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Abstract 
Speculative execution of information gathering 
plans can dramatically reduce the effect of 
source I/O latencies on overall performance.  
However, the uti l i ty of speculation is closely tied 
to how accurately data values are predicted at 
runtime.  Caching is one approach that can be 
used to issue future predictions, but it scales 
poorly with large data sources and is unable to 
make intell igent predictions given previously 
unseen input data, even when there is an obvious 
relationship between past input and the output it 
generated.  In this paper, we describe a novel 
way to combine classification and transduction 
for a more efficient and accurate value predic-
tion strategy, one capable of issuing predictions 
about previously unseen hints.  We show how 
our approach results in significant speedups for 
plans that query multiple sources or sources that 
require multi-page navigation.    

1 Introduction 
The performance of Web information gathering plans can 
suffer because of I/O latencies associated with the remote 
sources queried by these plans.  A single slow Web 
source can bottleneck an entire plan and lead to poor 
execution time.  When a plan requires multiple queries 
(either to the same source or to multiple sources), 
performance can be even worse, where the overhead is a 
function of the slowest sequence of sources queried. 

When multiple queries are required, speculative plan 
execution (Barish and Knoblock 2002b) can be used to 
dramatically reduce the impact of aggregate source laten-
cies.  The idea involves using data seen early in plan exe-
cution as a basis for issuing predictions about data l ikely 
to be needed during later parts of execution.  This allows 
data dependency chains within the plan to be broken and 
parallelized, leading to significant speedups.  
 To maximize the uti l i ty of speculative execution, a 
good value prediction strategy is necessary.  The basic 
problem involves being able to use some hint h as the 
basis for issuing a predicted value v.  One approach in-
volves caching: we can note that particular hint hx corre-

sponds to a particular value vy so that future receipt of hx 
can lead to prediction of vy.  As a result, a plan that nor-
mally queries source S1 with hx and subsequently source 
S2 with vy can be parallelized so that both S1 and S2 are 
queried in parallel, the latter speculatively. Unfortu-
nately, caching has two major drawbacks.  First, it does 
not scale well when the domain of hints is large.   A sec-
ond drawback is the inabil ity to deal with novel (previ-
ously unseen) hints, even when an obvious relationship 
exists between hint and predicted value.   
 In this paper, we present an alternative to caching that 
involves automatically learning predictors that combine 
classification and transduction in order to generate pre-
dictions from hints.  Our approach succeeds where cach-
ing fails: the predictors learned usually consume less 
space than that demanded by caching and they are capa-
ble of making reasonable predictions when presented 
with novel hints, the latter leading to better speedups.  
Specifically, our work contributes the following: 

� An algorithm that learns efficient transducers capa-
ble of a variety of string transformations. 

� An algorithm that combines classification and trans-
duction to learn value predictors 

The rest of this paper is organized as follows.  The next 
section briefly reviews information gathering and pro-
vides a motivating example for speculative execution.  In 
Section 3, we describe how classification and transduc-
tion can be used to build efficient and intell igent predic-
tors. Section 4 describes our learning algorithms that 
combine both techniques. Section 5 describes experimen-
tal results of using our approach.  Finally, Section 6 de-
tails the related work.      

2 Preliminaries 
Web information gathering plans retrieve, combine, and 
manipulate data located in remote Web sources.  Such 
plans consist of a partially-ordered graph of operators 
O1..On connected in a producer/consumer fashion.  Each 
operator Oi consumes a set of inputs a1..ap, fetches data 
or performs a computation based on that input, and pro-
duces one or more outputs b1..bq.  The types of operators 
used in information gathering plans vary, but most either 
retrieve or perform computations on data.  

Learning Value Predictors for the Speculative Execution of 
Information Gathering Plans  

Greg Barish and Craig A. Knoblock 
University of Southern California / Information Sciences Institute 

4676 Admiralty Way, Marina del Rey, CA 90292 
{ barish, knoblock} @isi.edu 

3AI AND DATA INTEGRATION



To better i l lustrate a Web information gathering plan,   
we consider the example plan CarInfo, shown in Figure 
1. Given constraints on car type and pricing, CarInfo lo-
cates the make and model which has a median price clos-
est to that specified and then retrieves the full review of 
that car from the Web site ConsumerGuide.com.  The 
plan consists of four Wrapper operators that fetch and 
extract data from various parts of the remote source.  
Specifically, the plan involves: (a) querying CarsDi-
rect.com for the car make and model having a median 
price closest to that specified, (b) querying Consumer-
Guide for the resulting make and model, (c) retrieving 
the link to the summary page for that car (using the link 
provided in the search results), and (d) retrieving the full 
review  using the link provided on the summary page.  

For example, for the input (Sedan, $19000), the car re-
turned is (Honda Accord), the summary URL for this car 
is (http://cg.com/summ/2289.htm) and the full review 
URL (http://cg.com/full/2289.htm).1 Once at the full re-
view URL, the review text can be extracted.  

Existing research on information agent executors 
(Barish and Knoblock 2002a) and network query engines 
(Hellerstein et al. 2000, Naughton et al. 2001, Ives et al. 
2002) has suggested a number of techniques for the effi-
cient execution of information gathering plans.  Most of 
these systems work on the principle of streaming data-
flow, which executes plan operators as fast as their data 
dependencies allow and supports the pipelining of data 
between operators.  Despite the benefits of streaming 
dataflow, plan execution can sti l l  be slow if there are 
many binding pattern relationships between sources in 
the plan.  For example, notice that since steps (b), (c), 
and (d) are dependent on the steps that precede them, the 
plan in Figure 1 must be executed sequentially and prof-
its l ittle from the benefit of streaming dataflow.  Thus, if 
each source in Figure 1 has an average latency of 2s, than 
the average plan execution time is the summation of 
source latencies, or (4*2s =) 8s. 

2.1 Speculative Plan Execution 
Speculative execution is one technique that can be used 
to overcome the effects of aggregate latencies in informa-
tion gathering plans containing multiple binding patterns.  
 As described in (Barish and Knoblock 2002b), a plan 
is transformed into one capable of speculative plan exe-
cution by the insertion of two additional operators – 
Speculate and Confirm – at various points the plan, 
                                                 

1 For the sake of brevity, we have abbreviated the URLs asso-
ciated with ConsumerGuide.com (although we retain the key 
aspects of its structure). 

based on an iterative analysis of the most expensive path 
to execute within that plan.  For example, one possible 
result of transforming the plan in Figure 1 for speculative 
execution is shown in Figure 2.   

As shown, the Speculate operator receives copies of 
data sent to operators executing earlier in the plan.  
Based on the hints it receives, Speculate can generate 
predicted values for later operators that can be transmit-
ted immediately to those operators.  Thus, the earlier and 
later parts of the plan can be parallelized. After the ear-
l ier operators finish executing, Speculate can assess 
whether or not its initial predictions were correct and 
forward the results onto a Confirm operator, which en-
sures that speculative data does not prematurely exit the 
plan or cause some other irreversible action to occur.  
Finally, notice that Figure 2 shows that speculation can 
be cascading: speculation about one operator can drive 
the speculation of another operator, leading to greater 
degrees of parallelism and thus arbitrary speedups.     

As a result of the transformation shown in Figure 2, 
execution would then proceed as follows.  Input data, 
such as (Sedan, $19000), would result in the retrieval of 
the initial search results in parallel with the predicted 
make and model – which would drive the predictions of 
summary and full-review URLs so that all four retrievals 
(three speculative) were executed at once. If all predic-
tions are correct, the resulting execution time can be re-
duced to only 2s plus the overhead to speculate, a maxi-
mum speedup of about 4.  However, the average speedup 
depends on the average accuracy of prediction: the 
greater this accuracy, the higher the average speedup. 

3 Value Prediction Strategies  
Caching can be used to implement value prediction when 
speculatively executing plans such as CarInfo.  Unfortu-
nately, caching does not allow predictions to be issued 
for unseen hints.  As a result, the average accuracy of 
prediction can be low when the domain of possible hints 
is large.  Further, trying to achieve better accuracy under 
these conditions can require significant amounts of mem-
ory.  In this section, we describe how a hybrid approach, 
consisting of classification and transduction, results in a 
more intell igent and space-efficient prediction strategy.    

3.1 Classif ication 
Classification involves extracting knowledge from a set 
of data (instances) that describes how the attributes of 
those instances are associated with a set of target classes.  
Given a set of instances, classification rules can be 
learned so that future instances can be classified cor-

Figure 1: The CarInfo plan 
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rectly.  Once learned, a classifier can also make reason-
able predictions about new instances – a combination of 
attribute values that had not previously been seen. The 
abil ity for classification to accommodate new instances is 
intriguing for the speculative execution of information 
gathering plans because, unlike with caching, it is possi-
ble to make predictions about novel hints.  

For example, consider the prediction of the make and 
model of a car in the CarInfo plan.  It turns out that 
CarsDirect.com returns the same answer (Honda Accord) 
for “Sedan”  as it does for other types (such as “All”  and 
“Coupe” ) in the same price range.  The association of the 
same make and model to multiple criteria combinations 
occurs somewhat frequently on CarsDirect.com. 

To see why classification is a more effective technique 
than caching for the prediction of the make and model, 
consider prediction of a car based on type and price: 

The data above is what a cache would contain. In con-
trast, a classifier l ike Id3 (Quinlan 1986) would induce 
the following decision tree: 

pr i  <= 18000 :  Sat ur n S Ser i es  ( 2. 0)  
pr i  > 18000 :  
 |   pr i  <= 19000 :  Honda Accor d ( 2. 0)  
 |   pr i  > 19000 :  VW Beet l e ( 2. 0)  

When presented with an instance previously seen, such 
as (Sedan, 19000), both the cache and the classifier 
would result in the same prediction: (Honda Accord).  
However, when presented with a new instance, such as 
(Coupe, 18500), the cache would be unable to make a 
prediction.  In contrast, the classifier would issue the cor-
rect prediction of (Honda Accord).  Any errors made by 
classification would be caught automatically later in exe-
cution by the Confirm operator.     

The decision tree above is also more space efficient 
than a cache for the same data.  The cache requires stor-
ing 8 unique values.  The decision tree above requires 
only storing 5 values (just those shown) plus the informa-
tion required to describe tree structure and attribute value 
conditions (i.e., pri <= 18000). 

In short, classifiers such as decision trees can function 
as better, more space-efficient predictors.  And in the 
worst case, where each instance corresponds to a unique 
class, a classifier simply emulates a cache. 

3.2 Transduction 
Transducers are finite state machines that transform input 
to output by using the former to iteratively proceed 
through a series of states that progressively produce the 
latter.  One type of transducer is a string-to-string se-
quential transducer, defined by (Mohri 1997) as T = (Q, 
i, F, 

�
, � , � , � ), where Q is the set of states, i � Q is the 

initial state, F � Q is the set of final states, 
�

 and �  are 

finite sets corresponding to input and output alphabets, �  
is the state-transition function that maps Q x 

�
 to Q, and 

�  is the output function that maps Q x �  to � * .  We are 
interested in a particular type of sequential transducer 
called a p-subsequential transducer that allows at most p 
output symbols to be appended to the output (i.e., exist 
on the final state transition arc).  

