z,y) € A. The
state is the “hidden” part of the plant: only the sequences
of inputs and outputs are observable. P covers all types of
behaviors that diagnosis is expected to handle — including
faulty behaviors, with X containing faulty states. In general,
P need not be deterministic. Thus, the state after a transition
may not be uniquely determined the state before the transition
and by the input. Observability is modeled by associating to
each state a (non empty) set of possible outputs. It is therefore
possible to model different forms of observation, e.g. when
the information conveyed by the sensors is also uncertain. In
this paper, we present the (input, state and output) spaces of
a plant by means of assignment to (input, state and output)
variables ranging over finite sets of values; the transition and
observation relation can be compactly presented with boolean
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Figure 2: A simple example

formulae. (Notice however that the content of the paper is
independent of the specific description used to present P.)

Definition 2 A feasible execution of & > 0 steps in P is
a SeqUeNce o = To,Yo, U1, T1, Y1, U2, - - -, Uk, Tk, Yk, SUCH
that z; ; — =x; for 1 < i < k, and z;/y; for 0 <
i < k. We define ¥p as the set of all feasible execu-
tions of P. The observable trace of a feasible execution o
iSw = yo,u1,Y1,---, Uk, Yr. We write o : zg — xp, if
such a o exists.

The above definition defines the dynamics of a plant and its
observable counterpart. Notice that if an execution ¢ has &
steps, then the corresponding trace w € Y x (U x Y))*. The
set of traces is in general a subset of Y x (U x Y)*. In the
following we use o to denote a feasible execution, and w to
denote the corresponding (observable) trace. For explanatory
purposes, we consider the plant outlined in Figure 2, that is
a simplified segment of the real-world application described
in Section 6. A pneumatic valve (PV) controls the flow of a
feeding line to the engine, and it is closed in its resting posi-
tion (determined by the action of a spring). A solenoid valve
(SV), when open, can open PV by directing the pneumatic
flow against the spring. When SV is closed, the action of the
spring is no longer contrasted and PV can close. SV can re-
ceive an input (open/close), but has no observables. PV has
two sensors, each providing information on a position (e.g.
whether it is open or not). Both valves can become stuck
in their current position. The position of the valves influ-
ences the pneumatic and engine flows. Each of the valves
has two unobservable variables: st at e, with values open
andcl osed,andf ai | ur e_node, with values st uck and
ok. The input variable can take the values no- cnd, open,
and cl ose. The effect of a command depends on the current
status. Failures can occur at any time, and are permanent.
Sensors of PV are also associated with a f ai | ur e_node
variable, that determines what information is conveyed.

3 Diagnosability

Run-time diagnosis starts from a (possibly partial) initial
knowledge, observes the sequence of inputs and outputs, and
tries to update a belief state that is an estimate of the possible
states of the plant. For instance, if SV is commanded open,
and the PV is not sensed open, then some problem should be
diagnosed. It could be that SV or PV are stuck, or even that
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both PV sensors are not working correctly. Ideally, a diagno-
sis function should return belief states that are as specific (i.e.
as small) as possible, but include the actual state of the plant.

Definition 3 A diagnosis function for P is a function A :
2X xY x (UxY)* — 2%, Let 3, C 2. A diagnosis value
& = A(Zg,w) is correct w.r.t. &9 and w, if and only if, for

any zo € #o and z such that zy — =, we have z € . A is
correct if and only if A(£q,w) is correct for any £, and w.

The intuition behind correct diagnosis values is that they en-
compass all potential current states, so that they cannot miss
the actual state. In the following, we restrict ourselves to cor-
rect diagnosis functions.

Diagnosability aims at detecting if (parts of) the hidden
state can be accurately tracked by looking at the observable
traces. We use diagnosis conditions to specify which infor-
mation on the state we are interested in distinguishing.

Definition 4 A diagnosis condition for a plant P is a pair of
nonempty sets of states ¢1,co C X, written ¢; L co.

We can express fault detection, i.e. telling if any fault is
present (fault L —fault), or fault separation, i.e. distin-
guishing between different faults (or fault classes) (fault, L
faulty). Intuitively, a diagnosis value is not satisfactory if it
intersects with both sides of the condition. In the example,
a fault separation condition is not satisfied if we have a be-
lief state containing both a state where PV is faulty, and one
where SV is faulty.

However, it would be unrealistic to require that diagnosis pro-
vide correct and exact state estimations, instantaneously and
under all circumstances. For instance, a stuck PV will stay
unnoticed at least as long as SV is not operated. Rather, we
require a diagnosis system to be able to decide between al-
ternative conditions on the state of the system in the context
where the distinction becomes critical.

Definition 5 A diagnosis context for P is a structure C' =
(0, X12), where 6 is an equivalence relationon X, and X 15 C
Y p X Xp. o satisfies (.i‘o '= 0), iff o x £g C 6. (if?(),w) '=
Ciff g |: @, and there exist (01,(72) € Y12, Xo1,To2 € o,
such that 01 : Zo1 i) il and 09 : To2 i) Zo.

Intuitively, 8 defines the initial conditions under which diag-
nosability is to be investigated, by inducing of a set of disjoint
belief states. Basically, the initial belief state 2o must fall
within one of the belief states induced by  (the condition on
6 can be stated as (zo1, zo2) € 6 for all zo1,z92 € Zp). For
example, 8 can partition states according to the positions of
PV and SV, to capture the assumption that we initially (only)
know those positions. Y15 characterizes pairs of relevant exe-
cutions. For instance, we may want to express the fact that the
controller commands SV to be open and closed at least one
time. In the case of fault detection, we might want to state
that the elements of X1, are pairs of traces, there the first are
without faults, while the second ones have exactly one fault.
Notice that expressing Y12 as ¥ x Y5 would be inadequate:
for instance, in fault separation it would be impossible to con-
strain the two runs to have different failures. In the following
we assume that a context C' = (6, X12) is given. The notion
of diagnosability is precisely characterized as follows.
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Figure 3: Critical pair

Definition 6 A diagnosis value & satisfies ¢; L c¢o, written
2 Ec L e, ifandonlyifeither2ne; =PorznNe =
(. A diagnosis function A satisfies ¢; L ¢y over C, written
A,C |= 1 L ¢y, ifand only if, for all (Z9,w) | C, we have
A(Zo,w) = 1 L ¢o. A condition ¢; L co is diagnosable
in P over C if and only if there exists a correct diagnosis
function that satisfies it.

4 Diagnosability as Coupled Reachability

Our approach to reasoning about diagnosability is based on
refutation, i.e. we search for ways in which the diagnosability
property can be violated. Intuitively, we verify the diagnos-
ability of ¢; L ¢y by checking that P does not have a critical
pair, i.e. two executions with identical observable traces, one
leading to ¢y, one leading to ¢, (see Figure 3).

Definition 7 A critical pair of a plant P, with trace w, for a
diagnosis condition ¢; L ¢, is a pair of feasible executions
o1 I Zo1 i) 1 and g9 . To2 i) Ta, written 0’1|0’2 :
1’01|Z‘02 i) .Z'1|."L'2, such that z; € ¢; and zo € co. The
critical pair 01|02 is covered by a diagnosis context C =
(0, %12), iff (z01,202) € 0, (01,02) € Xpo.

The absence of critical pairs for ¢; L ¢o in a given context is
a necessary and sufficient condition for ¢; L ¢ to be diag-
nosable in that context.

Theorem 8 ¢; L ¢ is diagnosable over C' in P, if and only
if P has no critical pair for ¢y L co in C.

To prove the theorem, we introduce the notion of perfect di-
agnosis, written A, i.e. the most specific correct diagnosis
function that can be made assuming full knowledge of P.

Definition 9 The perfect diagnosis for a plant P is the diag-
nosis function A (&, w) = {z | 3o € Fo.z0 — z}.

Given an initial belief state £ and trace w, A(&g,w) returns
exactly all states that can be reached from & through w. It is
easy to see that A is correct, and that it is the most informative
diagnosis function, i.e. A(#q,w) C A(&g,w) for any correct
A. We observe that a condition ¢; L ¢, is diagnosable in a
plant P overa context C ifand only if A, C' |=¢1 L ¢y: from
Definition 6, if £ C 2’ and &' = ¢; L ¢, thenZ |E ¢ L
co. Therefore, A satisfies any diagnosable condition, since
its diagnosis values are more specific than any other correct
diagnosis function.

Proof of Theorem 8 ¢; L ¢o is not diagnosable in P over C;
if and only if there exist #¢ and w such that A(2¢,w),C'
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c1 L co; if and only if there exist (o1,02) € ¥12 and
Zo1,Lo2 € To such that o, : Zo1 l) z1 and oq : Zo2 i)
xo; if and only if there exists a critical pair for 04|02 for
c1 L e inC. QED

In order to search for critical pairs in P, we build the cou-
pled twin plant for P, written P - P, i.e. a “Siamese twins”
plant, made out of two copies of P, whose inputs and outputs
are forced to be identical.

Definition 10 The coupled twin plant of P is the plant
P-P=(X-X,U,Y,6-6,\-\), where X-X C X2, and, forall
x1,x2 € X, (z1,22) € X - X iff there exists y € Y such that
(mlay) € Aand (332,:1]) € A; (($17$2)7u7 (:EIl?'Z'IQ)) €46-4diff
(z1,u,27) € § and (z2,u,xh) € 6; ((x1,22),y) € X - Xiff
(wlay) € Aand (372,:1/) €A

In the following, we assume that the coupled twin plant
P - P of Pis given. The importance of the coupled twin plant
construction is shown by the following theorem.

Theorem 11 o : Zo1 — 1 and oy : gy —> x> are two
feasible executions in P if and only if 015 : (o1, Z02) —
(x1,2) is a feasible execution in P - P.

This is easily demonstrated by induction on the length & of
executions. When k& = 0, then w = yo. From Defini-
tion 10, 1‘01/y0 and .Z'OQ/yO iff (.’E01,.’L'(]2) € X -X and
((xo1,T02),¥0) € A - A. The step case is proved by extend-
ing with a transition the executions of length &, for which the
theorem holds. From Definition 10, the transitions in P - P
mimic the transitions in P. For the last observation, we rea-
son as for the base case.

5 Diagnosability via Model Checking

We work in the framework of Model Checking [Clarke et al.,
1999], a formal verification technique that is increasingly ap-
plied to the design of industrial digital systems (e.g. com-
munication protocols, hardware design). Model checking al-
lows to verify if the (possibly infinite) behaviors of a system
satisfy a given property. The system being analyzed is pre-
sented as a Kripke structure, while properties are expressed
in a temporal logic [Emerson, 1990]. Model checking algo-
rithms are based on the exhaustive exploration of the Kripke
structure. The technique is completely automatic and, if a
property is violated, it can produce a counterexample, i.e. a
simulation witnessing the violation. Symbolic model check-
ing [McMillan, 1993] is based on the manipulation of sets
of states described by boolean formulae; efficient engines,
such as Binary Decision Diagrams (BDDs) [Bryant, 1986]
and SAT solvers [Moskewicz et al., 2001], provide a basis for
efficient representation and exploration of the search space.
Our approach to diagnosability inherits several elements
from model checking. The first is that a plant P can be asso-
ciated with a Kripke structure Kp representing its behavior.
This makes it possible for us to directly analyze a plant with
model checking techniques. A Kripke structure is basically a
nondeterministic transition system, where transitions are not
labeled, while information is associated with states (i.e. each
state is associated with a valuation to the state variables of
the structure). The mapping from plant to Kripke structure
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is rather simple, and is based on the idea that the state, input
and output spaces of the plant can be encoded into the state
space of the Kripke structure. The information on the inputs,
labeling the transitions in P, simply becomes part of the state
of Kp, and is to be interpreted as “the input that will be pro-
cessed in the next transition”. More formally, each state s in
Kp is associated with a valuation that characterizes a triple

x/y =, i.e. P isin state z, output y is observed and input
u is received. The dynamics of P directly induce the dynam-
ics of Kp. For each feasible execution ¢ in P of the form
0, Yo, U1, L1, Y1, Us, - -, Uk, T, Y there is a corresponding
path 7 in Kp, i.e. a sequence of states sg, s1,...s; Where

each s; is associated with the triple z; /y; Y The same
mapping lifts to the coupled twin plant construction. (In the
above description, we omit a few technical details, having to
do in particular with the fact that a Kripke structure is as-
sumed to be total, i.e. every state has at least one successor.
In this way, it is possible to assume that the analyzed paths are
infinite. Since inputs become part of the state, it is possible
that the transition relation is no longer total. There are stan-
dard workarounds to this problem, routinely used in verifica-
tion and in Al planning. See for instance [Cimatti and Roveri,
2000].) In the following, we assume that Kripke structure
K p.p corresponding to the coupled twin plant P - P is given.

The second element from model checking is the symbolic
representation. The state of Kp.p is defined with a vec-
tor of variables (x1,x2,u,y), respectively ranging over X,
X, U and Y. We can use formulae to characterize sets of
states. In Kp.p we express atomic propositions over such
variables. We can have equalities between variables and the
corresponding values: P1. PV.i nput = cl ose denotes
the set of states where the first instance of PV receives the
cl ose command. Variables of the same type can be equated:
P1. SV. failure_node =P2. SV.fail ure_node de-
scribes the set of states where the two instances of SV in
the twin plant have the same failure mode.  Any subset
cof X x X x U x Y can be described with a formula
c(x1,x2,y,u). For instance, the formula ¢;(x1) A ¢a(x2)
expresses a state of the twin plant where the first instance is in
¢, and the second is in co. Similarly, 8(x1, x2) is a (proposi-
tional) formula expressing, in symbolic form, the equivalence
relation 6.

The third ingredient from model checking is the use of
temporal logics to characterize behaviors of the system over
time. We use LTL (Linear Temporal Logic [Emerson, 1990]),
where formulae are constructed starting by combining atomic
propositions with boolean operators and temporal modalities.
If ¢ and ¢ are LTL formulae, so are F ¢ (sometimes in the
future ¢), G ¢ (always in the future ¢), ) U ¢ (sometimes in
the future ¢ and, until then, v), X ¢ (in the next time step ¢).
An LTL formula ¢ holds on a path 7 (written 7 |= @), iff ¢ is
true in 7 at (step) O (written 7 = ¢). If p is an atomic propo-
sition, then 7? = p iff p is true according to the assignment
associated with the i-th state of 7. Boolean connectives have
the standard interpretation (e.g. 7% = ¢ A v iff 7¢ |= ¢ and
7t = ). The interesting cases of temporal operators are as
follows. 7t = F ¢ iff there exists j > i such that 7/ = ¢.
7t = Goiffforall j > inf = ¢. 7 |= 4 U ¢ iff there exists
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MODULE SV_type (cnd_in)

MODULE PV_type ( )
VAR pneunati csLi neln : {abvThresh, bl wThr esh};
VAR val vePosi ti onVal ue : {open, cl osed};
VAR rmode : {stuckOpen, noni nal , stuckd osed};

DEFI NE _faul t modes : = {stuckOpen, st uckd osed};
DEFI NE _broken : = nbde in _faultnodes;
DEFI NE _brokencount := _broken;
DEFI NE _br okenprob : =
case
node
node
el se
esac;

st uckOpen
st uckd osed :

Qww

MODULE EX_ type (sv_cnd_in, ...)
SV : SV_type(sv_cnd_in);
PV : PV_type( );

DEFI NE _brokencount := SV. broken +
PV. broken +

Figure 4: The SMV model for the example

j >idsuchthat 7/ = ¢and, foralli < h < j, 7" | 4.
7t | X ¢ iff 7t = ¢. An (existential) model checking
problem K = ¢, read ¢ (existentially) holds in K, amounts
to detecting if K admits a path where ¢ holds.

A diagnosis condition with a context is represented with
temporal logic formula ¢ such that K p.p |= ¢ holds iff there
is a critical pair. We express reachability in P - P of a criti-
cal pair for a diagnosis condition ¢; L ¢o with the formula:
F (c1(x1) A ¢c2(x2)).  Model checking can be run on the
problem Kp.p = F (c1(x1) A ca(x2)). If the answer is true,
then we have a witness for the a critical pair. Given the con-
text C = (6,%;2), we enforce the initial condition 6 with
the formula 6(x1,x2) A F (¢1(x1) A c2(x2)). The conjunc-
tion has the effect of restricting the analysis to the paths in
Kp.p starting from the states that satisfy 6. X.1» is taken
into account assuming that a characterization of the sets of
traces is described by an LTL formula ¥ 15(x1,x2y,u). The
model checking problem corresponding to diagnosability is
Kp.p |= 0(X1,X2)/\212(X1, X2y, u)/\F (Cl (Xl) A CZ(X2)).
In practice, several simplifications are possible.  Often
¥12(x1,X%2,u,y) can be expressed in terms of propositional
constraints ¢12(x1,x2,u,y), that must hold on all the states
of the execution; in such cases diagnosability in context C'
is basically represented by the LTL formula 6(x1,x2) A
(¢12(x1,%x2,1,y) U (c1(x1) A ca(x2))). Notice that the
formula holds if the path condition ¢ holds until the con-
ditions ¢; and ¢y are reached. When the context does not
constraint the executions, the above formula is equivalent to
0(X1,X2) AF (Cl(Xl) A CQ(Xz)).
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MODULE nai n

VAR
sv_cmd @ { no_cnd, open, close };
P1 : EX type(sv_cnd, ...);
P2 : EX_ type(sv_cnd, ...);

I NVAR

(P1. PV. sense_open = P2. PV.sense_open) & ...

Figure 5: The SMV schema for the twin plant

6 Experimental Evaluation

We analyzed the practical applicability of our approach
within the Livingstone framework. Livingstone is a model-
based health monitoring system developed at NASA Ames
[Williams and Nayak, 1996]. It uses a model of a physical
system, such as a spacecraft, to infer its state and diagnose
faults from observations. Livingstone is one of the three parts
of the Remote Agent (RA), an autonomous spacecraft con-
troller developed by NASA Ames Research Center jointly
with the Jet Propulsion Laboratory. RA was the first Al
software to control an operational spacecraft [Muscettola et
al., 1998]. Livingstone has also been used in other applica-
tions such as the control of the In-Situ Propellant Production
system (ISPP) for Mars missions [Clancy et al., 1999], the
monitoring of a mobile robot [Simmons et al., 2001], and In-
telligent \ehicle Health Management (IVHM) for experimen-
tal space transportation vehicles [Bajwa and Sweet, 2002].

Livingstone uses a qualitative relational model describing
the evolution of observable and hidden variables. Continuous
physical domains are abstracted into discrete intervals such
as {l ow, nomi nal , hi gh}. Each component has a node
variable identifying its nominal and fault modes. Livingstone
models are specified in a hierarchical, declarative formalism
called JMPL, or using a graphical development environment.
Livingstone observes the commands issued to the plant and
uses the model to predict the plant state. It then compares the
predicted state against observations received from the actual
sensors. If a discrepancy is found, Livingstone performs a
diagnosis by searching for the most likely configuration of
component modes that are consistent with the observations.

Livingstone models directly induce a synchronous transi-
tions systems, very similar to a plant model. Pecheur and
Simmons [Pecheur and Simmons, 2000] have developed a
translator able to convert a Livingstone model and a re-
lated set of specifications in the language of the SMV model
checker [McMillan, 1993], and to convert back the diagnostic
traces in terms of the Livingstone model. Figure 4 outlines
the structure of the example plant in SMV language. For each
component type, there is a corresponding module. The first
module statements define the model for the SV and the PV.
For each of the components, a set of variables is defined, the
dynamics of which is directly induced from the Livingstone
model. Notice the _br okenpr ob variable, whose numeri-
cal value is the (negated) logarithm of the probability of fail-
ure for the component (e.g. 10 =2). This enables for a (rough)
analysis of failure probabilities. These modules are instan-
tiated in the EX module, with a parameter representing the
commands to PV.
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In order to tackle diagnosability, we devised a systematic
way of constructing the SMV coupled twin plant of a Living-
stone model. The construction is outlined in Figure 5. The
EX plant is instantiated twice in the main, at top level, gen-
erating P1 and P2. The same input variable (sv_cnd) is
given in input to both instances. Then, the outputs of the
two instances of the plant are constrained to exhibit the same
behavior by means of an | NVAR statement, i.e. a condition
that must hold in all states. The SMV language enables for
the specification of context. The basic building blocks of the
properties are propositional conditions over states, that can
be expressed by means of the DEFI NE construct. For in-
stance, it is possible to express conditions on the number of
failures, using the _br okencount variable defined in Fig-
ure 4. For instance, P1. _br okencount < 2 inthe main
module states that at most one failure can occur in the first
instance of the circuit.

In the experimental analysis, we tackled several problems
for the Livingstone model of the Main Propulsion System
for the X-34, a next-generation vehicle for the Space Shut-
tle [Bajwa and Sweet, 2002]. We interacted with the NASA
experts of diagnosis, to check the representational adequacy
of our formalism, and to characterize diagnosability problems
of practical relevance. The problems were defined starting
from simulation runs, that tested a specific fault in a specific
context. We remark the impact of our approach is far be-
yond the one of testing, since it performs an exhaustive anal-
ysis (though at a higher abstraction level) within the cases
captured by the context. The experimental evaluation was
carried out by running different symbolic model checking
tools on models described in SMV language, such as the
CMU SMV [McMillan, 1993], Bwolen Yang’s version of
SMV [Yang et al., 1999], and NuSMV [Cimatti et al., 2002].
While the former ones are based on Binary Decision Dia-
grams (BDDs) [Bryant, 1986], NUSMV also enables the use
of SAT-based techniques [Moskewicz et al., 2001]. This ac-
tivity suggested several considerations. First, the experimen-
tal analysis was fundamental to tune the formalism. Several
improvements (e.g. the notion of context) were conceived
while trying to encompass representational issues arising in
practice. Second, contexts are incrementally characterized.
Although the requirements for the diagnosis system can usu-
ally suggest an initial version for the context, it is seldom the
case that the precise conditions for diagnosability are known
(or can be precisely stated) in advance. The ability of the
model checker to find critical pairs was very useful in the re-
finement, since it helped to explain why diagnosability fails,
i.e. to understand whether the context is not strict enough, or
because a problem was found.

In terms of performance, the critical factor was the size
of the models to be analyzed. The most significant plant
we analyzed has about 800 scalar variables. This number
almost doubles in the case of the twin plant, and (after the
elimination of equivalent variables) we are left with mod-
els having about 600 state variables. Different versions of
SMV were used to tackle the resulting diagnosability prob-
lems. All the BDD-based verification engines were defeated
by the size of models for coupled twin plants (i.e. no solution
found after running for 24hs). This failure occurred despite
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the use of advanced techniques such as dynamic reordering,
invariant discovery, and conjunctive partitioning. We remark
that some of these BDD-based engines, most notably Bwolen
Yang’s SMV, were able to tackle verification problems on
single plants very efficiently. On the other hand, the use
of model checking techniques based on SAT solving, imple-
mented in the NUSMYV system [Cimatti et al., 2002], proved
to be very effective on these problems. We used a combined
approach, integrating bounded model checking (oriented to
finding bugs) and inductive reasoning. The SAT-based engine
of NUSMYV was able to solve all the verification problems
in less than two seconds. The analysis of the results shows
that Livingstone models tend to feature a huge state space but
little depth; therefore, the symbolic processing provided by
SAT turns out to be very appropriate. It is worth mention-
ing that, while trying to refine a diagnosability property, we
discovered an unexpected behavior in the model of the X-34.
Further analysis highlighted a missing statement in the de-
scription. This result is quite significant, since the model had
been repeatedly tested.

7 Redated Work

The idea of diagnosability has received a lot of attention in
the framework of Discrete Event Systems. In [Sampath et
al., 1995; 1996], diagnosability is precisely defined and an
algorithm for checking diagnosability is presented. The ap-
proach is limited to failures represented as reachability prop-
erties. Jiang and Kumar [Jiang and Kumar, 2002] generalize
the approach to the case of failures described as formulae in
linear temporal logics. The approach is based on a polyno-
mial algorithm for testing the diagnosability, formulated with
techniques from automata theory [Jiang et al., 2001]. In par-
ticular, they define a self-product automaton similar to our
twin plant. Console, Picardi and Ribaudo [Console et al.,
2000] propose the use of a particular form of process alge-
bras, PEPA, for the formalization and the analysis of diagno-
sis and diagnosability problems.

Our work is rather different from the works mentioned
above, that are mostly oriented to the definition of the theoret-
ical framework, and do not address the problems related to the
practical application of the proposed techniques. Our objec-
tive is the definition of an effective platform for the analysis
of diagnosability, that can be practically applied in the de-
velopment process of diagnosis systems. The “twin-models”
approach allows us to directly reuse standard model check-
ing tools, without having to reimplement a complex tableau
construction described in [Jiang et al., 2001]. Furthermore,
our approach preserves the semantics of the problem, thus
making it possible to tune the decision procedure to the ap-
plication domain. In terms of expressivity, our work shares
several underlying assumptions with [Sampath et al., 1995;
1996], considering failures that can be represented as reach-
ability conditions. Compared to [Jiang et al., 2001], we only
tackle zero-delay diagnosability, although it seems that our
framework could be extended in this respect.

Our approach makes no hypothesis on the way the con-
troller exploits the information provided by the diagnosis sys-
tem. For this reason, we introduce the notion of context in
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order to qualify the conditions under which diagnosability
should hold. In active diagnosis [Sampath et al., 1998], the
controller is designed taking into account the issues of di-
agnosability. Similar problems are also tackled in planning
under partial observability, where the planner can decide the
most appropriate actions to diagnose the fault, e.g. by probing
the system with actions that will provide suitable information,
and recover from it (see for instance [Bertoli et al., 2002]).

8 Conclusions

In this paper, we have proposed a novel approach to the ver-
ification of diagnosability, with emphasis on its practical ap-
plicability. Our work is based on a new conceptualization of
the problem, with the twin plant construction and the use of
temporal logic formulae to describe the context of a diagnos-
ability problem. To the best of our knowledge, this is the first
approach to diagnosability that enables the direct exploitation
of symbolic model checking technology. We tackled signif-
icant diagnosability problems from a real-world application,
discussed a practical methodology for the incremental refine-
ment of diagnosis contexts, and were able to verify large-
sized problems. In the future, we will try to take into account
the fact that diagnosis can propose several candidates, with
different degrees of likelihood. A compositional approach to
verification, exploiting the modular structure of the design,
will be investigated. In the longer term, we plan to tightly in-
tegrate the approach within the Livingston toolset, in order to
allow Livingstone application developers to use model check-
ing to assist them in designing and correcting their models, as
part of their usual development environment.
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Abstract

Teamwork demands agreement among team-
members to collaborate and coordinate effectively.
When a disagreement between teammates occurs
(due to failures), team-members should ideally di-
agnose its causes, to resolve the disagreement.
Such diagnosis of social failures can be expen-
sive in communication and computation overhead,
which previous work did not address. We present
a novel design space of diagnosis algorithms, dis-
tinguishing several phases in the diagnosis pro-
cess, and providing alternative algorithms for each
phase. We then combine these algorithms in dif-
ferent ways to empirically explore specific design
choices in a complex domain, on thousands of fail-
ure cases. The results show that centralizing the
diagnosis disambiguation process is a key factor
in reducing communications, while run-time is af-
fected mainly by the amount of reasoning about
other agents. These results contrast sharply with
previous work in disagreement detection, in which
distributed algorithms reduce communications.

Introduction

not. Given this diagnosis, the robots can negotiate to resolve
the disagreement.

Unfortunately, while the problem of detection has been ad-
dressed in the literature (e.gkaminka and Tambe, 2000
social diagnosis remains an open question. Naive implemen-
tations of social diagnosis processes can require significant
computation and communications overhead, which prohibits
them from being effective as the number of agents is scaled
up, or the number of failures to diagnose increases. Previ-
ous work did not rigorously address this concditaminka
and Tambe, 2040guarantee disagreement detection with-
out communications, but their heuristic-based diagnosis of-
ten fails. [Dellarocas and Klein, 2000; Horlingt al.,, 1999
do not explicitly address communication overhead concerns.
[Frohlichet al, 1997; Roost al., 2001 assume fixed com-
munication links, an assumption which does not hold in dy-
namic teams in which agents may choose their communica-
tion partners dynamically (see Section 5 for details).

We seek to examine the communication and computation
overhead of social diagnosis in depth. We distinguish two
phases of social diagnosis: (i) selection of the diagnosing
agents; and (ii) diagnosis of the team state (by the selected
agents). We provide alternative algorithms for these phases,
and combine them in different ways, to present four diag-
nosis methods, corresponding to different design decisions.

One of the key requirements in teamwork is that agents com¥é/e then empirically evaluate the communications and run-
to agree on specific aspects of their joint td€lohen and
Levesque, 1991; Grosz and Kraus, 1996; Tambe, l198ih J ! >
increasing deployment of robotic and agent teams in comof behavior-based agents in a complex domain.

plex, dynamic settings, there is an increasing need to also be We draw general lessons about the design of social diag-
able respond to failures that occur in teamwdtkmbe, 1997;
Parker, 1998 in particular to be able to diagnose the causegesults show that centralizing the disambiguation process is
for disagreements that may occur, in order to facilitate recova key factor in dramatically improving communications effi-
ery and reestablish collaboration (e.g., by negotiatigmaus
et al, 1999). This type of diagnosis is called social diagno- On the other hand, explicit reasoning about other agents is a
sis, since it focuses on finding causes for failures to maintaiey factor in determining run-time: Agents that reason explic-

designer-specified social relationsh[gsaminka and Tambe,

2004.

time requirements of these methods in diagnosing thousands
of systematically-generated failure cases, occurring in a team

nosis algorithms from the empirical results. Specifically, the

ciency, but is not a determining factor in run-time efficiency.

itly about others incur significant computational costs, though
they are sometimes able to reduce the amount of communica-

For instance, suppose a team of four robotic porters carrjions. These results contrast with previous work in disagree-

a table, when suddenly one of the robots puts the table dowment detection, in which distributed algorithms reduce com-
on the floor, while its teammates are still holding the table upmunications.

Team-members can easily identify a disagreement, but they The paper is organized as follows: Section 2 motivates the
also need to determine its causes, e.g., that the robot believeelsearch. Section 3 presents the diagnosis phases and alter-
the table reached the goal location, while its teammates didative building blocks for diagnosis. Section 4 specifies diag-
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nosis methods which combine the building blocks in differentapproach requiring high bandwidth is not likely to scale in
ways, and evaluates them empirically. Section 5 presents réhe number of agenfdennings, 1995
lated work, and Section 6 concludes.

3 Building blocks for diagnosis

2 Motivation and Examples We distinguish two phases of social diagnosis: (i) select-
. ) . ing who will carry out the diagnosis; (ii) having the se-
Agreement (e.g., on a joint plan or goal) is key to establishigcieq agents generate and disambiguate diagnosis hypothe-
ment and maintenance of teamwdohen and Levesque, gog T explore these phases concretely, we focus on teams of
1991; Jennings, 1995; Grosz and Kraus, 1996; Ta”_‘be']:ngzibehavior-based agents. The control process of such agents is
Unfortunately, complex, dynamic settings, sometimes leagg|atively simple to model, and we can therefore focus on the
to disagreements among team-members (e.g., due to Sensifgre communications and computational requirements of the
failures, or different interpretations of sensor readif@s|- diagnosis.
larocas and Klein, 20Q0 Given the critical role agreement  \y\ie model an agent as having a decomposition hierarchy of
plays in coordinated, collaborative operation of teams, we fopehayiors, where each behavior (node in the hierarchy) has
cus on the diagnosis of disagreements in this paper. preconditions (which allow its selection for execution when
The function of a diagnosis process is to go from fault de-satisfied), and termination conditions (which terminate its ex-
tection (where an alarm is raised when a fault occurs), to faulgcytion if the behavior was selected, and the conditions are
In diagnosing disagreements, the idea is to go beyond simt which it executes once selected. It may have child be-
ple detection that a disagreement exists, to identification ofayiors, which it can select based on their matching precon-
disagreement. Such differences in beliefs may be a result g§ controlled by a top-to-bottom path through the hierarchy;,
differences in sensor readings or interpretation, in sSensor majgot-to-leaf. Only one behavior can be active in each level
beliefs are known, then they can be negotiated and arguegodel different behavior-based controllers (dRjrby, 1987;
about, to resolve the disagreemelsauset al, 1994. Un- Newell, 1990).
fortunately, diagnosis of such failures can be extremely ex- e assume that a team of such agents coordinates through
pensive both in terms of computation as well as in communiyesigner-provided definition of team behaviors, which are to
cations (see Section 5 for quantitative evaluation), and thus ge selected and de-selected jointly through the use of commu-
key challenge is to minimize communications and computanications or other means of synchronization. Team behaviors,
tion. typically at higher-levels of the hierarchy, serve to synchro-
To illustrate the problem we use an example, originally remnjze high-level tasks, while at lower-levels of the hierarchy
ported in[Kaminka and Tambe, 2000from the ModSAF  agents select individual (and often different) behaviors which
domain (a virtual battlefield environment with synthetic he-control their execution of their own individual role.
licopter pilots). In the example a team of pilot agents is di- For instance, in the ModSAF example, the scout should fly
vided into two: scouts and attackers. In the beginning alko look for the enemy, while the attackers should wait at the
teammates fly in formation looking for a specific way-point way-point. All agents are executing in this case a team be-
(a given position), where the scouts move forward towardsavior calledwait-at-point in service of which the attackers
the enemy, while the attackers land and wait for a signalare executing individuglst-wait (land) behaviors, while the
Kaminka and Tamb§200d report on the following failure  scout is executing a more complix-aheadbehavior.
case (which there failure detection technique captures): There pjsagreement between team-members is manifested by se-
are two attackers and one scout flying in formation, when theection of different team behaviors, by different agents, at the
attackers detect the way-point and land, while the scout failsame time. Since team behaviors are to be jointly selected (by
to detect way-point and continues to fly. designer specification), such a disagreement can be traced to
A diagnosis system, running on at least one of the agents difference in the satisfaction of the relevant pre-conditions
must now isolate possible explanations for the disagreemenénd termination conditions, e.g., agent A believes P, while
of which the real cause (agents different in their belief thatagent B believes:P, causing them to select different behav-
the way-point was detected) is but one. Each such explanders. It is these contradictions which the diagnosis process
tion is a diagnosis hypothesis since it reports a possible reaeeks to discover. A set of contradictions in beliefs that ac-
son for the disagreement between the agents. Disambiguati@aunts for the selection of different team behaviors by differ-
between these hypotheses seems very straightforward: Eaeht agents is called a diagnosis.
agent can generate its own hypotheses, and then exchange ) ) ) ) )
these hypotheses with its teammates to verify their correct3-1  Disambiguating Diagnosis Hypotheses
ness. Unfortunately, since each agent is potentially unsure dafhe first phase in the diagnosis process involves selection of
what its team-members are doing, the number of hypothesdke agent(s) that will carry out the diagnosis process. How-
can be quite large, which means communications will suf-ever, the algorithms used for selection may depend on the
fer greatly. Furthermore, having each agent simply report itgliagnosis process selected in the second phase (disambigua-
internal beliefs to the others, while alleviating communica-tion), and so for clarity of presentation, we will begin by dis-
tions overhead somewhat, is also insufficient. Indeed, angussing the second phase. Assume for now that one or more
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agents have been selected to carry out the diagnosis proceg®rmination conditions of last behavioy), (pre-conditions
The agents must now identify the beliefs of their peers. of current behavior)\— (termination conditions of current
Perhaps the simplest algorithm for this is to have all teambehavior)
members send their relevant beliefs to the diagnosing agent For instance, suppose an attacker is observed to have
(the diagnosing agent can inform the team-members of thianded. The observer may conclude that eitherhak or
detection of a disagreement to trigger this communication)wait-at-pointbehavior has been selected. Furthermore, the
In order to prevent flooding the diagnosing agent with irrele-observer can conclude that the termination conditions for
vant information, each team-member sends only beliefs thatalt do not hold, or that the termination conditions feait-
are relevant to the diagnosis, i.e., only the beliefs that are ast-point do not hold. If the observed action indicates that
sociated with its currently selected behavior. the agent has just transitioned into the behavior associated
Upon receiving the relevant beliefs from all agents, thewith landing, then the preconditions bélt andwait-at-point
generation of the diagnosis proceeds simply by comparing alivould also be inferred as true.
beliefs of team-members to find contradictions (e.g., agent A Once the hypotheses are known, the agent can send tar-
believes P, while agent B believed?). Since the beliefs of geted queries to specific agents in order to disambiguate the
the other agents are known with certainty (based on the confiypotheses. The queries are selected in a manner that mini-
munications), the resulting diagnosis must be the correct onanizes the expected number of queries. Intuitively, the agent
However, having all agents send their beliefs, may severelprefers to ask first about propositions whose value, when
impact network load. known with certainty, will approximately split the hypothe-
We thus propose a novel selective monitoring algorithm ses space.
in which the diagnosing agent controls the communications . . )
by initiating targeted queries which are intended to minimize3-2 Selecting a Diagnosing Agent
the amount of communications. To do this, the diagnosing_et us now turn to the preceding phase, in which the agents
agent builds hypotheses as to the possible beliefs held byat will carry out the diagnosis are selected. Several tech-
each agent, and then queries the agents as necessary to digjues are available. First, a design-time selection of one of
ambiguate these hypotheses. the agents is the most trivial approach. It requires a failure
This process begins wWitRESL a previously-published be- state to be declared in the team, such that the selected agents
havior recognition and belief inference algoritiaminka  know to begin their task. Of course, one problem with this ap-
and Tambe, 20dQwhich is only presented here briefly as a proach is that it requires all agents to be notified of the failure.
reminder. Under the assumption that each agent has knowk second technigue that circumvents this need is to leave the
edge of all the possible behaviors available to each teandiagnosis in the hands of those agents that have detected the
member, i.e., their behavior library (an assumption com+ailure, and allow them to proceed with the diagnosis without
monly made in plan recognition), each observing agent crenecessarily alerting the others unless absolutely necessary.
ates a copy of the fully-expanded behavior hierarchy for each We present a novel third approach, in which selection of
of its teammates. It then matches observed actions with ththe diagnosing agent is based on its team-members’ estimate
actions associated with each behavior. If a behavior matchesf the number of queries that it will send out in order to arrive
it is tagged. All tagged behaviors propagate their tags up thet a diagnosis, i.e., the number of queries that it will send out
tree to their parents (and down to their children) such as tin the disambiguation phase of the diagnosis (previous sec-
tag entire matching paths: These signify behavior recognition). The key to this approach is for each agent to essentially
tion (plan recognition) hypotheses that are consistent with theimulate its own reasoning in the second phase, as well as
observed actions of the team-member. that of its teammates. Agents can then jointly select the agent
Once hypotheses for the selected behavior of an agent awgth the best simulated results (i.e., the minimal number of
known to the observer, it may infer the possible beliefs ofqueries).
the observed agent by examining the pre-conditions and the Surprisingly, all agents can make the same selection with-
termination conditions of the selected behavior. To do thisput communicating, using a recursive modelling technique in
the observer must keep track of the last known behavior(sivhich each agent models itself through its model of its team-
hypothesized to have been selected by the observed agentates. This proceeds as follows. First, each agent uses the
As long as the hypotheses remain the same, the only genetaélief recognition algorithm to generate the hypotheses space
conclusion the observer can make is that the termination corfer each team-member other than itself. To determine its own
ditions for the selected behaviors have not been met. Thus Rypotheses space (as it appears to its peers), each agent uses
can infer that the observed agent currently believes the negaecursive modelling, putting itself in the position of one of
tion of the termination conditions of selected behaviors. its teammates and running the belief recognition process de-
When the observer recognizes a transition from one bescribed above with respect to itself. Under the assumptions
havior to another, it may conclude (for the instant in whichthat all agents utilize the same algorithm, and have access to
the transition occurred) that the termination conditions of thehe same observations, an agent’s recursive model will yield
previous behavior, and the pre-conditions of the new behawhe same results as the modelling process of its peers. At this
ior are satisfied. In addition, again the termination conditiongoint, each team-member can determine the agent with the
of the new behavior must not be satisfied; otherwise this newninimal number of expected queries (the queries that split
behavior would not have been selected. Therefore, the beliethe space of the queries). In order to guarantee an agreement
of the observed agent (at the moment of the transition) areon the selected agent, each team-member has an ID number,
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which is determined and known in advance. In case therenembers.
are two agents with the same minimal number of expected Method 3. The next design choice we examine corre-
gueries, the agent with the minimal ID is selected. This ensponds to a diagnosis algorithm, in which the designer pre-
tire process is carried out strictly based on team-memberselects a neutral agent. When a failure is discovered (and is
observations of one another, with no communications othemade known to all agents), all team-members communicate
than an announcement of a disagreement. all their relevant beliefs to the pre-selected agent.