Value prediction by transduction makes sense for Web 
information gathering plans primarily because of how 
Web sources organize information and how Web requests 
(i.e., HTTP queries) are standardized.  In the case of the 
former, Web sources often use predictable hierarchies to 
catalog information.  For example, in the CarInfo exam-
ple, the summary URL for the 1999 Honda Accord was     
http://cg.com/summ/2289.htm and the full review was 
http://cg.com/full/2289.htm.  Notice that both URLs use 
the same piece of dynamic information (2289), but in 
different ways. By learning this transduction, we can then 
predict future full review URLs for corresponding sum-
mary URLs we have never previously seen. Transducers 
can also allow us to predict HTTP queries.  For example, 
an HTTP GET query for the IBM stock chart is 
http://finance.yahoo. com/q?s=ibm&d=c. By exploiting 
the regularity of this URL structure, the system can pre-
dict the URL for the Cisco Systems (CSCO) chart.   

In this paper, we define two new types of transducers 
that extend the traditional definition of p-subsequential 
transducers.  The first is a high-level transducer, called a 
value transducer that describes how to construct the pre-
dicted value based on the regularity and transformations 
observed in a set of examples of past hints and values.  
Value transducers build the predicted value through sub-
string-level operations { Insert, Classify, and Transduce} .  
Insert constructs the static parts of predicted values.  
Classify categorizes hint information into part of a pre-
dicted value.  Finally, Transduce transforms hint infor-
mation into part of a predicted value.  Transduce uses a 
second type of special transducer, a hint transducer, in 
which the operations { Accept, Copy, Replace, Upper, 
Lower}  all function on individual characters of the hint 
and perform the same transformation as their name im-
plies, with respect to the predicted value.    

To il lustrate, consider the transducers shown in Figure 
3, for predicting the full-review URL in the CarInfo ex-
ample.  Figure 3 shows the value transducer performs 
high-level operations – the insertion of substrings and the 
call to a lower-level transduction.  The second transducer 
(in abbreviated form) uses the Accept and Copy opera-

Type Price Car
Sedan 18000 Saturn S Series
Sedan 19000 Honda Accord
Sedan 20000 VW Beetle
Coupe 18000 Saturn S Series
Coupe 19000 Honda Accord
Coupe 20000 VW Beetle

Figure 3: Value transducer for CarInfo 
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tions to transform the part of the hint value into its proper 
point in the predicted value.  Thus, the first step builds 
the “http://cg.com/full/”  part, the second step copies the 
“2289”  part and the third step appends the “ .htm”  part. 

In short, transducers lend themselves to value predic-
tion because of the way information is stored by and que-
ried from Web sources.  They are a natural fit because 
URLs are strings that are often the result of simple trans-
formations on earlier input.  Transducers are also space 
efficient: once learned, they occupy a finite size and can 
be applied to an endless number of inputs.  Overall, for 
Web content that cannot be queried directly (instead re-
quiring an initial query and then further navigation), 
transducers serve as compact predictors that capitalize on 
the regularity of Web queries and source structure.         

4 A Unifying Learning Algorithm 
In this section, we present algorithms that induce value 
transducers (VTs), which combine classification and 
transduction, as predictors for the speculative execution 
of information gathering plans.  The predictors learned 
represent not only a hybridization of classification and 
transduction, but also of caching, since classifiers default 
to caches when there is no feature of the key that is a 
particularly good indicator of the resulting value.     

To learn a VT, the general approach consists of: 

1. For each attribute of the answer tuple, identify an 
SD Template that distinguishes static from dynamic 
parts of the target string by analyzing the regularity 
between values of this attribute for all answers.  

2. For each static part, add an Insert arc to the VT. 

3. For each dynamic part, determine if transduction 
can be used; if so, add a Transduce arc to VT.  

4. If no transducer can be found, classify the dynamic 
part based on the relevant attributes of the hint and 
add a Classify arc to the VT. 

We implemented this in the algorithm LEARN-VALUE-
TRANSDUCER, shown below.  The algorithm takes a set of 
hints, a set of corresponding answers, and returns a VT 
that fits the data:  
  
1  Function LEARN-VALUE-TRANSDUCER  
          returns ValueTransducer 
2  Input: the set of hints H, the set of answers A 
3    VT �  �  
4    tmpl �  LEARN-SD-TEMPLATE (A); 
5    Foreach element e in tmpl 
6      If e is a static element 
7        Add Insert (e.value) arc to VT 
8      Else if e is a dynamic element 
9        DA �  the set of dynamic strings in A for this tmpl element 
10       HT �  LEARN-HINT-TRANSDUCER (H, DA) 
11        If HT  != �  
12          Add Transduce (HT) arc to VT 
13        else 
14          C �  LEARN-CLASSIFIER (H, DA) 
15          Add Classify (C) arc to VT 
16   Return VT 
17 End  /* LEARN-VALUE-TRANSDUCER */ 
 

In this algorithm, learning a classifier can be achieved by 
decision tree induction algorithms such as Id3 (Quinlan 
1986).  Learning the SD template and the hint transform-
ing transducer, however, require unique algorithms. 

4.1 Learning templates of  string sets 
Learning a VT requires first identifying a template for 
the target value that describes what parts are static and 
what parts are dynamic.  Next, each static part is replaced 
with Insert operations and each dynamic part becomes a 
candidate for either transduction or classification. 

To identify an SD template, we use an approach based 
on the longest common subsequence (LCS) between a set 
of values. First, an LCS identification algorithm similar 
to the one described by (Hirschberg 1975) is applied to 
the set of answer values.  We then iterate through the 
LCS on each answer value to determine the set of possi-
ble static/dynamic templates that fit that answer.  Only 
those templates common to all are kept – from this, one 
of the set is returned (though all are valid).  The algo-
rithm that implements this, LEARN-SD-TEMPLATE, is 
shown below.    

 
1  Function LEARN-SD-TEMPLATE  returns Template 
2  Input: set of strings S 
3    tmpl �  �  
4    lcs �  GET-LCS(S) 
5    If seq != �  
6      tmplSet �  �  
7      Foreach string s in S 
8        curTmplSet �  EXTRACT-TEMPLATES (s, lcs) 
9        tmplSet �  tmplSet �  curTmplSet 
10     If tmplSet != �  
11      tmpl �  choose any member of tmplSet   /*  al l  are valid * / 
12   Return tmpl 
13 End  /* LEARN-SD-TEMPLATE */ 

4.2 Learning hint transducers 
To learn a hint transducer (HT), we also make use of SD-
template identification.  However, instead of identifying 
a template that fits all answers, we identify templates that 
fit all hints.  Based on this template, we then construct an 
HT that accepts the static parts of the hint string and per-
forms the character-level transformation on the dynamic 
parts.  A sketch of the algorithm that implements this, 
LEARN-HINT-TRANSDUCER, is shown below.     
 
1  Function LEARN-HINT-TRANSDUCER  returns HintTransducer 
2  Input: the set of hints H, the set of resulting strings S 
3    Use LCS to identify static parts between all H 
4    Foreach H,S pair (h, s)  
5      h �  �  extraction of h replacing static chars with token ‘A’  
6      A �  Align (h � , s) based on lowercased string edit distance 
7      Annotate A with character level operations 
8    End 
9    RE �  Build a reg expr that fits all annotations (using LCS) 
10   If RE != �  
11    Return general predictive transducer based on RE  
                that accepts static sequences of H where necessary  
                and transduces dynamic sequences.  
12  Else 
13       Return �  
14  End /* LEARN-HINT-TRANSDUCER */ 
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For example, suppose prior hints { Dr. Joe Smith, Dr. Jane 
Thomas}  corresponded to values { joe_s, jane_t} .  The algo-
rithm would first identify the static part of the hints and re-
write the hints using the Accept operation, i.e., { AAAAJoe 
Smith, AAAAJane Thomas}  where A refers to the operation 
Accept.  It would then align each hint and value based on 
string edit distance and annotate with character operations 
required for transformation to the observed values, resulting 
in { AAAAALCCRLDDDD, AAAAALCCCRLDDDDD} .  
Next, it would use the LCS to build the regular expression 
{ A*LC*RLD*}  fitting these examples and, from this, the 
HT (partial form shown) in Figure 4: 

5 Experimental Results 
To evaluate our approach to value prediction, we com-
pared it with caching on three sample plans that can 
benefit from speculative execution.  These plans were 
chosen because all query multiple sources and/or multi-
ple times within a source in order to retrieve information 
that is not possible to query directly.  These plans nor-
mally require sequential execution; however, with specu-
lative execution, significant speedup is possible.     

These plans included CarInfo (which we have already 
described), RepInfo, and PhoneInfo.  RepInfo, based on 
the plan described in (Barish and Knoblock 2002b), que-
ries the site Vote-Smart.org for the issue positions of 
U.S. federal representatives for a particular nine-digit zip 
code. Its plan involves three queries: one for the l ist of 
representatives in the desired zip code, navigation to the 
profi le page for each member, and navigation to their 
corresponding issue positions page. PhoneInfo is a simi-
lar plan that takes a U.S. phone number, does a reverse 
lookup of that number (on SuperPages.com) to find the 
state of origin and then queries the US Census (Quick-
Facts.census.gov) about demographics for that state.  
When querying the Census, additional navigation is re-
quired to get from the initial summary page about the 
state to the corresponding demographics details page.   

All three were modified for speculative execution, with 
results similar to that shown in Figure 2.  We then 
learned predictors for each, based on the data observed 
during execution.  The learning was done offl ine, after 
each execution, so that future executions could benefit 
from the resulting predictors.  The CarInfo predictors, as 
described, involved classification (make/model/year to 
car summary page) and transduction (summary to full 
review page).  RepInfo required classification (nine-digit 
zip to political district page) and transduction (district to 
issue positions page).  Finally, PhoneInfo required classi-

fication (phone number to state) and transduction (initial 
state facts page to detailed demographics page). 

When learning the predictors, instances were drawn 
from typical distributions for that domain; for example, 
instances for RepInfo were drawn from a list of addresses 
of individuals that contributed to presidential campaigns 
(obtained from the FEC) – a distribution that closely ap-
proximates the U.S. geographic population distribution.  
Similarly, the phone numbers used in PhoneInfo came 
from a distribution of numbers for common last names.  

We implemented speculative execution in Theseus, a 
streaming dataflow system for Web information gather-
ing.  Since our tests involved thousands of requests, we 
ran our plans using Theseus on local copies of the rele-
vant data and simulated network latencies during re-
trieval.  In doing so, we assumed each source had a la-
tency of 2 seconds (note that the particular latency cho-
sen does not matter – speedups will be the same). 

Our results focus on three measurements.  The first, 
shown in Table 1, show the average number of examples 
required in order to learn the correct transducer required 
by each of the plans.  Notice, that RepInfo required more 
than PhoneInfo or CarInfo because there was a higher 
l ikelihood of the examples sharing some part of their dy-
namic data in common – and this was extracted by the 
LCS-based algorithm as a static element.     

 CarInfo 
(full-review 
URL) 

RepInfo 
(issue positions 
URL) 

PhoneInfo 
(demographics 
URL) 

Number of 
examples 6 11 7 

The second set of results, shown in Figure 5, focuses 
on the accuracy of classification, as measured over a 10-
fold cross-validation sample of the data (where no data in 
the test fold was in any of the training folds). As ex-
pected, domains with larger sets of discrete target classes 
(such as RepInfo) required many more examples than 
those with smaller numbers of classes (l ike PhoneInfo). 

The final set of results show how the learning we have 
described resulted in better average plan execution 

Table 1: Learning the correct transducer 
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Figure 4: Partial form of the HT for the names example 
 

Figure 5: Accuracy of classification 
 

0%

5%

10%

15%

20%

25%

30%

35%

40%

45%

0 100 200 300

Number of examples

P
re

di
ct

iv
e 

ac
cu

ra
cy

CarInfo
(make & model)

RepInfo
(political district)

PhoneInfo 
(U.S. state)

7AI AND DATA INTEGRATION



speedups than did caching.  Due to space constraints, we 
show results from only one of the plans – CarInfo – in 
Figure 6.  This figure shows that, while the benefit of 
caching degrades significantly as the composition of fu-
ture requests contains a greater number of unseen exam-
ples, the learning allows accurate predictions to be made 
– even for a mix containing entirely new requests.  Fur-
thermore, as the number of examples increases, speedup 
from learning increases and the accuracy of speculation 
(even on 100% unseen instances) gradually increases.  
Though omitted here, these same general trends hold for 
both RepInfo and PhoneInfo as well (although to different 
degrees).   

6 Related Work 
Learning to speculatively execute programs has been 
well-studied in computer science.  Historically, however, 
computer architecture research has focused mostly on 
predicting control (e.g., branch prediction), not data.  
While hardware-level value prediction has recently be-
come an active area of research, the type of data being 
predicted (e.g., memory locations) is different. 

At a high-level, this work could be considered a form 
of speedup learning.  In speedup learning, the goal is to 
improve problem solving performance through experi-
ence.  Past research has focused on a number of areas, 
including learning sequences of operators (Fikes et al. 
1972) and learning control knowledge to aid in choosing 
what operators to execute next (Minton 1988).  Although 
the use of learning in this work is for the purpose of 
value prediction (i.e., how to execute), the goal of using 
learned knowledge to improve performance is the same.         
 There has not been any previous work on value predic-
tion for information gathering systems.  (Hull et al. 2000) 
proposed speculation in a decision flow framework, but 
one in which only control predictions were necessary.  
There has also been past work on information gathering 
with partial results (Hellerstein et al. 1997; Shanmuga-
sundaram et al. 2000), but these systems do not predict 
data values and instead use approximate values from in-
termediate aggregate operators in order to obtain ap-
proximate final results.  
 Surprisingly, there has been little work on the learning 
of subsequential transducers.  One existing algorithm is 

OSTIA (Oncina et al. 1993), which is able to induce tra-
ditional subsequential transducers capable of automating 
translations of decimal to Roman numbers or English 
word spell ings of numbers to their decimal equivalents.   
Our work differs from OSTIA mainly in that the trans-
ducers we learn capture the general process of a regular 
class of string transformations.  After learning from only 
a few examples, our algorithm can achieve a high-degree 
of accuracy on such classes.  In contrast, while OSTIA 
can learn more complex types of subsequential transduc-
ers, it can require a very large number of examples before 
it can learn the proper rule (Gildea and Jurafsky 1996). 

The transducer learning algorithm suggested by (Hsu 
and Chang 1999) viewed transduction as a means for in-
formation extraction.  Our use is similar in that one part 
of our approach involves extracting dynamic values from 
hints.  However, the transducers we describe go beyond 
extraction – they  transform the source string so that it 
can be integrated into a predicted value.  In doing so, our 
transduction process also makes use of classification. 
 Finally, while our use of classification applies to pre-
dicting any type of data value in an information gathering 
plan, our typical use of transduction is for the prediction 
of URLs.  Other approaches have explored point-based 
(Zukerman et al. 1999) or path-based (Su et al. 2000) 
methods of URL prediction, attempting to understand 
request models based on either time, the order of re-
quests, or the associations between requests.   However, 
unlike our approach, these techniques do not try to un-
derstand very general patterns in request content and 
thus cannot predict URLs that have not been previously 
requested.                          

7 Conclusions 
Successful speculative execution of information gather-
ing plans is fundamentally l inked with the abil ity to make 
good predictions.  In this paper, we have described how a 
hybrid approach based on two simple techniques – classi-
fication and transduction – can be combined and applied 
to the problem.  The approach we describe represents a 
hybridization of not only classification and transduction, 
but also of caching, since classifiers effectively function 
as caches when no classification is possible. 
   Our experimental results show that learning such pre-
dictors can lead to significant speedups when gathering 
information that must be queried indirectly.  We believe 
that a bright future exists for data value prediction at the 
information gathering level, primarily because of the po-
tential speedup enabled by speculative execution and 
because of the availabil ity of resources (i.e., memory) 
that exist at higher levels of execution, enabling more 
sophisticated machine learning techniques to be applied. 
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Figure 6: Learning vs. caching in CarInfo 
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Abstract
We solve the problem of obtaining answers to
queries posed to a mediated integration system un-
der the local-as-view paradigm that are consistent
wrt to certain global integrity constraints. For this,
the query program is combined with logic program-
ming specifications under the stable model seman-
tics of the class of minimal global instances, and of
the class of their repairs.

1 Introduction
For several reasons a database may become inconsistent wrt
certain integrity constraints (ICs). In such a situation, possi-
bly most of the data is still consistent. In [Arenas et al., 1999]
consistent data in a single relational database is characterized
as the data that is invariant under all minimal restorations of
consistency, i.e. true in all repaired versions of the original
instance (the repairs). In that paper and others [Arenas et al.,
2000; Greco et al., 2001], some mechanisms have been devel-
oped for retrieving consistent answer when queries are posed
to such an inconsistent database.

When independent data sources are integrated, inconsisten-
cies wrt to global ICs are likely to occur, specially when the
sources are virtually integrated by means of a mediator, be-
cause the data sources are kept completely independent. The
mediator provides a global schema as an interface, and is re-
sponsible for generating query plans to answer global queries
by retrieving data sets from the sources and combining them
into a final answer set for the user.

“Local-as-view” (LAV) is a common paradigm for data in-
tegration that describes each data source as a set of views over
the global schema. Another one, “global-as-view” (GAV),
defines every global relation as a view of the set of relations
in the sources ([Lenzerini, 2002] is a good survey). Query
answering is harder in LAV [Abiteboul et al., 1998]. On the
other side, the LAV approach allows more flexibility when
new sources are integrated into an existing system. However,
the flexibility to add new sources, without having to consider
the other sources in the system, makes inconsistencies wrt
global ICs more likely.
Example 1 Consider the LAV based global integration sys-
tem G1 with a global relation R(X,Y ) and two source rela-
tions v1 = {V1(a, b), V1(c, d)} and v2 = {V2(a, c), V2(d, e)}

that are described by the view definitions V1(X,Y )← R(X,
Y ); V2(X,Y ) ← R(X,Y ). The global functional depen-
dency (FD) R : X → Y is violated through the pair of tuples
{(a, b), (a, c)}. 2

In a virtual integration system, the mediator should solve po-
tential inconsistencies when the query plan is generated. In
[Bertossi et al., 2002], under the LAV approach, a methodol-
ogy for generating query plans to compute answers to limited
forms of queries that are consistent wrt an also restricted class
of universal ICs was presented. The limitation comes from a
first step where a query transformation for consistent query
answering (CQA) is performed [Arenas et al., 1999]. Next,
query plans are generated for the transformed query. How-
ever, [Bertossi et al., 2002] provides the right semantics for
CQA in mediated integrated systems (see Section 2).
Example 2 (example 1 continued) If we pose to the global
system the query Q : Ans(X,Y ) ← R(X,Y ), we obtain
the answers {Ans(a, b), Ans(c, d), Ans(a, c), Ans(d, e)}.
However, only the tuples Ans(c, d), Ans(d, e) should be re-
turned as consistent answers wrt the FD R : X → Y . 2

In this paper, under the LAV approach and assuming that
sources are open (or incomplete) [Abiteboul et al., 1998], we
solve the problem of retrieving consistent answers to global
queries. We consider arbitrary universal ICs and referential
ICs, in consequence all the ICs that are used in database
praxis [Abiteboul et al., 1995]. View definitions are conjunc-
tive queries, and global queries are expressed in Datalog and
its extensions with negation. The methodology can be sum-
marized as follows. First, in Section 3, the minimal legal
global instances of a mediated system are specified by means
of logic programs with a stable model, or answer sets, seman-
tics. Next, in Section 4, the repairs of the minimal global in-
stances are specified as the stable models of disjunctive logic
programs. Those programs contain annotation constants, like
those used to specify repairs of single relational databases for
CQA [Barcelo et al., 2002]. Finally, in Section 5, consistent
answers to queries are obtained by running a query program
in combination with the previous two specification programs.

2 Preliminaries
2.1 Global schemas and view definitions
A global schema R is modeled by a finite set of relations
{R1, R2, ..., Rn} over a fixed domain U . With these relation
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symbols and the elements of U treated as constants, a first-
order language L(R) can be defined. This language can be
extended with new defined predicates and built-ins. In partic-
ular, we will extend the global schema with a local schema
S, i.e. a finite set of new view predicates V1, V2, ..., that will
be used to describe the relations in the local sources.

Each view, denoted by, say a new predicate V , is defined
by means of conjunctive query [Abiteboul et al., 1995], i.e.
an L(R ∪ S)-formula of the form ϕ

V
: V (t̄) ← body(ϕ

V
),

where t̄ is a tuple containing variables and/or constants, and
body(ϕ

V
) is a conjunction ofR-atoms.

A database instance D over schema R can be considered
as a first-order structure with domain U , where the extensions
of the relationsRi are finite. (The extensions of built-in pred-
icates may be infinite, but fixed.) A global integrity constraint
(IC) is an L(R)-sentence ψ. An instance D satisfies ψ, de-
noted D |= ψ, if ψ is true in D.

Given a database instance D over schema R, and a view
definition ϕ

V
, ϕ

V
(D) denotes the extension of V obtained

by applying the definition ϕ
V

toD. If the view already has an
extension v (corresponding to the contents of a data source),
it is possible that v is incomplete and stores only some of the
tuples in ϕ

V
(D); and we say the view extension v is open wrt

D [Abiteboul et al., 1998]. Most mechanisms for deriving
query plans assume that sources are open, e.g. [Duschka et
al., 2000].