For instance, suppose there are three agents A, B and C. ToMethod 4. A final algorithm attempts to alleviate the

determine the diagnosing agent, A puts itself in B's positioncommunications overhead. It uses the recursive modelling
and considers the hypotheses B has about A and C, given Atlechnique to have all team-members agree on which agent
observable actions. A also uses the belief recognition prois to carry out the diagnosis (this requires the detection of
cess described earlier to determine the number of hypothes#f®e disagreement to be made known). Once the agent is se-
available about B’s beliefs, C’s beliefs, etc. It now simulateslected (with no communications), it queries its teammates as
selecting queries by each agent, and selects the agent (sageded.
C) with the minimal number of expected queries. B, and C Table 1 summarizes the different methods. Each method
also run the same process, and under the assumption that eagtpresented in a different row. The columns correspond to
agent’s actions are equally observable to all, will arrive at thehe different phases of the diagnosis process. The choice of
same conclusion. algorithm is presented in each entry, along with a marking

Summary. We presented a space of social diagnosis algothat signifies the number of agents that execute the selected
rithms: Each such algorithm operates in two phases, and wi€chnique for the phase in question.
presented alternative techniques for each phase. For the selec-
tion of the diagnosing agent, we have the following methods; Method | Selection Disambiguation

(i) rely on pre-selection by the designer; (i) let the agents that 1 pre-selected (N) N (report)
detected the fault do the diagnosis; or (iii) choose the agent 2 detector K < N) K (query)
most likely to reduce communications (using the distributed 3 pre-selected (1) 1 (report)
recursive modelling technique described). In terms of comf 4 estimated optimal (1 1 (query)

puting the diagnosis, two choices are available: Either have
all agents communicate their beliefs to the selected agents, or  Table 1: Summary of evaluated diagnosis methods
allow the diagnosing agents to actively query agents as to the

state of their beliefs, while minimizing the number of queries  For instance row 2 should be read as follows: In method 2,

as described above. the agents selected to perform the disambiguation are those
who detected the disagreement. K such agents exist (where
4 Evaluation and Discussion K is smaller or equal than the total number of agents in the

team, N), and they each execute a minimal-queries algorithm.

The design alternatives define a space of diagnosis algan contrast, row 3 indicates that a single pre-selected agent
rithms. This section evaluates four intuitive design decisiongxecutes the diagnosis, and it relies on reports from all agents
in this space, and draws lessons about the effects of specifig carry out the diagnosis.
design choices on overall computation and communication Focusing on diagnosing teams of behavior-based agents in
overhead. the ModSAF domain, we performed experiments in which

Method 1. The first design choice corresponds to arguablythe different diagnosis methods were systematically tested on
the most intuitive diagnosis algorithm, in which all agentsthousand®f failure cases, varying the number of agents, the
are pre-selected to carry out the diagnosis. When a failure isehaviors selected by each agent, and the roles of the agents.
detected (and is made known to all agents) each agent corithe experiments were executed with teams of two to ten
municates all its relevant beliefs to the others so that each arafjents. For each agents there are three sets of tests: (1)
every team-member has a copy of all beliefs, and thereforene attacker and-1 scouts; (2)n-1 attackers and one scout;
can do the disambiguation itself. (3) n/2 attackers ana/2 scouts. For each set of x attackers

Method 2. Method 1 uses redundant communications toand y scouts, we systematically checked all possible disagree-
achieve this distribution, while arguably only a single agentment cases for all team behaviors (a total 2372 tests for each
really needs to have the final diagnosis in order to begin anethod). In each test we recorded the number of messages
recovery process. Thus in method 2, the agents that desent, and runtime of the diagnosis process.
tected the disagreement automatically take it upon themselves In Table 2 we present the results of a single test, where
to carry out the diagnosis, unbeknownst to their teammategine scout and two attackeftg in formation when the scout
and to each other. Because their team-mates do not know t¢fansitions to thevait-at-pointbehavior while the attackers
the disagreement (or who has been selected to diagnose igpntinue to fly. The diagnosis is that the scout detected the
they cannot rely on their team-mates to communicate theiway-point while the attackers did not.
beliefs without being queried (in phase 2). Instead, they The first column in Table 2 reports the method used. The
use the querying algorithm discussed in the previous sectiorsecond column presents the number of messages sent re-
However, because the diagnosing agents also do not knoporting on beliefs, or querying about their truth (one mes-
of each other, in cases where more than one agent detectage per belief). The third column reports the number of
the disagreement, all such agents will query the other teanmessages sent informing agents of the existence of failures
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(we assume point-to-point communications). The next three

columns summarize the runtime of each agent. 300 4

450

Method| Messages Run-time(msec) 4004
Belief | Failure | AT | A2 | Scouf o 2 —e— method1
1 16 2 12 |12 |12 c j:g 1 —— method?
g 2 g g g 392 g 200 —a— method3
4 3 2 87 |80 |99 2 —%—method4

Table 2: results of diagnosing a specific failure case o %
o4

For instance, the number of messages reporting on belief
for method 3 is 8, and 2 failure messages were sent (i.e., on number of agents
of the agents detected the failure and informed the others)
The runtime of all the teammates for method 3 is 3 millisec-
onds, except for the scout, which disambiguated the beliefs in Figure 2: Average run-time per failure case
this case, and therefore took an additional 6 milliseconds (for
a total of 9 milliseconds).

their run-time is much smaller than methods (here, methods
2 and 4) which hypothesize about the beliefs of others. How-
ever, as Figure 1 shows, the goal of reducing communications
is actually achieved, as method 4 does indeed result in less
1 communications then method 3. The question of whether the
—o— Mmethod cost in run time is worth the reduction in communications is
dependent on the domain.

Indeed, we draw a second conclusion from Figure 1. De-
—a— Mmethod3 spite the additional savings provided by the minimal query
20 | algorithm, the choice of a centralized diagnosing agent is the

—x— method4 . . o .
main factor in qualitatively reducing the number of messages
sent, as well as in shaping the growth curve as the number of
L agents is scaled up. These results contrast sharply with pre-
vious work in disagreement detection, in which distributed

algorithms reduce communicatiofKaminka and Tambe,
number of agents 200(1

a0

40 | _a— method2

number of messages

5 Related Work

While diagnosis of a single-agent system is relatively well

Figures 1 and 2 summarize the results of the experimentsinderstood, and known to be computationally difficult, social
In both figures, the x axis shows the number of agents in theliagnosis (diagnosis of social failures such as disagreements
diagnosed team. Figure 1 presents the average number of b&ad coordination failures) remains an open area of research.
lief messages for the different failure and role variations, forln particular, to our best knowledge, an in-depth exploration
each team size (failure messages were ignored in the figuref design choices in terms of communication and computa-
since their effect is negligible). Figure 2 presents the averagton has not been done before. The most closely-related work
run-time (in milliseconds) of those same tests. The run-timeo ours is reported ifKaminka and Tambe, 20P0This pre-
of each test was taken as the maximum of any of the agentgous investigation provides guarantees on detection of dis-
in the test. agreements, but only presented a heuristic approach to di-

Both figures show interesting grouping of the evaluatedagnosis, which indeed does not always succeed. The algo-
techniques. In Figure 1 (number of messages), methods i@hms we present here succeed in the same examples where
and 4 show a slow, approximately-linear growth, while meth-the previous heuristic approach fails. Parke994 reports
ods 1 and 2 show a much faster non-linear growth. In Figuren a behavior-based architecture which is very robust and is
2 (runtime), the grouping is different: Methods 1 and 3 growable to recover from failures by having robots take over tasks
significantly slower than methods 2 and 4. from failing teammates. This is done using continuous com-

The first conclusion we draw from these figures is that run-munications, but with an out explicit diagnosis process such
time is affected by the choice of a disambiguation methodas those described in this paper.
(Figure 2, ref. Table 1). Methods (here, methods 1 and 3) Dellarocas and Kleif200d described failures handling
that rely on the agents to report their relevant beliefs do noservices that use a knowledge base of generic exceptions and
reason about the hypothesized beliefs of others. Therefor@, decision tree of diagnoses; the diagnosis process is done by

Figure 1: Average number of messages per failure case
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Abstract

Recent years have seen a proliferation of em-
bedded systems that combine a digital (discrete)
supervisory controller with an analog (continu-
ous) plant. Diagnosing faults in such hybrid sys-
tems, require techniques that are different from
those used for discrete and continuous systems.
In addition, these algorithms have to be deployed
online to meet the real time requirements of em-
bedded systems. This paper presents a method-
ology for online tracking and diagnosis of hybrid
systems. We demonstrate the effectiveness of the
approach with experiments conducted on the fuel
transfer system of fighter aircraft.

1 Introduction

This paper addresses the problem of designing and im-
plementing online monitoring and diagnosis systems for
complex systems whose behavior is hybrid (discrete +
continuous) in nature. Hybrid modeling covers naturally
occurring systems, such as cell-cycle control systems in
biology. They also capture the behavior of embedded
systems that are common in the avionics, automotive, and
robotics domains. This wide applicability of hybrid sys-
tems has inspired a great deal of research from both con-
trol theory and theoretical computer science.

We focus on a special class of embedded hybrid sys-
tems, characterized by continuous plant dynamics and a
discrete supervisory controller. The plant dynamics are
defined by continuous state variables associated with the
components of the plant. The controller generates actua-
tor signals at discrete time points that can change the
plant configuration by turning components ON and OFF,
and changing component parameter values and the set
points of regulators. Therefore, hybrid system models
have to seamlessly integrate discrete and continuous be-
havior analyses using multiple system models. As a re-
sult, tasks like monitoring, fault diagnosis, and control
require appropriate model selection and switching to be
performed online as system behavior evolves.

This paper discusses methodologies for the model-
based diagnosis (MBD) of hybrid systems. Current tech-
niques in MBD apply well to dynamic systems whose
behavior is modeled with discrete event [9, 17], or con-
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tinuous models [5, 14]. Discrete event approaches to hy-
brid system diagnosis are based on abstractions of nomi-
nal and faulty behavior system behavior into event trajec-
tories. This process may result in loss of information
critical for fault isolation and control. Our work in con-
tinuous diagnosis has demonstrated that behavior tran-
sients are the key to quick diagnosis of abrupt faults[10].
It may also be computationally expensive to pre-
enumerate all possible nominal and faulty behavior tra-
jectories. Traditional algorithms for continuous diagnosis
use a single model that does not accommodate discrete
changes. Therefore, discrete effects of mode changes
have to be modeled by complex continuous non-linear
functions that are hard to analyze online in real time.

Recent work on diagnosis of hybrid systems [3, 6, 8]
has focused on discrete faults, and requires the pre-
enumeration of the model in all modes to perform diag-
nosis. We present an online model-based diagnosis meth-
odology for parametric faults in hybrid systems that is
based on tracking hybrid behaviors (continuous behaviors
interspersed with discrete changes), but unlike hybrid
automata models [1] pre-enumeration of all system
modes is avoided by generating models at runtime as
mode switches occur.

The fault isolation task has to take into account possi-
ble mode changes during diagnostic analysis. The occur-
rence of a fault necessarily implies that one no longer has
a correct model of system behavior; therefore, mode
changes cannot be correctly predicted. To address this,
the fault isolation task incorporates a search process,
where mode changes may have to be hypothesized and
incorporated into the consistency-based diagnosis
scheme. The fault isolation process becomes even more
complicated if fault detection is delayed, and the diagno-
sis algorithm has to roll back modes to identify the mode
in which the fault occurred. We have developed a generic
tracking, fault detection, and fault isolation scheme,
which address all of the issues we have outlined above.
The rest of the paper presents our hybrid modeling, track-
ing, and diagnosis scheme for solving the hybrid diagno-
sis problem.

2 Unified Modeling Framework

We use a unified modeling framework called hybrid bond
graphs that extends continuous bond graph modeling [7]
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Figure 1: Fuel System Schematic

to provide compact representations for hybrid models. Its
component based and hierarchical representation is ex-
pressed as topological structures that facilitate causal
analysis of system dynamics. It also provides standard
techniques for deriving state space and input output equa-
tion formulations that are suitable for tracking and esti-
mation tasks [15].

2.1 Bond Graphs

A bond graph (BG) is a domain-independent topological
representation that captures energy-based interactions
among the different physical processes that make up the
system. The vertices in the graph represent subsystems
modeled as generic physical processes: capacities, iner-
tias, and dissipators that can have linear and non-linear
behaviors. Bonds are energy pathways by which subsys-
tems/processes exchange energy in the system. Two addi-
tional types of vertices (0 and 1 junctions) represent do-
main independent generalizations of Kirchoff's laws and
are used as connection points between the sub-systems.
There exist systematic techniques to construct the bond
graph from the system description [2].

2.2 Hybrid Bond Graphs

Additional mechanisms are introduced into the continu-
ous BG language to include discrete transitions and
model switching. We use switched junctions proposed by
Mosterman and Biswas [13], where each junction in the
bond graph may be switched on (activated) and off (de-
activated). An activated junction behaves like a conven-
tional BG junction. All the bonds incident on a junction
turned off are made inactive, and hence do not play any
part in the system dynamics. Note that activating or de-
activating junctions affect the behavior of adjoining junc-
tions.

A Finite State Automaton (FSA) implements the junc-
tion switching function. The FSA may have several
states, and each state maps to either the off mode (i.e., it
causes the junction to turn off) or the on mode (i.e., the
junction turns on) of the junction. Mode transitions de-
fined solely by external controller signals define con-
trolled switching, and those expressed by internal vari-
ables crossing boundary values define autonomous
switching. For controlled switching the control signal is
provided as input to the FSA. For autonomous switching,
the function determining the transition condition is pro-
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vided as input to the FSA. The overall mode of the sys-
tem is determined by a parallel composition of modes of
modes of the individual switched junctions.

Formally, hybrid bond graphs can be defined as a tri-

ple: HBG = {BG, M, o}, where BG is the bond graph
model, M = {M,;, M,, ..., M;} is a set of finite state of
automata, and ¢ is the mapping between each M; and a
junction in the bond graph. Each M; is a finite state
automaton of the type described above, with an output
function that maps each state of M; to either on or off. A
system mode change is defined by one or more junction
automata changing state, and this results in a new bond
graph model.
Figure 1 illustrates the fuel transfer system that we use
for our experiments. The fuel system is designed to pro-
vide an uninterrupted supply of fuel at a constant rate to
the aircraft engines, and at the same time to maintain the
center of gravity of the aircraft. The system is symmetri-
cally divided into the left and right parts (top and bottom
in the schematic). The four supply tanks (Left Wing
(LWT), Right Wing (RWT), Left Transfer (LTT), and
Right Transfer (RTT)) are full initially. During engine
operation, fuel is transferred from the supply tanks to the
receiving tanks (Left Feed (LFT) and Right Feed (RFT))
based on a pre-defined sequence. The fuel transfer se-
quence is controlled by valves on pipes at the outlet of
the supply tanks and the inlet to the feed tanks. The hy-
brid bond graph segment for the connection between a
wing tank and a feed tank, shown in Figure 2, illustrates
the component-oriented modeling approach for the HBG.
An element called switching implements the finite state
automata discussed earlier. The HBG framework also
associates one or more parameters with system compo-
nents. We exploit this in defining a component-based
diagnosis methodology, where faults in components are
represented as deviations in their parameter values. For
example, there are six potential fault candidates in the
fuel transfer subsystem in Figure 2. (Pump, Efficiency,
Wing Tank, Pipe, Switched, and Feed). In earlier work,
we have shown the equivalence between the HBG
framework and the hybrid automata representation [16].

2.3 Alternate Model Representations

The bond graph can be used to systematically derive al-
ternate model representations. Three representations are
used to solve different sub-tasks in the diagnosis scheme:
(1) state space equations, for tracking of continuous be-
havior, (ii) temporal causal graphs for qualitative fault
isolation, and (iii) input output equations, for parameter
estimation and refinement of the fault isolation results. A

Wiré; Tank Pipe

. o

Switched Feed
R C

0 1 0 1 0
Pump Efficienc [
Se——=0——=TF——=0 Switching

Figure 2: HBG of Fuel Transfer subsystem
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detailed description of temporal causal graphs (TCG) can
be found in[14, 15] and is not repeated here. Essentially
the TCG captures causal and temporal relations between
variables in the system. The vertices in the graph repre-
sent variables of the system and the edges (with labels)
represent the types of relations between the variables.

3 MBD Architecture

Our diagnosis architecture implements a scheme to track
the nominal system dynamics using an observer that is
robust to model uncertainties and noise in the measure-
ments. It uses a fault detection scheme to trigger the fault
isolation scheme when discrepancies are detected be-
tween the observed and predicted measurements, tracks
and analyzes the fault transients using fault signatures to
isolate the fault, and then employs a quantitative parame-
ter estimation scheme to determine the magnitude of the
fault. Our work focuses on component parameter faults,
which are multiplicative, i.e., faults directly affect the
system dynamics models. As discussed earlier, the hybrid
nature of the system complicates the tracking and diagno-
sis tasks, because mode transitions cause model switch-
ing, which has to be included in the online behavior
tracking and fault isolation algorithms. For pragmatic
reasons we simplify our algorithms by making the single
fault assumption.

We have developed a novel approach that combines
qualitative and quantitative algorithms for fault isolation.
This extends our earlier work [12] on fault isolation in
continuous systems. The qualitative approach overcomes
limitations of quantitative schemes, such as convergence
and accuracy problems in dealing with complex non-
linearities and lack of precision of parameter values in
system models. It plays a significant role in cutting down
on computational complexity, enabling online algorithms
for fault isolation in the hybrid framework. The qualita-
tive reasoning scheme is fast and effective, but it has lim-
ited discriminatory ability. To uniquely identify the true
fault candidate, we employ a quantitative parameter esti-
mation scheme, which also returns the magnitude of the
deviated parameter.

3.1 Tracking and Fault Detection

Our hybrid observer is implemented as a combination of
an extended Kalman filter (EKF) and a hybrid automaton
to track continuous behavior in individual modes of op-
eration, and discrete mode changes (controlled and
autonomous), respectively. At mode changes, the new
state space model and the initial state of the system are
recomputed. Model uncertainty and measurement noise
are implemented as white, uncorrelated Gaussian distri-
butions with zero mean. The state space model in mode ¢
is defined as:

X = Fq (x)x, + Gq(xk)uk+l +w,
Vi = Cq (X)X, + Dq (X )uy, +v,,

where w is distributed N(0,Q) and v is distributed N(0,R),
and Q and R are process and measurement noise covari-

378

Supervisory
Controller

Detector

Crenerate cumrent
State space model

(5B C,Dy)

Hybrid Observer

Calculate
Transition conditions,
Hext states

Eecaleulate
Kalman filter coefficients,
Initialize state

Xy | Kalman

Filter

U,¥y

Figure 3: Hybrid Kalman Filter

ance matrices. It is assumed that w; incorporates the
AF,.x; term that captures modeling errors in the system.
In our work, the O and R matrices were determined em-
pirically. The extended Kalman filter algorithm follows
the methodology presented in [4].

Mode change calculations are based on the system
mode at time step k, g4, and the continuous state of the
system, x;. The discrete controller signals to the plant are
assumed known. For controlled transitions, we assume
such a signal is input at time step k, and the appropriate
mode transition is made at time step k+/ to g;+;. For
autonomous transitions, the estimated state vector, x; is
used to compute the Boolean functions that signal mode
transitions. Note that several transition functions may be
triggered simultaneously. They are combined to derive
the new system mode. A mode transition results in a new
state equation model, i.e., the matrices F,, G,, C,, and D,
are recalculated online. We have developed an efficient
symbolic solver that can construct state equation models
from equation fragments. The equation fragments corre-
spond to constituent equations defining component be-
havior, and the junction relations. When switching oc-
curs, sets of equation fragments are de-activated, and
others are activated. The new state equations are then
derived incrementally. To simplify analysis, we assume
that mode changes and faults occur only after the Kalman
filter state estimate has converged to its optimal behav-
ior. Further details of the observer implementation are
presented in [15].

Fault detection is performed by first computing esti-
mates of the output variables y; from the state estimates
x;. We then compute a smoothed estimate y, using an FIR
filter. Finally we compute the residual (y;-0,), where oy
are the observations at time step k. If this residual ry is
above a threshold & for a pre-defined number of time
steps, then a fault is signaled.

3.2 Fault Isolation and Identification

Once a fault has been detected, fault isolation and identi-
fication is performed to uniquely isolate the fault and
determine its magnitude. Our fault isolation and identifi-
cation architecture is presented in Figure 4 involves three
steps: (i) qualitative roll-back, (ii) qualitative roll-
forward, and (iii) quantitative parameter estimation.
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For hybrid systems, discontinuous changes in meas-
ured variables can only occur at the point of failure or at
points at which discrete mode changes occur in the plant
behavior. At all other time points the plant behavior is
continuously differentiable. We take advantage of this
fact for qualitative analyses of all measured variables, yy.
The residual (ry) for any variable is defined as the differ-
ence between the measure plant output and the nominal
expected plant output. Since both of these are continu-
ously differentiable after the fault occurrence, and after
each mode change, the residual can be approximated by
the Taylor series expansion:

(I_T/zz)_*_r,, (t_T/h)z Lk (t_T/h)k

Ty T T

We can then represent the residual as the coefficients
of the magnitude and higher order derivative terms of the
residual. Instead of representing them in quantitative
form, qualitative values (-, 0, and +) are used to indicate
if the coefficient is below, at, or above zero.

The qualitative analyses that comprise of the roll-back
and roll-forward steps work on these qualitative coeffi-
cients. After detection of the fault, the signal to symbol
generator is responsible for converting the measured ob-
servations to symbolic form at each time step. The dis-
cussion of the computation of the residual and the con-
verting it to symbolic form is presented in [11], and not
repeated here.

The roll-back algorithm can be summarized as follows.
Given the observer estimated mode trajectory O = {q;,¢>,
..., qi}, we first use the back propagation algorithm [14]
to generate hypotheses in mode ¢,. The deviated symbols
at the time of fault detection (a) are back propagated
through the temporal causal graph in mode ¢ to identify
causes for the deviations. Since the fault may have oc-
curred in previous modes, we then go back in the mode
trajectory and create hypotheses in each of the previous
modes ¢i.;, qr2 ---, qrn+1, Where n is a number deter-
mined externally by diagnosability studies. During the
crossover from a mode to a previous mode, the symbols
need to be propagated back across the mode change. This
is done by using the inverse of the reset functions (y)
associated with the mode transition. For example, the
symbols to be propagated in mode ¢,; is obtained as y
'(a,q1qx.,). The hybrid hypotheses generation algorithm
returns a hypotheses set, H = {h,, hy, ..., h,}, where each
hypothesis 4; is a three-tuple {¢,p,A}, where g represents
the mode in which the fault is hypothesized to have oc-
curred, p is the parameter whose deviation corresponds to
the fault, A is the direction of deviation of parameter p.

The occurrence of the fault may change the parameters
of the functions that determine autonomous transitions
leading the observer to incorrectly predict (or not predict)
an autonomous transition. Hence the current mode esti-
mated by the hybrid observer may not be the actual mode
of system under hypothesized fault conditions. We need
to estimate the current mode of the system for each hy-
pothesis. However, we still do not have the quantitative
value for the faulty parameter, implying that we cannot
accurately determine the current mode of the system. To
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solve this problem we take advantage of the fact that the
same sequence of mode transitions in any order would
lead the system to the same end state. This follows from
the fact that each mode transition essentially changes the
status of a switched junction in the hybrid bond graph
representation. Based on this observation, for each hy-
pothesis, we apply all controlled transitions (assuming
that no autonomous transitions have occurred) that have
occurred since the hypothesized fault mode to get an es-
timated current mode. This is known as the roll-forward
process.

We can now use the model (TCG) to predict the ex-
pected qualitative values for the residuals (signatures) in
the current estimated mode for each hypothesis. This is
done through a forward propagation algorithm [14]. The
fault hypotheses in the estimated current mode are com-
pared with the symbols generated by the signal to symbol
generator using a progressive monitoring scheme [14]. If
there is a mismatch, the hypothesis cannot be dropped
immediately, we assume that an autonomous mode transi-
tion may have caused this mismatch. We apply all possi-
ble autonomous transitions to the current estimated mode
and derive m new estimated current modes for the hy-
pothesis, where m is the number of possible autonomous
transitions. For each of these m new modes, we can gen-
erate the qualitative signature using forward propagation
and compare this against observations. In case of mis-
match we hypothesize occurrence more autonomous tran-
sitions and repeat the process. Once the total number of
transitions (controlled + hypothesized autonomous) ex-
ceeds the diagnosability limit, further mismatches in sig-
natures and symbols eliminate hypotheses.

In other work [12], we have shown the limited dis-
criminatory capabilities of the qualitative progressive
monitoring scheme. This often leads to multiple fault
hypotheses being reported as the diagnostic result. Even
when we are left with only one hypothesis, determining
the magnitude of the parameter associated with the hy-
pothesis is essential to continue tracking the plant behav-
ior in the faulty situation. We use a parameter estimation
technique based on the least-squares estimation method
for further fault isolation and identification. Applying a
statistical hypothesis testing scheme to the error in the
fault identification task leads to unique fault isolation,
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and an estimate of the deviated parameter value. Con-
sider the input output equation form:
Y = (%2b;.4)/(2arq").U,
where U are the inputs, Y are the outputs, a’s and b’s are
constant coefficients and ¢ is the forward delay operator.
The typical parameter estimation task is to estimate the
a’s and b’s using measurements, u and y. The optimal
estimate is given by: 6., = (@' @)’ @'Z, where 0 is a vec-
tor of a’s and b’s, @ is the regression vector, and Z is
current output vector. The single fault assumption im-
plies that only one parameter in unknown. So, for each
remaining hypothesis, we rewrite  in terms of the corre-
sponding hypothesized fault parameter p. If we assume a
first order polynomial relation (it is possible to extend
this to arbitrary polynomial relations): € = K;p+K,,
where K; and K, are matrix constants. Now we can re-
formulate the estimation problem and obtain the optimal
estimate for p as:
p=K," @" Z-K," &' K)K," 'K ,-7" DK )/(2.K," DK )

Table 1: Trace of Fault Isolation and Estimation
Left Wing Tank Pump Degradation

Time | Measured Deviation Fault Set
433 Transfer Manifold 13 fault candidates
Pressure (XMP)
434 XMP: discontinuous 10 candidates
439 Mode Change: Left Feed Tank On
465 Mode Change: Left Feed Tank Off
469 LeftWing Tank Pres- LWT Pipe.R + LeftWingTank.TF -
sure ++ LeftWingTank.R + Leg26.R -
471 Mode Change: Left Wing Tank — Second Pump On
489 Left Feed Tank LWT Pipe.R + LeftWingTank.TF -
Pressure -- LeftWingTank.R +
528 Mode Change: Left Feed Tank On
528 Parameter estimation LeftWingTank.TF
started fault coefficient: 0.658041

For each remaining hypothesis, we compute the input
output equations of the system in the estimated current
mode from the bond graph. This can be achieved by
computing the temporal causal graph from the bond
graph. The TCG can then be used to compute the signal
flow graph, which can be used to derive the input output
equations. Please note that the signal flow graph still
contains parameters in symbolic form as opposed to ac-
tual numeric values. This gives us a parameterized input
output equation. We then calculate the K; and K, matri-
ces. Finally we accumulate u and y values, and estimate p
using the above expression. This may also be used for
fault isolation by plugging back the estimated parameter
in the state space equations and computing the predicted
values for the outputs. Hypotheses whose predicted out-
put values are statistically different from actual output
values are eliminated. Table 1 illustrates an experimental
run for a left wing tank pump degradation (33% loss) at
time step 150. The initial change was observed in the
transfer manifold pressure at time step = 433 (Fig. 5), but
two mode changes occurred between the fault occurrence
and its detection. The roll back process was employed,
and this produced an initial list of 13 candidates. Detect-
ing that the transfer manifold pressure was discontinuous
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reduced the candidate set to 10 faults. As other measure-
ments deviated over time (first left wing tank pressure,
then left feed tank pressure), the candidate set was fur-
ther refined. Mode changes required the re-derivation of
the system models, and the computation of new signa-
tures to track system behavior. The qualitative scheme
reduced the candidate set to 4, and then the parameter
estimation scheme was invoked. This resulted in generat-
ing the correct fault hypothesis, and a correct estimation
of the faulty parameter.

4 Experimental Results

We demonstrate the effectiveness of our diagnosis
scheme on a real world example, the fuel system of
fighter aircraft (Fig. 1). The pumps are modeled as a
source of effort (pressure) with a transformation factor
that defines its efficiency. The pipes are modeled as
nonlinear resistances.

The diagnosis experiments used a controller sequence
provided by Boeing. The performance of the hybrid ob-
server in tracking the nominal data (with 3% noise)
through mode transfers is illustrated in Figure 5 for the
transfer manifold and left wing tank pressure measure-
ments. The dots represent the measured data and the
black line shows the observer estimates. A number of
diagnosis experiments were run for different noise values
and fault magnitudes (see [15] for details).

Table 2: Fuel System Diagnosability

WTPWTRTTP[TTRISPRIFTP|FTR
WTP| - | x [ V[NV IN|A
WTR| x | - [N |V V NN
TP N [ N |- [ x [NV
TIRI NV [ N x| - | ~N|N|N
SPRI YV | N [N [N |- NN
FTIP| V| N [N NN |- X
FIRIN [ VIV V[N x| -

Table 2 summarizes the different fault classes that can
be distinguished by our diagnosis algorithms. The fault
classes are as follows: (i) Wing Tank Pump (WTP), (ii)
Wing Tank Resistance (WTR), (iii) Fuselage Tank Pump
(TTP), (iv) Fuselage Tank Resistance (TTR), (V)
Switched Pipe Resistance (SPR), (vi) Feed Tank Pump
(FTP), and (vii) Feed Tank Resistance (FTR). The V
mark in row i and column j indicates that fault class i can
be distinguished from fault class j. The x mark indicates
that the current controller sequence and set of measure-
ments are not sufficient to distinguish between the pair in
question. From the table, we see that we cannot distin-
guish between tank pump faults and tank outlet pipe re-
sistance faults. However, this is true only for a pump ef-
ficiency (Tg-) decrease and pipe resistance increase (R+).
Since the pump efficiency cannot increase (no Tg+ fault),
pipe resistance decreases, R-, (i.e., leaks) can be uniquely
identified. All other classes of faults can be distinguished
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Figure 5: Transfer manifold and Left Wing Tank
Pressure

from one another. In some cases, the isolation may be
achieved only after mode changes occur.

5 Summary

In this paper we have presented an integrated approach
to solving the tracking, fault detection, isolation, and
identification tasks for hybrid systems. The novel contri-
bution of the presented work is the extension of continu-
ous system model-based diagnosis techniques to hybrid
systems. These include the hybrid observer that combines
an extended Kalman filter and hybrid automaton, hybrid
fault isolation through roll back and roll forward using
qualitative analysis, and the single parameter estimation
for further fault isolation and identification. Our work is
motivated by the requirements of the fault accommoda-
tion task, where diagnosis has to be performed online for
embedded systems during their operation. Hybrid diagno-
sis techniques directly apply to embedded systems and
else where [15]. We have also demonstrated through time
and space complexity analysis that our algorithms can be
applied to online analysis in resource constrained envi-
ronments.
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Abstract

Automated problem-solving for engineered devices
is based on models that capture the essential as-
pects of their behavior. In this paper, we deal with
the problem of automatically abstracting behavior
models such that their level of granularity is as
coarse as possible, but still sufficiently detailed to
carry out a given behavioral prediction or diagnos-
tic task. A task is described by a behavior model,
as composed from a library, a specified granularity
of the possible observations, and a specified gran-
ularity of the desired results. The goal is to de-
termine partitions for the domains of the variables
(termed qualitative values) that are both necessary
and sufficient for the task at hand. We present a
formalization of the problem within a common re-
lational (constraint-based) framework, present re-
sults regarding solutions to task-dependent quali-
tative domain abstraction, and devise methods for
automatically determining qualitative values for a
device model.

1 Introduction

Model-based systems ([Hamscher et al., 1992; Weld and de
Kleer, 1990]) represent knowledge about the structure and be-
havior of a physical system in terms of a behavior model,
and use it to support engineering tasks such as behavior pre-
diction, diagnosis, planning and testing. When constructing
model-based systems, one of the most difficult parts is mod-
eling the device. A fundamental idea to support and facilitate
modeling is to compose models from model fragments, that
is, re-usable elements of knowledge about a device that can
be organized in a library ([Falkenhainer and Forbus, 1991]).
This requires that model fragments have to be formulated,
as far as possible, in a generic way and independent of their
specific application context. However, it also means that in-
formation about the task a model will be used for cannot be
anticipated in the model fragments.

But a model needs to be suited for the problem-solving
task at hand in order to provide an effective and efficient
solution to it. Using always the most accurate and most
detailed model available may make the respective problem-
solving task intractable, or at least unnecessarily complex and
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resource-consuming. For instance, for the task of diagnosing
a device in an on-board environment, it is crucial to have a
model that focuses only on those aspects that are essential to
the goal of discriminating between its normal and faulty be-
havior. Any unnecessary details that are not relevant to this
task impair its ability to meet the stringent time and space re-
quirements of this application. In general, models straightfor-
wardly composed from a library tend to be either inefficient,
because they are overly detailed (that is, too fine-grained), or
ineffective, because they are not detailed enough (that is, too
coarse-grained) for the task they will be used for.

The approach pursued in this paper is therefore to auto-
matically re-formulate a behavior model, after it has been
composed, to a level of abstraction that is adequate for the
specified task. We focus on the abstraction of the domains of
variables, that is, the problem of deriving sets of meaningful
qualitative values. Although some work has been carried out
on finding qualitative values within a specific context, such as
simulation ([Kuipers, 1986]), the general problem of charac-
terizing and systematically deriving qualitative values for an
arbitrary relational (constraint-based) behavior model is a rel-
atively unexplored area. However, much of the work in quali-
tative reasoning about physical systems ([Weld and de Kleer,
1990)) relies on this type of abstraction. The resolution of a
behavior model's domains has a strong effect on the size of
the model, the efficiency of reasoning with the model, and
the size of the solutions. Furthermore, within an on-board or
real-time setting, the number of qualitative values determines
how many of the observations will be qualitatively different,
and therefore it influences the frequency at which reasoning
has to be initiated at all.

1.1 Example

Consider, for example, the system depicted in figure 1. The
device is a simplified version of a pedal position sensor used
in a passenger car. Its purpose is to deliver information about
the position of the accelerator pedal to the electronic control
unit (ECU) of the engine management system. The ECU uses
this information to calculate the amount of fuel that will be
delivered to the car engine.