A source S is a pair 〈ϕ, v〉, where ϕ is the view definition,
and v is an extension for ϕ. An open global system G is a
finite set of open sources. The global schema R consists of
the relation names that do not have a definition in the global
system. The underlying domain U for R is a proper superset
of the “active” domain. The latter consists of all the constants
appearing in the view extensions vi of the sources, and in
their definitions. A global system G defines a set of legal
global instances [Lenzerini, 2002].

Definition 1 Given an open global system G = {〈ϕ1, v1〉,
. . . , 〈ϕn, vn〉}, the set of legal global instances is Linst(G)
= {D instance over R | vi ⊆ ϕi(D), i = 1, . . . , n}. 2

Example 3 (example 2 continued) Let us denote by ϕ1, ϕ2
the view definitions of V1, V2, resp. in G1. D = {R(a, b),
R(c, d), R(a, c), R(d, e)} is a legal global instance, because
v1 = {V1(a, b), V1(c, d)} ⊆ ϕ1(D) = {V1(a, b), V1(c, d),
V1(a, c), V1(d, e)} and v2 = {V2(a, c), V2(d, e)} ⊆ ϕ2(D)
= {V2(a, b), V2(c, d), V2(a, c), V2(d, e)}. Supersets of D
are also legal instances. 2

The semantics of query answers in mediated integration sys-
tems is given by the notion of certain answer. In this paper
we will consider queries expressed in Datalog and its exten-
sions with negation.

Definition 2 [Abiteboul et al., 1998] Given an open global
system G and a query Q(X̄) to the system, a tuple t̄ is
a certain answer to Q in G if for every global instance
D ∈ Linst(G), it holds D |= Q[t̄]. We denote with
CertainG( Q) the set of certain answers to Q in G. 2

The inverse-rules algorithm [Duschka et al., 2000] for gen-
erating query plans under the LAV approach assumes that
sources are open and each source relation V is defined as

a conjunctive view over the global schema: V (X̄) ←
P1(X̄1), . . . , Pn(X̄n), with X̄ ⊆

⋃
i X̄i.

Then, for j = 1, . . . n, Pj(X̄
′
j)← V (X̄) is an inverse rule

for Pj . The tuple X̄j is transformed to obtain the tuple X̄ ′j as
follows: if X ∈ X̄j is a constant or is a variable appearing in
X̄ , then X is unchanged in X̄ ′j . Otherwise, X is a variable
Xi that does not appear in X̄ , and it is replaced by the term
fi(X̄), where fi is a fresh Skolem function. We denote the
set of inverse rules of the collection V of source descriptions
in G by V−1.

Example 4 Consider the mediated data integration system
G3 with global schema R = {P,R}. The set V of local
view definitions consists of V1(X,Z)← P (X,Y ), R(Y,Z),
and V2(X,Y ) ← P (X,Y ). The set V−1 consists of the
rules P (X, f(X,Z)) ← V1(X,Z); R(f(X,Z), Z) ←
V1(X,Z); and P (X,Y )← V2(X,Y ). 2

The inverse rules are then used to answer queries expressed
in terms of the global relations, that now have definitions
in terms of the sources. The answers obtained with the in-
verse rule algorithm are maximally contained in the queries
[Duschka et al., 2000], and coincide with the certain answers
[Abiteboul et al., 1998].

2.2 Global systems and consistency
We assume that we have a set of global integrity constraints
IC that is consistent as a set of logical sentences, and generic,
in the sense that it does not entail any ground database literal.
ICs used in database praxis are always generic.

Definition 3 [Bertossi et al., 2002] (a) Given a global sys-
tem, G, an instance D is minimal if D ∈ Linst(G) and is
minimal wrt set inclusion, i.e. there is no other instance in
Linst(G) that is a proper subset of D (as a set of atoms).
We denote by Mininst(G) the set of minimal legal global in-
stances of G wrt set inclusion. (b) A global system G is
consistent wrt IC , if for all D ∈ Mininst(G), D |= IC. 2

Example 5 (example 4 continued) Assume that G3 has the
source contents v1 = {V1(a, b)}, v2 = {V2(a, c)}, resp. and
that U = {a, b, c, u}. Then, the elements of Mininst(G3)
are of the form Dz = {P (a, z), R(z, b), P (a, c)} for some
z ∈ U . The global FD P (X,Y ): X → Y is violated exactly
in those minimal legal instances Dz for which z 6= c. Thus,
G3 is inconsistent. 2

Definition 4 The ground tuple ā is a minimal answer to a
queryQ posed to G if for everyD ∈ Mininst(G), ā ∈ Q(D),
where Q(D) is the answer set for Q in D. The set of minimal
answers is denoted by MinimalG(Q). 2

Clearly CertainG(Q) ⊆ MinimalG(Q). For monotone
queries [Abiteboul et al., 1995], the two notions coincide
[Bertossi et al., 2002]. Nevertheless, in Example 5 the query
Ans(X,Y )← ¬P (X,Y ) has (b, a) as a minimal answer, but
not as a certain answer, because there are legal instances that
contain P (b, a). Since consistency was defined wrt minimal
global instances, the notion of minimal answer is particularly
relevant.

Given a database instance D, we denote by Σ(D) the set
of ground formulas {P (ā) | P ∈ R and D |= P (ā)}.
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Definition 5 [Arenas et al., 1999] (a) LetD,D′ be database
instances over the same schema and domain. The distance,
∆(D,D′), between D and D′ is the symmetric difference
∆(D,D′) = (Σ(D) \ Σ(D′)) ∪ (Σ(D′) \ Σ(D)). (b)
For database instances D,D′, D′′, we define D′ ≤D D′′ if
∆(D,D′) ⊆ ∆(D,D′′). 2

Definition 6 (based on [Arenas et al., 1999]) Let G be a
global system and IC a set of global ICs. A repair of G wrt
IC is a global database instance D′, such that D′ |= IC
and D′ is ≤D-minimal for some D ∈ Mininst(G). 2

Thus, a repair of a global system is a global database instance
that minimally differs from a minimal legal global database
instance. If G is already consistent, then the repairs are the
elements of Mininst(G). In Definition 6 we are not requir-
ing that a repair respects the property of the sources of being
open, i.e. that the extension of each view in the repair con-
tains the corresponding view extension in the source. Thus, it
may be the case that a repair – still a global instance – does
not belong to Linst(G). If we do not allow this, a global sys-
tem might not be repairable. Repairs are used as an auxiliary
concept to define the notion of consistent answer.

Example 6 (example 1 continued) The only element in
Mininst(G1) is D0 = {R(a, b), R(c, d), R(a, c), R(d, e)},
that does not satisfy IC. Then, G1 is inconsistent. The re-
pairs are the global instances that minimally differ from D0

and satisfy the FD, namely D1
0 = {R(a, b), R(c, d), R(d, e)}

and D2
0 = {R(a, c), R(c, d), R(d, e)}. Notice that they do

not belong to Linst(G1). 2

Definition 7 [Bertossi et al., 2002] (a) Given a global sys-
tem G, a set of global integrity constraints IC, and a global
first-order query Q(X̄), we say that a (ground) tuple t̄ is a
consistent answer to Q wrt IC iff for every repair D of G,
D |= Q[t̄]. (b) We denote by ConsisG(Q) the set of consis-
tent answers to Q in G. 2

Example 7 (example 6 continued) For the queryQ1(X): ∃Y
R(X,Y ), a is a consistent answer. Q2(X,Y ): R(X,Y ) has
(c, d), (d, e) as consistent answers. 2

If G is consistent wrt IC, then ConsisG(Q) =MinimalG(
Q). Furthermore, if the ICs are generic, then for any G it
holdsConsisG(Q) ⊆MinimalG(Q) [Bertossi et al., 2002].
Notice also that the notion of consistent answer can be ap-
plied to queries written in Datalog or its extensions with built-
ins and stratified negation.

3 Specification of Legal Instances
The specification of the class Mininst(G) for system G is
given using normal logic programs, whose rules are inspired
by the inverse-rules algorithm. They use auxiliary predi-
cates instead of function symbols, but their functionality is
enforced using the choice predicate [Giannotti et al., 1991].

Definition 8 Given an open global system G, the program,
Π(G), contains the following clauses:
1. Fact dom(a) for every constant a ∈ U; and the fact
V (ā) whenever V (ā) ∈ vi for some source extension vi in G.
2. For every view (source) predicate V in the system with

description V (X̄)← P1(X̄1), . . . , Pn(X̄n), the rules
Pj(X̄j)← V (X̄),

∧
Xi∈(X̄j\X̄) Fi(X̄,Xi), j = 1, . . . n.

3. For every predicate Fi(X̄,Xi) introduced in 2., the rule
Fi(X̄,Xi)← V (X̄), dom(Xi), choice((X̄), (Xi)). 2

The predicate Fi(X̄,Xi) is replacing the Skolem function
fi(X̄) = Xi introduced in Section 2.1, and, through the
choice predicate, it assigns values in the domain to the vari-
ables in the head of the rule that are not in X̄ . There is a
new Skolem predicate for each pair formed by a description
rule as in item 2. above and a different existentially quanti-
fied variable in it. The predicate choice((X̄), (Xi)) ensures
that for every (tuple of) value(s) for X̄ , only one (tuple of)
value(s) for Xi is non deterministically chosen between the
constants of the active domain.

Example 8 (examples 4 and 5 continued) Program Π(G3)
contains the following rules:
1. dom(a). dom(b). dom(c). dom(u). V1(a, b). V2(a, c).
2. P (X,Z)← V1(X,Y ), F1(X,Y, Z).
R(Z, Y )← V1(X,Y ), F1(X,Y, Z).
P (X,Y )← V2(X,Y ).

3. F1(X,Y, Z)← V1(X,Y ), dom(Z),
choice((X,Y ), (Z)). 2

For every program Π with the choice operator, there is its
stable version, SV (Π), whose stable models correspond to
the so-called choice models of Π [Giannotti et al., 1991]. The
program SV (Π) is obtained as follows: (a) Each choice rule
r : H ← B, choice((X̄), (Y )) in Π is replaced by the rule
H ← B, chosenr(X̄, Y ). (b) For each rule as in (a), the
following rules are added

chosenr(X̄, Y )← B,not diffChoicer(X̄, Y ).
diffChoicer(X̄, Y )← chosenr(X̄, Y

′), Y 6= Y ′.

The rules defined in (b) ensure that, for every tuple X̄ where
B is satisfied, the predicate chosenr(X̄, Y ) satisfies the func-
tional dependency X̄ → Y . In (a) the choice operator is re-
placed by the new predicate chosenr that forces the expected
functional dependency.

Example 9 (example 8 continued) Program SV (Π(G3))
contains the following rules:
1. dom(a). dom(b). dom(c). dom(u). V1(a, b). V2(a, c).
2. P (X,Z)← V1(X,Y ), F1(X,Y, Z).

R(Z, Y )← V1(X,Y ), F1(X,Y, Z).
P (X,Y )← V2(X,Y ).

3. F1(X,Y, Z)← V1(X,Y ), dom(Z), chosen1(X,Y, Z).
4. chosen1(X,Y, Z)← V1(X,Y ), dom(Z),

not diffChoice1(X,Y, Z).
diffChoice1(X,Y, Z)← chosen1(X,Y, Z

′),
dom(Z), Z ′ 6= Z.

Its stable models are:
M1 = {dom(a), dom(b), dom(c), dom(u), V1(a, b),

V2(a, c), P (a, c), diffChoice1(a, b, a),
chosen1(a, b, b), diffChoice1(a, b, c),
diffChoice1(a, b, u), F1(a, b, b), R(b, b), P (a, b)}

M2 = {dom(a), dom(b), dom(c), dom(u), V1(a, b),
V2(a, c), P (a, c), chosen1(a, b, a),
diffChoice1(a, b, b), diffChoice1(a, b, c),
diffChoice1(a, b, u), F1(a, b, a), R(a, b), P (a, a)}
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M3 = {dom(a), dom(b), dom(c), dom(u), V1(a, b),
V2(a, c), P (a, c), diffChoice1(a, b, a),
diffChoice1(a, b, b), chosen1(a, b, c),
diffChoice1(a, b, u), F1(a, b, c), R(c, b)}

M4 = {domd(a), domd(b), domd(c), domd(u), V1(a, b),
V2(a, c), P (a, c), diffChoice1(a, b, a),
diffChoice1(a, b, b), diffChoice1(a, b, c),
chosen1(a, b, u), F1(a, b, u), R(u, b), P (a, u)}. 2

Definition 9 The instance associated to a stable modelM of
Π(G) is DM = {P (ā) | P ∈ R and P (ā) ∈M}. 2

Example 10 (example 9 continued) DM1
, DM2

, DM3
,

DM4
are the elements of Mininst(G3), namely {P (a, b),

R(b, b), P (a, c)}, {P (a, a), R(a, b), P (a, c)}, {P (a, c),
R(c, b)}, {P (a, u), R(u, b), P (a, c)}, respectively. 2

Theorem 1 IfM is a stable model of program SV (Π(G)),
then DM ∈ Mininst(G). Furthermore, the minimal legal
instances obtained in this way are all the minimal legal in-
stances of G. 2

The program Π(G) (or its stable version) can be used to com-
pute MinimalG(Q), where Q is a query expressed as a, say
Datalognot program Π(Q). This can be done by running the
combined program under the skeptical or cautious stable sta-
ble model semantics, that sanctions as true wrt the program
what is true in all choice (resp. stable) models. If the query
Q is monotone, e.g. a Datalog query, then in the same way
CertainG(Q) can be computed.

4 Specification of Repairs of a Global System
In [Barcelo et al., 2002] repairs of single relational databases
are specified using disjunctive logic programs with stable
model semantics. The approach works for arbitrary universal
and referential ICs in the sense that the repairs of the database
correspond to the stable models of the program. We briefly
explain these programs, because they will be used to specify
repairs of integration systems.

First, the database predicates in the program are expanded
with an extra argument to be filled with one of a set of new an-
notation constants. An atom in (outside) the original database
is annotated with td (fd). Annotations ta and fa are consid-
ered advisory values, to solve conflicts between the database
and the ICs. If an atom gets the derived annotation fa, it
means an advise to make it false, i.e. to delete it from the
database. Similarly, an atom that gets the annotation ta must
be inserted into the database.

Example 11 Consider the integrity constraint ∀x(P (x) →
R(x)), and the inconsistent database instance r = {P (a)}.
The logic program should have the effect of repairing the
database. Single, local repair steps are obtained by deriv-
ing the annotations ta or fa. This is done when each IC is
considered in isolation, but there may be interacting ICs, and
the repair process may take several steps and should stabilize
at some point. In order to achieve this, we use annotations t

?,
f
?. The latter, for example, groups together the annotations

fd and fa for the same atom (rules 1. and 4. below). These
derived annotations are used to give a feedback to the bodies
of the rules that produce the local, single repair steps, so that

a propagation of changes is triggered (rule 2. below). The
annotations t

?? and f
?? are just used to read off the literals

that are inside (resp. outside) a repair. This is achieved by
means of rules 6. below, that are used to interpret the models
as database repairs. The following is the program:
1. P (x, f?)← P (x, fa). P (x, t?)← P (x, ta).

P (x, t?)← P (x, td). (similarly for R)
2. P (x, fa) ∨R(x, ta) ← P (x, t?), R(x, f?).
3. P (a, td)←.
4. P (x, f?)← not P (x, td). R(x, f?)← not R(x, td).
5. ← P (x̄, ta), P (x̄, fa). ← R(x̄, ta), R(x̄, fa).
6. P (x, t??)← P (x, ta). P (x, f??)← P (x, fa).
P (x, t??)← P (x, td), not P (x, fa).
P (x, f??)← not P (x, td), not P (x, ta). (similarly forR)

Only rules 2. depend on the ICs. They say how to repair them
when violations are found. Rules 3. contain the database
atoms. Rules 4. capture the CWA. Rules 5. are denial pro-
gram constraints to discard models that contain an atom an-
notated with both ta and fa. The program has two stable
models: {P (a, td), P (a, t?), R(a, f?), R(a, ta), P (a, t

??),

R(a, t
?), R(a, t??)}, and {P (a, td), P (a, t

?), P (a, f
?),

R(a, f?), P (a, f??), R(a, f??), P (a, fa)}, the first one say-
ing (look at underlined atoms) that R(a) is inserted into the
database; the second one, that P (a) is deleted. 2

The next definition combines into one program the specifica-
tion of the minimal legal instances and their repairs.

Definition 10 The repair program, Π(G, IC ), of G wrt IC
contains the following clauses:
1. Facts as in 1. in Definition 8.
2. Each of the rules 2. in Definition 8 is replaced by

Pj(X̄j , td)← V (X̄),
∧

Xi∈(X̄j\X̄) Fi(X̄,Xi).
3. Exactly the same rules as in 3. in Definition 8.
4. For every predicate P ∈ R, the clauses
P (X̄, t?)← P (X̄, td), dom(X̄).1

P (X̄, t?)← P (X̄, ta), dom(X̄).
P (X̄, f?)← P (X̄, fa), dom(X̄).
P (X̄, f?)← dom(X̄), not P (X̄, td).

5. For every first-order global universal IC of the form
∀(Q1(ȳ1)∨· · ·∨Qn(Ȳn)← P1(x̄1)∧· · ·∧Pm(x̄m)∧ϕ),

where Pi, Qj ∈ R, and ϕ is a conjunction of built-in atoms,
the clause∨n

i=1 Pi(X̄i, fa)
∨m

j=1Qj(Ȳj , ta) ←
∧n

i=1 Pi(X̄i, t
?),

∧m

j=1Qj(Ȳj , f
?), dom(X̄), ϕ;

where X̄ is the tuple of all variables appearing in database
atoms in the rule.
6. For every referential IC of the form ∀x̄(P (x̄) →
∃yQ(x̄′, y)), with x̄′ ⊆ x̄, the clauses
P (X̄, fa) ∨Q(X̄ ′,null , ta)← P (X̄, t?),not aux(X̄ ′),

not Q(X̄ ′,null , td), dom(X̄).
aux(X̄ ′)← Q(X̄ ′, Y, td), not Q(X̄ ′, Y, fa), dom(X̄ ′, Y ).
aux(X̄ ′)← Q(X̄ ′, Y, ta), dom(X̄ ′, Y ).
7. For every predicate P ∈ R, the interpretation clauses:
P (ā, f??) ← P (ā, fa).
P (ā, f??) ← not P (ā, td), not P (ā, ta).

1If X̄ = (X1, . . . , Xn), we abbreviate dom(X1) ∧ · · · ∧

dom(Xn) with dom(X̄).
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P (ā, t??) ← P (ā, ta).
P (ā, t??) ← P (ā, td), not P (ā, fa). 2

Rules 6. repair referential ICs by deletion of tuples or inser-
tion of null values that are not propagated through other ICs
[Barcelo et al., 2003]. For this purpose, we consider that the
new constant null /∈ U , in particular dom(null) is not a fact.
The choice models of program Π(G, IC ) that do not contain
a pair of literals of the form {P (ā, ta), P (ā, fa)} are called
coherent models.

Definition 11 The instance associated to a choice modelM
of Π(G, IC ) is DM = {P (ā) | P (ā, t??) ∈M}. 2

Theorem 2 IfM is a coherent choice model Π(G, IC ), then
DM is a repair of G wrt IC. Furthermore, the repairs ob-
tained in this way are all the repairs of G. 2

5 Consistent Answers
Now, we can obtain the answers to queries posed to a system
G that are consistent wrt to IC . We do the following:
1. We start with a query Q that is expressed as a stratified
Datalog program, Π(Q), whose extensional predicates are el-
ements of the global schema R. Each positive occurrence of
those predicates, say P (t̄), is replaced by P (t̄, t??); and each
negative occurrence, say not P (t̄), by P (t̄, f??). This pro-
gram has a query predicate Ans that collects the answers to
Q. In particular, first order queries can be expressed as strati-
fied Datalog programs [Abiteboul et al., 1995].
2. Program Π(Q) is appended to the program SV (Π(G,
IC )), the stable version of the repair program.
3. The consistent answers to Q are the ground Ans atoms in
the intersection of all stable models of Π(Q)∪SV(Π(G, IC )).

Example 12 (example 9 cont.) Consider the global symme-
try integrity constraint sim : ∀x∀y(R(x, y) → R(y, x))
on G3. We want the consistent answers to the query Q :
P (x, y). First, the query is written as the query program
clause Ans(X,Y ) ← P (X,Y, t??). This query program,
Π(Q), is run with SV (Π( G3, sim)), which on its turn has
five stable models with the following associated repairs: (a)
DMr

1
= { P (a, b), R(b, b), P (a, c) }, the repair of the al-

ready consistent minimal instances DM1
in Example 10; (b)

DMr
2

= { P (a, a), P (a, c) } and DMr
3

= { R(a, b), R(b, a),
P (a, a), P (a, c) }, the repairs of the inconsistent instance
DM2

; (c) DMr
4

= { P (a, c) } and DMr
5

= { R(c, b), R(b,
c), P (a, c) }, the repairs of instance DM3

; and (d) DMr
6

= {
P (a, u), P (a, c) } and DMr

7
= { R(u, b), R(b, u), P (a, u),

P (a, c) }, the repairs of DM4
.