The pedal position is sensed in two ways, via the poten-
tiometer as an analogue signal, v,,¢, and via the idle switch as
a binary signal, v5¢cp. The idle switch changes its state at a
particular value posyisching Of the mechanically transferred
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Figure 1: The Pedal Position Sensor

pedal position. The reason for the redundant sensing of the
pedal position is that the signals v,o; and vgqytcpn, are cross-
checked against each other by the on-board control software
of the ECU. This plausibility check is a safety feature of the
system, in order to avoid cases where a wrong amount of fuel
injected evokes dangerous driving situations.

Assume we want to perform the plausibility check between
the electrical signals vpo; and v,ys¢cp, automatically by the
means of a behavior model of the system. For the potentiome-
ter model fragment, this requires a distinction in the domain
of v, that corresponds to the switching point pos,yitching
of the switch. This is the only distinction in this domain that
is required for the purpose at hand.

The problem is that this particular distinction cannot be an-
ticipated in a generic model fragment of the potentiometer
component, because it would not make any sense in a dif-
ferent structure. It is only the specific combination of the
potentiometer and the switch together with the pursued task
that requires this distinction. In contrast, other tasks such as
control or design might require more detailed domains that
would allow to relate the position of the switch to particular
potentiometer voltages.

The problem is important, because it impairs the idea of
using a model of the pedal position sensor as a common basis
for different tasks. For engineered systems, it is typical that
several tasks along the product's life cycle — such as fail-
ure modes and effects analysis (FMEA), on-board diagnos-
tics development, generation of repair manuals or workshop
diagnosis — share a significant amount of common knowl-
edge about the behavior of the system under consideration.
It would be inacceptable having to manually create models
from scratch that are tailored to each of these tasks.

2 Task-dependent Distinctions

The example above has confronted us with the problem that
simply picking model fragments from a library and compos-
ing the model is not enough. It is infeasible, in general, to an-
ticipate the required granularity in the domains of variables.
Therefore, the ability to transform the domains to the right
level of abstraction after composing the constraints of the
model is a highly practical requirement. It means grouping
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together those domain values whose distinction is irrelevant
for the task at hand.

The core idea of distinctions between domain values be-
ing redundant is captured by the concept of interchangeabil-
ity, first proposed by Freuder ([Freuder, 1991]). For a con-
straint satisfaction problem that consists of a set of variables,
domains and constraints on these variables, two values val;,
val, of a variable v are said to be fully interchangeable, if for
any solution where v = valy, substituting v = vals produces
another solution, and vice versa. That is, solutions involving
valy (vals) are identical to solutions involving vals (valy)
except for the value val; (vals) itself.

Interchangeable values define equivalence classes on the
domains of the variables, and grouping them together corre-
sponds to an abstraction of the constraint satisfaction problem
that exactly preserves the set of its solutions. Freuder and
Sabin ([Freuder, 1991], [Freuder and Sabin, 1995]) already
observe that interchangeability is related to abstraction and
the formation of “semantic groupings” within the domains
of variables. However, it is also known that in practice, in-
terchangeability of domain values does not occur very fre-
quently.

A model-based problem solving task, such as behavioral
prediction or diagnosis, can be cast as an instance of a con-
straint satisfaction problem. However, it is particular in two
respects:

(1) the input consists not only of the model, but also of the
observations that it is confronted with, such as measure-
ments, hypothetical situations, etc. Typically, observa-
tions are restricted because not all of the variables in the
device model are observable, or because domain values
cannot be observed beyond a certain granularity.

(2) the output involves not all feasible assignments of do-
main values to variables, but only certain aspects of the
solutions are required. Typically, we might be interested
in knowing whether values remain below or exceed a
certain threshold, or what the values of mode variables
of components are (for a diagnostic task), etc.

The idea pursued in this paper is to generalize the basic prin-
ciple of interchangeability, leveraging on this specific context
of a model-based problem solving task. The notion of a task
is captured as (1) observable distinctions that express what
inputs to the problem solving process (for example, observa-
tions) can occur, and (2) rarget distinctions that express what
aspects of the outcome we are after. They can be exploited to
obtain so-called induced abstractions — domain abstractions
that go beyond the low, generic level of interchangeability,
but are still adequate for the given task.

We pursue the approach in the context of general, rela-
tional models that are not limited to restricted cases such as
linear relationships or monotonic functions. A relational (or
constraint-based) behavior model is a subset

R C DOM(v) = DOM (v1)x DOM (va)x...x DOM (vy,)

that restricts the possible combinations of values for the vari-
ables v = (v, va, ..., v,), where DOM (v;) denotes the do-
main of a variable v;. We use join (<), projection (IT), and
selection (o) as operators on relations.
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Consider again the device shown in figure 1. Assume that
the domain is

{I0V.2V), [2VA4V), [4V,6V), [6V.8V), [8V,10V)}
for variables involving voltage and
{0%, 20%, 40%, 60%, 80%, 100% }

for variables involving position, and that the only parameter
in the system, pos,yitching, €quals 40%. Then the device can
be modeled by a relation R that consists of 10 tuples:

Upot POSitiOn Uswitch
[0V,2V) 0%, 20% [0V,2V)
[2V,4V)  20%,40% [0V,2V)
[4V,6V)  40% [0V,2V)
[4V,6V)  60% [8V,10V)
[6V,8V)  60%,80%  [8V,10V)
[8V,10V) 80%, 100% [8V,10V)

Observable distinctions reflect the measurement granular-
ity or incomplete observability of variables. An observable
distinction for a variable is expressed as a partition of its do-
main:

Definition 1 (Observable Distinction) An observable dis-
tinction for a variable v;, denoted 75 ;, is a partition of its
domain DOM (v;).

A variable v; is not observable at all if 7., ; is equal to
the trivial domain partition ¢,y ; := {DOM (v;)}. For in-
stance, the fact that for the pedal position sensor, the control
unit observes the signal vy,; and the signal vy ;¢c, can be
expressed by the observable distinction

Tobs,vper = LLLOV.2ZV) |, ..., {[8V,1I0V)} ],
Tobs vewiren = 1LLOV:2V) 1, ..o, {[8V,10V)}},

whereas all other variables receive the trivial domain parti-
tion.

Target distinctions reflect the granularity of solutions we
are after. Analogously to observable distinctions, target dis-
tinctions are expressed as domain partitions:

Definition 2 (Target Distinction) A target distinction for a
variable v;, denoted Ti.rq:, IS a partition of its domain
DOM (vz)

A variable v; is said to have no target partition, if m;4,4 ;
is equal to the trivial partition. For instance, the target dis-
tinctions for the pedal position sensor are determined by the
goal to distinguish between the domain values for the variable
vswiten (the plausibility check itself is not represented in the
model):

Ttargwewiven = 11LOV:2V) 1, ..., {[8V,10V) }}.

2.1 Domain Abstractions

A domain partition m; can also be understood as a domain
abstraction

7 - DOM (v;) = DOM'(v;) C 2POM @)

that maps elements val from a base domain DOM (v;) to a
transformed domain DO M’ (v; ) that consists of sets of values
from the base domain such that val € 7;(val). Abstractions
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can be straightforwardly extended from single values to sets
of values, by taking the union of the resulting sets. For two
abstractions 7; and 7/, 7; is a refinement of 7/, if

Yval € DOM (v;) : 7 (val) C 7/(val).

Two abstractions 7;, 7;' are comparable, if 7; is a refinement
of ;' or ;' is a refinement of ;. We apply the notion of
refinement and comparability equally to abstractions and do-
mains. A vector of domain abstractions is denoted

T=(m1,T2,...,Tn).

A domain abstraction 7 is a refinement of 7/, if every 7; is a
refinement of 7/. Two abstractions 7, 7’ are piecewise com-
parable, if every 7; is comparable with 7/. If a join opera-
tion combines two relations that are defined on different, but
piecewise comparable domains, we define, for convenience,
that the result is a relation over the finer domains.

3 Qualitative Abstraction Problems

Given this representational apparatus, we can now formally
define the problem of task-dependent qualitative abstraction.

Definition 3 (Qualitative Abstraction Problem) Let R be
a relational behavior model, OBS a set of external restric-
tions, Tqps a domain abstraction defined by observable dis-
tinctions, and Tiqr4 a domain abstraction defined by target
distinctions. The qualitative abstraction problem consists of
finding an induced domain abstraction T;,q such that:

(1) (Adequacy) For all external restrictions Rys € OBS,
Robs g DOM(U)’

Trarg(R 2 Tops (Robs)) =
Trarg(Tind(R) 54 Tind(Tobs (Robs))).

(2) (Simplicity) If T;nq is a refinement of a domain abstrac-
tHon Ting' and Ting' fulfills (1), then Tinqg = Tind'-

The first condition (adequacy) states that the abstracted
model 7;,4(R) derives a solution on the level of target dis-
tinctions, if and only if the original model R derives the same
solution on the level of target distinctions. We require this
to hold for all the possible external restrictions (actual obser-
vations, design specifications, etc.) on the level of observ-
able distinctions. This guarantees that for any external re-
striction that can occur, the abstracted model will yield the
same results as the original model. That is, if we apply T4
before carrying out our problem-solving task, it won't affect
the result because this abstraction incorporates all the distinc-
tions that are necessary for this task. As a consequence, we
can substitute the abstracted model 7;,,4(R) for the original
model R in problem solving.

In general, there may be many domain abstractions that ful-
fill the adequacy criterion. In particular, the identical domain
abstraction 7;4 that retains all the distinctions in the model
is an adequate abstraction according to the definition. How-
ever, among all adequate abstractions, we prefer those that
are the “simplest” ones. Simplicity of an adequate abstrac-
tion is defined in the second condition of definition 3. The
approach taken is to select the abstractions that are coarsest
in the sense that there exits no other adequate abstraction of

DIAGNOSIS



which they would be a strict refinement (an abstraction that
would further merge at least two of the qualitative values). A
domain abstraction that is both adequate and simple incorpo-
rates only distinctions that are both necessary and sufficient
according to the target and observable distinctions. It rep-
resents a level of abstraction that neither makes any unnec-
essary distinctions, nor abstracts away any distinctions that
are crucial to solve the problem. Definition 3 thus formal-
izes the problem of finding qualitative values for the domains
of variables. Compared to interchangeability, which is con-
cerned with possibilities for abstraction within a single prob-
lem instance only, a qualitative abstraction problem (QAP)
describes a whole class of instances defined by a model re-
lation, a set of external restrictions, and the task-dependent
distinctions. Interchangeability enforces that the set of so-
lutions remains the same as for the original model. A QAP
generalizes (or relaxes) this basic principle and demands that
the set of solutions remains the same but only on the level of
target distinctions, and only for inputs on the level of observ-
able distinctions.

Definition 4 (Properties of QAP) A QAP with a set of ex-
ternal restrictions OBS is said to be obs-complete, if
{Tobs(Robs) | Rops € OBS} = 2Ters(POM®)) [t jg
said to be sol-complete, if for all v;: Tiarg i (DOM (v;)) C
Hi({Ttarg(R B T obs (Robs)) | Robs S OBS})

Obs-completeness means that all the possible observations
on the level of observable distinctions can actually occur or
have to be considered during problem-solving (consequently,
induced abstractions can be derived without knowing the ex-
act set O B.S). Sol-completeness means that all the possible
solutions defined by the target distinctions can indeed be dis-
tinguished based on the model and the external restrictions. In
addition, we demand that 7,4, and 74,4 are piecewise com-
parable. Note that this is not actually a restriction, because it
can be established for any QAP by possibly introducing ad-
ditional variables that separate the target and observable dis-
tinctions.

Intuitively, under these conditions, we expect that we have
to keep all the target distinctions, because we need them to
distinguish the solutions, but we can eliminate the distinc-
tions between observations that would lead to the same set of
solutions. If QAP is obs-complete, the T 455 ( Rops ) are given
by the possible subsets of 745 (DOM (v)). For each tuple
valop; i € Tops (DOM (v)), define R, o5 ; to be the solu-
tion it derives on the level of target distinctions:

Rsol,obs,j = Ttarg(R > valobs,j)~

Let Rops 5 denote the sets of val,y; ; that obtain the same
solution, i.e. those for which ;o o1, ; 1S equal:

Robs,k = U

JiRsol,0bs,j=Rsot,0bs,k

valobsyj.

Then the R, ; form the elements of a partition of
Tobs (DOM (v)):

E(Ra T obs Ttarg) = U{Robs,k}~
k
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Figure 2 shows the resulting partition X(R, Tobs, Ttarg) for
the pedal position sensor example, given the observable and
target distinctions stated in Sec. 2 (all variables except vp,;
and vt have no distinction and have been omitted from
the figure; values [2V,4V), [4V,6V) and [6V,8V) for vsyitcn
do not appear in R and have been omitted from its domain).

Upot

Timd | [8V,10V)
6V.8V)
[V 6V)
2V AV)

0V,2V)

Vswitch

0V,2V)

[8V,10V)

Figure 2: Partition X(R, Tobs, Ttarg) for the pedal position
sensor example. The partition consists of four elements num-
bered 1, 2, ..., 4. Applying theorem 1 yields the distinctions
for vy, shown on the left-hand side of the figure.

Theorem 1 (Solution to QAP) Let QAP be a qualitative ab-
straction problem that is obs-complete and sol-complete. Let
TrIA,i be the domain abstraction that aggregates the in-
terchangeable values of a relation A, that is, two values
valy,valas € DOM (v;) are combined if

o\ (03 (0vizvaty (V) = T (0,3 (Tvizvat; (M)

Then the simplest domain abstraction that is a refinement of
Ttarg,; and every domain abstraction

TFI A where A € E(R, T obs Ttarg)
is an induced abstraction for QAP.

For the pedal position sensor example, Theorem 1 derives
three qualitative values for v,,; (see Fig. 2):

{{I0V,2V),[2V4V)}, {[4V,6V)}, {[6V.8V),[8V,10V)}}.

The first qualitative value {[0V,2V),[2V,4V)} corresponds
to situations where v;y5:cp €quals ground voltage, the third
qualitative value {[6V,8V),[8V,10V)} corresponds to situa-
tions where v;q4¢cp €quals battery voltage, and the second
qualitative value {[4V,6V)} corresponds to situations where
the position of the switch and, hence, the voltage of vsyitch,
is ambiguous.

Theorem 1 shows that the basic concept of interchangeabil-
ity plays a central role in the determination of solutions to a
qualitative abstraction problem. In particular, the problem of
finding interchangeable values in a relation can be recast as
a special case of a QAP, where one distinguishes only empty
from non-empty solutions:
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Corollary 1 (Interchangeability as QAP) Let QAP =
(R, Tobs, Ttarg) be an obs-complete qualitative abstraction
problem such that T .55 = Tid, Tiarg = Ttriv- 1hen Trr R ; 1S
an induced abstraction for QAP.

In general, however, the granularity of induced abstrac-
tions is different from the granularity of interchangeable val-
ues. T;,4 can be either more coarse or more fine-grained than
7 rr, r- The latter case occurs if target distinctions are speci-
fied between domain values that are interchangeable with re-
spect to the model relation.

Theorem 1 constitutes also a starting point for finding use-
ful approximations of qualitative values. One approach is
to use only necessary conditions for interchangeability. In
order for two domain values to be aggregated by Tpy a,
it is necessary that they appear in the same elements of
E(Ra T obs, Ttarg):

Proposition 1 (Approximate Solution to QAP) Letr QAP
be a qualitative abstraction problem that is obs-complete and
sol-complete. Let T,p, ; be the simplest domain abstraction
that is a refinement of Tyurg,; and every domain abstraction

Trr,a,; where A =11, (A), A € X(R, Tobs, Ttarg)-
Then the induced abstractions are a refinement of Tapp ;.

The approximation T ,,, considers only the projection of
each A on the individual variables. This yields a granularity
that is simpler than or equal to the induced abstractions. For
the pedal position sensor example, the distinctions derived by
Tapp,; are identical to those derived by Theorem 1. Obtaining
Tapp,i 18 €asier than determining 7;,4;, because it involves
only the projection and intersection of sets and does not re-
quire to determine the interchangeable values in A. However,
because it considers only restrictions for individual variables,
the approximation 7, is not adequate. In general, a restric-
tion might lead to a different solution only if it is combined
with additional restrictions for the other variables.

4 AQUA: A Prototypic System for
Task-dependent Domain Abstraction

The computation of induced abstractions for a QAP in-
volves, based on the results above, the subproblems of
constructing the model relation 12, computing the partition
Y(R, Tobs, Ttarg), and determining interchangeable values
within the elements of this partition.

Our prototypic system AQUA (Automated Qualitative Ab-
straction) ([Sachenbacher, 2001]) determines the relation R
through structural decomposition of the constraint network
that is defined by the set of model fragments it is com-
posed of. The basic principle of structural decomposition
([Gottlob et al., 2000]) is to transform a constraint network
into an equivalent acyclic (tree-structured) instance. AQUA
then iterates over the partition elements of the observable
and target distinctions and labels the tuples of the relation
R that are consistent with the respective partition elements.
Since directional arc consistency is sufficient for establish-
ing consistency in a tree-structured network ([Dechter and
Pearl, 1988]), this step can be performed efficiently by lo-
cal constraint propagation. This step yields the partition
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Y(R, Tobs; Ttarg)- Interchangeable values in the partition el-
ements of X(R, Tobs, Ttarg) can then be found using the ba-
sic algorithm described in [Freuder, 1991]. Alternatively, the
partition elements can be projected on the individual variables
to obtain the approximate solution. AQUA also performs fur-
ther optimizations in that it can automatically remove redun-
dant values (domain values that do not appear in any con-
straint) and eliminate variables that have no distinction at all.
The decomposition step is independent of the particular task
in terms of observable and target distinctions; hence, the re-
sulting tree can be re-used for different combinations of ob-
servable or target distinctions.

AQUA builds on components of an existing model-based
reasoning framework that consists of a development system
for composing a device model from of a library of model
fragments, and a runtime system for performing behavioral
prediction and diagnosis based on actual measurements for
the device. Using AQUA, several tasks can be supported
in the context of building model-based systems that are of-
ten carried out manually or solved on an ad hoc-basis. The
common theoretical basis is to find suitable domains for the
variables in a model. However, in different contexts this ba-
sic task can have different interpretations, depending on what
the terms variable and domain refer to, including magnitudes,
modes of components, and deviations from reference behav-
iors ([Sachenbacher, 2001]).

In a larger, real-world application taken from the automo-
tive domain [Sachenbacher et al., 20001, AQUA was used
to obtain abstractions of behavior models of a turbo con-
trol subsystem that involved several hundred (initially, real-
valued) variables. The qualitative level of abstraction of the
derived model was instrumental to meet real-time require-
ments, and allowed for keeping up with the rate of the mea-
surements in an on-board diagnostic context. In this context,
task-dependent abstraction proved useful as a precompilation
method that guaranteed adequacy of the results.

5 Discussion

While several pieces of work have addressed the problem
of automatically deriving appropriate models ([Nayak, 1994;
Levy et al., 1997; Rickel and Porter, 1997]), the work pre-
sented here is distinctive in that it focuses specifically on the
granularity (resolution) of the domain values, and uses rela-
tions and partitions as a common and concise representational
framework. This has several important implications.

The narrowed focus allows us to represent the space of pos-
sible candidate models implicitly and compactly as the space
of possible domain partitions. In contrast, [Nayak, 1994;
Rickel and Porter, 1997] define this space as the possible
combinations of model fragments. Candidate models are
then defined by different choices (selections) of possible frag-
ments. Because in our framework, the difference between
different candidate models is well-defined (by means of op-
erators 7;), we can in contrast take on the view of transform-
ing (re-formulating) models instead of selecting them. The
general relational representation subsumes both infinite and
finite constraints, and is not limited to specific types of con-
straints and special-purpose reasoning methods. It allows
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us to capture the conditions for a solution in a single, con-
cise formula (Definition 3) and, more importantly, allows
to determine the solutions analytically and in closed form
(Theorem 1). In contrast, [Nayak, 1994; Levy et al., 1997;
Rickel and Porter, 1997] all devise search procedures that
start from an initial model and backtrack until they find a so-
lution. In general, it can be said that our limited scope al-
lows us to assume a less knowledge-based, more mathemati-
cal view of automated modeling.

QSIM ([Kuipers, 1986]), a system for performing quali-
tative simulation of device behavior over time, incorporates
methods for refining the domains of variables by deriving
new distinctions (“landmarks”) during the simulation pro-
cess. However, except for signs, the mapping of qualitative
values to their base domain is only partially known, since
only information on the ordinal relationship and knowledge
about values that must be assumed simultaneously (‘“corre-
sponding values”) is provided. Therefore, the derived distinc-
tions can in general not be used to simplify the model. Ex-
tensions of QSIM that deal with semi-quantitative reasoning
[Berleant and Kuipers, 1997]) allow to further constrain the
landmark values to numeric intervals, but are specific to the
context of simulation, and the constraints are limited to alge-
braic relationships and monotonic functions. For the specific
task of diagnosis, Torasso and Torta [Torasso and Torta, 2002]
recently presented an approach for merging together behav-
ior modes that are indistinguishable, given the granularity of
the observations. However, the method does not incorporate
a notion of target distinctions.

While the theory of task-dependent domain abstraction is
applicable both to finite and infinite domains, an important
area for future work is to efficiently derive induced abstrac-
tions for real-valued base models. [Sachenbacher, 2001] out-
lines a method for iterative refinement of qualitative values
given a real-valued base model. [Struss, 2002] investigates
cases where distinctions can be obtained for monotonic re-
gions of real-valued functions.

6 Conclusion

The increasing complexity of engineered devices has lead to
an increased demand for computer-supported behavior pre-
diction, diagnosis, and testing. Given the maturity and scale
of model-based systems applications, the question of how to
re-use behavior models is of growing interest. It has been
shown that a model composed from a library cannot be ex-
pected to have a level of granularity suitable for different
tasks right away. Instead, the ability to re-formulate the
model after composing it is a crucial requirement. We iden-
tified, within a common relational framework, fundamental
properties of re-formulation that is based on abstraction of
domain values. Observable distinctions and target distinc-
tions allow to capture important aspects of a task. They are
the starting point for deriving qualitative values that are both
adequate for the task and as simple as possible. Our analy-
sis reveals that the degree of domain abstraction that can be
achieved is strongly dependent on the characteristics of the
task. Task-dependent qualitative domain abstraction is a con-
tribution to further bridging the gap between quantitative and
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qualitative modeling, as it allows to express knowledge about
component behavior without being committed early to a spe-
cific abstraction level of the domains. It can help to make
model-based system more efficient and more cost-effective
due to automating steps that are currently done by hand.
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Abstract

Decomposition methods are used to convert general
constraint satisfaction problems into an equivalent
tree-structured problem that can be solved more ef-
fectively. Recently, diagnosis algorithms for tree-
structured systems have been introduced, but the
prerequisites of coupling these algorithms to the
outcome of decomposition methods have not been
analyzed in detail, thus limiting their diagnostic ap-
plicability. In this paper we generalize the TREE*
algorithm and show how to use hypertree decom-
position outcomes as input to the algorithm to com-
pute the diagnoses of a general diagnosis problem.

1 Introduction

The development of effective algorithms for diagnosing large
and complex systems remains one of the key issues in model-
based reasoning. Nonetheless, apart from various additional
optimizations and control strategies (e.g., [de Kleer, 1991])
the main architectures for consistency-based diagnosis sys-
tems, TMS [de Kleer and Williams, 1987] and hitting sets
computation [Reiter, 1987], have remained remarkably sta-
ble since the late 1980s. Over the last years though, a num-
ber of algorithms were published that exploited advantageous
structural properties of the systems to be diagnosed for sig-
nificant computational speedups [Fattah and Dechter, 1995;
Stumptner and Wotawa, 2001], enabling the very fast diagno-
sis of large tree-structured systems.

It was recognized early on that the combination of tree-
oriented algorithms could in principle be combined with a
second class of algorithms aiming at the decomposition of
cyclic problems to equivalent tree-structured problems so that
the faster solution algorithms could be brought to bear [Fat-
tah and Dechter, 1995; Darwiche, 1998]. Again, this direction
profits from recent new results relating the different decom-
position algorithms [Gottlob et al., 2000] and analyzing their
performance [Gottlob et al., 2002]. This paper joins the two
strands by tying the link between the recent work on prob-
lem decomposition and the TREE™ algorithm [Stumptner and
Wotawa, 2001].

*This work was partially supported by the Austrian Science Fund
(FWF) under project grants P15163-INF and P15265-INF.
T Authors are listed in alphabetical order.
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This combination is aided by the fact that both subar-
eas tend to use Constraint Satisfaction Problems (CSPs) as
their representation of choice. The diagnosis computation
work [Fattah and Dechter, 1995; Stumptner and Wotawa,
2001; Mauss and Tatar, 2002] focuses on the relational com-
bination of the different constraint relations, while the prob-
lem reformulation work views CSPs as (often cyclic) hyper-
graphs that are broken down into tree structures.

A CSP (V, D, C) comprises a set of variables V', their do-
mains D, and a set of constraints C'. A constraint C; is tuple
(Si, T;) where S; C V' is its scope and T is a set of tuples of
values for the variables in S;. We assume two functions tpl
and scope on constraints that return the set of tuples and the
scope respectively. Each constraint C; restricts the possible
values of the variables with respect to values of other vari-
ables in the same scope.For example, the digital circuit from
Figure 1 can be represented by the following constraints*:

Ny No
a f g b h
1 1 1 0 0 O
0 0 O 0 1 1
1 0 1
1 1 1

N3 Ny
g ¢ i h 1
0 0 O 0 0 O
0 1 O 0 1 1
1 0 O 1 0 1
1 1 1 1 1 1

A solution of a CSP is an assignment of values to all vari-
ables that satisfy the given constraints. All values must be
elements of their variable’s domain. The variable assignment
b=1a=0,c=0,f=0,g=0,h=1,i=0,7=1isa
solution for the above CSP whereasb = 1,a =0,¢ =0, f =
0,9 =0,h =1,i =0,7 = 0is not because constraint N is
not satisfied.

A standard approach for computing solutions for CSPs are
backtracking algorithms, which are in the worst case expo-
nential in the number of variables. However, for a specific

!Note that not all constraints are components, N; is the tabular
representation of an equality constraint between connections).
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Figure 2: A hypergraph representing the constraints

class of CSPs a solution can be computed in polynomial time.
This class comprises all CSPs that have an acyclic corre-
sponding hypergraph?. A hypergraph of a CSP can be eas-
ily constructed by mapping all variables of the CSP to ver-
tices and the constraint scopes to hyperedges. A CSP with an
acyclic hypergraph can be solved effectively in a backtrack-
free manner by first traversing the graph from the leafs to
the root and computing possible value tuples and secondly,
traversing the graph from the root to the leafs and selecting
one tuple of a node as a solution. The hypergraph correspond-
ing to Fig. 1 is cyclic (see Figure 2).

In the rest of the paper, we recapitulate decomposition
methods, present a version of TREE* that fits these meth-
ods, show the interaction of decomposition and TREE*, and
present an extension to the algorithm that can be used with
extended domains as presented in [Mauss and Tatar, 2002].

2 Decomposition methods

Several different decomposition methods have been pub-
lished, most recently the hypertree decomposition method
[Gottlob et al., 1999a]. This and other structure-based de-
composition methods make compute a tree-structured sys-
tems from general CSPs by elimination of cycles from the
CSP. A cycle can be eliminated by applying the relational al-
gebra join operation to the constraints on the cycle. However,
blindly joining all constraints in the cycle can result in expo-
nential costs for computing the tuples of the joined constraint,
and a key property of the different decomposition methods is
the different techniques they use to select the constraints to
be joined. Gottlob et al. [2000] compared different decompo-
sition methods with respect to their width, i.e., the maximum
number of constraints to be joined, and found that hypertree
decomposition is superior with respect to the width. Since hy-
pertree decomposition can be seen as a generalization of the

2A hypergraph (N, E) consists of a set of vertices N and a set
of hyperedges E such thate C N foreache € F
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other techniques, we restrict our examination here to hyper-
tree decomposition. Note that the result of a decomposition
method is always a hypertree.

In [Gottlob et al., 2000] hypertree decomposition is char-
acterized as follows. A hypertree of a hypergraph H isatriple
(T, x,\), where T' = (N, E) is a rooted tree with vertices NV
and edges E, y and A are labeling functions which associate
to each vertex p € N a set of variables A(p) C var(H) and a
set of constraints x(p) C edges(H). We further define y for
asubtree 7" = (N', E") of T as x(T") = U,en» x(v), and
for any p € N, T}, denotes the subtree of 7" rooted at p. We
denote the root of a hypertree by root(T) .

Based on the above definitions, the hypertree decompo-
sition of a hypergraph H is defined as a hypertree HD =
(T, x,\) where T = (N, E) which satisfies the following
conditions:

1. Foreach edge h € edges(H ), there exists ap € N such
that var(h) C x(p).

2. For each variable Y € var(H), the set {p € N|Y €
X(p)} induces a connected subtree of T'.

3. Foreachp € N, x(p) C var(A(p)).
4. Foreach p € N, var(A(p)) N x(Tp) C x(p).

Moreover, we say that h € edges(H) is strongly covered
in H D ifthere exists a vertex p € N such that var(h) C x(p)
and h € A(p). A hypertree decomposition H D of a hyper-
graph H is a complete decomposition of H if every edge of H
is strongly covered in H D. Note that it is always possible to
make an incomplete decomposition complete by adding new
vertices to the decomposition. Gottlob et al. [1999b] gave
an algorithm for computing (complete) hypertree decomposi-
tions.

Note that unlike other decomposition methods such as bi-
connected component decomposition and hinge decomposi-
tion, there is in general no unique hypertree decomposition
of a given CSP. Figure 3 shows four possible hypertree de-
compositions for the hypergraph depicted in Figure 2.

3 Diagnosiswith TREE*

To be self contained we briefly recapitulate the TREE* algo-
rithm. Stumptner and Wotawa [2001] introduced the TREE*
algorithm as an extension of the TREE algorithm. Both al-
gorithms work on tree-structured constraint systems. As op-
posed to TREE which requires the constraints to be mathe-
matical functions, TREE* imposes no limitations on the con-
straints. TREE™* uses the following auxiliary functions asso-
ciated to constraints: constr denotes all tuples of the con-
straint. val denotes the tuples remaining after the application
of TREE*. diags denotes the diagnoses that correspond to
a given tuple. Accordingly, a CSP that is to be used for di-
agnosis purpose has to represent not only the tuples for each
constraint but also the diagnoses that correspond to each tu-
ple. For example, the small circuit from Figure 1 can be rep-
resented by the following CSP:
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Figure 3: Alternate hypertree decompositions of Figure 2

N1 NZ
a f g/ diags f b h diags
11 17 {{}} 0 0 0 1
0 0 0] {{}} 0 1 1 HH
1 01 HH
111 H
X X X | {{N2}}

N3 N4
g ¢ i diags h 1 ] diags
0 0 0 Iegy! 0 0 0 "
0 1 0 {n 0 1 1 "
1 00 "y 10 1 1
1 1 1 {n 111 1
x x x| {{Ns}} X X X | {{Na}}

The tuples of form <x x... x> in the above tables are in-
tended to match all tuples that are not explicitly given in the
table. Note that the constraint /V; represents a connection and
is therefore assumed to be always correct. Hence, it always
returns the empty set as a diagnosis.

The original description of the TREE* algorithm was
based on the underlying assumption that the leaf vertices of
the tree correspond only to one diagnosis component. This as-
sumption has an impact on the description of the algorithm,
but not on the empirical results. If the constraints given to
the algorithm do not satisfy this requirement, diagnoses of a
size (i.e., number of faulty components) larger than specified
might be returned because there is no way to remove these
diagnoses from the set of tuples. The requirement did not
constitute a hindrance since [Stumptner and Wotawa, 2001]
did not deal with CSPs resulting from decomposition. To
explicitly generalize TREE™* to interact with decomposition
algorithms, we here present a modified version that removes
this requirement.

The following operations are used by TREE*: semi-join
(x) for constraints, Cartesian product (x) for combining
two sets of diagnoses, i.e., DSy x DSy = {d; U dz|dy €
DSy Ady € DS»}, and cardinality restriction (|) for remov-
ing diagnoses from a set of diagnoses with a size greater than
the given value, i.e., DS|s = {d|d € DS A |d| <= s}.
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Algorithm TREE* (H D, p, diagSze)

Computes all diagnoses up to a pre-specified size for a given
tree-structured diagnosis system.

Input: A decomposition H D with edges E, the root vertex p,
and the pre-specified diagnosis size diagSize.

Output: The diagnoses for each value tuple.

(1) V <« constr(p) x observed(p)
(2) forseVdo

(3) diags(s) < diags(s)|diagSize
4) if diags(s) = () then

(5) V<V {s}
(6) end if
(7) endfor

(8) for (p,q) € Edo

(9)  TREE*(q)

(10) V « V x val(q)

(11) for s € V,t € val(q) such that s, ¢ join do

(12) diags(s) « (diags(s) x diags(t))|diagSize

(13) if diags(s) = 0 then
(14) V«V\{s}
(15) end if

(16) end for

(17) end for

(18) wal(p) <V

The TREE™* algorithm is called using the root p of the hy-
pertree, i.e., the result of a decomposition, as argument. After
execution, the computed diagnoses can be found in the diag
column of the tuples associated with the root p.

The TREE™* algorithm correctly computes all diagnoses up
to the given size if the following requirements are fulfilled:

1. Every constraint is at least used in one of tree vertices.
2. The induced subtree for every variable is connected.

Theorem 1 (Correctness) The TREE* algorithm correctly
computes diagnoses up to the pre-specified size.

Proof. The proof is by induction over the size of the tree.

Base step For each leaf of the tree only lines (1)-(7) and
(18) of TREE™* are executed. In these lines, all tu-
ples that contradict the given observations and all diag-
noses larger than the specified size are removed. Tuples
with no corresponding diagnoses are removed. These
steps do not prevent TREE* from computing a diagno-
sis. Hence, all diagnoses (up to the pre-specified size)
are computed for leafs.
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Hypothesis We assume that TREE* correctly computes di-
agnoses for trees of size smaller than n.

Induction step We now prove that TREE* correctly com-
putes the diagnoses for trees of size n. The steps (1)-(7)
only reduce the number of diagnoses. Tuples that con-
tradict the observations are removed. Diagnoses that are
larger than the pre-specified values are removed and tu-
ples with a corresponding empty diagnosis set are also
removed because they have no influence on the result. In
step (9) the TREE™* algorithm is called recursively. Be-
cause of our induction hypothesis, the algorithm returns
correct diagnoses for each tuple. It remains to prove that
the combination of these tuples with the tuple of the cur-
rent node is done correctly. Since every tuple that joins
(line (11)) is considered and since that every diagnosis is
combined with every diagnosis of the child vertices (line
(12)), this process must lead to a correct result. Hence,
TREE* correctly computes the diagnoses in step n as
well. O

Using the same arguments as above we can show that
TREE™* allows for computing all diagnoses providing that all
the diagnoses for each vertex of the hypertree are computed.
We omit the actual proof here.

Theorem 2 (Completeness) The TREE* algorithm com+
putes all diagnoses up to the pre-specified size.

The remaining issue now is to determine the conditions that
a decomposition method must satisfy in order to be used with
TREE*. Moreover, we examine the computation of the join
relation for those tree vertices that comprise more than one
constraint.

4 Decomposition and Joining of Constraints

As an example we take the hypertree decompaosition result
from Figure 3(b). In order to apply TREE*, we first have
to compute the tuples for the constraints that occur in one
vertex, e.g., { N2, N3}. The tuples can be computed by first
joining the constraints, and second computing the diagnoses
diags for each tuple of the joined constraint by combining
the diagnoses associated with the corresponding tuples of the
original constraints. The following algorithm computes the
join relation for the constraint of a hypertree vertex p.

Algorithm JoinRelation (p)

Computes thejoin for a hypertree vertex

Input: A hypertree vertex p.

Output; The constr and diags function of the vertex p.

(1) constr(p) < ¢y M ... X ¢, where {cy,...,c} = A(p).
(2) fort € constr(p) do

() diags,(t) < {{}}

4 for c € A(p) do

(5) if scope(c) C x(p) then

(6) diags,(t) < diags,(t) X diags.(Tscope(c)t)
) end if

(8) end for

(9) end for
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In the above algorithm the diags function is indexed with
the corresponding vertex of the hypertree or the correspond-
ing constraint. The function X stands for relational join and
w for relational projection. Diagnoses are only combined if a
constraint is fully captured by the given vertex of the hyper-
tree. Otherwise, it is not considered. Since every constraint
must be fully captured by at least one hypertree vertex, no
information is lost by this procedure.

For example, the join of constraints N, and N3 would lead
to the following constraint [V, N3] with 25 tuples (when re-
taining the ’x’ constants, and of course 64 otherwise):

f b hlg c i diags
0 0 0|0 0 O {{}}
0 0 0|0 1 O {{}}
0 0 0|1 0 O {{}}
0 0 01 1 1 {{}}
0 0 0[x x x {{Ns}}
0 1 1|0 0 O {{}}
0 1 1(]0 1 O {{}}
01 1|1 0 O {{}}
0 1 1|1 1 1 {{
0 1 1[x x x {{N3
1 0 1]0 0 O {{
10 1(0 1 0 {{}}
1 0 1/1 0 O {{}}
1 0 1]1 1 1 {{
1 0 1[x x x {{N3
T 1 1[0 0 O T
1 1 1(0 1 0 {{}}
1 1 1(1 0 O {{}}
1 1 1|1 1 1 {
1 1 1[x x Xx {{Ns
X x x|[0 0 0 {{N2}}
X x x|0 1 0 {{N2}}
X x x|1 0 0 {{N2}}
X x x|1 1 1 {{N2
x X x| x x x| {{N2, N3

If, as in this example, the join operation is a Cartesian Prod-
uct, the resulting relation is of course very large. However,
during the computation of diagnoses using TREE*, many tu-
ples can generally be eliminated because of the given obser-
vations and the pre-specified maximum diagnosis size.