The corresponding stable models of Π(Q) ∪ SV (Π( G3,

sim)) are: (a)M
r

1 =Mr
1 ∪ {Ans(a, b), Ans(a, c)}; (b)

M
r

2 = Mr
2 ∪ {Ans(a, a), Ans(a, c)}; M

r

3 = Mr
3 ∪

{Ans(a, a), Ans(a, c)}; (c) M
r

4 = Mr
4 ∪ {Ans(a, c)};

M
r

5 =Mr
5 ∪ {Ans(a, c)}; (d)M

r

6 =Mr
6 ∪ {Ans(a, u),

Ans(a, c)};M
r

7 =M
r
7 ∪ {Ans(a, u),Ans(a, c)}. Ans(a,

c) is the only query atom in all stable models, then the tuple
(a, c) is the only consistent answer to the query. 2

If G is consistent, then the consistent answers to Q computed
with this method coincide with the minimal answers toQ, and

then to the certain answers if Q is monotone. If we are inter-
ested in just the minimal answers to Q, without considering
consistency issues, then they can be computed as above, but
using Π(G) introduced in Definition 8 instead of Π(G, IC ).

6 Conclusions
We have presented the most general approach so far to spec-
ifying, by means of disjunctive logic programs with a sta-
ble model semantics, the database repairs of a mediated in-
tegration system with open sources under the LAV approach.
Then, consistent answers to queries posed to such a system
are computed by running a query program together with the
specification of database repairs under the skeptical or cau-
tious stable model semantics. The specification of the repairs
is achieved by first specifying the class of minimal global le-
gal instances of the integration system. To the best of our
knowledge, this is also the first specification, under the LAV
paradigm, of such global instances in a logic programming
formalism. This specification is inspired by the inverse rules
algorithms, where auxiliary functions are replaced by auxil-
iary predicates that are forced to be functional by means of
the non deterministic choice operator.

The methodology works for conjunctive view definitions,
but can be extended to disjunctive views using the corre-
sponding extension of the inverse rules algorithm [Duschka,
1997]. Wrt the ICs and queries it can handle, the approach
works for arbitrary universal and referential integrity con-
strains and queries expressed as Datalognot programs. In
consequence, the current approach to consistent query an-
swering (CQA) subsumes and extends the methodologies pre-
sented in [Bertossi et al., 2002] for integration systems, and
the one in [Barcelo et al., 2002] for stand alone relational
databases.

For reasons of space, we just mention a few optimiza-
tions of the specification programs and their execution. The
materialization of the CWA present in Π(G, IC ) can be
avoided by program transformation. Classes of common
ICs can be identified for which SV (Π(G, IC )) becomes
head-cycle-free, and in consequence, can be transformed
into a non disjunctive program [Ben-Eliyahu et al., 1994;
Barcelo et al., 2003]. The program for CQA can be split [Lif-
schitz et al., 1994] into the program that specifies minimal
legal instances, the program that specifies their repairs and
the query program. The first is non stratified, but its models
can be computed bottom-up as fixpoints of an iterative op-
erator [Giannotti et al., 2001]; and the second one is locally
stratified [Przymusinski, 1991]. Finally, if the query program
is stratified, e.g. if the original query is first-order, then the
consistent answers can be eventually computed by a bottom-
up evaluation mechanism.

For CQA we have successfully experimented with DLV
[Eiter et al., 2000]. The current implementations of the dis-
junctive stable models semantics would be much more effec-
tive in database applications if it were possible to evaluate
open queries in a form that is guided by the query rather than
based on, first, massive grounding of the whole program and,
second, considering what can be found in every (completely
constructed) stable model of the program.
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Wrt related papers, query answering in mediated integra-
tion systems under the assumption that certain global ICs
hold has been treated in [Gryz, 1999; Duschka et al., 2000;
Grant et al., 2002; Cali et al., 2002]. However, in CQA,
we do not assume that global ICs hold. Logic programming
specifications of repairs of single relational databases have
been presented in [Arenas et al., 2000; Greco et al., 2001;
Barcelo et al., 2002].

[Lembo et al., 2002] considers integration systems under
the GAV approach that do not satisfy global key dependen-
cies. There, legal instances are allowed to be more flexible,
allowing their computed views to accommodate the satisfac-
tion of the ICs. In this sense, the notion of repair is implicit;
and the legal instances are the repairs we have considered
here. View definitions are expressed as Datalog queries; and
the queries to the global system are conjunctive. The “re-
pairs” of the global system are specified by normal programs
under stable model semantics.

In [Bertossi et al., 2002], CQA in possibly inconsistent
integration systems under the LAV approach is considered.
There, the notion of repair of a minimal legal instance is in-
troduced. The algorithm for CQA is based on a query trans-
formation mechanism [Arenas et al., 1999] applied to first-
order queries. The resulting query may contain negation, and
is run on top of an extension of the inverse algorithm to the
case of stratified Datalognot queries. This approach is limited
by the restrictions of the query transformation methodology.
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Abstract

In this paper we address the problem of query an-
swering and rewriting in global-as-view data inte-
gration systems, when key and inclusion dependen-
cies are expressed on the global integration schema.
In the case of sound views, we provide sound and
complete rewriting techniques for a maximal class
of constraints for which decidability holds. Then,
we introduce a semantics which is able to cope with
violations of constraints, and present a sound and
complete rewriting technique for the same decid-
able class of constraints. Finally, we consider the
decision problem of query answering and give de-
cidability and complexity results.

1 Introduction
The task of a data integration system is to combine data resid-
ing at different sources, providing the user with a unified view
of them, called global schema. User queries are formulated
over the global schema, and the system suitably queries the
sources, providing an answer to the user, who is not obliged to
have any information about the sources. The problem of data
integration is a crucial issue in many application domains,
e.g., re-engineering legacy systems, data warehousing, data
mining, data exchange.

A central aspect of query processing is the specification of
the relationship between the global schema and the sources;
such a specification is given in the form of a so-called map-
ping. There are basically two approaches for specifying the
mapping. The first approach, called global-as-view (GAV),
requires that a view over the sources is associated with ev-
ery element of the global schema. Conversely, the second
approach, called local-as-view (LAV), requires the sources to
be defined as views over the global schema [Lenzerini, 2002;
Duschka and Levy, 1997].

The global schema is a representation of the domain of in-
terest of the data integration system: integrity constraints are
expressed on such a schema to enhance its expressiveness,
thus improving its capability of representing the real world.

Since sources are in general autonomous, the data pro-
vided by the sources are likely not to satisfy the constraints
on the global schema. Integrity constraints have to be taken
into account during query processing; otherwise, the system

may return incorrect answers to the user [Fagin et al., 2003;
Calı̀ et al., 2002].

Another significant issue is that the sources may not pro-
vide exactly the data that satisfy the corresponding portion of
the global schema; in particular, they may provide either a
subset or a superset of the data satisfying the mentioned por-
tion, and the mapping is to be considered sound or complete
respectively. Mappings that are both sound and complete are
called exact.

In this paper, we restrict our analysis to the GAV approach,
which is the most used in the context of data integration. In
particular, we study a relational data integration framework in
which key dependencies (KDs) and inclusion dependencies
(IDs) are expressed on the global schema, and the mapping
is considered sound. The main contributions of this paper are
the following:

1. After showing that query answering in the general case
in undecidable, we provide a sound and complete query
rewriting technique first for the case of IDs alone, and
then for the case of KDs together with the maximal class
of IDs for which the problem is decidable, called non-
key-conflicting IDs, or simply NKCIDs (Section 3).

2. Since it is likely that data retrieved at different, au-
tonomous sources violate the KDs, we introduce a novel
semantics that is a “relaxation” of the sound semantics,
and that allows minimal repairs of the data (Section 4).
We then present a sound and complete query rewriting
technique in the case where KDs and NKCIDs are ex-
pressed on the global schema (Section 5).

3. Finally, we present decidability and complexity results
of the (decision) problem of query answering in the dif-
ferent cases (Section 6).

2 Formal framework for data integration
In this section we define a logical framework for data integra-
tion, based on the relational model with integrity constraints.

Syntax We consider to have an infinite, fixed alphabet � of
constants (also called values) representing real world objects,
and will take into account only databases having� as domain.
We adopt the so-called unique name assumption, i.e., we as-
sume that different constants denote different objects.

Formally, a data integration system I is a triple hG;S;Mi,
where:
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1. G is the global schema expressed in the relational
model with integrity constraints. In particular, G =
h	;�I ;�Ki, where (i) 	 is a set of relations, each
with an associated arity that indicates the number of
its attributes. The attributes of a relation r of arity n
are represented by the integers 1; : : : ; n. (ii) �I is a
set of inclusion dependencies (IDs), i.e. a set of as-
sertions of the form r1[A] � r2[B], where r1; r2 are
relations in 	, A = A1; : : : ; An (n � 0) is a se-
quence of attributes of r1, and B = B1; : : : ; Bn is a
sequence of attributes of r2. (iii) �K is a set of key de-
pendencies (KDs), i.e., a set of assertions of the form
key(r) = A, where r is a relation in the global schema,
and A = A1; : : : ; An is a sequence of attributes of r
such that for each i 2 f1; : : : ; n � 1g ai < ai+1. We
assume, without loss of generality, that the attributes in
A are the first n attributes of r. Moreover, we assume
that at most one KD is specified for each relation.

2. S is the source schema, constituted by the schemas of
the various sources that are part of the data integration
system. We assume that the sources are relational, and
that integrity constraints expressed on S are satisfied
data at the sources. Hence, we do not take such con-
straints into account in our framework.

3. M is the mapping between the global and the source
schema. In our framework the mapping is defined in the
GAV approach, i.e., each relation in 	 is associated with
a view, i.e., a query, over the sources. We indicate the
mapping as a set of assertions of the form hr; V i, where r
is a relation and V is the associated view over the source
schema. We assume that the language used to express
queries in the mapping is positive Datalog [Abiteboul et
al., 1995], over the alphabet of the relation symbols in
S. A Datalog query (or program) q of arity n is a col-
lection of rules of the form h(~x)  conj (~x; ~y), where
conj (~x; ~y) is a set of atoms whose predicate symbols are
either relation symbols in S or the head symbol h, and
involve ~x = X1; : : : ; Xn and ~y = Y1; : : : ; Ym, where
Xi and Yj are either variables or values of �. We call
h(~x) the head of the rule, and conj (~x; ~y) the body.

Finally, a query over the global schema q is a formula that
is intended to extract a set of tuples of elements of �. The
language used to express queries over G is union of conjunc-
tive queries (UCQ) [Abiteboul et al., 1995], i.e., a Datalog
program such that each rule head uses the same predicate of
the same arity, and only relation symbols of G occur in each
rule body.
Semantics A database instance (or simply database) C for a
relational schema DB is a set of facts of the form r(t) where
r is a relation of arity n in DB and t is an n-tuple of values of
the domain alphabet �. We denote as rC the set ft j r(t) 2
Cg; moreover, given a Datalog query q, we denote as qC the
evaluation of q over C, i.e., the minimal fixpoint model of q
and C [Abiteboul et al., 1995].

In order to specify the semantics of a data integration sys-
tem I, we start by considering a source database for I, i.e.,
a database D for the source schema S. Based on D, we now
specify which is the information content of the global schema
G. We call global database for I any database for G. For-

mally, given a source database D for I = hG;S;Mi, the
semantics of I wrt D, denoted sem(I;D), is a set of global
databases for I, where a global database B is in sem(I;D)
if:

1. B is consistent with G, i.e., it satisfies the IDs in �I and
the KDs in �K . More formally: (i) B satisfies an inclu-
sion dependency r1[A] � r2[B] if for each tuple t1 in
rB1 there exists a tuple t2 in rB2 such that t1[A] = t2[B],
where t[A] is the projection of the tuple t over A. If B
satisfies all inclusion dependencies expressed on G we
say that B is consistent with �I ; (ii) B satisfies a key
dependency key(r) = A if for each t1; t2 2 rB with
t1 6= t2 we have t1[A] 6= t2[A]. If B satisfies all key
dependencies expressed on G we say that B is consistent
with �K .

2. B satisfies the mappingM wrt D, i.e., it satisfies each
pair hr; V i in M wrt D. In particular, we say that B
satisfies the pair hr; V i wrt D, if all the tuples satisfy-
ing V in D satisfy r in B, i.e. V D � rB. Note that
the above definition amounts to consider any view V as
sound, which means that the data retrieved from sources
satisfy the global schema, but are not necessarily com-
plete.

By simply evaluating each view over the source database
D, we obtain a global database, called retrieved global
database ret(I;D), that actually satisfies the sound mapping
(but that is not necessarily consistent with G).

We give now the semantics of queries. Formally, given
a source database D for I we call answers to a query q
of arity n w.r.t. I and D, the set ans(q; I;D) defined as
follows: ans(q; I;D) = fhc1; : : : ; cni j for each B 2
sem(I;D); hc1; : : : ; cni 2 q

B g.
In this paper, we address the query answering problem, that

is the problem of computing the set ans(q; I;D). To this
aim, we make use of query rewriting techniques, i.e., we ex-
ploit the mappingM to reformulate the query q into another
query qr, the rewriting, that can be evaluated on the source
database D. We say that qr is a perfect rewriting of q w.r.t. I
if qDr = ans(q; I;D) for each D. Furthermore, with regard
to decidability and complexity results, we will refer to the de-
cision problem associated to query answering, that is, given a
data integration system I = hG;S;Mi, a source database D,
a query q of arity n over G and a n-tuple t of values of �, to
establish whether t 2 ans(q; I;D).

Example 2.1 Consider a data integration system
I0 = hG0;S0;M0i, referring to the context of football
teams. The global schema G0 consists of the rela-
tion predicates player (Pname ;Pcountry ;Pteam) and
team(Tacronym ;Tname;Tleader ), and the following
constraints: key(player ) = fPnameg, key(team) =
fTacronymg, team[Tleader ] � player [Pname ].

The source schema S0 consists of the schemas of three
sources comprising the relation s1 of arity 4, and the rela-
tions s2 and s3, both of arity 3. Finally, the mappingM0 is
defined by the two assertions

hplayer ; player(X;Y; Z) s1(X;Y; Z;W )i
hteam ; team(X;Y; Z) s2(X;Y; Z)

team(X;Y; Z) s3(X;Y; Z)i
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Consider the source database D0 = fs1(Totti; ITA;RM; 27),
s1(Beckham;ENG;MU; 28), s2(RM;Roma; T otti),
s3(MU;Man.Utd.;Giggs)g. Then, ret(I0;D0) =
fplayer (Totti; ITA;RM), player (Beckham;ENG;MU),
team(RM;Roma; T otti), team(MU;Man.Utd.;Giggs)g.
Notice that the facts in ret(I0;D0) together with the for-
eign key constraint team [Tleader ] � player [Pname ] im-
pose that Giggs is a player. Since the views are sound, the
semantics for the integration system has to account for all
the global databases that provide the country and the team
of the player. Hence, sem(I0;D0) contains all database in-
stances that can be obtained by adding to ret(I0;D0) (among
others) at least one fact of the form player (Giggs; �; �),
where � and � are values of the domain �. Given the query
q(X)  player (X;Y; Z), we have that ans(q; I0;D0) =
fTotti;Beckham;Giggsg.

3 Query rewriting
In this section we present algorithms for computing the per-
fect rewriting of a UCQ query in GAV integration systems
with KDs and IDs. We first study the case in which only IDs
are expressed on the global schema, then we deal with the
simultaneous presence of both IDs and KDs.

Query rewriting under IDs only We start by studying
query rewriting when only IDs are expressed on the global
schema. To this aim, we need some preliminary definitions.

Given a conjunctive query q, we say that a variable X is
unbound in q if it occurs only once in q, otherwise we say
that X is bound in q. Notice that variables occurring in the
head of the query are necessarily bound, since each of them
must also occur in the query body. A bound term is either a
bound variable or a constant.

In the following, we assume that all unbound variables in
the query q are represented by the special term �.

Definition 3.1 Given an atom g = s(X1; : : : ; Xn) and an
inclusion I = r[i1; : : : ; ik] � s[j1; : : : ; jk], we say that I is
applicable to g if, for each ` such that 1 � ` � n, if X` 6= �
then there exists h such that jh = `. Moreover, we denote
with gr(g; I) the atom s(Y1; : : : ; Ym) (m is the arity of s in
	) where for each ` such that 1 � ` � m, Y` = Xjh if there
exists h such that ih = `, otherwise Y` = �.

Roughly speaking, an inclusion I is applicable to an atom
g if the relation symbol of g corresponds to the symbol in the
right-hand side of I and if all the attributes for which bound
terms appear in g are propagated by the inclusion I . When I
is applicable to g, gr(g; I) denotes the atom obtained from g
by using I as a rewriting rule whose direction is right-to-left.

Definition 3.2 Given an atom g1 = r(X1; : : : ; Xn) and an
atom g2 = r(Y1; : : : ; Yn), we say that g1 and g2 unify if for
each i such that 1 � i � n, either Xi = Yi or Xi = � or
Yi = �. Moreover, if g1 and g2 unify, we denote as U(g1; g2)
the atom r(Z1; : : : ; Zn) where, for each i, if Xi = Yi or
Yi = � then Zi = Xi, otherwise Zi = Yi.

Informally, two atoms unify if they can be made equal
through a substitution of each instance of the special symbol
� with other terms.

Below we define the algorithm ID-rewrite to compute the
perfect rewriting of a union of conjunctive queries Q. Infor-
mally, the algorithm computes the closure of the set of con-
junctive queries Q with respect to the following two rules:
(i) if there exists a query q 2 Q such that body(q) contains
two atoms g1 and g2 that unify, then the algorithm computes
the query reduce(q; g1; g2), which is obtained from q by re-
placing g1 and g2 with U(g1; g2) in the query body, and then
by applying the substitution obtained in the computation of
U(g1; g2) to the whole query. Such a new query is then trans-
formed by the function � , which replaces with � each variable
symbol X such that there is a single occurrence of X in q.
The use of � is necessary in order to guarantee that each un-
bound variable is represented by the symbol �. Such a query
is then added to Q.
(ii) if there exists an inclusion I and a query q 2 Q con-
taining an atom g such that I is applicable to g, then the
algorithm adds to Q the query obtained from q by replac-
ing g with gr(g; I) in its body (denoted in the algorithm as
q[g=gr(g; I)]). Namely, this step adds new conjunctions ob-
tained by applying inclusion dependencies as rewriting rules
(applied from right to left).

The above rules correspond respectively to steps (a) and
(b) of the algorithm.

Algorithm ID-rewrite(	;�I ; q)
Input: relational schema 	, inclusion dependencies �I ,

union of conjunctive queries Q
Output: perfect rewriting of Q
Q
0 := Q;

repeat
Qaux := Q

0;
for each q 2 Qaux do
(a) for each g1; g2 2 body(q) do

if g1 and g2 unify
then Q0 := Q

0 [ f� (reduce(q; g1; g2))g;
(b) for each g 2 body(q) do

for each I 2 �I do
if I is applicable to g
then Q0 := Q

0 [ f q[g=gr(g; I)] g
until Qaux = Q

0;
return Q0

Termination of the algorithm is immediately implied by the
fact that the number of conjunctions that can be generated by
the algorithm is finite, since the maximum length of a gen-
erated conjunction is equal to the maximum length of a con-
junction in the body of the initial queryQ, and the number of
different atoms that can be generated by the algorithm is fi-
nite, since the alphabet of relation symbols used is finite (and
corresponds to the relation symbols occurring in Q and in
�I ), as well as the set of terms used (corresponding to the set
of variable and constant names occurring in the query Q plus
the symbol �).

Henceforth, we denote as �ID the UCQ returned by
ID-rewrite(	;�I ; Q). Moreover, we define the Datalog pro-
gram �M = fV jhr; V i 2 Mg.

Theorem 3.3 Let I = hG;S;Mi be an integration system
and let Q be a UCQ query over G. Then, �ID [ �M is a
perfect rewriting of Q w.r.t. I.
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Query rewriting under KDs and IDs Now we address the
problem of query rewriting in the case where KDs and IDs are
defined on the global schema. Unfortunately, KDs and IDs
interact reciprocally so that the (decision) problem of query
answering in this setting becomes undecidable. The follow-
ing theorem is a consequence of a similar property proved in
[Calı̀ et al., 2003] in the context of a single database.

Theorem 3.4 Consider a data integration system I =
hG;S;Mi, with G = h	;�I ;�Ki, where �I and �K are
sets of IDs and KDs respectively. Given a source database
for I, a query q over G, and a tuple �t of values of �, the
problem of calculating ans(q; I;D) is undecidable.

Undecidability of calculating the certain answers to a query
immediately implies undecidability of calculating the perfect
rewriting [Calı̀ et al., 2003]. The problem of query answering
becomes decidable if we restrict the IDs to be in a particular
class, so that they do not interact with KDs.

Definition 3.5 Consider a data integration system I =
hG;S;Mi, with G = h	;�I ;�Ki. An ID r1[A1] � r2[A2]
is a non-key-conflicting ID (NKCID) w.r.t. K if either: (i) no
KD is defined on r2; (ii) the KD key(r2) = K is in �K and
A2 is not a strict superset of K, i.e., A2 6� K. If all IDs
in �I are NKCIDs w.r.t. �K , the system I is said non-key-
conflicting (NKC).

We point out that the class of NKC IDs comprises the well-
known class of foreign key dependencies, which correspond
to IDs of the form r1[A1] � r2[A2] such that key(r2) = A2.

The most important feature of a NKC data integration sys-
tem is the separation between the IDs and the KDs; in such a
case, in fact, we can take IDs into account as if the KDs were
not expressed on G.