To illustrate this, assume now that we have a set of obser-
vationsOBS = {a=1,b=0,c =1, j = 0} and that we are
searching only for single diagnoses, i.e., diagSize = 1. Us-
ing the decomposition from Figure 3(b) TREE™* is first called
with the vertex (constraint) [IV1]. After executing lines (1)
(7) (including the semijoin that results in the removal of tu-
ples that do not fit the operations) the constraint of [V4] is
given by:

diags

e

TREE™* is then recursively called on vertex [N2, N3,
resulting in the following relation, which is substantially
smaller than the computed join relation for this vertex, even
after all x entries of the original tables have been replaced
by either 0 or 1, while avoiding duplicated entries (first ta-
ble), then we again recursively call TREE* which leads to the
computation of the following relation for vertex [N 4] (second
table):

a f ¢
1 1 1
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f b hlg c i diags
0 0 0oJ]O 1 O {{}}
0 0 0|1 1 1 {{}}
0 0 0[O0 1 1] {{Ns}}
0 0 0|1 1 O] {{N3}}
1 0 1[0 1 O {{}}
1 0 11 1 1 {{}}
1 0 1[0 1 1] {{Ns}}
1 0 1|1 1 0] {{Ns}}
0 0 1[0 1 Of{{N:}}
1 0 00 1 0] {{N:}}
0 0 1|1 1 1| {{N2}}
1 0 01 1 1] {{N:}}

h 1 ] diags

0 0 0 {{}}

0T 0 {[N:

1 0 0] {{Ns}}

11 o {{Ni}

In the next step TREE* continues the computation at line
(10) for vertex [ N2, N3]. After combining the diagnoses and
removing the tuples with diagnoses larger than diagSize we
get the following relation for [No, N3]:

f b hjg c i diags
0 0 0[]0 1 O {{}}
0 0 0|1 1 1] {{N}}
0 0 01 1 of{{Ns}
1 0 1|0 1 O Ny
1 0 1)1 1 1] {{N,g}
1 0 0|0 1 O] {{N2}}
And finally for the vertex [N, ]:
a f g diags
1 1 1[{{N}}

Hence, only the diagnosis { N4} is a single diagnosis for
our example.

5 Puttingit all together

In order to make use of TREE* for general CSPs, we first
apply a decomposition method and then apply the algorithm
to the resulting acyclic problem. In this section we summarize
the requirements placed on the decomposition method.

Theorem 3 TREE* computes all consistent diagnoses for a
given (possibly cyclic) CSP (V, D, C), if it is applied to the
decomposition HD of (V, D, C) that was produced by a de-
composition method h with the following properties:

1. The decomposition result, i.e., a hypertree H D, must be
complete.

2. Theverticesthat use agiven variableY € V must form
a connected subtree of the hypertree HD.

Proof (sketch): We consider each condition in turn. As
discussed in the previous section, the decomposition method
must produce a complete decomposition, i.e., every constraint
must be strongly covered, as this is a prerequisite for the cor-
rect working of the join algorithm. Concerning condition 2,
assume that this condition were not satisfied, i.e., that for
some Y, {p € N|Y € x(p)} does not induce a connected
subtree. This implies either that (if we have no sub-tree of the
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resulting hypertree) the decomposition is not cyclic, or that
there exists a variable that is used in both sub-trees but not
in the parent. In the latter case, the process that computes a
solution cannot view the sub-trees as independent problems
any more, and TREE* will fail to compute a correct out-
come. The other conditions of the hypertree decomposition
can be relaxed without affecting the result. If condition 3 is
not obeyed, that means some nodes contain variables that are
not constrained. This may affect the efficiency of the algo-
rithm (because the node relations include a cartesian product
with the values of those variables) but not the correctness. If
condition 4 is not obeyed, this means that some variable z
such that z € x(p) for a vertex p € N is not contained in the
constraint associated with p, i.e. in relational terms z has been
projected away. This means that some subtree of 7" is going
to be less restrictive in execution, leading to excess tuples.
However, since the decomposition is required to be complete,
all constraints that contain z must exist in unprojected form
somewhereinT'. O

These two conditions are true for hypertree decomposition
[Gottlob et al., 1999a], biconnected components [Freuder,
1985], hinge decomposition [Gyssens et al., 1994], and tree
clustering [Dechter and Pearl, 1989].

The following algorithm summarizes the combined use of
TREE* and a decomposition method to compute the diag-
noses for any CSP C of the form described in Section 3. Given
a CSP (C, using any decomposition method that fulfills the
properties of Theorem 3.

(1) apply decompositionto C, i.e., compute a
hypertree (N, E) for the corresponding hypergraph of C
(2) for v € N doJoinRelation(v) end for;
(3) TREE*(root(1));
(4) return diags(root(T));

The pre-compilation performance of the overall algorithm
is that of the decomposition algorithm (examined in [Gottlob
et al., 2002]) together with the required costs for joining con-
straints using the JoinRelation algorithm. The diagnosis time
is the running time of TREE*. Performance and scalability
TREE* have been studied in [Stumptner and Wotawa, 2001].
Note that the TREE™* run time depends on the size of the rela-
tions that are stored in the vertices of the resulting hypertree.
This size depends on the number of constraints that must be
joined, and this in turn corresponds to the width of the de-
composed system. Hence, using a decomposition method that
provides a smaller width leads to hypertrees where TREE*
performs better.

6 Extension toIntensional Relations

In [Stumptner and Wotawa, 2001], we mentioned the pos-
sibility to use other than extensional relations for constraint
specifications for the TREE and TREE* algorithm, e.g., com-
puted functions or equations with infinite domains. Such do-
mains require a different interpretation of the operators that
are used for joining the relations associated with nodes in
the tree. Conceptually, however, nothing is changed since,
as we will show, the definition of the TREE* algorithm fits
the requirements. We show this by adopting the notation
used for the basic computational operations of the aggrega-
tion paradigm described in [Mauss and Tatar, 2002].
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The Rich Constraint Languages approach described
in [Mauss and Tatar, 2002] consists of three inference pro-
cedures, which are applied to a set of constraints R. The pro-
cedure isConsistent produces a proof tree (called ag-
gregation tree) that derives consistency or inconsistency. If
consistent, then, applied to the root of this tree, the proce-
dure solve computes (nondeterministically) a solution that
assigns a value to every variable in R. If not, the procedure
XC1 (and its extension XE1) computes the set of minimal
conflicts for A.

The aggregation operation that gives the tree its name con-
sists of joining two constraints A and B (expressed as rela-
tions or equations) and then projecting out all variables except
the set of variables X needed for joining to other constraints;
C+ m(AAB,X).IfX=var (a),this can be written using the
semijoin operator that we have used above: C<AxB. Thus,
the TREE* algorithm can be changed to approximate the ag-
gregation paradigm purely by letting s and ¢ refer to tuples
(for extensional constraints) or equations, and changing line
(1) to V' < m(constr(p) A observed(p),var(constr(p));,
and line (10) to V' «+ w(V A wval(q),var(val(q)))

The JoinRelation Algorithm is changed by replacing the
first line by constr(p) < (A ¢, var(p)).

In terms of algorithmic structure, the approach of [Mauss
and Tatar, 2002] bears many resemblances to the decompose-
and-diagnose paradigm used in [Fattah and Dechter, 1995;
Darwiche, 1998; Stumptner and Wotawa, 2001]. Computa-
tionally, there are however significant differences. The out-
come of isConsistent is a proof tree whose leaves are
the base constraints of the original CSP, not a hypertree whose
nodes are the constraints of a backtrack-free CSP equivalent
to the original CSP. The search for a diagnosis consists of
running isConsistent, computing minimal conflicts, and
the hitting sets. In our case, we compute the decomposition
hypertree, then apply the JoinRelation algorithm and finally
apply TREE™* to compute the diagnoses directly.

While the nondeterministic selection of arbitrary con-
straints from the given CSP to produce a proof tree is quite ef-
fective in general, as indicated by the authors, there are cases
where the “width” of the generated problem leads to a drastic
growth in intermediate relations. It is this situation where an
approach based on hypertree decomposition (which is gener-
ally the method with lowest widths) fits best to the strengths
of the TREE* algorithm.

7 Conclusion

In this paper we introduced a framework that allows for com-
bining various structure decomposition methods and algo-
rithms for solving tree-structured diagnosis problems. The
framework comprises two parts. In the first part, we show
how to construct a tree-shaped constraint system that can be
used directly by TREE* for computing diagnoses. For this
purpose we introduced the join relation of constraints. In
the second part, we state the properties of a decomposition
method so that it can be combined with TREE*. Finally,
we show the suitability of the TREE* framework for the ex-
tension to infinite domains and intensional constraints (e.g.,
equations), by adopting a basic operation from another, not
hypertree based framework.

DIAGNOSIS

References

[Darwiche, 1998] Adnan Darwiche. Compiling Devices: A
Structure-Based Approach. In Proceedings of the Interna-
tional Conference on Principles of Knowledge Represen-
tation and Reasoning, pages 156-166, 1998.

[de Kleer and Williams, 1987] Johan de Kleer and Brian C.
Williams. Diagnosing multiple faults. Artificial Intelli-
gence, 32(1):97-130, 1987.

[de Kleer, 1991] Johan de Kleer. Focusing on probable di-
agnoses. In Proceedings of the National Conference on
Artificial Intelligence (AAAI), pages 842-848, Anaheim,
July 1991.

[Dechter and Pearl, 1989] Rina Dechter and Judea Pearl.
Tree clustering for constraint networks. Artificial Intel-
ligence, 38:353-366, 1989.

[Fattah and Dechter, 1995] Yousri El Fattah and Rina
Dechter.  Diagnosing tree-decomposable circuits. In
Proceedings 14" International Joint Conf. on Artificial
Intelligence, pages 1742 — 1748, 1995.

[Freuder, 1985] Eugene C. Freuder. A Sufficient Condition
for Backtrack-Bounded Search. Artificial Intelligence,
32(4):755-761, 1985.

[Gottlob et al., 1999a] Georg Gottlob, Nicola Leone, and
Francesco Scarcello.  Hypertree Decomposition and
Tractable Queries. In Proc. 18th ACM SGACT SGMOD
SGART Symposium on Principles of Database Systems
(PODS99), pages 21-32, Philadelphia, PA, 1999.

[Gottlob et al., 1999b] Georg Gottlob, Nicola Leone, and
Francesco Scarcello. On Tractable Queries and Con-
straints.  In Proc. 12th International Conference on
Database and Expert Systems Applications DEXA 2001,
Florence, Italy, 1999.

[Gottlob et al., 2000] Georg Gottlob, Nicola Leone, and
Francesco Scarcello. A comparison of structural CSP de-
composition methods. Artificial Intelligence, 124(2):243—
282, December 2000.

[Gottlob et al., 2002] Georg Gottlob, Martin Hutle, and
Franz Wotawa. Combining hypertree, bicomp, and hinge
decomposition. In F. van Harmelen, editor, Proceedings
of the 15th European Conference on Artificial Intelligence
(ECAI-02), Lyon, July 2002. 10S Press.

[Gyssens et al., 1994] Marc Gyssens, Peter G. Jeavons, and
David A. Cohen. Decomposing constraint satisfaction
problems using database techniques. Artificial Intelli-
gence, 66:57-89, 1994.

[Mauss and Tatar, 2002] Jakob Mauss and Mugur Tatar.
Computing minimal conflicts for rich constraint lan-
guages. In F. van Harmelen, editor, Proc. ECAI, Ams-
terdam, 2002. 10S Press.

[Reiter, 1987] Raymond Reiter. A theory of diagnosis from
first principles. Artificial Intelligence, 32(1):57-95, 1987.

[Stumptner and Wotawa, 2001] Markus ~ Stumptner  and
Franz Wotawa.  Diagnosing tree-structured systems.
Artificial Intelligence, 127(1):1-29, 2001.

393



Automatic Abstraction in Component-Based Diagnosis
Driven by System Observability

Gianluca Torta, Pietro Torasso
Dipartimento di Informatica, Universita di Torino (Italy)
e-mail: {torta,torasso}@di.unito.it

Abstract

The paper addresses the problem of automatic
abstraction of component variables in the con-
text of Model Based Diagnosis, in order to pro-
duce models capable of deriving fewer and more
general diagnoses when the current observabil-
ity of the system is reduced. The notion of in-
discriminability among faults of a set of compo-
nents is introduced and constitutes the basis for
a formal definition of admissible abstractions
which preserve all the distinctions that are rel-
evant for diagnosis given the current observabil-
ity of the system. The automatic synthesis of
abstract models further restricts abstractions
such that the behavior of abstract components
is expressed in terms of a simple and intuitive
combination of the behavior of their subcom-
ponents. As a validation of our proposal, we
present, experimental results which show the re-
duction in the number of diagnoses returned by
a diagnostic agent for a space robotic arm.

1 Introduction

System model abstraction has been successfully ex-
ploited in many approaches to model-based diagnosis
(MBD). The pioneer work of [Mozeti¢, 1991] and re-
cent improvements proposed e.g. by [Provan, 2001] and
[Chittaro and Ranon, 2001] mostly use abstraction in or-
der to focus the diagnostic process and thus improve its
efficiency. However, (flexible) abstraction has another
main benefit, namely to provide fewer and more concise
abstract diagnoses when it is not possible to discriminate
among detailed diagnoses. The works by [Console and
Theseider Dupré, 1994] and [Friedrich, 1993] accomplish
this goal by including abstraction axioms in the Domain
Theory and using preference criteria based on the ab-
straction level of diagnoses.

Recently, some authors have aimed at the same goal
in a different way, namely automatic abstraction of the
system model ([Sachenbacher and Struss, 2001], [Torasso
and Torta, 2002]) L. If the available observables and/or

'Previously an algorithm for automatic abstraction of
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their granularity are too coarse to distinguish among two
or more behavioral modes of a component, or the distinc-
tion is not important for the considered system, a system
model is automatically generated where such behavioral
modes are merged into an abstracted behavioral mode.
By using the abstracted model for diagnosis there’s no
loss of (important) information, while the number of re-
turned diagnoses is reduced, and such diagnoses, by be-
ing “as abstract as possible”, are more understandable
for a human.

The work presented in this paper aims at extending
previous works by introducing automatic abstraction of
variables (i.e. components) in the presence of a reduced
availability of the number and/or granularity of observ-
ables. Abstractions based on system observability are
particularly relevant in the context of on-board diagno-
sis. Indeed, it is likely that when a system is operated on-
board the only available measures are provided by sen-
sors (which can themselves fail) and taking further mea-
sures manually is out of question. Moreover, on-board
diagnosis is usually constrained by strict time and re-
sources requirements: using an abstracted system model
should yield savings in both the time and the space re-
quirements of the diagnostic process.

Our proposal requires that abstractions do not cause
any loss of diagnostic information %e.g. as in the in-
complete abstractions discussed in |[Autio and Reiter,
1998]) or loss of efficiency (e.g. due to increased fan-
in as pointed out in [Provan, 2001]); moreover, we re-
strict the mapping from abstract components to their
subcomponents to be enough simple and intuitive. In
order to exclude all the undesired abstractions we intro-
duce a precise definition of admissible abstraction, and
further restrict the computation of abstractions through
cutoff criteria which forbid admissible abstractions that
may lead to computational inefficiencies.

As a running example to illustrate our definitions and
algorithms, we will use throughout the paper the frag-
ment of hydraulic circuit adapted from [Chittaro and
Ranon, 2001] depicted in figure 1 (a); table 1 reports
its domain theory (valve modes so and sc abbreviate

components had been proposed in [Out et al., 1994] for sim-
pler models describing only normal behavior of the system
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Figure 1: A fragment of an hydraulic circuit at three
levels of abstraction

valve
valve
valve
valve

ok) = outy = ing
leak) = out, < ing
80) = outy = in,
sc) = outy =0

) A emdz(open) A x
z) A emdz(open) A x
) A emdz(open) A x
) A emdz(open) A x

A/—\/—\/—\
PPy

valve
valve

x) A emdz(close) A z(ok) = outy =0
) A emdz(close) A z(leak) = outy =0
valve(z) A cmdy(close) A x(so) = outy = ing
valve(x) A emdg(close) A z(sc) = outy =0
pipe(z) A z(ok) = outy = ing

pipe(z) A z(br) = out, =0

o A~

Table 1: Model of hydraulic components

stuck open and stuck closed respectively). Two possible
abstractions of such system are shown in figures 1 (b)
(where pipe P1 and valve V1 have been abstracted into
valve AV1) and 1 (¢) (where abstract valve AV1 and
pipe P2 have been abstracted into valve AV2). As for
experimental validation of our techniques, however, we
will present results collected in a larger domain, namely
the model of the SPIDER space robotic arm used in
[Portinale and Torasso, 1999].

The paper is structured as follows. In section 2 we
give a formal definition of what we consider an admissible
abstract component. In section 3 we describe how the
declarative notions introduced in 2 can be implemented
computationally. In section 4 we present experimental
results collected in the SPIDER robotic arm domain.
Finally, in section 5 we compare our work to related
papers and make some concluding remarks.

2 Abstractions Defined

We first report formal definitions of system model, diag-
nostic problem and diagnosis.

Definition 2.1 A System Description (SD) is a 3-tuple
(V, DT, G) where:

-V is a set of discrete variables partitioned in the fol-

lowing sorts: CXT (inputs), COMPS (components),
STATES (endogenous variables), OBS (observables);
DOM (v) is the finite domain of variable v € V

- DT (Domain Theory) is an acyclic set of Horn clauses
defined over V representing the behavior of the system
(under normal and abnormal conditions); we require
that, given an instantiation of COMPS and CXT, the
DT derives exactly one value for each other variable

- G (Causal Graph) is a DAG whose nodes are in V rep-
resenting the causal structure of the system; whenever a
formula N1(bm1) A...A Ni(bmy) = M (bmy) appears in
DT, nodes Ny through Ny, are parents of M in the graph
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It is worth noting that the fact that G is restricted to
be a DAG does not mean that the system model is a tree
in the sense e.g. of [Darwiche, 1998]; since we allow the
existence of multiple directed paths between two nodes
the associated jointree may well be cyclic. The DAG re-
striction just forbids feedback loops in the causal graph,
which is a common assumption in approaches which deal
with dynamic systems only if they are amenable to state-
based diagnosis ([Struss, 1997]).

Example 2.1 Note that the System Description for the
running sample system given in table 1 is expressed in
a slightly different formalism than the one described in
our definition, due to the use of equations and disequa-
tions on the right-hand side of formulas. However, it can
be easily mapped to our formalism by modeling in, and
out, as discrete ST AT ES variables by using qualitative
deviations ([Struss et al., 1996)); thus, for example, for-
mula:

valve(z) A cmdy(open) A z(ok) = out, = ing
is mapped to a set of three formulas:

ing((+,0)) A cmd(open) A z(ok) = out,({+,0))

ing({(+, —)) A emd, (open) A z(ok) = out,((+,—))

inz((0,—)) A cmdg(open) A z(ok) = out, ({0, —))
where v(([val], [Aval])) means that variable v has a value
with sign [val] and its deviation from the nominal value
has sign [Awval]. In the rest of the examples we continue
to use the notation of [Chittaro and Ranon, 2001] simply
because it is more compact. O

Definition 2.2 A diagnostic problem is a 3-tuple DP =
(SD,0BS, CXT) where SD is the System Description,
OBS is an instantiation of OBS and CXT is an in-
stantiation of CXT

Definition 2.3 Given a diagnostic problem
DP = (SD,OBS,CXT) an instantiation
{C1(bmy),...,Cr(bmy)} of COMPS is a di-
agnosis for DP iff:
VM (val) € OBS DTUCXTUD F M(val) 2

As noted in the introduction, there are real scenar-
ios where not all the observables OBS are available
and/or their granularity is reduced. We identify the
available observables with a set OBS4y C OBS; we
also assume that a granularity mapping Il is given s.t.
II(M (val)) maps an instantiation of M € OBSay to a
possibly more abstract instantiation M (aval). If VM €
OBSay,Yval € DOM (M) : II(M (val)) = M (val) then
there is no loss of granularity at all; in this particu-
lar case we denote II with II;;. For example, in figure
1 (a), OBSay = OBS = {outl,in2,0ut}; in 1 (b),
OBS4y = {in2,out} and in 1 (¢), OBSay = {out};
as for II we may consider a situation where out, = in,
and out, < in; have been mapped to a coarser value
out, # 0. The important point about OBS4y and II
is that these reductions of the observability of the sys-
tem can cause the model to become less discriminant

2This definition of diagnosis is fully abductive; how-
ever results presented in this paper apply equally well to
consistency-based diagnosis
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and thus different faults of the same component and/or
of different components to become indiscriminable. The
following definition introduces the notion of indiscrim-
inability among instantiations of subsets of COM PS.

Definition 2.4 Let SCOMPS be a subset of COMPS,
OBSay the set of available observables and II a
granularity mapping. We say that two instan-
tiations SCOMPS1,SCOMPS2 of SCOMPS are
(OBS sy, M)-indiscriminable iff for any instantiation
CXT of CXT and any instantiation OTHERS of
COMPS\SCOMPS the following holds 3:
II(tclosureops,, (OTHERS U SCOMPS1)) =
II(tclosureops,, (OTHERS U SCOMPS2))

Note that the (OBS 4y, II)-indiscriminability relation
induces a partition into (OBS v, )-indiscriminability
classes of the set of possible instantiations of SCOM PS.
Also note that, when |[SCOMPS| = 1, indiscriminabil-
ity coincides with the indistinguishability among behav-
ioral modes introduced in [Torasso and Torta, 2002].

Example 2.2 In the abstraction example of figure 1
(b), under context emd = open indiscriminable in-
stances of P1,V1 are grouped in the following sets:
Cl1 = {(ok,ok),(ok,so)} (which derive in2 = in);
C2 = {(ok,leak)} (which derives in2 < in); C3 =
{(ok, sc), {br, ok), (br,leak), (br, so}, (br, sc)} (which de-
rive in2 = 0). By also considering context emd = close,
set C1 is further split in two distinct sets: C11 =
{(ok, ok)} (which derives in2 = 0) and C12 = {{ok, so) }
(which derives in2 = in). If in a specific diagnostic prob-
lem we observe, for instance, in2 = 0 given cmd = open,
the set of diagnoses is given by C3 4. O

For now, just note how this notion of indiscriminabil-
ity is the basis for any potential abstraction. If, in-
deed, two instantiations SCOMPS1 and SCOMPS2 of
SCOMPS C COMPS are indiscriminable, this means
that whenever SCOMPS1 U OTHERS is a diagnosis
for a given DP, SCOMPS2 U OTHERS is another,
indiscriminable, diagnosis for DP.

We now introduce a weak notion of abstraction where,
as it is common in structural abstractions, abstract com-
ponents are recursively built bottom-up starting with the
primitive components.

Definition 2.5 Given a set COMPS = {Cy,...,Cp}
of component variables, a components abstraction map-
ping AM of COMPS defines a set COMPSs =
{ACY,...,ACy} of discrete variables (abstract compo-
nents) and associates to each AC; € COMPS4 one or
more C; € COMPS (subcomponents of AC;) s.t. each
component in COMPS is the subcomponent of exactly
one abstract component. Moreover, AM associates, to

3Given an instantiation COMPS of COMPS we denote
with tclosureoss,,, (COMPS) the set of instantiations of
variables in OBSv derived from (DT U CXT U COMPS)

“There are |C3| = 5 indiscriminable diagnoses; 2 of them,
namely (ok,sc) and (br,ok), can be regarded as preferred
diagnoses since they involve only one fault
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each abstract component AC a definition defac, which
is a characterization of the behavioral modes of AC
in terms of the behavioral modes of its subcomponents.
More precisely, an abstract component and its definition
are built hierarchically as follows:

-if C € COMPS, AC is a simple abstract compo-
nent if its definition defac associates to each abm €
DOM(AC) a formula defopn, = C(bmi) V ... V
C(bmy) s.t. bmy,...,bm,, € DOM(C) °; in the triv-
ial case, AC has the same domain as C and Ybm €
DOM(C) : defopm = C(bm)

-if AC',AC" are abstract components with dis-
joint sets of subcomponents SCOMPS',SCOMPS"
then AC is an abstract component with subcompo-
nents SCOMPS' U SCOMPS" if defac associates
to each abm € DOM(AC) a definition defipm
which is a logical formula built by connecting def-
initions defom,bm’ € DOM(AC') with definitions
de fomr,bm!" € DOM (AC") through V, A and ~

The definition defsac of AC thus specifies a relation
between instantiations of the subcomponents of AC and
instantiations (i.e. behavioral modes) of AC itself. How-
ever we need to put some restrictions on these relations
in order to match our intuitions about what is an “ad-
missible” abstraction.

Definition 2.6 Given a simple abstract component the
definitions associated to its behavioral modes are said
to be admissible. For a non-simple abstract compo-
nent AC which is the composition of abstract compo-
nents AC', AC", an admissible definition for abm €
DOM(AC) is defined as follows:

1. conjunction: defopm = defopm: A defopm,abm’ €
DOM(AC"),abm' € DOM (AC") is admissible

2. generalized OR: if def{,...,def] € DOM(AC")
and def{',...,defl! € DOM(AC") then:
defopm = (defiA ~defyN... A ~defll)V(def{'N ~
defy A ...\~ def])
is admissible. As an important special case, when
l=m=1, defapm is a canonical OR

Admissible definitions capture common abstractions,
such as the case where the abstract component is OK if
all its subcomponents are OK (conjunction) and faulty
if at least one of its subcomponents is faulty (canoni-
cal OR). Moreover, since we address the case of compo-
nents with multiple behavioral modes, we extend canon-
ical OR with exceptions (generalized OR); clearly, the
maximum number of exceptions allowed in a generalized
OR should be a configurable parameter of the abstrac-
tion algorithm.

It is worth noting that the proposed operators, although
chosen according to the rationale just exposed, are meant
by no means to be the only possible choice in order to

5This case has the purpose of including behavioral modes
abstraction as described in [Torasso and Torta, 2002] in our
framework: bmy,...,bmy, are abstracted in the single behav-
ioral mode abm
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make our approach to abstraction applicable; if more
operators or a different set of operators would fit better
particular systems or families of systems, new operators
could simply be plugged-in and replace the ones we have
defined.

Example 2.3 In the abstraction example of figure 1
(b), the behavioral modes of the abstract component
AV1 can be expressed as admissible definitions over
primitive components P1,V 1:

defapm1 = P1(ok) A V1(ok) (conjunction)

de fapm2 = P1(0k) A V1(leak) (conjunction)

defaopms = P1(ok) A V1(so) (conjunction)

defapma = P1(br) V V1(sc) (canonical OR) O

Armed with the admissible definitions for behavioral
modes we can now formally identify the abstraction map-
pings we are interested in.

Definition 2.7 Given a system model SD, a compo-
nents abstraction mapping AM of COMPS, a set
OBSay C OBS and a granularity mapping I, we say
that AM is admissible w.r.t. SD,OBS sy, 11 iff for each
abstract component AC with subcomponents SCOM PS:

1. admissible behavioral modes: each defy € defac is
admissible in the sense of definition 2.6

2. mutual exclusion: for any two distinct defy,def; €
defac, and any instantiation COMPS of
COMPS: COMPSU {def, Adefi} F L

3. completeness: for any instantiation COMPS of
COMPS: COMPS V., pomacy defr

4. correctness: given defr, € defac, the set of in-
stantiations of SCOMPS which satisfy defy, is a
(OBS sy, ) -indiscriminability class ©

Example 2.4 The abstraction example of figure 1 (b),
is admissible w.r.t. OBSay = {in2,out} and II = 1,4,
if the behavioral modes definitions of example 2.3 are
used. Such definitions are admissible, moreover there is
a 1 : 1 mapping between them and the (OBSay,II)-
indiscriminability classes shown in example 2.2; in par-
ticular def,pm1 corresponds to C11, defipms to C2,
defopms to C'12 and defypma to C3. It follows that the
mutual exclusion, completeness and correctness condi-
tions are also satisfied O

Note that given an admissible components abstrac-
tion mapping AM, to each instantiation COMPS
of COMPS corresponds exactly one instantiation
COMPSA of COMPS,4 consistent with COMPS
given the definitions of elements in COMPS 4. We say
that COMPS is the abstraction of COMPS accord-
ing to AM.

3 Computing Abstractions

The hierarchical way abstract components are defined
in section 2 suggests that, after an initial step of be-
havioral modes abstraction, the computational process

5Note that this guarantees that the behavioral modes of
the abstract component are all distinguishable in the sense
of [Torasso and Torta, 2002]
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can produce new abstract components incrementally, by
merging only two components at each iteration. After
some finite number of iterations, arbitrarily complex ab-
stract components can be produced.

As already mentioned in section 1, however, the admissi-
bility of a component abstraction is not enough in order
to produce useful and meaningful abstractions. We thus
introduce some cutoff criteria on abstractions over two
components (i.e. single iterations), to be enforced by the
computational process.

First, we don’t want to have a different behavioral mode
of the abstract component for each combination of the
behavioral modes of its subcomponents (limited-domain
criterion); a proliferation of behavioral modes in the ab-
stract component has negative effects on both the effi-
ciency of diagnosis and the understandability of abstract
diagnoses. We chose to impose the not too-restrictive
limit [DOM(AC)| < |DOM(AC")| + |DOM(AC")|.
Second, we must be able to control the fan-in of the ab-
stract components; indeed, if a structure-based diagnos-
tic algorithm is used ([Darwiche, 1998)), introducing an
abstract component that has a fan-in (much) larger than
that of all its subcomponents leads to computational in-
efficiencies as pointed out in [Provan, 2001]. The limit
imposed on the fan-in of the abstract component (fan-in
criterion) can vary from the maximum among the fan-
ins of its subcomponents to the sum of such fan-ins; the
choice should be driven by the type of diagnostic algo-
rithm to be used with the abstracted model as well as
by specific characteristics of the model under considera-
tion. In the experiments reported in section 4 we have
obtained significant results by restricting the fan-in of
abstract components to be at most the maximum fan-in
among their subcomponents.

The following is an high-level description of the compu-
tational process:

Function Abstract(SD, OBSav, II)
SD := BMAbstract(SD, OBSav, II)
While (Oracle(SD) = (Cj, Cj))
LocalDT = CutDT(DT, Cj, Cj)
If (MergeComps(LocalDT, Ci, Cj) = ( AC, defAC ))
Comps = Comps \ {Ci, Cj} U {AC}
DT = ReviseDT({ AC, defAC ), Ci, Gj)
G = RecomputeGraph(DT)
Return SD
EndFunction

The invocation of function BMAbstract() builds simple
abstract components by abstracting behavioral modes
that result indistinguishable given the current observ-
ability expressed by OBSay,II; then a while loop is en-
tered.

Function Oracle() selects the next two candidates C;, C;
for abstraction according to the strategies outlined in the
next paragraph. Then Local DT, i.e. the portion of DT
relevant for computing the influence of C;,C; over the
values of observables in OBS vy, is isolated by calling
CutDT(). The causal graph G;,. associated to Local DT
essentially contains the paths from Cj,C; to nodes in
OBS 4v; all the parents of the nodes on such paths are
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also added. It is easy to see that, given the nodes in Gj,.,
the remaining nodes in the original G do not play any
role in the way C;, C; influence the variables in OBS 4y .
Function MergeComps() (see paragraph 3.2) then tries
to compute the definition of the new abstract component
given Local DT and in case it succeeds, SD is updated
accordingly by function ReviseDT(). Intuitively, the
formulas in Local DT are replaced with a set of formulas
whose antecedents mention the new abstract component
AC. Given the antecedent of a formula mentioning AC
the consequent is computed according to the definition
defac. For example, considering again figure 1 (b), we
introduce the formula (cmd = open) A AV1(abml) =
(in2 = in) since (cmd = open) A defapm1 F (in2 = in)
(recall that de fopm1 = P1(ok) AV 1(ok)); similarly, we in-
troduce formulas (emd = open) A AV1(abm2) = (in2 <
in), (emd = open) A AV1(abm3) = (in2 = in), etc. ".
The whole process terminates when function Oracle()
has no new suggestions for further abstractions.

3.1 The Oracle

Function Oracle() must choose, at each iteration, a pair
of candidate components for abstraction. Since a search
over the entire space of potential abstractions would be
prohibitive, the function is based on a greedy heuristic
that tries to achieve a good overall abstraction with-
out doing any backtracking. It is worth noting that
the greedy approach reduces the worst-case search per-
formed by Oracle() to the evaluation of all the possible
pairs of components before returning the chosen pair;
this can happen at most |[COMPS| times since every
time an abstraction takes place the number of compo-
nents is reduced by one and thus the search space size is
clearly polynomial in |[COMPS]|.

In our experience it turned out that the heuristic H 4

based on the following two principles could achieve sig-
nificant results. First, H4 follows a locality principle for
choosing C;,C;. Manually written structural abstrac-
tions, indeed, tend to consist in hierarchies such that at
each level of the hierarchy the new abstractions involve
components that are structurally close to one another.
This usually has the advantage of building abstract com-
ponents that have a fan-in comparable to that of their
subcomponents and have a limited and meaningful set
of behavioral modes. Two good examples of structural
patterns that follow this principle are components con-
nected in sequence and in parallel 8.
Second, the heuristic prefers pairs of components that
are connected to the same observables in OBS 4y ; this
follows from the fact that if at least one of the two com-
ponents is observable separately from the other, it is
more unlikely to find indiscriminable instantiations of
the two components.

"It is easy to see that, by interpreting abml, abm2,abm3,
abm4 as ok, leak, so, sc respectively, AV1 behavior is exactly
that of a valve

8Note that the structural notions of vicinity, sequential-
ity and parallelism can be naturally transposed in terms of
relationships in the causal graph G
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While evaluating a pair of candidates, Oracle() im-
mediately enforces the fan-in criterion (this check can
be easily performed at this stage). As for the limited-
domain cutoff criterion and the actual feasibility of an
admissible abstraction, Oracle() just “trusts” the heuris-
tic Ha, and defers to MergeComps() the actual enforce-
ment. There’s thus no warranty that the components
selected by Oracle() will end up being merged but just
a good chance of it to happen.

In the current implementation, Oracle() terminates
when it can’t find any pair of components which meet
the limited fan-in criterion, are connected in sequence or
parallel and influence the same set of observables.

Example 3.1 Given the system in figure 1 (a) and
OBS sy = {in2,o0ut}, Oracle() selects P1,V1 as candi-
dates according to heuristic H4: P1, P2, e.g., are further
away and there’s also an observable point between them,
namely in2. Since the inputs to the potential abstract
component AV'1 would be in, cmd and the inputs to V'1
are outl,cmd there is no increase in the fan-in of the
abstract component. Thus P1,V1 are returned O

3.2 Abstraction of Two Components

Once two candidate components Cj;,C; have been se-
lected, function MergeComps() tries to merge them into
a single abstract component. The following is a sketch
of the function:

Function MergeComps(LocalDT, C;, C;)
P = FindIndiscriminable(LocalDT, C;, C;)
If (|P| > |DOM(C;)| + |DOM(C;)|) Then Return NULL
AC = NewCompName(); defac = 0
ForEach p € P
abm = NewBMName()
de favm = MakeABMDefinition(p)
If (defopm = NULL) Then Return NULL
Else defac = defac U {(abm,defapm)}
Return (AC,defac)
EndFunction

First, the set DOM(C;) x DOM(C;) is par-
tioned into indiscriminability classes by function
FindIndiscriminable(). Such function considers in turn
each observable M reachable from C;, C; and computes
the set SN (M) of source nodes (i.e. nodes without par-
ents) in G connected to M (excluding C;, C;); instan-
tiations of the source nodes represent the contexts un-
der which Cj,Cj influence the value of M. For each
instantiation of SN (M) then FindIndiscriminable()
computes the transitive closure of each pair of behav-
ioral modes in DOM (C;) x DOM (C};) and gradually re-
fines the partition by putting into separate classes pairs
that cause different values for M. It is easy to see
that after FindIndiscriminable() has looped over each
M € OBSay and each instantiation of SN (M), the re-
sulting partition P of DOM(C;) x DOM(Cj) consists
exactly in the indiscriminability classes of definition 2.4.
Indiscriminability classes of P form the basis for build-
ing abstract behavioral modes definitions: associating
exactly one abstract behavioral mode to each of them,
guarantees that the mutual exclusion, completeness and
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correctness conditions given in definition 2.7 are auto-
matically satisfied. Since the number of classes in the
partition P corresponds to the number of abstract be-
havioral modes to be eventually generated, the limited-
domain cutoff criterion is applied to |P|.

If the check is passed successfully, the generation of the
definitions for the abstract behavioral modes starts, by
considering an indiscriminability class p at a time and
calling function MakeABM Definition(). Such func-
tion tries to build an admissible behavioral mode defi-
nition by considering the admissible forms in the same
order as given in definition 2.6; if it does not succeed, it
returns NULL and the abstraction of C;, C; fails.

Example 3.2 Given that Oracle() has selected P1,V'1
as candidates for abstraction, the admissible ab-
straction described in example 2.4 is computed
by MergeComps() in the following way: function
FindIndiscriminable() computes a partition P whose
indiscriminability classes are the ones mentioned in ex-
ample 2.2; since |P| = 4 < 6 = |DOM(P1)| +
|[DOM(V1)| the cutoff check is passed; then, func-
tion MakeABM De finition() builds, for each indiscrim-
inability class, the corresponding admissible definition
shown in example 2.3 O

3.3 Correctness

We now state two correctness results concerning algo-
rithm Abstract(). Their validity follows intuitively by
the description of the algorithm given in the previous
paragraphs; because of lack of space we omit the formal
proofs. The first property just states that the algorithm
builds abstractions according to definitions in section 2.

Property 3.1 Function Abstract() builds an admissible
components abstraction mapping

The second property makes explicit the correspon-
dence between detailed and abstract diagnoses.

Property 3.2 Let SD4 be the system description ob-
tained from SD,OBSav,I by applying Abstract() and
AM  the associated admissible abstraction mapping.
Given a diagnostic problem DP = (SD,0BS,CXT)
and the corresponding abstract diagnostic problem
DP4y ={(SD4,0BSav,CXT), D is a diagnosis for DP
iff its abstraction D 4 according to AM is a diagnosis for
DP,

4 Experimental Results

For testing the approach described above we have used
the model of the space robotic arm SPIDER ([Portinale
and Torasso, 1999]), consisting in 35 components with an
average 3.43 behavioral modes each, 45 observables and
1143 formulas. All the tests have been performed using
a Java implementation running on a Sun Sparc Ultra 5
equipped with SunOS 5.8.

Please note that the SPIDER system model expresses
causal relationships among the variables: for example, a
failure in an electrical component can influence the tem-
perature measured at some other physically neighboring
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model testset 1 | testset 2 testset 3
detailed 51+ 03| 22.0 +£25 | 123.3 + 23.1
abstractl | 3.7 £ 0.2 | 11.7 £ 1.3 474 + 8.4
abstract2 1.6 £ 0.1 2.1 +£0.2 3.5 £ 0.5

Table 2: Average number of preferred diag. (conf. 95%)

components.

We have applied the Abstract() algorithm by consider-
ing as available observables the set of 29 sensorized ob-
servables at their maximum granularity. The resulting
model, computed in about lsec, was reduced to have 21
components with an average 2.76 behavioral modes and
548 formulas. Table 2 reports the average number of
preferred (i.e. minimum fault cardinality) diagnoses pro-
duced by the diagnostic agent when using respectively
the original model (detailed), the model obtained by per-
forming only behavioral modes abstraction (abstractl)
and the model created by Abstract() (abstract2). The
three columns report results for three testsets of 250
cases each. The difference between the testsets lies in
the number of faults (1, 2 and 3 respectively) injected in
each test case.

The average times employed to solve a test case using
the detailed model were, with a 95% confidence, 72 + 4
msec (testsetl), 135 + 9 msec (testset2) and 333 + 54
msec (testset3); by using the abstract2 model the aver-
age times dropped to 35+ 3 msec (testsetl), 41 +3 msec
(testset2) and 45 £+ 8 msec (testset3).

5 Related Work and Conclusions

As noted in the introduction only a few methods
have been proposed for automatic model abstraction in
the context of MBD. In particular, [Sachenbacher and
Struss, 2001] and [Torasso and Torta, 2002] aim at the
abstraction of the values of variables in the model while
the present work aims also at automatically abstracting
component variables. In [Out et al., 1994] the authors
introduce the notion of ID-hierarchies of abstract com-
ponents which, as our admissible abstraction mappings,
preserve a strict correspondence between an abstract di-
agnosis and the set of detailed diagnoses consistent with
it. However, their work deals with models which repre-
sent only normal behavior of the system, which results
in a significant simplification of the synthesis of behav-
ioral modes definitions for the abstract components. In
particular, the partition of the instantiations of the sub-
components is always reduced to two indiscriminability
classes: a singleton OK-class (containing the unique in-
stance where all subcomponents are OK) and an AB-
class (containing all the remaining instances, where at
least one subcomponent is AB). Since there’s no fault
model, the only instance which predicts values for the
observables is the one in the OK-class; instances in the
AB-class do not predict anything about observable val-
ues, and thus can be safely put in the same indiscrim-
inability class without computing any transitive closure.

Among the methods based on manual abstraction,
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[Friedrich, 1993] proposes a notion of diagnosis (theory
diagnoses) which exploits ab-clauses explicitly added to
the domain theory in order to compute abstract diag-
noses. Similarly, in [Console and Theseider Dupré, 1994]
the model is augmented with abstraction axioms which
model is-a relationships; in such model also observables
can be expressed at different levels of abstraction. In
both works the level of abstraction of diagnoses is flexi-
ble (i.e. a diagnosis can mix elements at different levels of
abstraction) and is driven by the specific diagnostic case
at hand (i.e. values of the observables and contexts).
Our abstraction algorithm automatically synthesizes a
single abstract level given the knowledge of which vari-
ables are observable at which granularity; we assume
that the changes in the availability of observables are
rare, so that the produced models are reused for many
diagnostic cases. Moreover, the kinds of relationships
that we allow among abstract component behavior and
its subcomponents behavior are less restrictive than ab-
clauses and is-a relationships.

The definition of admissible components abstractions
given in this paper aims at building abstract models that
can completely replace the detailed models without any
loss of discriminability. This is different from the goal
of [Mozeti¢, 1991] and its improvements, where the ab-
stract model is viewed as a focusing mechanism, and is
used in conjunction with the detailed model in order to
improve efficiency. Our notion of indiscriminability en-
forces abstractions where a diagnosis D, at the abstract
level corresponds exactly to the set of detailed diagnoses
whose abstraction is D, (property 3.2). As shown by
[Autio and Reiter, 1998] this is not the case for some
common abstractions: in the example of the abstract
NOR gate consisting of an OR and a NOT gates, the
ab-clause AB(NOR) = AB(OR) V AB(NOT') does not
correspond to an indiscriminability class, since the case
where both OR and NOT are faulty has a different be-
havior than the cases where only one fault is present.
Our algorithm does not synthesize such ab-clause, thus
avoiding the consequent loss of diagnostic information.

Most of the computational effort of our approach is
devoted to the computation of the indiscriminability
classes; once they have been identified, the generation of
behavioral modes definitions from each of them is cheap
and straightforward. An alternative approach that could
be worth exploring is constructive inductive learning,
where techniques have been developed for the automatic
synthesis of complex attributes (see e.g. [Pagallo and
Haussler, 1990]).

Another interesting point to explore would be to study
more sophisticated versions of the Oracle() function,
able to recognize a wider variety of patterns in the causal
graph and possibly to look ahead one or more steps in or-
der to select the candidate pair of components; in order
to keep the complexity of the search manageable we be-
lieve that such extended versions of Oracle() should be
supported by additional domain-specific knowledge (for
instance, whether certain kinds of components are likely
to be connected in ways that form admissible abstract
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components).

In conclusion, performing components abstraction led
to dramatic reductions in the number of returned di-
agnoses in the experimental domain, outperforming the
application of behavioral modes abstraction alone (see
section 4). The reduction in the model size also resulted
in significant time savings for the diagnostic process.
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Abstract

Information extraction (IE) aims at extracting spe-
cific information from a collection of documents.
A lot of previous work on IE from semi-structured
documents (in XML or HTML) uses learning tech-
niques based on strings. Some recent work con-
verts the document to a ranked tree and uses tree
automaton induction. This paper introduces an al-
gorithm that uses unranked trees to induce an auto-
maton. Experiments show that this gives the best
results obtained so far for IE from semi-structured
documents based on learning.

1 Introduction

Information extraction aims at extracting specific information
from a collection of documents. One can distinguish between
IE from unstructured and from (semi-) structured texts [Mus-
lea, 1999]. Extracting information from web documents be-
longs to the latter category and gains importance [Levy et al.,
1998]. These documents are not written in natural language,
but rather involve explicit annotations such as HTML/XML
tags to convey the structure of the information, making the
methods tuned towards natural language unusable.

While special query languages exist [Bry and Schaffert,
2002; XQL, 2002], their use is time consuming and re-
quires nontrivial skill. As argued in [Muslea et al., 2001;
Kushmerick, 2000], there is a need for systems that learn to
extract information from a few annotated examples (wrap-
per induction). Several machine learning techniques for in-
ducing wrappers have been proposed. Examples are multi-
strategy approaches [Freitag, 2000] and various grammatical
inference techniques that induce a kind of delimiter-based
patterns [Muslea et al., 2001; Freitag and McCallum, 1999;
Freitag and Kushmerick, 2000; Soderland, 1999; Freitag,
1997; Hsu and Dung, 1998; Chidlovskii et al., 2000]. All
these methods treat the document as a string of characters.

Structured documents such as HTML and XML docu-
ments, however, have an explicit tree structure. In [Kosala
et al., 2002b; 2002a], it is argued that one can better exploit
this tree structure and use tree automata [Comon et al., 1999].
The document tree is converted in a ranked binary tree and k-
testable tree automata [Rico-Juan et al., 2000] are induced
and then used for the extraction task. Typically in a IE task

INFORMATION EXTRACTION

from structured documents, there is some structural context
close to the target. After linearisation in a string, this context
can be arbitrarily far away, making the learning task very dif-
ficult for string based methods. While binarisation may also
increase the distance between the context and the target, they
remain closer, and the learning task should be easier. This
is confirmed by the experiments in [Kosala et al., 2002b;
2002a). If distance between the relevant context and the
target is indeed a main factor determining the ability to
learn an appropriate automaton, then an algorithm inducing
a wrapper directly from the unranked tree should perform
even better. This path is pursued in the current paper. As
in [Kosala et al., 2002b; 2002a] user intervention is lim-
ited to annotating the field to be extracted in a few rep-
resentative examples. String based methods require sub-
stantially more user intervention, such as splitting the doc-
ument into small fragments, and selecting some of them
for use as a training example, e.g. [Soderland, 1999]; the
manual specification of the length of a window for the pre-
fix, suffix and target fragments [Freitag and McCallum, 1999;
Freitag and Kushmerick, 2000], and of the special tokens or
landmarks such as “>” or “;” [Freitag and Kushmerick, 2000;
Muslea et al., 2001].

The rest of the paper is organized as follows. Section 2
provides some background on unranked tree automata and
their use for IE. Section 3 describes our methodology and
introduces our unranked tree inference algorithm. Results are
described in Section 4, related work in Section 5. Section 6
concludes.

2 Preiminaries

Grammatical inference and information extraction.
Grammatical inference (also called automata induction,
grammar induction, or automatic language acquisition) refers
to the process of learning rules from a set of labeled ex-
amples. The target domain is a formal language (a set of
strings over some alphabet X) and the hypothesis space is
a family of grammars. The inference process aims at find-
ing a minimum automaton (the canonical automaton) that is
compatible with the examples. There is a large body of work
on grammar induction, for a survey see e.g. [Murphy, 1996;
Parekh and Honavar, 1998].

In grammar induction, we have a finite alphabet X and a
formal language L C X*. Given a set of examples in L (ST)
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and a (possibly empty) set of examples not in L (S—), the
task is to infer a deterministic finite automaton (DFA) that ac-
cepts the examples in ST and rejects those in S—. In [Freitag,
1997], an IE task is mapped into a grammar induction task.
A document is converted into a sequence of tokens (from X).
Examples are transformed by replacing the token to be ex-
tracted by the special token z. Then a DFA is inferred that
accepts all the transformed examples. In our case, a docu-
ment is converted into a tree and the token to be extracted (at
a leaf) is replaced by the special token x. Then a tree auto-
maton is inferred that accepts all the transformed examples.
When using the learned automaton, a similar transformation
is done. Each token that is a candidate for extraction is in
turn replaced by z. The token replaced by z is extracted iff
the transformed document is accepted by the automaton.

Unranked tree automata. Some existing algorithms for
string automaton induction have been upgraded to ranked tree
automaton induction (e.g. [Rico-Juan et al., 2000; Abe and
Mamitsuka, 1997])*. By converting documents (which are
unranked) into binary trees (which are ranked), tree auto-
maton induction can be used for IE as shown in [Kosala et
al., 2002b]. The present work avoids binarisation and uses
unranked trees. Unranked tree automata have been studied
since the late 60’s, see e.g. [Briiggemann-Klein et al., 2001]
for a survey. To our knowledge, algorithms for inducing them
do not yet exist. This paper is a first step in this direction.

An unranked label is a label with a variable rank (arity).
Thus the number of children is not fixed by the label. Given
aset V of labels in an unranked alphabet, we can define V7,
the set of all (unranked) trees, as follows:

e gisatreewherea € V.

e a(uy,...,uy,) is atree, where a € V and each u; is a

tree.

An unranked tree automaton (UTA) is a quadruple
(V,Q,A, FS), where V is a set of unranked labels, @ is a
finite set of states, F'S C @ is a set of final (accepting) states,
and A is a set of transitions where each transition is of the
form v(e) — ¢, where v € V, ¢ € @, and e is a regular
expression over Q).

A bottom up UTA processes trees bottom up. When a leaf
node is labeled v and there is a transition v(e) — ¢ such that
e matches the empty string, then the node is assigned state
g. When an internal node is labeled v, its children have been
assigned states q1, - . -, ¢, and there is a transition v(e) — ¢
such that the string ¢4, - - ., g, matches the regular expression
e, then the node is assigned state g. A tree is accepted if the
state of its root is assigned an accepting state g € F'S.

3 Approach and algorithm

Preprocessing. Fig. 1 shows a representative task. For
dealing with text nodes, we follow the approach described
in [Kosala et al., 2002b]: we replace most text nodes by
CDATA?, making an exception for so-called distinguishing
context, specific text that is useful for the identification of the

!Ranked: the label determines the number of children.
2See Fig. 2 for an example.
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field of interest. E.g., the text "Organization:” may be relev-
ant for the extraction, hence this text should not be changed
into CDATA. In each data set, at most one text field is identi-
fied as distinguishing context. It is found automatically using
the approach described in [Kosala et al., 2002b].

ﬂ@] Hetscape: IAF Search Results o|O] x|
File Edit Yiew Go Communical tor Help |
1 Nane “Lithium’ J Smith i~

E—Mail: aulmer@u.washi n.edu
Last Update: 08/01/5
Organization: University of Washington
2. Name: *Sir Brand’ Gregrobin Smith
Alt. Name: Smith Gregrobin
E-Mail: sirhrand@u washington.edu
- ersity of washi
Last Update: 06/21/96
Organization: University of Washington
3. Name: (raig Smith
E-Mail chs @manwell ¢ noregon.edu
Last Update: 0801794 ]
Organization: University of Oregon
4. Namne: - Richard Smith
Alr, Name: Richard
E—Mail: GBORDERS@SFASU.EDU
Last Update: 1112195
Organization: Stephen F. Austin State University
5 Name: - David S Smith
Alt, Name: David §
E-Mail: dssmith@INDIANA.EDU
Last Update: 1111625
Service Provider.  Indiana University o

= |

= 7
& [ 0% mallioauimer@uwast ¥ G e 9 (3 L ||

Figure 1: The fields to be extracted are the fields following
the Al t. Narme and Or gani zat i on fields. A document
consists of a variable number of records. The number of oc-
currences of the fields to be extracted is variable (from zero
to many). Also the position is not fixed.
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Figure 2: The left figure is an HTML tree. The right one is
the same tree after abstracting the text nodes

Approach. Our approach for information extraction has the
following characteristics:

e Strings stored at the text nodes are treated as single la-
bels. If extracted, the whole string is returned.

e One automaton is learned for one type of field to be ex-
tracted, e.qg., the field following “Organization”.

e In examples used during learning, one target field (a text
node) is replaced by z. A document gives rise to several
examples when several targets occur.

The learning phase proceeds as follows:

e Replace in the examples the target by “z”, the distin-
guishing context(s) (if present) by “ctz” and all other
text fields by CDATA.

e Map examples to trees and learn a tree automaton.

The extraction phase repeats for all candidate targets:

e Map the document to a tree and replace the candidate

target by “z”, the distinguishing context(s) (if present)
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by “ct2” and all other text fields by CDATA.
e Run the tree automaton; if the tree is accepted, then out-
put the original text of the node labeled with z.

3.1 Local unranked tree automaton inference
algorithm

Preliminaries. A partition of a set S is a set of dis-
joint nonempty subsets of S such that the union of
the subsets is S.  The height of a tree is defined
as: height(v) = 1 and height(v(t1,...,tn)) = 1+
max(height(t1), ..., height(t,)). Ift = l(t1,...,t,) then
the ¢; are called subtrees of ¢, and subtrees of ¢; are also sub-
trees of ¢. When a tree ¢ is "cut off” at level &, this means all
subtrees at level k£ become leaves. Thus the height of the cut-
off tree can be at most k. Given a tree ¢, the set of roots r(t)
is the singleton containing ¢ cut off at k; the set of forks f ()
contains all subtrees of ¢ of height at least &, cut off at k; and
the set of subtrees sy (¢) contains all subtrees of ¢ of height at
most k. Roughly, these sets respectively collect all subtrees
of height k at the top, in the middle, and at the bottom of ¢.
See [Rico-Juan et al., 2000] for a formal definition.

Examplel Let ¢ = a(b(a(b,z)),c) then ri(¢t) = {a},
f2(t) = {a(b,c),b(a),a(db,x)}, and s1(t) = {b, z, c}.

Algorithm 1 Local unranked tree inference algorithm

Input: Positive examples (set 7') and an integer k. > 1.
Output: An unranked tree automaton (V, @, A, F'S).
LFS=F=8=0;
2: for eacht € T do
3. t' = convert_labels(t)
4. F=FU fao(t") % 2-forks
5 8§=38Usi(t') % l-subtrees
6: FS=FSUri(t') % 1-root
7
8
9

: end for
CQ=FSu{ri(f)If e F}usS
: A ={u(e) > v|v eS}
10: P = partition(F)
11: for each (v, Str) € P do
12:  if v = v, and the length of the shortest string in Str >= k.

then
13: e = k_contextual(k., Str) % a DFA
14: dseif v = v, then
15: e = k_contextual(2,Str) % aDFA
16: dse
17: e =% % accepts any sequence
18:  endif
190 A=AU{v(e) > v}
20: end for

The algorithm. We have designed a procedure, which is
shown in Algorithm 1, to learn an unranked tree automaton
from a set T' of positive examples. The inferred automaton is
“local” in the sense that it identifies a tree with its 2-forks as
defined above. Note that DTDs for XML do the same [Murata
et al., 2001]. In addition to the input T, it takes as additional
parameter a positive integer k. > 1, which is the parameter
for the k_contextual subroutine that it calls.

In a first for-loop, our algorithm collects all 2-forks, 1-
subtrees and 1-roots. The latter become final states. However,
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before these steps, the node labels of each input tree ¢ are re-
written using the function convert_labels(t). This function
(Algorithm 2) rewrites node labels. The label v of the root of
a subtree is changed into v, if that subtree contains a “x” and
into v, if that subtree contains a “ctz”. The effect is that the
special labels are remembered up to the root®.

Algorithm 2 convert_labels(t)

Input: Atreet =v(t1,...,tn).
Output: Atreet’

1. t) = convert_labels(t1),...,t, = convert_labels(t,)
2: if 34 : ¢} has label I,, or  then

3t =gty .., t)

4: dseif 3i : t; has label I.4, or ctx then

5: t' =’Ucm(t’1,...,t{n)

6: else

7Tt =t

8: end if

Algorithm 3 k_contextual(k, Str)

Input: Aninteger k£ > 1 and set of strings Str over X
Output: A k-contextual DFA (X, Q, A, F'S).

1. Q=FS=A=0;

2: U = {#'s#|s € Str,# ¢ X}

3: Grams = {s|s is asubstring of u,u € U, |s| = k}
4: for each g € Grams do

5. Letg=wvwith|u|=1and |v| =k —1
6 Q=QU{v)

7. ifv=1v"# then

8  FS=FSU{v}

9:  endif

10 A=AU{uw — v}

11: end for

Next, the states are collected (the 1-root, the 1-subtrees,
and the 1-roots of the forks) in @, the transitions are initial-
ized with one transition for each 1-subtree and the 2-forks
are partitioned according to the label of the forks’ root. The
latter results in a set of pairs (v, Str) with Str a set of se-
guences, each sequence being the children of a fork. E.g.,
{a,{(b,¢), (b,c,c)}} represents two forks with root label a.

In the second for-loop, the k_contextual algorithm (Al-
gorithm 3) [Muggleton, 1990; Ahonen, 1996] is used to learn
a deterministic finite automaton (DFA) that can be used as the
representation of the regular expressions e to be used in the
transitions v(e) — ¢ of the UTA. As an illustration, consider
an input string ab for k = 3. The value of U is ##ab# and
one obtains F'S = {b#} and A = {##a — #a,#ab —
ab,ab# — b#}, where # is a distinguished label that is not
in X. It is capable of identifying in the limit any k-contextual
string automaton, a subset of the finite automata, from posit-
ive examples only. In principle, we could use any string auto-
maton inference algorithm for this purpose (see e.g. [Murphy,
1996; Parekh and Honavar, 1998] for others). We choose
the k_contextual algorithm because it is efficient, simple, and
works well in practice.

3As a result, the tree automaton is not purely local.
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An element (v, Str) of the partition gives all positive ex-
amples for a particular label v. The regular expression e cap-
tures the regularity in these examples (the document content
model in XML terminology). To obtain sufficient generaliz-
ation, we decided, after some experimentation, to distinguish
three cases. If all children of a v, node are long enough,
we construct a DFA using the k-contextual algorithm with
k-value k., otherwise with value 2. For other labels (either
a ve, label or an original label), we ignore the content of
the children and accept any sequence (the regular expression
“xM),

Using a result of [Muggleton, 1990], it is quite straight-
forward to make an incremental version of Algorithm 1. We
omit it here due to lack of space. Using a basic result of
[Angluin, 1980], we can prove:

Theorem 1 Every unranked tree language that is definable
by a local unranked tree automaton with k-contextual regular
expressions is identifiable in the limit, from positive examples
only, by our algorithm.

Example 2 Applying the Algorithm 1 on the tree of Ex-
ample 1 for k. = 2, we obtain:
o t' = az(bz(az (b, 2)),c)

ri(t) = {az}

F = f2(t') = {ax(bz, ), ba(az), az(b,2)}

S=s1(t')={b, z, c}.

FS={az}

Q: {aza bm, b, z, C}

Pl1= {amv {(b-hc)v (b,il?)}}

P2 = {bs, {(a.)}}

DFAl : A = {#,bpy — by; bgyc = ¢ c,# —
#; #ab — ba b,.’IJ — T .’l?,# - #}l Q = {bm,c,#,b,m},
F5 = {#}.

b DFA2 : A = {#1“3? - Qg a$:# — #}’ Q = {aT»:#}’

FS :_{_#}.

e transitions:

beS:ble) > b
z€S: z(e) >z
ceS:cle) e
Pl:a,(DFAl) = a,
P2:b,(DFA2) — b,

4 Experimental results

We evaluated our method on two semi-structured data
sets commonly used in IE research (available online from
http://www.isi.edu/"muslea/RISE/): a collection of web pages
containing people’s contact addresses (the Internet Address
Finder (IAF) database) and a collection of web pages about
stock quotes (the Quote Server (QS) database). For each
dataset, there are two tasks; they are the extraction of al-
ternative and organization fields in the 1AF dataset and of
the date and volume fields in the QS dataset. Each data-
set consists of 10 documents. The number of fields to be
extracted is respectively 94 (IAF-organization), 12 (IAF-
alt.name), 24 (QS-date), and 25 (QS-vol). We choose these
datasets because they are benchmark datasets that are com-
monly used for research in IE; hence they allow us to com-
pare results. In order to provide a close comparison, we
use the same train and test splits as in [Freitag and Kush-
merick, 2000]. In addition, they require the extraction of a
whole leaf node (our algorithms are designed for that task).
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Moreover, the results obtained so far [Muslea et al., 1999;
Hsu and Chang, 1999] indicate that they are difficult tasks. In
fact one of the authors in [Muslea et al., 1999] has tried to
build a hand-crafted extractor given all available documents
from the QS dataset and achieved only 88% accuracy (or re-
call in our criteria below). We also test our method on a signi-
ficantly reduced Shakespeare XML dataset (available online
from http://www.ibiblio.org/bosak/). We use the same train-
ing and test set as in [Kosala et al., 2002b]. The task on this
dataset is to extract the second scene from one act in a partic-
ular play.

We apply the commonly used criteria of IE research for
evaluating our method. Precision P is the number of cor-
rectly extracted objects divided by the total number of extrac-
tions, while recall R is the number of correct extractions di-
vided by the total number of objects present in the answer
template. The F1 score is defined as 2PR/(P + R), the
harmonic mean of P and R. Table 1 shows the results we
obtained as well as those obtained by some current state-of-
the-art string-based methods: an algorithm based on Hidden
Markov Models (HMMs) [Freitag and McCallum, 1999], the
Stalker wrapper induction algorithm [Muslea et al., 2001] and
BWI [Freitag and Kushmerick, 2000]. We also include the
results of the k-testable algorithm in [Kosala et al., 2002b]
which works on ranked trees. The results of HMM, Stalker
and BWI are taken from [Freitag and Kushmerick, 2000]. All
tests are performed with 10-fold cross validation following
the splits used in [Freitag and Kushmerick, 2000], except in
the small Shakespeare dataset which uses 2-fold cross valida-
tion. Each split has 5 documents for training and 5 for testing.
We refer to Section 5 for a description of these methods.

Table 1 shows the best results of the unranked method with
a certain k. (cross-validation on one fold of 50% random
training and test examples.) As can be seen, our method is
the only one giving optimal results.

Table 2 shows the value of k£ and k. used respectively
by the k-testable and the unranked algorithm. It is well-
known that when learning from positive examples only, there
is a problem of over-generalization. Our algorithm re-
quires a cross-validation on the value of k. to avoid over-
generalization.

Algorithm 1 runs in time O(cn), where n is the total num-
ber of nodes in the training examples and c is a constant. It
takes an average time between 19 and 26 ms in a 1.7 Ghz
Pentium 4 PC for Algorithm 1 to learn an example in the IAF
and QS datasets.

5 Redated work

The IE work for (semi-) structured texts can be divided into
systems built manually using a knowledge engineering ap-
proach, e.g. [Hammer et al., 1997] and systems built (semi-)
automatically using machine learning techniques or other al-
gorithms. The latter are called wrapper induction methods.
We briefly survey them.

The three systems referred to in Table 1 learn wrappers
based on regular expressions. BWI [Freitag and Kushmerick,
2000] uses a boosting approach in which the weak learner
learns a simple regular expression with high precision but low
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Table 1: Comparison of the results

IAF - alt.name IAF - organization QS - date QS - volume Small Shakespeare
Prec | Rec F1 | Prec | Rec F1 | Prec | Rec F1 | Prec | Rec F1 | Prec | Rec | F1
HMM 1.7 90 34 | 168 | 89.7 | 284 | 36.3 | 100 | 53.3 | 18.4 | 96.2 | 30.9 - - -
Stalker 100 - - 48.0 - - 0 - - 0 - - - - -
BWI 909 | 435 | 588 | 775 | 459 | 57.7 | 100 | 100 | 100 | 100 | 619 | 76.5 - - -
k-testable | 100 | 739 | 85 100 | 579 | 733 | 100 | 60.5 | 75.4 | 100 | 73.6 | 848 | 56.2 | 90 | 69.2
unranked | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100
Table 2: Parameters used for the experiments
IAF - alt.name | IAF -org. | QS-date | QS -volume | Small Shakespeare
k-testable (k) 4 4 2 3
unranked (k.) 2 2 2 3

recall. The HMM approach [Freitag and McCallum, 1999]
learns a hidden Markov model; it solves the problem of es-
timating probabilities from sparse data by using a statistical
technique called shrinkage. This model has been shown to
achieve state-of-the-art performance on a range of IE tasks.
Stalker [Muslea et al., 2001] induces extraction rules that
are expressed as simple landmark grammars, a class of fi-
nite automata; it performs hierarchical extraction guided by a
manually built embedded catalog tree that describes the struc-
ture of the fields to be extracted.

Several techniques based on naive-Bayes, two regular lan-
guage inference algorithms, and their combinations for IE
from unstructured texts are described in [Freitag, 1997].
WHISK [Soderland, 1999] learns extraction rules based on
a form of regular expression patterns with a top-down rule in-
duction technique. [Chidlovskii et al., 2000] describe an in-
cremental grammar induction approach; they use a subclass
of deterministic finite automata that do not contain cyclic pat-
terns. The SoftMealy system [Hsu and Dung, 1998] learns
separators that identify the boundaries of the fields of interest.
[Hsu and Chang, 1999] propose two classes of SoftMealy ex-
tractors: single pass, which is biased for tabular documents
such as QS data (they reach up to 97% recall), and multi
pass, which is biased for tagged-list document such as IAF
data (they reach up to 57% recall). We cannot really compare
results because the experimental setting is different.

All above methods use algorithms for learning string lan-
guages and require some manual intervention. HMMs and
BWI require to specify a window length for the prefix, suffix
and the target fragments. Stalker and BWI require to spe-
cify special tokens or landmarks such as “>" or “;”. Soft-
Mealy extractors in [Hsu and Chang, 1999] requires to choose
between single and multi pass bias.

In [Kosala et al., 2002b], the document is converted in a
ranked (binary) tree and an algorithm is used that induces a
k-testable tree automaton. However, as binarisation increases
the distance between target and distinguishing context, large
k are needed and the resulting automaton is precise but does
not generalize enough (Table 1). In [Kosala et al., 2002a],
the same authors generalize the obtained automaton by se-
lectively introducing wild-card labels. This gives some mod-
est improvement in recall but does not solve the problem. Our
unranked tree automaton induction algorithm does.
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The most apparent limitation of our method is that it can
only output a whole text node. To overcome this, it could be
extended with a second step where string based methods are
used to extract part of the text node. For example, to extract
the substring “the web” from the whole string “Data on the
web” (Fig. 2). Another limitation is that our method only
output a single field (slot) in one run.

Finally, a disadvantage that is not apparent from the res-
ults reported above, is that when the identification of target
fields does not require dependencies between nodes in the tree
but can rely on a local pattern (e.g., the field to be extracted
is always surrounded by specific delimiters), our tree based
method needs more examples to learn the same extraction
rule as methods that automatically focus on local patterns. In-
tuitively, more variations in further-away nodes need to be ob-
served before these variations are considered irrelevant. This
is simply an instance of the well-known trade-off between the
generality of a hypothesis space and the efficiency with which
the correct hypothesis can be extracted from it.

Some other approaches that exploit the structure of the doc-
uments are: WL2 [Cohen et al., 2002], a logic-based wrapper
learner that uses multiple (string, tree, visual, and geometric)
representations of the HTML documents. In fact, WL? is able
to extract all four tasks in the IAF and QS datasets with 100%
recall; and wrappers [Sakamoto et al., 2002] that identify a
field with a path from root to leaf, imposing conditions on
each node in the path.

6 Conclusion

We have presented an algorithm for the inference of a local
unranked tree automaton with k-contextual regular expres-
sions and have shown that it can be used for IE from struc-
tured documents. Our results confirm the claim of [Kosala et
al., 2002b] that utilizing the tree structure of the documents is
worthwhile for structured IE tasks. Whereas the latter work
transforms the positive examples into binary ranked trees, we
use them directly as unranked trees. Our results are optimal
for the previously considered benchmarks, substantially im-
proving upon the published results of other string and tree
based methods and are a strong indication that unranked tree
automata are much better suited than ranked ones for struc-
tured IE tasks.
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Possible future work includes experiments with larger and
more difficult datasets, adapting tree automata for multi slot
extraction in one run, and a more formal analysis of the al-
gorithm.
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Abstract

This paper reports work on automated meta-data
creation for multimedia content. The approach re-
sults in the generation of a conceptual index of
the content which may then be searched via se-
mantic categories instead of keywords. The nov-
elty of the work is to exploit multiple sources of
information relating to video content (in this case
the rich range of sources covering important sports
events). News, commentaries and web reports cov-
ering international football games in multiple lan-
guages and multiple modalities is analysed and the
resultant data merged. This merging process leads

email: jankuper@cs.utwente.nl, saggion@dcs.shef.ac.uk

such as automatic indexir[@pe Jonget al, 2004, classifi-
cation[Sable and Hatzivassiloglou, 199%r understanding
[Srihari, 1995 of visual records.

In this paper, we present an integrated solution to the
problem of multimedia indexing and search: the MUMIS
concept. Our solution consists of using information ex-
tracted from different sources (structured, semi-structured,
free, etc.), modalities (text, speech), and languages (English,
German, Dutch) all describing the same event to carry out
data-base population, indexing, and search. The novelty of
our approach is not only the use of these ‘heterogeneous’
sources of information but also the combination or cross-
source fusion of the information obtained from the separate
sources. Single-document, single-language information ex-

toincreased accuracy relative to individual sources.  raction is carried out by independent systems that share a

semantic model and multi-lingual lexicon of the domain. The
1 Introduction results of all i_nformation extraction systems are merged by a
process of alignment and rule-based reasoning that also uses
Multimedia repositories of moving images, texts, and speeclthe semantic model. In the rest of this paper we describe in
are becoming increasingly available. This together with thedetail the context of the project, and each of the modules in-
needs for ‘video-on-demand’ systems requires fine-grain involved in the automatic derivation of annotations. However,
dexing and retrieval mechanisms allowing users access the emphasis is on the merging component.
specific segments of the repositories containing specific types
of information._Anno;ation_of \_/ideo is_ usually ca_rrigd out by 2 The MUMIS Project
humans following strict guidelines. Video material is usually
annotated with ‘meta-data’ such as names of the people ilh MUMIS various software components operate off-line to
volved in the production of the visual record, places, datesgenerate formal annotations from multi-source linguistic data
and keywords that capture the essential content of what i Dutch, English, and German to produce a composite time-
depicted. Still, there are a few problems with human annotacoded index of the events on the multimedia programme. The
tion. Firstly, the cost and time involved in the production of domain chosen for tuning the software components and for
fine-grained semantic “surrogates” of the programme is extesting is football.
tremely high; secondly, humans are rather subjective when A corpus of collected textual data in the three languages
assigning descriptions to visual records; and thirdly, the levelvas used to build a multi-lingual lexicon and shared ontol-
of annotation required to satisfy a user’s needs can hardly begy of the football domain. Based on this shared model,
achieved with the use of mere keywords. In order to tacklghree different off-line Information Extraction components,
these problems, indexing methods based on image processae per language, were developed (see section 3). They are
ing have been develop¢@hanget al, 1999. Content-based used to extract the key events and actors from football re-
indexing and retrieval of visual records is based on featureports and to produce XML output. A merging component or
such as colour, texture, and shape. Yet visual understandingoss-document co-reference mechanism has been developed
is not well advanced and is very difficult even in closed do-to merge the information produced by the three IE systems
mains. As a consequence, various ways to explore the ugeee section 4). Audio material is being analysed by Phicos
of collateral linginstic material have been studied for taskdSteinbisset al,, 1993, an HMM-based recognition system,

“Funded by EC’s 5th Framework HLT Programme under grant  ‘Multimedia Indexing and Searching Environment, see
number IST-1999-10651

http://parlevink.cs.utwente.nl/projects/mumis/
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ERgERd -0 GaaTy Formaltext ing events under single time stamps. Another very valuable

Shearer (52) source for the generation of the annotations are the spoken

Bookings Beckham (42)... — transcriptions that, even with the many errors they contain,
Icker . . . .

41 mins: Beckham is shown a yellow card for retaliating on UIf Kirsten sec- still prowde exact temporal information.

onds after he is denied a free-kick.

40" Hoekschop Engeland met David Beckham. Slecht getrapt. Meteen mjaakt . .
Beckham daarna een fout en krijgt een gele kaart. 3 EXtraCt'”g Information from
Match
David Beckham - a muted force in attack - was shown a yellow card for a/late Hete rOgenEOUS Sources
challenge on Kirsten... Information extraction is the process of mapping natural lan-

Transcription . . .
...i's gonna be a card here for David Beckham it is yellow mmm well aggain guage into template'“ke structures representlng the key (Se'

his was the name in the post match headlines... mantic) information from the text. These structures can be
David Beckha}m hielt die Solhle noch drubgr schaugn Sie mitAdem Hinterteil used to populate a database, used for summarization pur-
auch harter Einsatz gegen Kirsten und Collina zeigtihm Gelb eine der Unarten o L
leider von David Beckham poses, or as a semantic index as in our approach. Key to the
Beckham metx Kirsten dat is nou weer dom wat die Beckham doet ja zal ie information extraction process is the notion of “domain”, sce-
e B By NAIIO OF template that represents what information should be
weer geel extracted. IE has received a lot of attention in the last decade,
fuelled by the availability of on-line texts and linguistic re-
Table 1: Different accounts of the same event in different lansources and the development of the Message Understanding
guages Conference$Grishman and Sundheim, 199@raditionally,
IE applications have tended to concentrate on a small number
of events (typically one), MUMIS addresses the challenge of
in order to obtain transcriptions of the football commentariesmulti-event extraction.
(spontaneous speech). It uses acoustic models, word-basedMvulti-lingual IE has been tried in the M-LaSIE system
language models (unigram and bigram) and a lexicon. FofGaizauskat al, 1997, where the same underlying com-
Dutch, English, and German different recognition systemsonents and a bi-lingual dictionary are used for two different
have been developed (i.e., different phone sets, lexicons, andnguages (English and French). MUMIS differs from that
language models are used). system in that it operates with three different off-line infor-
JPEG keyframe extraction from MPEG movies around amation extraction components, one per language, that pro-
set of pre-defined time marks - result of the information ex-duce the same “language-free” representation. In this paper
traction component - is being carried out to populate thewe give only a brief description of the English and German
database. The on-line part of MUMIS consists of a state ofE systems.
the art user interface allowing the user to query the multime-
dia database. The interface makes use of the lexica in th&.1 Extraction from English Sources

three target languages and domain ontology to assist the Usgf .,y English sources is based on the combination of
while entering his/her query. The hits of the query are indi-5ATE2 components for finite state transductif@unning-
cated to the user as thumbnails in the storyboard together wit, .\ o 4 2004 and Prolog components for parsing and

extra information about each of the retrieyed events. The US&iscourse interpretation. The components of the system are:
can select a particular fragment and play it. tokeniser, segmenter, gazetteer lookup (based on lists of
2.1 Domain and Ontology _entities of the domain), semantic tagger, shallow_ pronom-
. ) inal co-referencer, part-of-speech tagger, lemmatiser, chart

An analysis of the domain and a user study led us to proposgayser, discourse interpreter (ontology-based co-referencer),
31 types of event for a football matcki¢k-off, substitution — ang template extractor. These components are adapted and
goal, foul, red card yellow card etc.) that need to be identi- ¢ompined to produce four different system configurations for
fied in the sources in order to produce a semantic index. Thgyocessing different text-types and modalities (transcriptions,
following elements associated with these events are extracteghrmga| texts, semi-formal texts, and free texts). The analy-
players, teams, times, scores, and locations on the pitch.  sjs of formal texts and transcriptions is being done with finite

An ontology has been developed for these events and thegiate components because the very nature of these linguistic
actors, it contains some 300 concept nodes related as an ‘is-gescriptions make appropriate the use of shallow natural lan-
hierarchy. The link betwe_en the concepts an_d the three |aﬂjuage processing techniques. For example, in order to recog-
guages consists of a flexible XML format which maps con-pjise”asubstitutionin a formal text it is enough to identify
cepts into lexical entries. , players and their affiliations, time stamps, perform shallow
_ Sources used for information extraction are: formal textscq.reference and identification of a number of regular expres-
tickers, commentaries, and audio transcriptions (see Table 1jjons to extract the relevant information. In our system, reg-
Ticker reports are particularly important in the generation of |5, expressions operate on annotations (not on strings) and
formal annotations. These texts are a verbal account of eve”b?oduce semantic information. We make use of the Java An-
over time stamps. They also follow a specific text structure,gtation Pattern Engine (JAPE) formalid@unninghamet

consisting of a ‘ticker header’, in which information about al., 2003 to code our regular grammar. Below, we present
lists of players and the result of the game is usually stated,

and ‘ticker sections’ grouping together sentences describ- 2GATE is a free architecture for natural language engineering.
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one example of the use of JAPE that accurately idestify- 7. Ein Freistoss von Christian

stitutionsin speech transcriptions: Ziege aus 25 Metern geht ueber das Tor.
“A 25-meter free-kick by Christian

Ziege goes over the goal.”
Rule: Subsl g 9 v g

({Player}) ({Token.string == “is"}) ({Replace}) <events>
({Player})):annotate  --> :annotate.SubsEvent = naqn

{rule = "Subs1"} "free-kick">

. .. . <relations>
Complex linguistic descriptions are fully analysed because <reation id="r1" reltype="player"

of the need to identify logical subjects and objects as well player-name="Christian Ziege" in-team="Germany"/>

as to solve pronouns and definite expressions (e.g., “thel,qiations>

Barcelona striker”) relying on domain knowledge encoded in </event>

the ontology of the domain. Domain knowledge establishes, sévent id="e2" clause="cls1" event-name=

for example, that the two players involved insabstitution _?Oal'scene'fa" g

belong to the same team. This semantic constraint is usedk/event>

in cases such as “he is replaced by Ince” to infer that the </¢vents>

antecedent of the pronoun “he” belongs to the “English”

team (because “Ince” does). Table 2: Semantic annotation in SCHUG
Logic-based information extraction rules operate on log-

ical forms produced by the parser and enriched during dis- . . .

course interpretation. They rely on the ontology to check conthiS particular team can be extracted from additional texts or

straints (e.g., type checking, ontological distance, etc.). Th&éta-data. In this way, information not present in the text di-

following logic-based rule is used to extract the participantéecuy can be added by additional information extraction and

of a substitution when syntactic and semantic information id&asening.

available: Since formal texts require only little linguistic analysis, but
rather an accurate domain-specific interpretation of the jargon
gp'?ce_e;im(g) f 'SugiéEvF_’i) &b'otbti(tE_PZ) @ & used, a module has been defined within SCHUG, which in a
e P g ) gy en-event®) first step maps the formal texts onto an XML annotation, giv-

ing the domain semantic of the expressions in the text (the
‘Isubj’ and ‘lobj’ represent the logical subject and object approach taken for formal texts is similar to the one followed
of an event. Note that, contrary to the regular case, théy the English IE system). In a second step SCHd&ges
‘Isubj’ and ‘lobj’ relations, being semantic in nature, are long all the XML annotated formal texts about one game. Those

distance relations. merged annotations are generated at a level that requires only
i little linguistic analysis, and basically reflect domain specific
3.2 Extraction from German Sources information about actors and events involved in the text. The

The German IE system is based on an integrated set of lifSCHUG module applied at this level also extracts meta-data
guistic tools called SCHUG: Shallow and Chunk based Uni-information: name of the game, date and time of the game, in-
fication GrammarDeclerck, 2002 The chunking proce- termediate and final scores etc. This is quite important, since
dure of SCHUG consists of a rule-based sequence of cashe meta-data can guide the use of the annotations produced
cades (based on the work thpbney, 199%), which pro-  so far for supporting linguistic analysis and information ex-
duces a rich linguistic representation, including grammaticatraction applied to more complex documents.
functions and resolution of co-reference and ellipsis. In or-
der to detec_t these_ accurately, an analysis of the clauses gf Merging
a sentence is required. Clauses are subparts of a sentence
that correspond to a (possibly complex) semantic unit. EacMerging, also known as cross-document co-refer¢Begga
clause contains a main verb with its complements (gramma@nd Baldwin, 1998 is the process of deciding whether two
ical functions) and possibly other chunks (modifiers). linguistic descriptions from different sources refer to the
Applied to the football domain, SCHUG inspects the com-same entity or event. The merging component in MUMIS
mon MUMIS ontology and enriches the linguistic annotationcombines the partial information as extracted from various
produced with domain-specific information encoded in thesources, such that more complete annotations can be ob-
ontology. Below (see Table 2) we show one example of thdained. Radev and McKeowi99d developed a knowledge-
semantic annotation generated by SCHUG when applied tbased multi-document summarization system based on in-
an on-line ticker text (game England-Germany). Here, variformation extraction and merging of single ‘terrorist’ events.
ous relations (player, location, etc.) and evefrse(kick fail ~ The novelty of our approach consists in applying merging to
to score a goglthat are relevant to the football domain are multiple events extracted from multiple sources.
recognised. As is to be expected, complete recognition of events in nat-
ural language sentences is extremely difficult. Often, events
Some relations are not explicitly mentioned, but can still bewill be only partially recognised. The merging component of
inferred by the MUMIS system. For example, the team forthe MUMIS project aims to fill in missing aspects of events
which “Ziege” is playing can be inferred from the ontological with information gathered from other documents. For exam-
information that a player is part of a team and the instance ople, the Dutch information extraction system recognised in
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documentA on the match Netherlands-Yugoslavia from the HE————F |§ e/ $2Gqa!; Beyghamp - 77|
European championships 2000 thatavewas performed in e —t 1 AT
the 31st minute. In addition, it recognised the names of two  5-beuds 22 == % i hiGromRb™ ra |
players: Van der Sar (the Dutch goalkeeper) and Mihajlovic

(a Yugoslavian player), but it could not figure out which of Figyre 1: Two document alignment. Vertical lines denote

these two players performed the save. In docum@nt  gocuments, numbers are time stamps, thin lines indicate pos-
recognised dree-kickin the 30th minute, and the names of gjpe bindings, thick lines denote strongest bindings.

the same two players. Again, it did not succeed in finding out
which player took thdree-kick

The fact that the same two players are involved, plus the
small difference between the time-stamps, strongly suggests
that both descriptions are about the same event in reality. The
merging part of the MUMIS project matches these partial data
together, and concludes that it was Mihajlovic who took the
free-kick followed by asaveby Van der Sar.

The merging component consists of several parts which
will be described in more detail below.

|F_NY_ENG—?I]
Subst - Drulovic - Kovacevic |

4.1 Scenes

Given the example above, it is clear that matching together in-
dividual events from two different documents is not the right
approach: asaveevent cannot be matched withfi@e-kick
event, they are two totally different events. Besides, itis clear
that players’ names will play an important role in the match-Figure 2: Finding complete subgraphs. The graph as a whole
ing of information from one document with information from s found by the alignment process. Inside 3 complete sub-

another document. In order to take players’ names into congraphs are found (two triangles indicated by the thick lines,
sideration, arunknownevent was introduced, such that if it and one single node).

was not clear what a player did, this could be represented by
letting that player perform this unknown event (the informa-
tion extraction systems provide this information).

Now the event is still the fundamental concept, but the In order to choose the best matchings, the algorithm starts

- ; : by selecting two scenes ands, such that the binding be-
merging process aims at matching togetheupsof events g
gng p g 1og b tyveens; and s, is (one of) the strongest. In general, such

instead of single events. Such a group of events is called . . 2 . . !
scene The author of a text is considered as a “semantic fil-& choice will remove other bindings, in particular the bind-
ter”, which determines which events should be taken togethélngs betweens; ands, with other scenes. Since these two

in the same scene. If events are mentioned in the same te$ESCriPe the same fragment of the game, scenes befeen

fragment, they belong to the same scene. In the ticker dodﬁc’;’v no IoB_g%r. matchh_s%epes affg%L(and \tllclf:? ver?a).dThat
uments this does not give rise to ambiguities, since their text '© SaY, DINAINGS Which "Cross: the matching af and s,

fragments are clearly distinguished from each other (see T&'€ rémoved. Thus the possible bindings are cutin two parts,
ble 1). and the algorithm continues recursively with both halves, un-

til all choices have been made. This two document algorithm
4.2 Two Document Alignment is applied to every pair of documents.

The merging algorithm compares all the scenes extracted

from documentA with all the scenes extracted from docu- 4.3 Multi Document Alignment

ment B, and examines whether or not a scene from docu-

ment A might be matched with a scene from documént ~ The next step is to join connected scenes from various docu-
There are several aspects to be taken into account: players iflents together. Start with a set consisting of one (arbitrary)
volved in the scenes, distance between time stamps, whethg¢ene, and extend this set by those scenes which are con-

the scenes contain the same events or not, etc. nected to the starting scene. Repeat this for all the scenes
A scene from documemt may match more than one scene added to the set until no further extension is found. This set of
from documentB (see Figure 1). scenes, together with the bindings between the scenes (chosen

The strength of a matching can be calculated in differenby the two document algorithm) naturally formcannected
ways, and it will not be surprising that the number of playersgdraph
involved in both scenes will be of great influence. This in- Repeat this graph building procedure for the remaining
fluence is that great, that taking only the number of commorscenes, until all scenes are included in a graph. Notice, that
players’ names as a measure of the strength of a binding, gageich a graph may consist of one scene only. Notice also, that
the best results. We restricted matching of scenes to thosegraph may contain more scenes than there are documents,
scenes which were not further than (arbitrarily) five minutessince scenes may be connected through a sequence of two
apart. document matches.

412 INFORMATION EXTRACTION



4.4 Complete Sub-graphs

Ideally, a graph should lompleteexpressing that every two
scenes in the graph do match, and thus all scenes do contair
some common information. That is to say, the scenes in a
complete graph are all about the same fragment during the
football game which is described in the documents. However,
in practice not every graph which results from the procedure
above, is complete (see Figure 2).

Scenes may partially overlap, and thus give rise to se- L ~_\ |
quences of connections where the first and the last are no gt oo ——— 0
longer connected. We isolate tls¢rongest complete sub-
graphsfrom every non-complete graph, since such a sub- —=—gmgma [
graph describes one fragment in reality. A given (non- e
complete) graph is divided into its strongest complete sub-_ ) ) i
graphs by going through all the bindings in the graph, orderedrigure 3: Merging. Bottom left is the result of merging all
by their strength (starting with the strongest one), and addingformation in all nodes of the graph. Bottom right is the
scenes and edges to a sub-graph whenever possible Withd@fnalnlng_mformanon that could not be decided upon (in this
violating the completeness of this sub-graph. If that is nota@se nothing).
possible, a new sub-graph is started, and some bindings may
be removed. The final result is a set of complete graphs of
matching scenes from many documents, such that the scenelgosen semantics in MUMIS are not the same. For example, a

|F_NY_DUTCH-24
|Goal - Kiivert - 22

inside a graph describe the same fragment in reality. clearance and a save are two different events according to the
MUMIS semantics, but an author may well use these terms
4.5 Rules in a way different from the MUMIS semantics. Therefore

Consider the example given before, aboutgdheeevent and  the relationships between such concepts are expressed in an
the free-kickevent, with the players Van der Sar and Miha- ontology, such that rules may use sub-typing or super-typing
jlovic. These scenes are now in the same graph, and thus mé&glationships between concepts.

be combined (see Figure 3). However, not every combina-

tion will be correct, for example, Mihajlovic and Van der Sar 4.6 ~ Scenarios

will not both take the free-kick. Also, it will not be correct After merging the scenes extracted from the various docu-
to let Van der Sar (the Dutch keeper) take the free kick, anghents into more complete scenes, the order of the events

Mihajlovic perform the save. In order to combine this partial \yithin a scene may be incorrect with respect to the order as
information into scenes containing complete evenisare i \yas in reality. The merging process itself does not take the
needed. In the MUMIS project several kinds of rules, all €x-orqering of events into account, and besides, authors often
pressing somelomain knowledgehave been developed. A aniion events in the opposite order. For example, a player
first kind are the event internal rules, for example, rules saygres after a comer — but the scoring is mentioned first.

ing that the two players involved in a SUbS.t'IUt'On event be- Based on the original texts in the source documents, a se-
long to the same team, or that a keeper typically will not tak'E'ries of scenariosis extracted, describing typical orders in

a corner. .
A second kind of rule takes into account the role of theWhICh events occuiSchank and Abelson, 1977

teams in the fragment, i.e., whether a team is attacking o ;
defending at that moment. To determine whether a team ié’j Evaluation
attacking or defending, all players involved in the scene ardsiven the limited availability of background information on
checked for their normal position in the field. Then eventsplayers (to which team they belong, on what position they
are characterised as offensive events (suatoaser, shot on  play, etc.), the merging component could only be tested in a
goal), defensive eventséve clearance, and neutral events case study The match Netherlands-Yugoslavia from the Eu-
(throw-in, yellow card. The second kind of rule makes sure ropean championships in 2000 to perform such a case study.
that offensive events are performed by players from the atBased on this example, the results of the merging approach
tacking team, and defensive events are combined with payesge very promising.
from the defending team. The result of the alignment process applied to this match
A third kind of rule makes sure that players will not per- produced 63 complete graphs, of which 28 consist of only
form impossible combinations of events, e.g., the player wh@ne node (a scene), containing information from one source
takes a corner will (unless he’s very fast) not deliver a shottext only. Looking at the original texts, only five of these one-
on-goal as well. scene graphs might have been combined with other graphs,
To apply these rules, a background database of player irthe main problem being that some texts mention some in-
formation is created, containing names of players, their norformation in one scene, whereas other documents divide the
mal position in the field, the team they belong to, etc. same information over several scenes. In such cases the align-
Yet another kind of rule is based on an ontolgy of eventament algorithm chooses the best match, leaving the other part
and is used to unify certain events which according to thainmatched.
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Abstract

Multi-view learners reduce the need for labeled data
by exploiting disjoint sub-sets of features (views),
each of which is sufficient for learning. Such al-
gorithms assume that each view is a strong view
(i.e., perfect learning is possible in each view). We
extend the multi-view framework by introducing a
novel algorithm, Aggressive Co-Testing, that ex-
ploits both strong and weak views; in a weak view,
one can learn a concept that is strictly more gen-
eral or specific than the target concept. Aggressive
Co-Testing uses the weak views both for detecting
the most informative examples in the domain and
for improving the accuracy of the predictions. In a
case study on 33 wrapper induction tasks, our algo-
rithm requires significantly fewer labeled examples
than existing state-of-the-art approaches.

1 Introduction

Labeling training data for learning algorithms is a tedious, er-
ror prone, time consuming process. Active learning addresses
this issue by detecting and asking the user to label only the
most informative examples in a domain. In this paper, we
focus on Co-Testing [Muslea er al., 2000], an active learn-
ing technique for domains with multiple views; i.e., domains
with disjoint sub-sets of features, each of which is sufficient
for learning. Co-Testing is a 2-step iterative algorithm that
(1) uses the few available labeled examples to learn a hypoth-
esis in each view and (2) queries (i.e., asks the user to label)
examples on which the views predict a different label. Such
queries are highly informative because they correct mistakes
made by one of the views: whenever the views disagree, at
least one of them must be wrong.

Co-Testing was successfully applied to wrapper induction
[Muslea et al., 2000], an industrially important application.
In wrapper induction the goal is to learn rules that extract the
relevant data from collections of Web pages that share the
same underlying structure; e.g., extract the book titles and
prices from amazon . com. For wrapper induction, Co-Testing
uses two views: the sequences of tokens that precede and fol-
low the extraction point, respectively. The extraction rules
learned in these views are finite automata that consume an
item’s prefix or suffix within the page, respectively.
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The main limitation of existing Co-Testing algorithms
[Muslea et al., 2000; 2002a] is that they are designed to use
only views that are adequate for learning, thus being unable
to also exploit imperfect views that would permit a faster con-
vergence to the target concept. To address this problem, we
extend the multi-view learning framework by introducing the
idea of learning from strong and weak views. By definition,
a strong view consists of features that are adequate for learn-
ing the target concept; in contrast, in a weak view one can
only learn a concept that is more general or specific than the
target concept. We introduce a novel algorithm, Aggressive
Co-Testing, that exploits both strong and weak views with-
out additional data engineering costs. We also describe a case
study on wrapper induction, which shows that Aggressive Co-
Testing clearly outperforms state-of-the-art algorithms.

To illustrate the idea of strong and weak views, consider
the task of extracting fax numbers from a directory of restau-
rant Web pages such as Zagat. The two wrapper induction
views described above are strong views because each of them
is (typically) sufficient to extract the item of interest [Muslea
et al., 2000]. In addition to these two strong views, we
can also exploit a view that consists of tokens within the
item to be extracted. In this view, we learn the grammar
“( Number ) Number - Number” that describes the content of
the fax numbers. This additional view is a weak view because
the grammar above represents a concept more general than
the target one; i.e., it cannot discriminate between fax and
phone numbers that appear within the same Web page.

Aggressive Co-Testing for wrapper induction works as fol-
lows: first, it uses a few labeled examples to learn a rule
in each view (i.e., one weak and two strong rules). Then it
queries an unlabeled example on which the two strong rules
extract different strings, both of which are inconsistent with
the content-based grammar. Each such query is likely to rep-
resent a mistake not only in one, but in both strong views, thus
leading to faster convergence. We use a collection of 33 dif-
ficult extraction tasks to show that using the weak view dra-
matically reduces the need for labeled data: compared with
existing state of the art active learners, our novel algorithm
requires between 45% and 81% fewer labeled examples.

2 Related work

The idea of exploiting complementary information sources
(i.e., types of features) appears in various multi-strategy
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learners. Of particular interest are two recent papers [Kush-
merick ef al., 2001; Nahm and Mooney, 2000] in which the
authors use sets of features that clearly do not have the same
expressive power. This work can be seen as learning from
strong and weak views, even though it was not formalized as
such, and it was not used for active learning.

Kushmerick ef al. [2001] focus on classifying the lines of
text on a business card as a person’s name, affiliation, address,
phone number, etc. In this domain, the strong view consists
of the words that appear on each line, based on which a Naive
Bayes text classifier is learned. In the weak view, one can ex-
ploit the relative order of the lines on the card by learning a
hidden Markov Model that predicts the probability of a par-
ticular ordering of the lines on the business card (e.g., name
followed by address, followed by phone number).

This weak view defines a class of concepts that is more
general than the target concept: all line orderings are possi-
ble, even though they are not equally probable. The order of
the text lines cannot be used by itself to accurately classify
the lines. However, when combined with the strong view, the
ordering information leads to a classifier that clearly outper-
forms the stand-alone strong view [Kushmerick et al., 2001].

Another algorithm that can be seen as learning from strong
and weak views is DISCOTEX [Nahm and Mooney, 2000],
which extracts job titles, salaries, locations, etc from com-
puter science job postings to the newsgroup austin. jobs.
DISCOTEX proceeds in four steps: first, it uses RAPIER
[Califf and Mooney, 1999] to learn extraction rules for each
item of interest. Second, it applies the learned rules to a large,
unlabeled corpus of job postings and creates a database that
is populated with the extracted data. Third, by text mining
this database, DISCOTEX learns to predict the value of each
item based on the values of the other fields. For example, it
may discover that “IF the job requirements include
C++ and CORBA THEN the development platforms
include Windows”. Finally, when the system is deployed
and the RAPIER rules fail to extract an item, the mined rules
are used to predict the item’s content.

In this scenario, the RAPIER rules represent the strong view
because they are sufficient for extracting the data of interest.
In contrast, the mined rules represent the weak view because
they cannot be learned or used by themselves. Furthermore,
as DISCOTEX discards all but the most accurate of the mined
rules, which are highly-specific, it follows that the weak view
can be used to learn only concepts that are more specific than
the target concept. Nahm and Mooney show that these mined
rules improve the extraction accuracy by capturing informa-
tion that complements the RAPIER extraction rules.

3 Preliminaries

In this section we first explain the main idea behind Co-
Testing algorithms [Muslea et al., 2000; Muslea, 2002], and
then we describe the strong and weak views that we use for
wrapper induction.

3.1 Background: the Co-Testing approach

Figure 1 provides a formal description of the Co-Testing fam-
ily of algorithms. Given a base learner £, a set L of labeled
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Given: - a base learner £
- a learning problem with features V={a1, a2, ...,an}
- two views V1 and V2, where V=V1UV2 and VINV2=0)
- the sets L and U of labeled and unlabeled examples
- number N of queries to be made

LOOP for N iterations
-use L, VI(L), and V2(L) to create classifiers h1 and ho
- let ContentionPoints ={ uw € U | h1(u) # ha2(u) }
- IF ContentionPoints is empty THEN quit
- let Query = SelectQuery(ContentionPoints)
- remove Query from U and ask for its label [
- add labeled Query to L

- CreateQutputHypothesis( h1, h> )

Figure 1: Co-Testing algorithms repeatedly query examples
for which the two views make a different prediction.

examples, and a set U of unlabeled ones, Co-Testing works
as follows: first, it learns the classifiers h; and hs by apply-
ing the algorithm £ to the projection of the examples in L
onto the two views, V1 and V2. Then it applies h; and hy to
all unlabeled examples in U and detects the set of contention
points, which are unlabeled examples for which h; and ho
predict a different label. Finally, it asks the user to label one
of the contention points and repeats the whole process.

The various members of the Co-Testing family differ from
each other with two respects: the strategy used to select the
next query, and the manner in which the output hypothesis'
is constructed. In other words, each Co-Testing algorithm
is uniquely defined by the choice of the heuristics Select-
Query() and CreateOutputHypothesis(). In turn, these two
heuristics depend on the properties of both the application do-
main and the base learner L.

We consider here two types of query selection strategies:

- random: randomly choose a contention point. This strategy
is appropriate for base learners that lack the capability of
estimating the confidence of their predictions.

- max-confidence: choose the contention point on which both
hy and h, make the most confident prediction. This
strategy is appropriate for high accuracy domains (e.g.,
wrapper induction), in which there is little or no noise.
On such tasks, discovering examples that are misclassi-
fied “with high confidence” translates into queries that
“fix big mistakes,” thus leading to fast convergence.

We also consider two “output hypothesis™ heuristics:

- winner-takes-all: the output hypothesis is the one learned
in the view that makes the smallest number of mistakes
over the N queries.

- majority vote: examples are labeled according to the pre-
diction of most views (requires at least three views).
3.2 Wrapper induction: the strong views

In wrapper induction, each item of interest is described by
three strings of variable length: the item’s content, together

'Once training is completed, the output hypothesis is used to pre-
dict the label of all new, unseen examples.
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R1: SkipTo "Phone : <i>"

R2: BackTo "Fax" BackTo "("

= <

Name: <i> Gino’s </i><p> Phone: <i>| (800) 111-1717 </i><p> Fax: (616) 111-...

- =

R3: (Number) Number - Number

Figure 2: The forward and backward strong rules (i.e., R1 and R2) find the beginning of the phone number by consuming its
suffix or prefix, respectively. R3 is a content-based grammar that describes the structure of the item to be extracted.

with its prefix and suffix within the document. As this is not
a typical machine learning representation in which an exam-
ple’s description in each view consists of a fixed set of fea-
tures , we describe here in detail how Co-Testing can be ap-
plied to wrapper induction. As a first step, we introduce the
basic ideas in STALKER [Muslea et al., 2001], which is the
wrapper induction algorithm that we use as base learner.
Consider the illustrative task of extracting phone numbers
from Web pages similar to the one shown in Figure 2. In
STALKER, an extraction rule consists of a start rule and an
end rule that identify the beginning and the end of the item,
respectively. Given that start and end rules are extremely sim-
ilar, we describe here only the former. In order to find the
beginning of the phone number, one can use the start rule

R1 = SkipTo “Phone :<i>“

This rule is applied forward, from the beginning of the doc-
ument, and it ignores everything until it finds the string
Phone: <i>. For a slightly more complicated extraction task,
in which toll-free numbers appear in italics and the other ones
in bold, one can use a disjunctive start rule such as

R1' = either SkipTo “Phone :<i>*
or SkipTo “Phone :<b>“

An alternative way to detect the beginning of the phone
number is to use the start rule

R2 = BackTo “Fax“ BackTo “(“

which is applied backward, from the end of the document.
R2 ignores everything until it finds “Fax” and then, again,
skips back to the first open parenthesis.

As shown in [Muslea et al., 2001], the above extraction
rules can be learned based on user-provided examples of
items to be extracted. Note that R1 and R2 represent de-
scriptions of the same concept (i.e., start of phone number) in
two different views. That is, the views V1 (forward view) and
V2 (backward view) consist of the sequences of tokens that
precede and follow the beginning of the item, respectively.

Note that both V1 and V2 represent strong views: as the
Web pages to be wrapped share the same underlying struc-
ture, STALKER can be seen as uncovering and exploiting this
underlying structure for extraction purposes. Consequently,
both the forward and backward rules are expected to extract
the relevant data from any page.

3.3 Wrapper induction: the weak view

Besides the two strong views above, one can also use a third,
content-based view, which describes the actual item to be ex-
tracted. For example, when extracting phone numbers, one
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may exploit the fact that they can be described by a simple
grammar: “( Number ) Number - Number”. Similarly, when
extracting URLs, one can take advantage of the fact that a
typical URL starts with the string “http://www.”, ends with
the string “. html”, and contains no HTML tags.

In this paper, we use the following features to describe the
content of each item to be extracted:

- the length range (in tokens) of the seen examples. For in-
stance, phone numbers in the format “ ( Number ) Number
- Number” consist of six tokens (i.e., the three numbers,
the dash, and the two parentheses).

- the roken types that appear in the training examples. This
feature consists of the set of the most specific wildcards
(e.g., Number, AllCaps, etc) that match the tokens en-
countered in the item to be extracted. For example, in
the phone number case, this list consists of two wild-
cards: Number and Punctuation. The complete hierar-
chy of wildcards is described in Figure 3.

[l )

- a start-pattern such as “http://www.” or “( Number )”,
which describes the beginning of the item of interest.

- an end-pattern such as “AlphaNum.html” or “Number -
Number”, which describes the end of the item.

In order to learn the content-based description of an item,
we use as base learner a simplified version of the DataPro
algorithm [Lerman and Minton, 2000]. After tokenizing each
of the user-provided examples of strings to be extracted, the
weak-view learner proceeds as follows:

- the length range is determined by finding the examples that
contain the largest and the smallest number of tokens;

- the token types are obtained by going through the tokens
that appear in the labeled examples and adding to the set
of “seen types” the most specific wildcard that covers it.

- a start-pattern of length one consists of the most specific
wildcard that covers the first token in all labeled exam-
ples; if all examples start with the same token, such
as “(” in the phone number example, the actual to-
ken is preferred to the most specific wildcard. A start-
pattern of length £ is generated by repeating the proce-
dure above for the first, second, ..., up to k-th position.

- the end-pattern is learned in the same manner as the start
pattern, but using the & tokens at the end of the item.

Note that, unlike the forward and backward views, the
content-based view is a weak view because, for many extrac-
tion tasks, this view does not uniquely define the item of inter-
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AnyToken

non-Html Html

AlphaNumeric Punctuation

Alphabetic Number

Capitalized

AllCaps

Figure 3: The hierarchy of wildcards used for wrapper induc-
tion. The parent-child relationship denotes the IsMoreGener-
alThen relationship. For example, the most general wildcard
is AnyToken, which matches all possible tokens. non-Html,
which is a child of AnyToken, denotes all tokens than are not
HTML tags (i.e., alphanumeric tokens and punctuation signs).

est. This is a consequence of the fact the view uses only fea-
tures that describe the content of each item. For Web pages
that contain several items with similar descriptions, such as
multiple email addresses, phone numbers, URLS, or names,
the content-based grammar cannot discriminate between the
various items with similar descriptions.

4 Aggressive Co-Testing

We introduce now Aggressive Co-Testing, which provides
a framework for naturally exploiting both strong and weak
views. For Aggressive Co-Testing, the contention points are
defined as unlabeled examples on which the strong views pre-
dict a different label. For the wrapper induction problem, Ag-
gressive Co-Testing uses the two strong and one weak views
described earlier (i.e., the forward, backward, and content-
based views). Consequently, the contention points are unla-
beled documents from which the forward and backward rules
extract different strings. Aggressive Co-Testing uses the la-
beled examples to learn one hypothesis in each view, detects
the contention points, and then uses the following heuristics:

- SelectQuery() returns the contention point on which both
strong rules violate the largest number of constraints
learned in the weak view; e.g., the extracted strings are
longer than the seen examples, the start- and end- pat-
terns do not match, etc. This is a max-confidence query-
ing strategy because the content-based view is maxi-
mally confident that the strong rules extract incorrect
strings.

- CreateOutputHypothesis() uses the three views for ma-
jority voting. That is, given a new, unseen document,
both strong rules are applied to it; if they extract the
same string, this string is returned as the answer. Oth-
erwise the “winner” is the strong rule that violates the
fewest constraints learned in the weak view. Note that
this flexible approach allows Co-Testing to use the most
appropriate strong rule for each document in the dataset.

To better understand how Aggressive Co-Testing works,
we contrast it now with Naive Co-Testing [Muslea er al.,
2000], which uses only the two strong views. Both algo-
rithms detect the contention points in the same manner, but
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they use different query selection strategies and output hy-
potheses. More precisely, Naive Co-Testing randomly queries
one of the contention points and generates a winner-takes-all
output hypothesis (i.e., the rule that makes the fewest mis-
takes on the queries extracts the data from all documents).

5 Empirical Evaluation

The algorithms in the experimental comparison
In this empirical evaluation we compare the following algo-
rithms: Aggressive Co-Testing, Naive Co-Testing, Query-
by-Bagging, and Random Sampling. The first two algo-
rithms were described in the previous section; Random Sam-
pling, which is used as strawman, is identical with Naive Co-
Testing, except that it randomly queries one of the unlabeled
examples instead of one of the contention points.
Query-by-Bagging [Abe and Mamitsuka, 1998] is the only
single-view active learner that can be used in a straightfor-
ward manner with STALKER and, more generally, for wrap-
per induction.> Even Query-by-Boosting [Abe and Mamit-
suka, 1998], which is similar to Query-by-Bagging, cannot
use STALKER as a base learner: as STALKER rarely - if ever -
makes mistakes on small training sets, it eliminates the ability
of the boosting algorithm to generate a diverse committee.
Query-by-Bagging is based on the idea of creating a com-
mittee of extraction rules and then querying the example on
which the committee is the most split (i.e., the rules in the
committee extract the largest number of distinct strings); the
algorithm’s actual predictions are made by majority voting
the committee of rules. Query-by-Bagging generates a com-
mittee of 10 extraction rules, each of which is learned by
training STALKER with examples obtained by re-sampling
with replacement the original training set. We are forced to
use such a small committee because of the scarcity of the
training data: as STALKER is expected to train on a handful of
examples, sampling-with-replacement from a few examples
leads to few distinct training sets for creating the committee.
Query-by-Bagging is run once in each view, and we report
only the best results, which are obtained in the forward view.

The datasets

In order to empirically compare the algorithms above, we
use the wrapper induction testbed introduced by Kushmerick
[2000]. Tt consists of 206 extraction tasks from 30 Web-based
information sources.> As shown in [Muslea et al., 20011,
on most of these 206 tasks STALKER learns 100% accurate
rules from just one or two randomly-chosen labeled exam-
ples. We consider here the 33 most difficult tasks in the
testbed, which were also used in previous work on multi-view
learning [Muslea et al., 2000; 2002b]:

- the 28 tasks on which 20 random examples are insufficient
for learning 100%-accurate rules in both strong views;

Typical wrapper induction algorithms do not have the properties
that active learners require of their base learners; e.g., the ability to
evaluate the confidence of each prediction [Lewis and Gale, 19941,
or to randomly sample hypotheses from the version space [Seung et
al., 19921, or to generate most specific and most general extraction
rules [Cohn et al., 1994].

>These datasets can be obtained from the RISE repository:
http://www.isi.edu/~muslea/RISE/index.html.
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- the five additional tasks on which, in order to learn 100%-
accurate rules in both strong views, STALKER requires a
large number of random examples [Muslea, 2002].

The empirical results

For each of these 33 tasks, we use 20-fold cross-validation
to compare the performance of the algorithms above. Within
each fold, the algorithms start with the same two randomly-
chosen examples and then make a succession of queries. In
the end, the error rate is averaged over the 20 folds.

Figure 4 summarizes the algorithms’ performance over the
33 tasks. In each graph, the X axis shows the number of
queries made by the algorithm, while the Y axis shows the
number of tasks for which a 100% accurate rule was learned
after exactly X queries. Each algorithm is allowed to make
18 queries, for a total of 20 labeled examples. By conven-
tion, the “19 queries” data point denotes tasks for which a
100% accurate rule is not learned even after 18 queries.

Aggressive Co-Testing clearly outperforms the other algo-
rithms: it makes an average of 2.43 queries over the 30 tasks
that are solved with 100% accuracy; furthermore, on 11 of
these 30 tasks, a single query is sufficient to learn the cor-
rect rule. In contrast, Naive Co-Testing, which comes sec-
ond, makes an average of 4.4 queries per task and converges
in a single query on just four of the 33 tasks. Also note that
Aggressive Co-Testing solves correctly two of the five tasks
that cannot be solved by Naive Co-Testing; the other two al-
gorithms fail to solve 23 and 26 of the 33 tasks, respectively.

Even though Aggressive Co-Testing makes 45% fewer
queries that Naive Co-Testing, at first glance the difference
between 2.43 and 4.4 queries per task may seem small. How-
ever, one must take into account that wrapper induction is
used in information agents [Knoblock et al., 20011, which
typically use hundreds of extraction rules; in this context, Ag-
gressive Co-Testing makes a tremendous difference.

To put our work into a larger context, we briefly compare
the results above with the ones obtained by WIEN [Kushm-
erick, 2000], which is the only wrapper induction system for
which there are published results for all the extraction tasks
used here. As the two experimental setups are not identical,*
this is just an informal comparison that contrasts Co-Testing
with a state-of-the-art approach to wrapper induction.

The results in [Kushmerick, 2000] can be summarized as
follows: WIEN, which uses random sampling, learns the cor-
rect extraction rule on 15 of the 33 task. On these 15 tasks,
WIEN requires between 25 and 90 labeled examples® to learn
the correct rule. For the same 15 tasks, both Aggressive and
Naive Co-Testing learn 100% accurate rules from at most
eight labeled examples (two random plus at most six queries).

“Instead of using cross-validation, WIEN repeatedly splits the
dataset into randomly chosen training and test sets.

SFor WIEN, an example consists of a document in which all items
of interest are labeled; e.g., a page with 15 labeled names repre-
sents a single example. In contrast, STALKER counts the 15 labeled
strings as 15 examples. We convert the WIEN results into equiva-
lent STALKER-like ones by multiplying the number of WIEN labeled
pages by the average number of item occurrences per page.
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Discussion

The empirical results deserve several comments. First of all,
the experiments illustrate the benefits of a framework that
naturally integrates strong and weak views: Aggressive Co-
Testing exploits the strengths and mitigates the weaknesses of
each individual view. For example, we do not use the weak
view to identify the contention points because its mistakes
may be “unfixable” (remember that in a weak view one learns
a concept more general/specific than the one of interest). On
the other hand, we use the weak view both to detect the highly
informative contention points and to find the most appropriate
strong view for each prediction.

In contrast to Aggressive Co-Testing, existing multi-view
learners [Blum and Mitchell, 1998; Muslea et al., 2000] can
use only the strong views, thus losing an important source of
information. Similarly, single-view learners must either pool
all features together or simply ignore all but one view. Note
that, in practice, pooling the features together may not be a
straightforward task:

- in DISCOTEX [Nahm and Mooney, 2000], the text min-
ing features (the weak view) are the extracted items,
which become available only after the extraction rules
are learned and applied to the unlabeled corpus.

- the main contribution of [Kushmerick et al., 2001] consists
of a novel algorithm that exploits features from both the
strong and weak views (i.e., the words in each text line,
and the lines’s order within the business card).

Second, we ran an additional experiment to determine the
usefulness of the weak view with respect to each heuristic
(i.e., query selection and output hypothesis). We considered
two hybrid algorithms between Aggressive and Naive Co-
Testing: one uses the random and majority vote heuristics,
while the other uses max-confidence and winner-takes-all,
i.e., each hybrid exploits the weak view in only one of the two
heuristics. Because of space constraints, we just summarize
our findings: the two hybrids outperform Naive and under-
perform Aggressive Co-Testing; more precisely, they make
an average of 3.0 and 3.9 queries per task, respectively. In
other words, the weak view improves both the query selec-
tion and the output hypothesis.

Finally, note that on three of the 33 tasks, Aggressive Co-
Testing fails to learn 100%-accurate rules; in fact, on these
tasks Query-by-Bagging and Random Sampling obtain more
accurate rules than both Aggressive and Naive Co-Testing.
This happens because, on these three tasks, the backward
view is significantly less accurate than the forward one. Con-
sequently, the distribution of the queries is skewed towards
mistakes of the “bad view”, which are not informative for
either view: the “good view” extracts the correct string any-
way, while the “bad view” is inadequate to learn the target
concept. To cope with this problem, we plan to use view val-
idation [Muslea et al., 2002b], which predicts whether or not
the strong views are appropriate for a particular task.

6 Conclusion and Future Work

In this paper we introduce the concepts of strong and weak
views and present a novel active learner that naturally inte-
grates and exploits both types of views. In a case study on
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Figure 4: Convergence results on the 33 wrapper induction tasks.

wrapper induction, we show that weak views represent a pow-
erful source of information that can be used both to detect
highly informative examples and to improve the algorithm’s
predictions. On a set of 33 difficult extraction tasks, our novel
algorithm converges by making up to 81% fewer queries than
other state of the art active learners.

We intend to continue our work along several directions.
First, we plan to investigate the use of weak views for semi-
supervised multi-view learning [Blum and Mitchell, 1998].
Second, we intend to extend view validation [Muslea et al.,
2002b] so that it also accounts for weak views. Finally, we
are interested in a theoretical analysis of learning from strong
and weak views.
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Abstract

Dynamic Bayesian networks (DBNs) offer an ele-
gant way to integrate various aspects of language
in one model. Many existing algorithms developed
for learning and inference in DBNs are applicable
to probabilistic language modeling. To demonstrate
the potential of DBNSs for natural language process-
ing, we employ a DBN in an information extraction
task. We show how to assemble wealth of emerg-
ing linguistic instruments for shallow parsing, syn-
tactic and semantic tagging, morphological decom-
position, named entity recognition etc. in order to
incrementally build a robust information extraction
system. Our method outperforms previously pub-
lished results on an established benchmark domain.

Information Extraction

Information extraction 1€) is the task of filling in template ; ] ( ) S
information from previous|y unseen text which be|ongs to aorder associated with each field. At the OppOSIte end lies the

pre-defined domain. The resulting database is suited for fotask of extracting information frorfree textwhich, although
mal queries and filteringlE systems generally work by de- unstructured, is assumed to be grammatical. tiegystems
tecting patterns in the text that help identify significant in- 'ely more on syntactic, semantic and discourse knowledge in
formation. Researchers have shoneitag and McCallum,
1999; Ray and Craven, 20Dthat a probabilistic approach all over a large document.

allows the construction of robust and well-performing sys-

tion and paste it into personal organizers. The goal oftan
system is to automatically identify target fields such as lo-
cation and topic of a seminar, date and starting time, ending
time and speaker. Announcements come in many formats,
but usually follow some pattern. We often find a header with
a gist in the form PostedBy: john@host.domain;

Who: Dr. Steals; When: 1 am; " and so forth.
Also in the body of the message, the speaker usually precedes
both location and starting time, which in turn precedes end-
ing time as in:“Dr. Steals presents in Dean

Hall at one am.” The task is complicated since some
fields may be missing or may contain multiple values.

This kind of data falls into the so-called semi-structured
text category. Instances obey certain structure and usually
contain information for most of the expected fields in some
order. There are two other categories: free text and structured
text. Instructured textthe positions of the information fields
are fixed and values are limited to pre-defined set. Conse-
quently, thee systems focus on specifying the delimiters and

order to assemble relevant information potentially scattered

IE algorithms face different challenges depending on the

tems. However, the existing probabilistic systems are genextraction targets and the kind of the text they are embedded

erally based on Hidden Markov ModelsiNMS).

Due to

in. In some cases, the target is uniquely identifiable (single-

this relatively impoverished representation, they are unablslot), while in others, the targets are linked together in multi-
to take advantage of the wide array of linguistic informationslot association frames. For example, a conference schedule

used by many non-probabilistie systems. In addition, ex-

has several slots for related speaker, topic and time of the pre-

isting HMM -based systems model each target category sepaentation, while a seminar announcement usually refers to a
rately, failing to capture relational information, such as typ-unigue event. Sometimes it is necessary to identify each word
ical target order, or the fact that each element only belong# a target slot, while some benefit may be reaped from par-
to a single category. This paper shows how to incorporate #al identification of the target, such as labeling the beginning
wide array of knowledge into a probabilistie system, based or end of the slot separately. Many applications involve pro-
on dynamic Bayesian networksgN)—a rich probabilistic
representation that generalizegms.

cessing of domain-specific jargon liketernetese—a style of
writing prevalent in news groups, e-mail messages, bulletin

Let us illustratele by describing seminar announcementsboards and online chat rooms. Such documents do not follow

which got established as one of the most popular bencha good grammar, spelling or literary style. Often these are
mark domains in the fielfiCaliff and Mooney, 1999; Freitag more like a stream-of-consciousness ranting in which ascii-
and McCallum, 1999; Soderland, 1999; Roth and Yih, 2001art and pseudo-graphic sketches are used and emphasis is pro-
Ciravegna, 2001l People receive dozens of seminar an-vided by all-capitals, or using multiple exclamation signs. As
nouncements weekly and need to manually extract informawe exemplify below, syntactic analysers easily fail on such
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Position 1| 2 3 4 5 | 6 7 8 | 9 10
Tag <speaker <locatiorn> <s-time>
Phrase | Doctor | Steals | Presents| in Dean Hall at 1 am
Lemma Dr. present in hall at am
PoS NNP | NNP(VB) | VB(NNS) IN NNP NN(NNP) IN CD | NN(RB)
Syn.segm.| NP NP (vP) VP PP NP NP PP | NP | NP(vP)
Semantic | Title | LstName LstName| Location Time
Length 3 6 8 2 4 4 2 1 2 1
Case Upper | Upper Upper | lower | Upper Upper | lower lower

Table 1: Sample phrase and its representation in multiple feature values for ten tokens.

corpora. until no improvement can be made. RulesinPIER are for-

Other examples ofeE application domains include job mulated as lexical and semantic constraints and may include
advertisementgCaliff and Mooney, 199P (RAPIER), ex-  PoStags.wHisk [Soderland, 199%uses constraints similar
ecutive successiofSoderland, 1999(wHiskK), restaurant to RAPIER, butits rules are formulated as regular expressions
guides[Musleaet al, 2001 (STALKER), biological pub-  with wild cards for intervening tokens. ThusHisk encodes
lications [Ray and Craven, 2091etc. Initial interest in  arelative, rather than absolute position of tokens with respect
the subject was stimulated by ARPAs Message Underio the target. This enables modeling long distance dependen-
standing Conferences (MUC) which put forth challengescies in the textwHisk performs well on both single-slot and
e.g. parsing newswire articles related to terrorism (see e.gnulti-slot extraction tasks.

Mikheev[1999). Below we briefly review various systems Ciravegna[2001] presents yet another rule induction
and approaches which mostly originated from MUC compe-method (P)2. He considers several candidate features such
titions. as lemma, lexical and semantic categories and capitalization

Successfule involves identifying abstract patterns in the to form a set of rules for inserting tags into text. Unlike other
way information is presented in text. Consequently, all pre-approaches,Lf)? generates separate rules targeting the be-
vious work necessarily relies on some set of textual feaginning and ending of each slot. This allows for more flexi-
tures. The overwhelming majority of existing algorithms bility in subjecting partially correct extractions to several re-
operate by building and pruning sets of induction rules definement stages, also relying on rule induction to introduce
fined on these featuresgv, RAPIER, WHISK, LP?). There corrections. Emphasizing the relational aspect of the domain,
are many features that are potentially helpful for extractingRoth and Yoh 2001 developed a knowledge representation
specific fields, e.g. there are tokens and delimiters that siganguage that enables efficient feature generation. They used
nal the beginning and end of particular types of informa-the features in a multi-class classifwow-IE to obtain the
tion. Consider an example in table 1 which shows how thelesired set of tags. The resulting methsdi¢w-1E) works
phrase Doctor Steals presents in Dean Hall in two stages: the first filters out the irrelevant parts of text,
at one am. " is represented through feature values. Forwhile the second identifies the relevant slots.
example, the lemma “am” designates the end of a time field, Freitag & McCallum[1999 use hidden Markov models
while the semantic feature “Title” signals the speaker, andHmM). A separateiMm is used for each target slot. No pre-
the syntactic categoryNP (proper noun) often corresponds processing or features is used except for the token identity.
to speaker or location. Since many researchers use the serfier each hidden state, there is a probability distribution over
nar announcements domain as a testbed, we have chosen ttokens encountered as slot-fillers in the training data. Weakly
domain in order to have a good basis of comparison. analogous to templates, hidden state transitions encode reg-

One of the systems we compare to (specifically designedilarities in the slot context. In particular prefix and suffix
for single-slot problems) is SR{Freitag, 1998 It is built  states are used in addition to target and background slots to
on three classifiers of text fragments. The first classifier isapture words frequently found in the neighborhood of tar-
a simple look-up table containing all correct slot-fillers en-gets. Ray&Cravehi200] make one step further by setting
countered in the training set. The second one computes theévM hidden states in a product space of syntactic chunks
estimated probability of finding the fragment tokens in a cor-and target tags to model the text structure. The success of the
rect slot-filler. The last one uses constraints obtained by ruleiMMm-based approaches demonstrate the viability of proba-
induction over predicates like token identity, word length andbilistic methods for this domain. However, they do not take
capitalization, and simple semantic features. advantage of the linguistic information used by the other ap-

RAPIER [Califf and Mooney, 199Pis fully based on proaches. Furthermore, they are limited by using a separate
bottom-up rule induction on the target fragment and a few toHMM for each target slot, rather than extracting data in an
kens from its neighborhood. The rules are templates specifyntegrated way.
ing a list of surrounding items to be matched and potentially, The main contribution of this paper is in demonstrating
a maximal number of tokens for each slot. Rule generatiomow to integrate various aspects of language in a single prob-
begins with the most specific rules matching a slot. Therabilistic model, to incrementally build a robust information
rules for identical slots are generalized via pair-wise mergingextraction system based on a Bayesian network. This sys-
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tem overcomes the following dilemma. It is tempting to usechecking to catch misspelled words. This is done by inter-
a lot of linguistic features in order to account for multiple as-facing with theunix ispell utility.

pects of text structure. However, deterministic rule induction

approaches seem vulnerable to the performance of featu azett_er_er . . .
extractors in pre-processing steps. This presents a problefgt! 0riginal corpus contains about 11,000 different listems.
since syntactic instruments that have been trained on highlyl NiS does not take into account tokens consisting of punc-
polished grammatical corpora, are particularly unreliable ofu@tion characters, numbers and such.  About 10% are
weakly grammatical semi-structured text. Furthermore incorProPer nouns. The question of building a vocabulary auto-
porating many features complicates the model which oftefn@tically was previously addressed iin literature(see e.g.

has to be learned from sparse data, which harms performan&dl0ff [1996). We use the intersection of two sets. The first
of classifier-based systems. set consists of words encountered as part of target fields and

in their neighborhood. The second set consists of words fre-
quently seen in the corpus. Aside from vocabulary there are
2 Features two reserved values for Out-of-Vocabulary (OoV) words and

Our approach is statistical, which generally speaking meaniot-a-Word (NaW). For example see blank slots inlgrema
that learning corresponds to inferring frequencies of eventdow of Table 1. The first category encodes rare and unfa-
The statistics we collect originates in various sources. SomBliliar words, which are still identified as words according to
statistics reflect regularities of the language itself, while othXheir part of speech. The second category is for mixed alpha-
ers correspond to the peculiarities of the domain. With thigiumerical tokens, punctuation and symbolic tokens.

in mind we design features which reflect both aspects. Thergyntactic Categories

is ho I_|m|tat|on on the possible set of features._ Local fea\Ne usedLTChunk software from U.of Edinburgh NLP
tures like part-of-speech, number of characters in the tOke.r%roup[Mikheevet al, 1999. It producesi7 PoS tags from
cap|tal|zat|9n and membe'r.shlp in syntactic phrase are qUitfpann TreeBank sdMarcuset al, 1994. We have clus-
customary in thee. In addition one could obtain such char-

e . e . tered these into 7 categories: cardinal humbers),(nouns
acteristics of the word as imagibility, frequency of use, famll-g\lN) proper nounsNNF), verbs (/B), punctuation (.), prepo-

iarity, or even predicates on numerical_valugas. Since Fhere i ition/conjunction (N) and other §YM). The choice of clus-
no need for features to be local, one might find useful includy, ¢ seriously influences the performance, while keeping all

ing frequency of a word in the training corpus or number of4:7 tags will lead to large CPTs and sparse data
occurrences in the document. Notice that the same set of fea- '

tures would work for many domains. This includes semanticSyntactic Chunking
features along with orthographic and syntactic features. Following Ray&Craven[2001], we obtain syntactic seg-
Before we move on to presenting our system for probaments (aka syntactic chunks) by running endancesys-
bilistic reasoning, let us discuss in some detail notation andem [Riloff, 1996] and flattening the output into four cate-
methods we used in preliminary data processing and featurgories corresponding to noun phrase), verb phrase\(p),
extraction. To use the data efficiently, we needactorthe  prepositional phraserf) and other i§/A). Table 1 shows a
text into “orthogonal” features. Rather than working with sample outcome. Note that both the part-of-speech tagger
thousands of listems (generic wolis the vocabulary, and and the syntactic chunker easily get confused by non-standard
combining their features, we compress the vocabulary by anapitalization of a word “Presents” as shown by incorrect la-
order of magnitude by lemmatisation or stemming. Ortho-bels in parenthesis. “Steals” is incorrectly identified as a verb,
graphic and syntactic information is kept in feature variablesvhose subject is “Doctor” and object is “Presents”. Remark-
with just a few values each. ably, other state-of-the-art syntactic analysis t¢@barniak,

L 1999; Ratnaparkhi, 199@lso failed on this problem.
Tokenization

Tokenization is the first step of textual data processing. A toCapitalizationand Length

ken is a minimal part of text which is treated as a unit in sub-Simple features like capitalization and length of word are
sequent steps. In our case tokenization mostly involves sep#Sed by many researchers (e.g. SRveitag and McCallum,
rating punctuation characters from words. This is particularlyl999) Case representation process is straightforward except
non-trivial for separating a periofManning and Schutze, for the choice of number of categories. We found useful intro-
2001 since it requires identifying sentence boundaries. Conducing an extra category for words which contain both lower

sider a sentenceSpeaker: Dr. Steals, Chief and upper case letters (not counting the initial capital letter)
Exec. of rich.com, worth $10.5 mil. which tend to be abbreviations.
Lemmatisation Semantic Features

We have developed a simple lemmatiser which combines out."€"€ € several semantic features which play important role
come of some standard lematisers and stemmers into a loolf} & Variety of application domains. In particular, it is useful
up table. Combined with lemmatisation is a step of spell 0 be able to recognize what could be a person’s name, geo-
graphic location, various parts of address, etc. For example,
LA wordis a sequence of alphabetical characters, which has som&e are using a list of secondary location identifiers provided
meaning assigned to it. This would cover words found in general an®y US postal service, which identifies as such wordstié#,
special vocabulary as well abbreviations, proper names and such. wing, floorandauditorium We also use a list df00000 most

INFORMATION EXTRACTION 423



popular names from US census bureau; the list is augmented Last target
by rank which helps to decide in favor of first or last name

for cases like Alexander ”. In general this task could be Tag ‘
helped by using a hypernym feature of WordNet proj&el- :
baum, 1998 The next section presents probabilistic model 3

which makes use of the aforementioned feature variables.

3 BIEN et

We convert theke problem into a classification problem by

assuming that each token in the document belongs to a target Observable

classcorresponding to ether one of the target tags or the back- features

ground (compare to Freitdd 999). Furthermore, it seems \

important not to ignore the information about interdependen- . !

cies of target fields and document segments. To combine ad- IndexN : Index N+1
vantages of stochastic models with feature-based reasoning, ) ) ]

we use a Bayesian network. Figure 1: A schematic representationsoEN.

A dynamic Bayesian networlogN) is ideal for represent-

ing prqbabilistic inf(_)rmation alpout these features. Just Iike @0 improve performance. For example, one could learn in-
Bayesian network, it encodes interdependence among varioggpendently the conditional vocabulary of email/newsgroup
anHMM, so that time-dependent patterns such as common ogn, 3 word, to avoid dependence on external PoS taggers. Also
ders of f|eld§ can be represented. All thisis done ina comparior knowledge about the domain and the language could be
representation that can be learned from data. We refer to a rget in the system this way. The fact tfedimealmost never
cent dissertatioiMurphy, 2002 for a good overview of all  precedestimeas well as the fact thapeakeiis never a verb
aspects of Dynamic Bayesian Networks. could be encoded in a conditional probability table (CPT). In
Each document is considered to be a single stream of tdarge peNs, exact inference algorithms are intractable, and
kens. In ouDBN, called the Bayesian Information Extraction so a variety of approximate methods have been developed.
Network BIEN), the same structure is repeated for every in-However, the number of hidden state variables in our model
dex. Figure 1 presents the structureBoEN. This structure s small enough to allow exact algorithms to work. Indeed,
contains state variables and feature variables. The most imy| hidden nodes in our model are discrete variables which
portant state variable, for our purposes, is “Tag” which correassume just a few values. “DocumentSegment” is binary in
sponds to information we are trying to extract. This variable{Heade; Body} range; “LastTarget” has as many values as
classifies each token according to its target information fieldsTag"—four per number of target fields plus one for the back-
or has the value “background” if the token does not belongyround.
to any field. “Last Target” is another hidden variable which
reflects the order in which target information is found inthe4  Results
document. This variable is our way of implementing a mem-
ory in a “memory-less” Markov model. Its value is determin- Several researchers have reportgd results on the CMU sem-
istically defined by the last non-background value of “Tag” inar announcements corpus, wh_lch we have chosen_ln order
variable. Another hidden variable, “Document Segment”, ist0 have a good basis of comparison. The CMU seminar an-
introduced to account for differences in patterns between thBouncements corpus consists of 485 documents. Each an-
header and the main body of the document. The former j§ouncement contains some tags for target slots. On average
close to the structured text format, while the latter to the freeStarting timeappears twice per document, whiéeationand
text. “Document Segment” influences “Tag” and togetherSPeakerL.5 times, with up to9 speakerslots and4 loca-
these two influence the set of observable variables which reglon slots per document. Sometimes multiple instances of the
resent features of the text discussed in section 2. Standaf@me slot d|ff(29r, e.g. speakbr. Steals also appears as
inference algorithms fopBNs are similar to those fasmms. ~ J0e Steals <. Ending time speakerndlocationare miss-
In a DBN, some of the variables will typically be observed, ing from 48%, 16% and5% of documents correspondingly.
while others will be hidden. The typical inference task is to !N order to demonstrate our method, we have developed a web
determine the probability distribution over the states of a hid-Site which works with arbitrary seminar announcement and
den variable over time, given time series data of the observef§veals some semantic tagging. We also make available a list
variables. This is usually accomplished using the forwardOf €rrors in the original corpus, along with our new derivative
backward algorithm. Alternatively, we might want to know S€minar announcement corpus
the most likely sequence of hidden variables. This is accom-  20ptaining100% performance on the original corpus is impos-
plished using the Viterbi algorithm. Learning the parameterssiple since some tags are misplaced and in general the corpus is not
of abBN from data is accomplished using tBe algorithm  marked uniformly—sometimes secondary occurrences are ignored.
(see e.g. Murphy2002). Note that in principle, parts of 3The corpus and demo for this paper are available from
the system could be trained separately on independent corptigp://iwww.eecs.harvard.edu/"pesha/papers.html
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System || stime | etime | location | speaker 1

SNOW-IE || 99.6 | 96.3 75.2 73.8

RAPIER 95.9 | 94.6 73.4 53.1 I T |
SRV 98.5 | 77.9 72.7 563 Tl

HMM 98.5 | 62.1 78.6 76 0  TTmmmeee
WHISK 92.6 | 86.1 66.6 18.3 o8- 8
(LP)? 99.0 | 95.5 75.0 77.6

BIEN 96.0 | 98.8 87.1 76.9 o |

Table 2: F1 performance measure for varicasystems.

— recall
=+ precision

The performance is calculated in the usual way,
correct answers

0 20% 20% 60% 80%

by precision P answers producedand recall Trainina Corpus Size
R = COMEClanswersg,myined into ¥ measure geo- . : . :

. total correct oP.R g _ Figure 2: A learning curve for precision and recall with grow-
metrical averageF' = Zo7. We report results using ing training sample size.

the same ten-fold cross validation test as other publi-
cations concerning this data s@Roth and Yih, 2001;
Ciravegna, 200l The data is split randomly into training
and testing set. The reported results are averaged over fi
runs. Table 2 presents a comparison with numerous previo
attempts at the CMU seminar corpus. The figures are tak
from Roth and Yih2001. BIEN performs comparably to the
best system in each category, while notably outperformin

\éfﬁghtly better than in Table 2 since we pushed the fraction of
YHe training data to the maximum. Capitalization helps iden-
e{?fy location and speaker while losing it does not damage
gEerformance drastically. Although information is reflected in
G : g yntactic and semantic features, most names in documents do
other systems in findingpcation This is partly due to the not identify a speaker. One would hope to capture all relevant

LastTa”rget vfa?aale. ].a;tTe:rget \éarlabtljgt.turnls OUtthb.?.f information by syntactic and semantic categories, however
generally usetul. Here IS Ine learned conaditional probabilityg, e\ goes not fare well without observing “Lemma”. Losing

table (CPT) forP(Target|LastTarget), where the element oo antic feature seriously undermines performanice in

t(I’ J)t c;orr}esponds o thsvpnl)babmttﬁ/ tto. g_(t;t }atrgest_mlhgfter cationandspeakercategories—ability to recognize names is
arget tag; was seen. Ve learn that initial tag ssmeor rather valuable for many domains.

speakewith 2:1 likelihood ratio;etimeis naturally the most
likely follower to stimeand in turn forecast®cation Reported figures are based on 80%-20% split of the cor-
pus. Increasing the size of training corpus did not dramati-

stime etiﬁ:rre{g C-;?% n  speaker cally_improve the pgrformance_ in termsEfmeasurg, as fur-
none 66 0 o1 33 ther !Ilystrated by Figure 2, which presents a learning curve—
Last Target stime '07 16 '32 '14 precision and recall avera_ged over all fields, as a function of
atime '19 '002 '63 .18 training data frgcnon. Tramed ona small sam@&EN acts
location '37 .OO 1 ) 02 .61 very cons'e'rvatlvely rarely picking flelds, therefore scoring
speaker .64 '002 '13 : 29 hlgh_pre(_:|5|on and poor recall. Having seen hund_reds of tar-
' ' ' : get field instances and tens of thousands of negative samples,

Other variables turn out to be useless, e.g. the number &iEN learns to generalize, which leads to generous tagging
characters does not add anything to the performance, and neie. lower precision and higher recall.
ther does the initially introduced “SeenTag” variable which
kept track of all tags seen up to the current position. Ta- So far we provide results obtained on the original CMU
ble 3 presents performance BfeN with various individual ~Seminar announcements data, which is not very challeng-
features turned off. Note that figures for complseten are  ing. Most documents contain the header section with all the
target fields easily identifiable right after the corresponding
key word. We have created a derivative dataset in which
documents are stripped of headers and two extra fields are
sought: dateandtopic. Indeed this corpus turned out to be
more difficult, with our current set of features we obtain only
64% performance ospeakeland68% performance otopic.
Datedoes not present a challenge except for cases of regular
weekly events or relative dates like “tomorrow”. Admittedly,
the bootstrapping test performance is not a guarantee of sys-
Table 3: F1 performance comparison across implementatio tgms perf(_)rmgnce on novel datr_;l since preliminary processing,
of BIEN.With disabled features "%. tokenization and gazetteering, as well e}s_chmce for PoS

' tag set, lead to a strong bias towards the training corpus.

BIEN stime | etime | location | speaker
no semantic| 92.0 | 95.0 73.0 57.0
no memory || 99.0 | 95.5 75.0 74.6
no lemma 545 | 53.4 29.0 18.4
no length 98.1 | 98.6 87.9 79.8
no case 98.1 | 98.5 78.3 71.8
complete 98.0 | 98.8 88.5 79.7
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5 Discussion [Friedman, 1998 Nir Friedman. The bayesian structural EM

We h d ibed how to int i . ts of lan- algorithm. InProceedings of the Fourteenth Conf. on Un-
€ have describeéd how 1o Integrate various aspects ol 1an- qqriainty in Artificial Intelligence 1998.

guage into a single probabilistic model, and to incremen- ) ) )

tally build a robust IE system based on a Bayesian networkManning and Schutze, 20pChristopher D. Manning and

Currenﬂy’ we are Working on |earning the structurescfN Hinrich SChUtZ.e.FOUndatlonS of Statistical Natural Lan-

automatically. It seems to subject itself nicely to structural ~guage ProcessingMIT Press, 2001.

EM [Friedman, 1998; Murphy, 2002 The first step is auto- [Marcuset al, 1994 M. Marcus, Beatrice Santorini, and

matic selection of relevant features. Another direction of cur-  M.A. Marcinkiewicz. Building a large annotated corpus

rent work is using approximate inference. We have tried LBP  of English: The Penn treebaniComputational Linguis-

(Loopy-belief Propagation)Murphy et al, 1999; Murphy, tics, 19(2):313-330, 1994.

2004, but for the current structure @&iEN it seems to give [McCallumet al, 2000 Andrew McCallum, Dayne Freitag

no gain. More challenging applications which require larger, . .
stronger connected networks, will benefit from approximate anc{ Fernando Pereira, Maximum entropy Markov models
for information extraction and segmentation. Rroceed-

inference algorithms. It will enable quick on-line inference ings of the Seventeenth International Conf. on Machine
on the network learned off-line with exact methods, as well Learning pages 591-598, Stanford, CA, 2000.

as learning for cases where exact inference is infeasible. One
such network will result from integrating a PoS tagger andlMikheevet al, 1999 Andrei Mikheev, Claire Grover, and
other feature extractors in®EN. This is a natural exten- Marc Moens. Description of the LTG system used for
sion of BIEN since various text processing routines are mutu- MUC-7. In Seventh Message Understanding Conference
ally dependent. Consider for example PoS tagging, sentence (MUC-7), 1998.

boundary detection and named entities recognition. Anothefmurphyet al, 1999 Kevin Murphy, Yair Weiss, and

complexBIEN structure will result if we try to better reflect Michael Jordan. Loopy-belief propagation for approxi-

complex relational informatioCaliff and Mooney, 1999; mate inference. IfProceedings of the Fifteenth Conf. on
Roth and Yih, 2001; 20d2.g. to process cases like seminar Uncertainty in Artificial Intelligence1999.

cancellations and rescheduling; and handle multi-slot eXtrag‘l\/Iurphy 2002 Kevin Murphy. Dynamic Bayesian Net-

tion, e.g. multiple seminar announcements and conferen : .
schedu?es P works: Representation, Inference and LearniRinD the-
' sis, UC Berkeley, 2002.
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Abstract

Information extraction can be defined as the task
of automatically extracting instances of specified
classes or relations from text. We consider the case
of using machine learning methods to induce mod-
els for extracting relation instances from biomedi-
cal articles. We propose and evaluate an approach
that is based on using hierarchical hidden Markov
models to represent the grammatical structure of
the sentences being processed. Our approach first
uses a shallow parser to construct a multi-level rep-
resentation of each sentence being processed. Then
we train hierarchical HMMs to capture the regu-
larities of the parses for both positive and negative
sentences. We evaluate our method by inducing
models to extract binary relations in three biomedi-
cal domains. Our experiments indicate that our ap-
proach results in more accurate models than several
baseline HMM approaches.

1 Introduction

In many application domains, there is the potential to greatly
increase the utility of on-line text sources by using automated
methods for mapping selected parts of the unstructured text
into a structured representation. For example, the curators of
genome databases would like to have tools that could accu-
rately extract information from the scientific literature about
entities such as genes, proteins, cells, diseases, etc. For this
reason, there has been much recent interest in developing
methods for the task of information extraction (IE), which
can be defined as automatically recognizing and extracting in-
stances of specific classes of entities and relationships among
entities from text sources.

Machine learning methods often play a key role in IE sys-
tems because it is difficult and costly to manually encode
the necessary extraction models. Hidden Markov models
(HMMs) [Leek, 1997; Bikel et al., 1999; Freitag and McCal-
lum, 2000] , and related probabilistic sequence models [Mc-
Callum et al., 2000; Lafferty et al., 2001], have been among
the most accurate methods for learning information extrac-
tors. Most of the work in learning HMMs for information ex-
traction has focused on tasks with semi-structured and other
text sources in which English grammar does not play a key
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Here we report the identification of an integral membrane
ubiquitin-conjugating enzyme. This enzyme, UBC6, local-
izes to the endoplasmic reticulum, with the catalytic domain
facing the cytosol.

”

subcellular-localization(UBC6,endoplasmic reticulum)

Figure 1: An example of the information extraction task. The top of
the figure shows part of a document from which we wish to extract
instances of the subcellular-localization relation. The bottom of
the figure shows the extracted tuple.

role. In contrast, the task we consider here is extracting infor-
mation from abstracts of biological articles [Hirschman et al.,
2002]. In this domain, it is important that the learned models
are able to represent regularities in the grammatical structure
of sentences.

In this paper, we present an approach based on using hier-
archical hidden Markov models (HHMMs) [Fine et al., 1998]
to extract information from the scientific literature. Hierar-
chical hidden Markov models have multiple “levels” of states
which describe input sequences at different levels of granu-
larity. In our models, the top level of the HMMs represent
sentences at the level of phrases, and the lower level of the
HMMs represent sentences at the level of individual words.
Our approach involves computing a shallow parse of each
sentence to be processed. During training and testing, the
hierarchical HMMs manipulate a two-level description of the
sentence parse, instead of just processing the sentence words
directly. We evaluate our approach by extracting instances of
three binary relations from abstracts of scientific articles. Our
experiments show that our approach results in more accurate
models than several baseline approaches using HMMs.

An example of a binary relation that we consider in our
experiments is the subcellular-localization relation, which
represents the location of a particular protein within a cell.
We refer to the domains of this relation as PROTEIN and
LOCATION. We refer to an instance of a relation as a tuple.
Figure 1 provides an illustration of our extraction task. The
top of the figure shows two sentences in an abstract, and the
bottom of the figure shows the instance of the target relation
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subcellular-localization that we would like to extract from
the second sentence. This tuple asserts that the protein UBC6
is found in the subcellular compartment called the endoplas-
mic reticulum. In order to learn models to perform this task,
we use training examples consisting of passages of text, an-
notated with the tuples that should be extracted from them.

In earlier work [Ray and Craven, 2001], we presented
an approach that incorporates grammatical information into
single-level HMMs. The approach described in this paper ex-
tends the earlier work by using hierarchical HMMs to provide
a richer description of the information available from a sen-
tence parse.

Hierarchical HMMs originally were developed by Fine et
al. (1998), but the application of these models to information
extraction is novel, and our approach incorporates several ex-
tensions to these models to tailor them to our task. Bikel et
al. (1999) developed an approach to named entity recognition
that uses HMMs with a multi-level representation similar to
a hierarchical HMM. In their models, the top level represents
the classes of interest (e.g. person name), and the bottom
level represents the words in a sentence being processed. Our
approach differs from theirs in several key respects: (i) our in-
put representation for all sentences being processed is hierar-
chical, (ii) our models represent the shallow phrase structure
of sentences, (iii) we focus on learning to extract relations
rather than entities, (iv) we use nul/l models to represent sen-
tences that do not describe relations of interest, and (v) we
use a discriminative training procedure. Miller et al. (2000)
developed an information-extraction approach that uses a lex-
icalized, probabilistic context-free grammar (LPCFG) to si-
multaneously do syntactic parsing and semantic information
extraction. The genre of text that we consider here, however,
is quite different from the news story corpus on which avail-
able LPCFGs have been trained. Thus it is not clear how well
this intriguing approach would transfer to our task.

2 Sentence Representation

In most previous work on HMMs for natural language tasks,
the passages of text being processed have been represented
as sequences of tokens. A hypothesis underlying our work is
that incorporating sentence structure into the learned models
will provide better extraction accuracy. Our approach is based
on using syntactic parses of all sentences to be processed.
In particular, we use the Sundance system [Riloff, 1998] to
obtain a shallow parse of each given sentence.

The representation we use in this paper does not incorpo-
rate all of the information provided by the Sundance parser.
Instead our representation provides a partially “flattened”,
two-level description of each Sundance parse tree. The top
level represents each sentence as a sequence of phrase seg-
ments. The lower level represents individual tokens, along
with their part-of-speech (POS) tags. In positive training ex-
amples, if a segment contains a word or words that belong to
a domain in a target tuple, the segment and the words of in-
terest are annotated with the corresponding domain. We refer
to these annotations as labels. Test instances do not contain
labels — the labels are to be predicted by the learned IE model.

Figure 2 shows a sentence containing an instance of the
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“This enzyme, UBC6, localizes to the endoplasmic reticulum, with the catalytic domain
facing the cytosol.”

1 NP_.SEGMENT DET this
UNK enzyme
2 NP_SEGMENT:PROTEIN UNK:PROTEIN ubc6
3 VP_SEGMENT A% localizes
4 PP_.SEGMENT PREP to
5  NP_.SEGMENT:LOCATION ART the
N:LOCATION endoplasmic
N:LOCATION reticulum
6  PP_.SEGMENT PREP with
7  NP_.SEGMENT ART the
N catalytic
UNK domain
8  VP_.SEGMENT A% facing
9  NP_.SEGMENT ART the
N cytosol

(a) (b) (©)

Figure 2: Input representation for a sentence which contains a
subcellular-localization tuple: the sentence is segmented into
typed phrases and each phrase is segmented into words typed with
part-of-speech tags. Phrase types and labels are shown in column
(a). Word part-of-speech tags and labels are shown in column (b).
The words of the sentence are shown in column (c). Note the group-
ing of words in phrases. The labels (PROTEIN, LOCATION) are
present only in the training sentences.

subcellular-localization relation and its annotated segments.
The sentence is segmented into typed phrases and each phrase
is segmented into words typed with part-of-speech tags.
For example, the second phrase segment is a noun phrase
(NP_SEGMENT) that contains the protein name UBC6 (hence
the PROTEIN label). Note that the types are constants that
are pre-defined by our representation of Sundance parses,
whereas the labels are defined by the domains of the particu-
lar relation we are trying to extract.

3 Hierarchical HMMs for Information
Extraction

A schematic of one of our hierarchical HMMs is shown in
Figure 3. The top of the figure shows the positive model,
which is trained to represent sentences that contain instances
of the target relation. The bottom of the figure shows the null
model, which is trained to represent sentences that do not
contain relation instances (e.g. off-topic sentences). At the
“coarse” level, our hierarchical HMMs represent sentences
as sequences of phrases. Thus, we can think of the top level
as an HMM whose states emit phrases. We refer to this HMM
as the phrase HMM, and its states phrase states. At the “fine”
level, each phrase is represented as a sequence of words. This
is achieved by embedding an HMM within each phrase state.
We refer to these embedded HMMs as word HMMs and their
states as word states. The phrase states in Figure 3 are de-
picted with rounded rectangles and word states are depicted
with ovals. To explain a sentence, the HMM would first fol-
low a transition from the START state to some phrase state g;,
use the word HMM of g; to emit the first phrase of the sen-
tence, then transition to another phrase state g;, emit another
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positive model

@)@

NP_SEGMENT

NP_SEGMENT

i

NP_SEGMENT
LOCATION

null model

[N END

Figure 3: Schematic of the architecture of a hierarchical HMM for
the subcellular-localization relation. The top part of the figure
shows the positive model and the bottom part the null model. Phrase
states are depicted as rounded rectangles and word states as ovals.
The types and labels of the phrase states are shown within rectangles
at the bottom right of each state. Labels are shown in bold and states
associated with non-empty label sets are depicted with bold borders.
The labels of word states are abbreviated for compactness.

phrase using the word HMM of g; and so on until it moves
to the END state of the phrase HMM. Note that only the word
states have direct emissions.

Like the phrases in our input representation, each phrase
state in the HMM has a type and may have one or more labels.
Each phrase state is constrained to emit only phrases whose
type agrees with the state’s type. We refer to states that have
labels associated with them as extraction states, since they
are used to predict which test sentences should have tuples
extracted from them.

The architectures of the word HMMs are shown in Fig-
ure 4. We use three different architectures depending on the
labels associated with the phrase state in which the word
HMM is embedded. The word HMMs for the phrase states
with empty label sets (Figure 4(a)) consist of a single emit-
ting state with a self-transition. For the extraction states of
the phrase HMM, the word HMMs have a specialized archi-
tecture with different states for the domain instances, and for
the words that come before, between and after the domain
instances (Figures 4(b) and 4(c)). All the states of the word
HMMs can emit words of any type (part-of-speech). That is,
they are untyped, in contrast to the fyped phrase states. The
word states are annotated with label sets, and are trained to
emit words with identical label sets. For example, the word
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(a) embedded model for
non - extraction state

(b) embedded model for ion state
with one domain label

(before)

U

(c) model for ion state
with two domain labels

Figure 4: Architectures of the word HMMs for the subcellular-
localization relation. Bold text within states denotes domain labels.
For states with implicit empty labels, italicized text within paren-
theses denotes the position of the state’s emissions relative to the
domain words. The figure shows (a) the structure of the embedded
HMMs for phrase states without labels, (b), phrase states with one
label and (c) phrase states with two labels.

HMM shown in Figure 4(b) can explain the phrase “the endo-
plasmic reticulum” by following a transition from the START
state to the (before) state, emitting the word “the”, transition-
ing to the LOCATION state, emitting the words “endoplas-
mic” and “reticulum” with the LOCATION label and then
transitioning to the END state. In order for a phrase state to
emit a whole phrase, as given by the input representation,
and not sequences of words that are shorter or longer than
a phrase, we require that the embedded word HMM transi-
tion to the end state exactly when it has emitted all the words
of a given phrase. Thus word HMMs will always emit se-
quences of words that constitute whole phrases and transi-
tions between phrase states occur only at phrase boundaries.

The standard dynamic programming algorithms that are
used for learning and inference in HMMs — Forward, Back-
ward and Viterbi [Rabiner, 1989] — need to be slightly mod-
ified for our hierarchical HMMs. In particular, they need to
(i) handle the multiple-levels of the input representation, en-
forcing the constraint that word HMMs must emit sequences
of words that constitute phrases, and (ii) support the use of
typed phrase states by enforcing agreement between state and
phrase types.

The Forward algorithm for our hierarchical HMMs is de-
fined by the recurrence relationships shown in Table 1. The
first three equations of the recurrence relation provide a
phrase-level description of the algorithm, and the last three
equations provide a word-level description. Notice that the
third equation describes the linkage between the phrase level
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ao(O) =
@(0) = 0, ga#4qo
aa,n(i:‘lsil)a
if type(qa) = type(si)
ag(t) =
0, otherwise.
@a0(i,0) = Y T(galgp)as(i — 1)
b
aap(4,0) = 0, gap # Qa0
Aap(is§) = B(5i4l0a0) Y T(daslde.c)@a,c(i, j — 1)

c

Si 4-th phrase in sentence s

Si,j j-th word in phrase s;

qa,90,qn a-th, START and END states of the phrase
HMM

da,b,9a,0,9a,n b-th, START and END states of the word HMM
in phrase state g,

(1) probability of emitting sequence of phrases
S1...8;, starting from the start state and end-
ing at state g,

Qa,b(4,7) probability of emitting sequence of words
S1,1. .. 84,5, starting from the START state and
ending at state gq,5

E(si,j|qa,b) probability that word state ¢, emits word s;_;

T(qalgs) probability of transition from phrase state g to
phrase state g,

T(qablga.c) probability of transition from word state gq,c

to word state qq,5

Table 1: The left side of the table shows the Forward-algorithm recurrence relation for our hierarchical HMMs. The right side of the table

defines the notation used in the recurrence relation.

and the word level. The Backward and Viterbi algorithms re-
quire similar modifications, but we do not show them due to
space limitations.

As illustrated in Figure 2, each training instance for our
HMMs consists of a sequence of words, segmented into
phrases, and an associated sequence of labels. For a test in-
stance, we would like our trained model to accurately pre-
dict a sequence of labels given only the observable part of the
sentence (i.e. the words and phrases). We use a discrimina-
tive training algorithm [Krogh, 1994] that tries to find model

parameters, 8, to maximize the conditional likelihood of the
labels given the observable part of the sentences:

5 _ 1)l
0= argmgaxl?[Pr(c |s*,0). (1)

Here s' is the sequence of words/phrases for the Ith instance,
and ¢! is the sequence of labels for the instance. This training
algorithm will converge to a local maximum of the objective
function. We initialize the parameters of our models by first
doing standard generative training. We then apply Krogh’s
algorithm which involves iterative updates to the HMM pa-
rameters. To avoid overfitting, we stop training when the ac-
curacy on a held-aside tuning set is maximized.

In order for this algorithm to be able to adjust the param-
eters of the positive model in response to negative instances
and vice—versa, we join our positive and null models as shown
in Figure 5. This combined model includes the positive and

positive model

START END

Figure 5: Architecture of the combined model. The positive and null
models refer to the models in Figure 3.

null model
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the null models (shown in Figure 3) as its two submodels,
with shared START and END states.

Once a model has been trained, we can use the Viterbi al-
gorithm to predict tuples in test sentences. We extract a tuple
from a given sentence if the Viterbi path goes through states
with labels for all the domains of the relation. For example,
for the subcellular-localization relation, the Viterbi path for
a sentence must pass through a state with the PROTEIN la-
bel and a state with the LOCATION label. This process is
illustrated in Figure 6.

4 Hierarchical HMMs with Context Features

In this section we describe an extension to the hierarchical
HMMs presented in the previous section that enables them to
represent additional information about the structure of sen-
tences within phrases. We refer to these extended HMMs
as Context hierarchical HMMs (CHHMMs). Whereas the
hierarchical HMMs presented earlier partition a sentence s
into disjoint observations s; ; where each s; ; is a word, a
CHHMM represents s as a sequence of overlapping obser-
vations o; ;. Each observation o; ; consists of a window of
three words, centered around s; ;, together with the part-
of-speech tags of these words. Formally, o;; is a vector
(84,(j—1)» 8i,js Si,(j4+1)» ti,(j—1)» tirj» i (j4+1)) Where t; ; is the
part-of-speech tag of word s;,;. Note that 0;,; and 0;(;11)
share s; j,8; (j+1),ti,5 and t; (j41), although these features
are located in different positions in the two vectors. Figure 7
shows the vectors emitted for the phrase “the endoplasmic
reticulum” by a word HMM in the CHHMM.

Using features that represent the previous and next words
allows the models to capture regularities about pairs or triplets
of words. For instance, a CHHMM is potentially able to
learn that the word “membrane” is part of a subcellular loca-
tion when found in “plasma membrane” while it is not when
found in “a membrane”. Furthermore, by using features that
represent the part-of-speech of words, the models are able to
learn regularities about groups of words with the same part
of speech in addition to regularities about individual words.
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. Y

K ‘...MASZO and MAS22 are found in the mitochondria...‘

' RS

VP_SEGMENT @GMENT

Phrase # Words Word label sets Phrase label sets
1 MAS20 and MAS22  {PROTEIN} ) {PROTEIN} {PROTEIN}
2 are found 0o
3 in 0 0
4 the mitochondria ¢ {LocaTION} {LOCATION}

subcellular-localization(MAS20, mitochondria)
subcellular-localization(MAS22, mitochondria)

Extracted tuples:

Figure 6: Example of the procedure for extracting tuples of the subcellular-localization relation from the sentence fragment “...MAS20
and MAS?22 are found in the mitochondria...”. The top of the figure shows how the most likely path explains the sentence fragment. Bold
transitions between states denote the most likely path. Dashed lines connect each state with the words that it emits. The table shows the label

sets that are assigned to the phrases and the words of the sentence. The extracted tuples are shown at the bottom of the figure.

[(ruil,the, endoplasmic, nul, ART, ADJ)|
.

% | ( the, endoplasmic, reticulum, ART, ADJ, N>‘
.
& *, [(endoplasmic, reticulum, null,ADJ, N, nuil )]
“ “ 'O
. *. Re

4

. 2
(before) —_— @ END
(s

Figure 7: Generation of the phrase “the endoplasmic reticulum” by
a word HMM in a CHHMM. The bold arcs represent the path that
generates the phrase. The vector observations o; ; emitted by each
state are shown in the rectangles above the model and are connected
with dotted arcs with the emitting state. The word that would be
emitted by each state of the equivalent HHMM is shown in boldface.

The advantages of this representation are especially realized
when dealing with an out-of-vocabulary word; in this case
part-of-speech tags and neighboring words may be quite in-
formative about the meaning and use of the out-of-vocabulary
word. For example, an out-of-vocabulary adjective will rarely
be a protein, since proteins are usually nouns.

Because the number of possible observations for a given
word state in a CHHMM is very large (all possible vectors
representing sequences of three words and their POS tags), to
model the probability of an observation o; j, our CHHMMs
assume that the features are conditionally independent given
the state. Under this assumption, the probability of the obser-
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vation o; ; being emitted by state g, pis then defined as

E(0ijlgap) = [] Bk(0iklgas) 2
k=1..6

where E(0;;k|¢qa,p) is the probability of word state gq,p
emitting an observation whose k-th feature is 0; j 1.

Note that the features employed by the representation of
Equation 2 are clearly not conditionally independent. Con-
secutive words are not independent of one another and cer-
tainly the part-of-speech tag of a word is not independent of
the word itself. However, we argue that the discriminative
training algorithm we use [Krogh, 1994] can compensate in
part for this violation of the independence assumption.

5 Empirical Evaluation

In this section we present experiments testing the hypothesis
that our hierarchical HMMs are able to provide more accurate
models than HMMs that incorporate less grammatical infor-
mation. In particular we empirically compare two types of
hierarchical HMMs with three baseline HMMs.

o Context HHMMs: hierarchical HMMs with context
features, as described in the previous section.

o HHMMs: hierarchical HMMs without context features.

o Phrase HMMs: single-level HMMs in which states are
typed (as in the phrase level of an HHMM) and emit
whole phrases. These HMMs were introduced by Ray
and Craven (2001). Unlike hierarchical HMMs, the
states of Phrase HMMs do not have embedded HMMs
which emit words. Instead each state has a single multi-
nomial distribution to represent its emissions, and each
emitted phrase is treated as a bag of words.
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¢ POS HMMs: single-level HMMs in which states emit
words, but are typed with part-of-speech tags so that a
given state can emit words with only a single POS.

¢ Token HMMs: single-level HMMs in which untyped
states emit words.

We evaluate our hypotheses on three data sets that we have
assembled from the biomedical literature.! The data sets are
composed of abstracts gathered from the MEDLINE database
[National Library of Medicine, 2003]. The first set contains
instances of the subcellular-localization relation. It is com-
posed of 769 positive and 6,360 negative sentences. The pos-
itive sentences contain 949 total tuple instances. The number
of actual tuples is 404 since some tuples occur multiple times
either in the same sentence or in multiple sentences. The
second, which we refer to as the disorder-association data
set, characterizes a binary relation between genes and disor-
ders. It contains 829 positive and 11,771 negative sentences.
The positive sentences represent 878 instances of 145 tuples.
The third, which we refer to as the protein-interaction data
set, characterizes physical interactions between pairs of pro-
teins. It is composed of 5,457 positive and 42,015 negative
sentences. It contains 8,088 instances of 819 tuples.

We use five-fold cross-validation to measure the accuracy
of each approach. Before processing all sentences, we ob-
tain parses from Sundance, and then stem words with Porter’s
stemmer [Porter, 1980]. We map all numbers to a special
NUMBER token and all words that occur only once in a train-
ing set to an OUT-OF-VOCAB token. Also, we discard all
punctuation. The same preprocessing is done on test sen-
tences, with the exception that words that were not encoun-
tered in the training set are mapped to the OUT-OF -VOCAB
token. The vocabulary is the same for all emitting states in the
models, and all parameters are smoothed using m-estimates
[Cestnik, 1990]. We train all models using the discriminative
training procedure referred to in Section 3 [Krogh, 1994].

To evaluate our models we construct precision-recall
graphs. Precision is defined as the fraction of correct tu-
ple instances among those instances that are extracted by the
model. Recall is defined as the fraction of correct tuple in-
stances extracted by the model over the total number of tuple
instances that exist in the data set. For each tuple extracted
from sentence s, we calculate a confidence measure as:

_ 6.(s))
() = Gus)

Here q,, refers to the END state of the combined model,
0n(|s|) is the probability of the most likely path, given by the
Viterbi algorithm, and a,(|s|) is the total probability of the
sequence, calculated with the Forward algorithm. We con-
struct precision-recall curves by varying a threshold on these
confidences.

Figures 8, 9 and 10 show the precision-recall curves for the
three data sets. Each figure shows curves for the five types of

'Earlier versions of two of these data sets were used in our pre-
vious work [Ray and Craven, 2001]. Various aspects of the data sets
have been cleaned up, however, and thus the versions used here are
somewhat different. All three data sets are available from
http://www.biostat.wisc.edu/ craven/ie/.

432

T T
Context HHMMs
HHMMs -------
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POS HMMs -~
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Figure 8: Precision vs. recall for the five types of HMMs on the
subcellular-localization data set.
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e i Token HMMs
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Recall
Figure 9: Precision vs. recall for the five types of HMMs on the
disorder-association data set.

HMMs described at the beginning of this section. We show
error bars for the Context HHMM precision values for the
subcellular-localization and protein-interaction data sets.
For these two data sets, the hierarchical HMM models clearly
have superior precision-recall curves to the baseline models.
At nearly every level of recall, the hierarchical HMMs ex-
hibit higher precision than the baselines. Additionally, the
HHMMs achieve higher endpoint recall values. The results
are not as definitive for the disorder-association data set.
Here, the POS HMMs and the Token HMMs achieve preci-
sion levels that are comparable to, and in some cases slightly
better than, the Context HHMMs. There is not a clear winner
for this data set, but the Context HHMMs are competitive.

Comparing the Context HHMMs to the ordinary HHMMs,
we see that the former results in superior precision-recall
curves for all three data sets. This result demonstrates that
clearly there is value in including the context features in hi-
erarchical HMMs for this type of task. In summary, our em-
pirical results support the hypothesis that the ability our hier-
archical HMM approach to capture grammatical information
about sentences results in more accurate learned models.
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Figure 10: Precision vs. recall for the five types of HMMs on the
protein-interaction data set.

6 Conclusion

We have presented an approach to learning models for infor-
mation extraction that is based on using hierarchical HMMs
to represent the grammatical structure of the sentences being
processed. We employ a shallow parser to obtain parse trees
for sentences and then use these trees to construct the input
representation for the hierarchical HMMs

Our approach builds on previous work on hierarchi-
cal HMMs and incorporating grammatical knowledge into
information-extraction models. The application of HHMMs
to IE is novel and has required us to modify HHMM learn-
ing algorithms to operate on a hierarchical input representa-
tion. In particular our methods take into account that phrases
and states must have matching types, and that phrase states
must emit complete phrases. We have also introduced a novel
modification of HHMMs in which observations can be fea-
ture vectors. With respect to previous work on incorporating
grammatical knowledge into IE models, our main contribu-
tion is an approach that takes advantage of grammatical infor-
mation represented at multiple scales. An appealing property
of our approach is that it generalizes to additional levels of
description of the input text.

We have evaluated our approach in the context of learning
IE models to extract instances of three biomedical relations
from the abstracts of scientific articles. These experiments
demonstrate that incorporating a hierarchical representation
of grammatical structure improves extraction accuracy in hid-
den Markov models.
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Abstract is the motivation for developing algorithms thatnca
Keyphrases are useful for a variety of purposes, automatically supply keyphrases for a documenttiGee.1
including  summarizing,  indexing,  labeling,  discusses past work on this task.
categorizing, clustering, highlighting, browsingnda This paper focuses on one approach to supplying
searching. The task of automatic keyphrase extnacti  keyphrases, callekeyphrase extractiorin this approach, a
is to select keyphrases from within the text ofizeg document is decomposed into a set of phrases,adadhich

document. Automatic keyphrase extraction makes it s considered as a possible candidate keyphrase. A
:‘jeasmle to geﬂeratg keyphraﬁes for the hu”ge num_‘berd supervised learning algorithm is taught to classipdidate
ocuments that do not have manually assigned . .oqes akeyphrasesand non-keyphrasesThe induced

g%%g%sne;goﬁthgqrg'}gt{ﬂgt ﬂ?é sglr:c\:/tlgclij iey%%?se classification model is then used to extract kegipbs from

occasionally incoherent. That is, the majority bet  any given document [Turney, 1999, 2000; Fragtkal,
output keyphrases may fit together well, but theeey 1999; Witteret al, 1999, 2000].

be a minority that appear to be outliers, with teac A limitation of prior keyphrase extraction algorits is
semantic relation to the majority or to each otfdrs that the output keyphrases are at times incohereat.
paper presents enhancements to the Kea keyphraseexample, if ten keyphrases are selected for a given
extraction algorithm that are designed to increthse document, eight of them might fit well together,t ibe

coherence of the extracted keyphrases. The appisach yemaining two might be outliers, with no apparesmantic
to use the degree of statistical association among qqnnection to the other eight or to each otherorml

candidate keyphrases as evidence that they may be - .
semantically yrF()eIated. The statistical assoc)i/aticmyi analysis of many machine-extracted keyphrases stajgeat

measured Using web mining. Experiments demonstrate theseé outliers almost never correspond to autrsigiasd
that the enhancements improve the quality of the keyphrases. Thus discarding the incoherent carefidatght
extracted keyphrases. Furthermore, the enhancementsimprove the quality of the machine-extracted kegshs.
are not domain-specific: the algorithm generalized Section 2.2 examines past work on measuring the
when it is trained on one domain (computer science coherence of text. The approach used here is tsunedhe
documents) and tested on another (physics documents degree of statistical association among the cateljplarases
) [Church and Hanks, 1989; Churoft al, 1991]. The
1 Introduction hypothesis is that semantically related phrasekteriid to
A journal article is often accompanied by a list of be statistically associated with each other, aadl dkoiding

keyphrases, composed of about five to fifteen irtgar unrelated phrases will tend to improve the quatifythe
words and phrases that express the primary topics a Output keyphrases. _
themes of the paper. For an individual documernypkeases Section 3 describes the Kea keyphrase extraction
can serve as a highly condensed summary, they cafgorithm [Franket al, 1999; Wittenet al, 1999, 2000].
supplement or replace the title as a label fordbeument, Each candidate phrase is represented in Kea aatarde
or they can be highlighted within the body of tlett to vector for classification by a supervised Iearr‘ﬂ!gonthm.
facilitate speed reading (skimming). For a colleatiof Four different sets of features are.evaluated in paper.
documents, keyphrases can be used for indexing WO Of the sets have been used in the past [Feard,
categorizing  (Classifying), clustering, browsing, r o 999] and the other two are introduced here, toeskithe
searching. Keyphrases are most familiar in the eoanof ~ Problem of incoherence. The new features are basetie
journal articles, but many other types of documemusld ~ US€ of web mining to measure the statistical aatiooi
benefit from the use of keyphrases, including welggs, ~@mong the candidate phrases [Turney 2001]. o
email messages, news reports, magazine articled, an !N Section 4, experiments show that the new welingin
business papers. features significantly improve the quality of thetracted
The vast majority of documents currently do notenhav KeYyphrases, using the author's keyphrases as dienk.
keyphrases. Although the potential benefit is laigaould [N the first experiment (Section 4.1), the algaritts trained
not be practical to manually assign keyphrasebamt This @nd tested on the same domain (computer science
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documents). In the second experiment (Section 41,
algorithm is trained on one domain (computer sa¢rand
tested on another (physics). In both cases, thefeatures
result in a significant improvement in performande.
contrast, one of the old feature sets works welhi first
case (intradomain) but poorly in
(interdomain).

Section 5 considers limitations and future workct®e® 6
presents the conclusions.

2 Reated Work
Section 2.1 discusses related work on generatigghkases

and Section 2.2 considers related work on measurin

coherence.

2.1 Assignment versus Extraction

There are two general approaches to automatioaflglging
keyphrases for a documenkeyphrase assignmerdand
keyphrase extraction Both approaches use supervised
machine learning from examples. In both casestrdiring
examples are documents with manually supplied keygss.

In keyphrase assignment, there is a predefinedolist
keyphrases (in the terminology of library science,
controlled vocabularyor controlled index ternm)s These
keyphrases are treated as classes, and techniguegext
classification (text categorization) are used t@rlemodels
for assigning a class to a given document [Leurd) k&an,
1997; Dumaiset al, 1998]. Usually the learned models will
map an input document to several different corecbll
vocabulary keyphrases.

In keyphrase extraction, keyphrases are selecteoh fr
within the body of the input document, without &gefined
list. When authors assign keyphrases without arcthed
vocabulary (in library sciencdree text keyword®r free
index termy typically from 70% to 90% of their keyphrases
appear somewhere in the body of their documentsngiu
1999]. This suggests the possibility of using au#esigned
free text keyphrases to train a keyphrase extnacystem.
In this approach, a document is treated as a sedrafidate
phrases and the task is to classify each candjglatese as
either akeyphraseor non-keyphrasdTurney, 1999, 2000;
Franket al, 1999; Witteret al, 1999, 2000].

Keyphrase extraction systems are trained usingrpuso
of documents with corresponding free text keyptsa3ée
GenEx keyphrase extraction system consists of aofet
parameterized heuristic rules that are tuned totridieing
corpus by a genetic algorithm [Turney, 1999, 2000je
Kea keyphrase extraction system uses a naive Bay
learning method to induce a probabilistic modeinfrthe
training corpus [Franket al, 1999; Wittenet al, 1999,
2000]. After training, both systems allow the usespecify
the desired number of keyphrases to be extractu ft
given input document.

In experimental evaluations, using independentintgst
corpora, GenEx and Kea achieve roughly the sared v
performance, measured by the average number ofhamtc
between the author-assigned keyphrases and theimaach
extracted keyphrases [Fraakal, 1999; Witteret al, 1999,
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2000]. Depending on the corpus, if the user reguéige
keyphrases to be output, an average of 0.9 to flheo
output phrases will match with the author-assigned
keyphrases [Frankt al, 1999]. If the user requests fifteen
keyphrases, an average of 1.8 to 2.8 will matchn whie

the second -casauthor’s keyphrases.

These performance numbers are misleadingly
because the author-assigned keyphrases are usniiya
small subset of the set of good quality keyphraeesa
given document. A more accurate picture is obtaibgd
asking human readers to rate the quality of thehmats
output. In a sample of 205 human readers ratinghegses
for 267 web pages, 62% of the 1,869 phrases ouiput
&enEx were rated as “good”, 18% were rated as “bauaki
20% were left unrated [Turney, 2000]. This suggeistt
about 80% of the phrases are acceptable (not “btml”)
human readers, which is sufficient for many appidres.

Asking human readers to rate machine-extracted
keyphrases is a costly process. It is much moreuoal
to use author-assigned keyphrases as a benchmark fo
evaluating the machine-extracted keyphrases. James
Paynter [2001, 2002] argue that it is reasonableuge
comparison with authors as a surrogate for ratingguoman
readers. They show (1) the vast majority of Keapkegses
are rated positively by human readers, (2) theoperdnce
of Kea is comparable to GenEx, according to hunaséings,

(3) readers generally rate author-assigned keyphras
good, and (4) different human readers tend to agrethe
rating of keyphrases.

Furthermore, Gutwiret al. [1999] show that machine-
extracted keyphrases are useful in an applicatibme
Keyphind system uses keyphrases extracted by Kaaaw
kind of search engine. For certain kinds of brogsiasks,
Keyphind was judged to be superior to a traditiosedrch
engine [Gutwinet al, 1999]. In summary, there is solid
evidence that author-assigned keyphrases are a good
benchmark for training and testing keyphrase etitrac
algorithms, but it should be noted that the pertomoe
numbers underestimate the actual quality of thepudut
keyphrases, as judged by human readers.

low,

2.2 Coherence

An early study of coherence in text was the worKafliday
and Hasan [1976]. They argued that coherence &eatddy
several devices: the use of semantically relatethde
coreference, ellipsis, and conjunctions. The filsvice,
semantic relatedness, is particularly useful foolated
ords and phrases, outside of the context of seageand
%ragraphs. Halliday and Hasan [1976] called tlasicd
lexical cohesionMorris and Hirst [1991] computed lexical
cohesion by using a thesaurus to measure the dekde of
words. Recent work on text summarization has usgital
cohesion in an effort to improve the coherence atmme-
generated summaries. Barzilay and Elhadad [1994 tise
WordNet thesaurus to measure lexical cohesion @ir th
approach to summarization.

Keyphrases are often specialized technical phrafstgo
or three words that do not appear in a thesauras ag
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WordNet. In this paper, instead of using a thesguru IDF component). There are many ways to calculate

statistical word association is used to estimatecds
cohesion. The idea is that phrases that often dogather
tend to be semantically related.

There are many statistical measures of word adsatia

TFxIDF; see Franlet al. [1999] for a description of their
method. Thedistancefeature is, for a given phrase in a
given document, the number of words that precedditht
occurrence of the phrase, divided by the numbevartis in

[Manning and Schitze, 1999]. The measure used igere the document. The baseline feature set considtest two

Pointwise Mutual Information (PMI) [Church and Hank

1989; Churclet al, 1991]. PMI can be used in conjunction

with a web search engine, which enables it to &ffely

features.
The TFxIDF anddistancefeatures are real-valued. Kea
uses Fayyad and Irani’'s [1993] algorithm to diseeethe

exploit a corpus of about one hundred billion wordsfeatures. This algorithm uses a Minimum Description

[Turney, 2001]. Experiments with synonym questidaken
from the Test of English as a Foreign Language (FOQE
show that word association, measured with PMI anceh

search engine, corresponds well to human judgements

synonymy relations between words [Turney, 2001].

3 Kea: Four Feature Sets
Kea generates candidate phrases by looking thrahgh

input document for any sequence of one, two, oeehr
consecutive words. The consecutive words must rot b

separated by punctuation and must not begin orvetid
stop words (such as “the”, “of”, “to”, “and”, “he”etc.).

Candidate phrases are normalized by converting ttem
lower case and stemming them. Kea then uses the nai

Bayes algorithm [Domingos and Pazzani, 1997] tonl¢a
classify the candidate phrases as eik®yphraseor non-
keyphrasé

Length (MDL) technique to partition the featurestoin
intervals, such that the entropy of the class isimized
with respect to the intervals and the informatiequired to
specify the intervals.

The naive Bayes algorithm applies Bayes’ formula to
calculate the probability of membership in a classng the
("naive”) assumption that the features are stat#i
independent. Suppose that a candidate phraseénéesatiare
vector <, D>, whereT is an interval of the discretized
TFxIDF feature andD is an interval of the discretized
distance feature. Using Bayes’ formula and the
independence assumption, we can calculate the Ipititypa
that the candidate phrase is a keyphraskeyi( D), as

follows [Franket al, 1999]:

p(T [ key) (p(D | key) Cp(key)
p(T, D)

p(key|T,D) = (1)

In the simplest version of Kea, candidate phrases aThe probabilities in this formula are readily estted by

classified using only two feature3FxIDF and distance
[Frank et al., 1999; Wittenet al, 1999, 2000]. In the
following, this is called thebaseline feature sefSection
3.1). Another version of Kea adds a third featusgphrase

counting frequencies in the training corpus.

3.2 KeyphraseFrequency Feature Set
The keyphrase frequency feature set consist3FofIDF

frequency, yielding thekeyphrase frequency feature setgng gistance plus a third featurekeyphrase-frequency

(Section 3.2) [Franlet al., 1999]. This paper introduces a
new set of features for measuring coherence. Whe,

combined with the baseline features, the resultthis

coherence feature séSection 3.3). When combined with

the keyphrase frequency feature set, the resthieimerged
feature se{Section 3.4).

After training, given a new input document and aichel
number of output phrased)\, Kea converts the input
document into a set of candidate phrases with &sedc
feature vectors. It uses the naive Bayes modehltulate
the probability that the candidates belong to thess
keyphrase and then it outputs thB candidates with the
highest probabilities.

3.1 BasdineFeature Set

TFXIDF (Term Frequency times
Frequency) is commonly used in information retrlet@
assign weights to terms in a document [van Rijsterg
1979]. This numerical feature assigns a high valea
phrase that is relatively frequent in the input woent (the
TF component), yet relatively rare in other documdtiie

! The following experiments use Kea version 1.1.Aicl is
available at http://www.nzdl.org/Kea/.
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Franket al.,1999]. For a phrase in a documenb with a
aining corpusC, keyphrase-frequencis the number of
times P occurs as an author-assigned keyphrase for all
documents inC except D. Like the other features,
keyphrase-frequendy discretized [Fayyad and Irani, 1993].
Equation (1) easily expands to inclukkeyphrase-frequency

[Franket al, 1999].

The idea here is that a candidate phrase is mkeb lio
be a keyphrase if other authors have used it a&yjphkase.
Frank et al. [1999] describe keyphrase-frequencyas
“domain-specific”, because intuition suggests itl vainly
work well when the testing corpus is in the samengio
(e.g., computer science) as the training corpuss iftuition
is confirmed in the following experiments (Sectin

Inverse Document3.3 Coherence Feature Set

The coherence feature set is calculated using apase
method. The first pass processes the candidatsgstsing
the baseline feature set. The second pass ustsptlanost
probable phrases, according to the probabilitymesdis
from the first pass, as a standard for evaluativgytopL
most probable phraseK & L). In the second pass, for each
of the topL candidates (including the td¢pcandidates), new
features are calculated based on the statisticaicagion
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between the given candidate phrase and thektphprases. For the query to AltaVistgphrase is converted taap, in
The hypothesis is that candidates that are seradlgtic which the first character of each word hrase is
related to one or more of the tépphrases will tend to be capitalized, but the other characters are in lowase, and
more coherent, higher quality keyphrases. the words are not stemmed. The quesgd AND low” is

The coherence feature set consists ofkd#e€atures. The intended to find web pages in whighrase appears in a
experiments us& = 4 andL = 100, thus there are twelve title or heading (where it would likely be capirad) and
features. The first four features are based orfitbepass phrase appears anywhere in the page (where it wouldyikel
with the baseline model. The first two features BfxIDF be in lower case). The rank of score j(arase) is
and distance copied exactly from the first pass. The third normalized by converting it to a percentile. Tharpls that
feature isbaseline_rank the rank of the given candidate rank_cap, for example, will be relatively high when the
phrase in the list of the tob phrases from the first pass, appearance ophrase in a heading makes it likely that
where the list is sorted in order of estimated plolity. The  phrase will appear in the body. That iphrasewould be a
fourth feature, baseline_probability is the estimated good phrase to put in the title of a document thstusses
probability, pkeyT, D), according to the baseline model. phrase.

The remaining eight features are based on staiistic
association, calculated using Pointwise Mutual nméation 3.4 Merged Feature Set
(PMI) and a web search engine [Turney, 2001]. TheThe merged feature set consists of the coheremteréeset
following experiments use the AltaVista search eagiLet  pluskeyphrase-frequencys with the coherence feature set,
hits(@uery) be the number of hits (matching web pageskhere is a two-pass process, but the first pass usms the
returned by AltaVista when given a quegyery Features three features of the keyphrase frequency feattrérstead
five to eight arerank_low;, rank_low, rank_low, and of the baseline features. The second pass nowsyikideen
rank_low,. Fori = 1 to 100 and = 1 to 4,rank_low is the  features, the twelve features of the coherencerfeaet plus
normalized rank of the candidate phragbyasg when keyphrase-frequencyrhe third and fourth features of the
sorted by the following score: coherence feature set, baseline_rank and

baseline_probability = become key freq_rank and

hits(lowi NEAR low;) ) key_freq_probabilityn the merged feature set.

hits(lowi)

score_low( phrase) =
4 Experiments

fThe first experiment examines the behaviour of fitner
feature sets when trained and tested on the sammaino
The second experiment trains on one domain (compute
science) and tests on another (physics).

For the query to AltaVistaphrase is converted to lower
case, low, but it is not stemmed. The rank o
score_low(phrasg) is normalized by converting it to a
percentile. The ranking and normalization are pemnéd for
each document individually, rather than the corpssa
whole. The query Ibw; NEAR low;,” causes AltaVista to 41

. ; : @ Intradomain Evaluation
restrict the search to web pages in wHak appears within ) i )
ten words oflow;, in either order. Equation (2) can be This experiment compares the four feature setsgutie

derived from the formula for PMI [Turney, 2001]. @h Setup of Franket al. [1999]. The corpus is composed of
intent is that, withrank_low for example, if a candidate COMputer science papers from the Computer Science
phrase, phrase, is strongly semantically connected with 1€chnical Reports (CSTR) collection in New Zealafbe
phrase, thenphrase will likely receive a high score from {raining set consists of 130 documents and thengestet

Equation (2), and heneank_low will tend to be relatively ~Consists of 500 documents. Tkeyphrase-frequendgature
high. is trained on a separate training set of 1,300 whecus. All

Features nine to twelve areank cap, rank_cap, other features (including the coherence features)rained

rank_cap, andrank_cap. Fori = 1 to 100 ang = 1 to 4, using only the 130 training documents. The naivgeBa
rank_cap is the normalized rank of the candidate phrase/gorithm allows the features to be trained separasince

phrase, when sorted by the following score: the features are assumed to be statistically inbkgpe. The
experiments of Frankt al.[1999] show that th&eyphrase-

hits(cap AND lowj) 3) frequency feature benefits from more training than the
hits(cap) baseline features. Figure 1 plots the performancethe
testing corpus.

score_cap phrase) =
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Figure 2. Performance on the LANL corpus for thairfo
different feature sets. Note that the curves fa keyphrase
frequency and merged features sets are interminglading it
appear that there are only three curves, insteéaliof

Figure 1. Performance on the CSTR corpus for the different
feature sets. An output keyphrase is consideredécti when it
equals an author-assigned keyphrase, after botstemaned and
converted to lower case.

The paired t-test was used to evaluate the statistical3 Discussion

significance of the results [Feelders and Verkooijen, 1995]

Figure 1. The differences between all six pairs ar g P '

g A, : . . More of the output keyphrases match with the authors’
0,
statistically significant with 95% confidence when five or, yphrases, which is evidence that their quality has

more keyphrases are output. The merged feature set .|
superior to the keyphrase frequency feature set with 9594 proved [Jones and Paynter, 2001, 2002]. The second

: experiment confirms the (previously untested) hypothesis of
confidence when any number of keyphrases are output. Franket al. [1999], that thekeyphrase-frequendgature is

4.2 Interdomain Evaluation domain-specific.  This feature actually decreases
erformance below the baseline in the interdomain
valuation. However, the new coherence features are not

Homain-specific; they improve over the baseline even when

testing domain is different from the training domain.
urthermore, the coherence features can work synergistically

With the keyphrase-frequendgature, when the training and

This experiment evaluates how well the learned model
generalize from one domain to another. The training domai
is the CSTR corpus, using exactly the same training setup
in the first experiment. The testing domain consists of 58

physics papers from the arXiv repository at the Los Alamo

National ~Laboratory (LANL). Figure 2 plots the eqting domains correspond. When they do not correspond,

performar)ce on the testing corpus. . at least the merged feature set is no worse than the
The paired t-test shows no significant differences betweeg,

hrase frequency feature set.
the keyphrase frequency feature set and the merged featurey P g y
set. The coher_ence feature set is superior to the basellge Limitations and Future Work
feature set with 95% confidence when four or more S _
keyphrases are output. The baseline feature set is superiorftge main limitation of the new coherence feature set is the
the keyphrase frequency and merged feature sets with 959@3e required to calculate the features. It takes ten queries

confidence when any number of keyphrases are output. ~ (2+2K, K = 4) to AltaVista to calculate one coherence
feature vector. Each query takes about one second. At 10

queries per feature vector times 1 second per query times
100 feature vectors per document, we have 1,000 seconds
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((2+2K)L, K = 4, L = 100; roughly 15 minutes) per [Franket al, 1999] Frank, E., Paynter, G.W., Witten, I.H.,
document. The time required by the other aspects of Kea is Gutwin, C., and Nevill-Manning, C.G. Domain-specific
completely insignificant compared to this. Future work keyphrase extraction.Proceedings of the Sixteenth
might investigate the use of other, less time-consuming, International Joint Conference on Artificial Intelligence
measures of coherence, such as Morris and Hirst's [1991] (IJCAI-99), pp. 668-673. California: Morgan Kaufmann,
measure. However, if we extrapolate current trends in 1999.

hardware, then it seems that it will not be long beforeishis [Gutwin et al, 1999] Gutwin, C., Paynter, G.W., Witten,
no longer an issue, since a local version of AltaVista will 1.H., Nevill-Manning, C.G., and Frank, E. Improving

easily run on a desktop computer. browsing in digital libraries with keyphrase indexes.
Journal of Decision Support Syster@g, 81-104, 1999.
6 Conclusion [Halliday and Hasan, 1976] Halliday, M.A.K., and Hasan,

R. Cohesion in English.ondon: Longman, 1976.
ones and Paynter, 2001] Jones, S. and Paynter, G.W.

This paper provides evidence that statistical wordH
Human evaluation of Kea, an automatic keyphrasing

association can be used to improve the coherence

keyphrase extraction, resulting in higher quality keyphrases, system.First ACM/IEEE-CS Joint Conference on Digital

measured by the degree of overlap with the authors’ /7~ ~. - i
keyphrases. Furthermore, the new coherence features are not'gssnels&l?fggc’ke’ Virginia, June 24-29, 2001, ACM

domain-specific. [Jones and Paynter, 2002] Jones, S. and Paynter, G.W.
Automatic extraction of document keyphrases for use in
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