Theorem 3.6 (Separation) Given a NKC data integration
system I = hG;S;Mi, with G = h	;�I ;�Ki, let I 0 =
hG0;S;Mi, with G0 = h	;�I ; ;i, the system obtained by I
by eliminating the KDs of G; let D be a source database for
I and I 0. Moreover, let q be a query of arity n over G and G0,
and �t an n-tuple of values. We have that �t =2 ans(q; I;D) iff
D is consistent with �K and �t =2 ans(q; I 0;D).

Proof (sketch). We say that D is consistent with �K

iff ret(I;D) is consistent with �K . An important re-
sult, immediately derived from [Johnson and Klug, 1984],
states that ans(q; I;D) is obtained by evaluating q over a
(possibly infinite) database, called chase and denoted with
chase(ret(I;D)). The chase is obtained by adding tuples to
ret(I;D) in a way that the added tuples repair violations of
IDs. The chase satisfies the IDs over G, and it is a representa-
tive of all databases in sem(I;D) [Calı̀ et al., 2002].

“)”Since by hypothesis �t =2 ans(q; I;D), there exists a
global database B 2 sem(I;D) such that �t =2 qB. A fortiori,
B satisfies �I , therefore B 2 sem(I 0;D), The claim follows
immediately.

“(”By hypothesis, D is consistent with �K and �t =2

ans(q; I 0;D). Therefore, �t =2 qchase(ret(I
0;D)); note that

chase(ret(I 0;D)) = chase(ret(I;D)). It can be shown,
by induction on the number of added tuples in the construc-
tion of chase(ret(I;D)), that if I is a NKC system, and
ret(I;D) satisfies �K , also chase(ret(I;D)) satisfies �K .

It follows that chase(ret(I;D)) is a representative for all
databases in sem(I;D), and ans(q; I;D) = qchase(ret(I;D)).
The claim follows straightforwardly.

We now go back to query rewriting. In the case of a NKC
data integration system, we can apply the same technique de-
veloped for IDs alone, provided that we take into account the
KDs with suitable rules. Indeed, observe that if ret(I;D) vi-
olates �K , any tuple is in the answer to any query. Therefore,
with regard to this issue, we first introduce a unary global re-
lation val ; the idea is that val stores all values occurring in
D. We construct a set of rules �val as follows: denoting with
fr1; : : : ; rNr

g the set of all relations in G,

val (Xj) ri(X1; : : : ; Xni)

with 1 � i � Nr and 1 � j � ni. Then, consider a KD of the
form key(r) = K; without loss of generality, we suppose that
r has arity m and K = f1; : : : ; kg (k < m). We introduce a
set of m� k rules; in particular, for k + 1 � i � m:

q(Y1; : : : ; Yn)  r(X1; : : : ; Xk; Xk+1; : : : ; Xm);
r(X1; : : : ; Xk; X

0
k+1; : : : ; X

0
m);

Xi 6= X 0
i; val (Y1); : : : ; val (Yn)

We denote with �KD the set of rules introduced as described
above. From the results of Section 3 and from the above ob-
servation, we derive the following result.

Theorem 3.7 Consider a data integration system I =
hG;S;Mi, and a query q of arity n over G. Then, �ID [
�KD [�val [ �M is a perfect rewriting of q.

4 Semantics for inconsistent data sources
In the sound semantics, violations of IDs are treated “auto-
matically”because of the nature of the semantics; instead, the
violation of a single KD leads to the non-interesting case in
which sem(I;D) = ;.

According to a common approach in the literature on in-
consistent databases [Fagin et al., 1983; Lin and Mendelzon,
1998; Arenas et al., 1999], we now introduce the loosely-
sound semantics, opposed to the previous one (that we will
call strictly-sound), in which the soundness assumption is
suitably relaxed. The intuition is that in the “relaxed” seman-
tics we are allowed to delete tuples from ret(I;D) to repair
violations of KDs, as long as we “minimize” such deletions;
violations of IDs are treated as in the sound semantics.

Given a source database D, we define the following order-
ing�(I;D) over the global databases for I that are consistent
with G. Given two such global databases B1 and B2, we write
B1 �(I;D) B2, iff B1 \ ret(I;D) � B2 \ ret(I;D). That
is, the portion of ret(I;D) contained in the global database
is greater in B1 than in B2, i.e., B1 approximates the sound
mapping better than B2.

We call maximal w.r.t. (I;D) a global database B for
I consistent with G, such that there exists no global
database B0 consistent with G such that B0 �(I;D)

B. Based on this notion, we define the loosely-
sound semantics sem l as follows: seml(I;D) =
fB j B is consistent with G and B is maximal w.r.t. (I;D)g.
Finally, we denote with ans l(q; I;D) the set of answers to
queries under the loosely-sound semantics.
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Example 2.1 (cont.) Consider now the source
database D0 obtained by adding to D0 the fact
s2(RM;Roma;Beckham). Then, ret(I0;D0) = ret(I0;D0)
[ fteam(RM;Roma;Beckham)g We have now
that the tuples in ret(I0;D

0) violate also the KD
key(team) = fTacronymg; hence, seml(I0;D

0) con-
tains the databases of the forms fplayer (Totti; ITA;RM),
player (Beckham;ENG;MU), team(MU;Man.Utd.;Giggs),
team(RM;Roma; Totti), player (Giggs; �; �)g and
fplayer (Totti; ITA;RM), player (Beckham;ENG;MU),
team(MU;Man.Utd.;Giggs), team(RM;Roma;Beckham),
player (Giggs; �; �)g, for each �; � 2 �.
Notice that for the query q(X)  player (X;Y; Z)
ans l(q; I0;D

0) = ans(q; I0;D). On the other hand,
given the query q0(X;Z)  team(X;Y; Z) we
have that ans l(q

0; I0;D
0) = fhMU;Giggsig whereas

ans(q0; I0;D) = fhMU;Giggsi; hRM; Tottiig.

It is immediate to verify that, if sem(I;D) 6= ;, then
seml(I;D) = sem(I; D), i.e., if there exists a global
database that satisfies both the constraints on G and the map-
ping assertions in M w.r.t. a source database D, then the
strictly-sound and the loosely-sound semantics coincide.

5 Query rewriting in loosely-sound semantics
We now address the problem of computing answers to a query
under the loosely-sound semantics. Specifically, we present
a rewriting technique to compute answers to queries posed to
NKC systems under the loosely-sound semantics.

Our method relies on Theorem 3.6 stating that for NKC
systems it is possible to “separately” deal with inclusion and
key dependencies: actually, for the first ones we exploit
the algorithm ID-rewrite(	;�I ; Q) presented in Section 3,
whereas for the second ones we make use of Datalog: un-
der stable model semantics , a well-known extension of Dat-
alog that allows for using negation in the body of program
rules [Kolaitis and Papadimitriou, 1991].

More specifically, we define a Datalog: program �lKD

that allows us to compute the maximal subsets of ret(I;D)
that are consistent with �K . �lKD is obtained by taking, for
each relation r 2 G, the rules

r(~x; ~y)  rD(~x; ~y) ; not r(~x; ~y)

r(~x; ~y)  rD(~x; ~y) ; r(~x;~z) ; Y1 6= Z1

� � �

r(~x; ~y)  rD(~x; ~y) ; r(~x;~z) ; Ym 6= Zm

where: in r(~x; ~y) the variables in ~x correspond to the at-
tributes constituting the key of the relation r; ~y = Y1; : : : ; Ym
and ~z = Z1; : : : ; Zm.

Informally, for each relation r, �lKD contains (i) a relation
rD that represents rret(I;D); (ii) a relation r that represents a
subset of rret(I;D) that is consistent with the KD for r; (iii) an
auxiliary relation r. The above rules force each stable model
M of �lKD to be such that rM is a maximal subset of tuples
from rret(I;D) that are consistent with the KD for r.

Then, we consider the Datalog: program �lKD [ �ID [
�MD, where�ID is obtained through ID-rewrite(	;�I ; Q),
and �MD is obtained from �M by replacing each symbol r
with rD.

Theorem 5.1 Let I = hG;S;Mi be a NKC system, and Q
be a UCQ of arity n over G. Then, �lKD [�ID [�MD is a
perfect rewriting of Q w.r.t. I.

6 Summary of complexity results
Strictly-sound semantics. Query answering is undecidable
even if we allow a slightly more general class of IDs than the
NKCIDs; let us define a 1-key-conflicting (1KC) data inte-
gration system as a system such that for each ID r1[A1] �
r2[A2], A2 can be a strict superset of key(r2) (if defined),
but containing at most one attribute more than key(r2).
Theorem 6.1 The problem of query answering in 1KC inte-
gration systems, under the strictly-sound semantics, is unde-
cidable.

In the strictly-sound semantics, the complexity of the deci-
sion problem of query answering is immediately derived from
the rewriting of Section 3.
Theorem 6.2 The problem of query answering in NKC in-
tegration systems, under the strictly-sound semantics, is in
PTIME in data complexity.

Proof. Trivial, since the perfect rewriting �ID [ �KD [
�val [ �M can be evaluated in PTIME w.r.t. D.

Loosely-sound semantics Since, as we already said, when
sem(I;D) 6= ; the strict semantics and the loose ones co-
incide, it is easy to see that the above properties of query
answering under the strictly-sound semantics can be easily
generalized.
Theorem 6.3 The problem of query answering in 1KC inte-
gration systems, under the loosely-sound semantics, is unde-
cidable.

We now characterize the problem of query answering un-
der the loosely-sound semantics in NKC systems.
Theorem 6.4 The problem of query answering in NKC inte-
gration systems, under the loosely-sound semantics, is coNP-
complete in data complexity.

Proof (sketch). Membership in coNP follows from Theo-
rem 5.1, and from the fact that query answering in Datalog:

is coNP-complete in data complexity, while coNP-hardness
can be easily proved by a reduction of the 3-COLORABILITY
problem to our problem.

The summary of the results we have obtained is reported
in the table in Figure 1, which presents the complexity of
query answering for both the strictly-sound and the loosely-
sound semantics. Each row corresponds to a different class
of dependencies (specified in the first two columns), while
each cell of the table reports data complexity and combined
complexity1 of query answering for UCQs: for each decid-
able case, the complexity of the problem is complete w.r.t. the
class reported. In the second column of the table, FK stands
for “foreign key dependencies” (a well-known class of IDs)
while GEN stands for “general IDs”. We have marked with
the symbol� the cells corresponding either to already known
results or to results immediately implied by known results.

1The results for combined complexity, which we cannot present
in detail due to space limitations, hold under the assumption that the
mapping is expressed in terms of UCQs.
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KDs IDs strictly-sound loosely-sound

no GEN PTIME/PSPACE� PTIME/PSPACE�

yes no PTIME/NP� coNP/�p
2

�

yes FK PTIME/PSPACE coNP/PSPACE
yes NKC PTIME/PSPACE coNP/PSPACE
yes 1KC undecidable undecidable
yes GEN undecidable� undecidable�

Figure 1: Complexity of query answering (decision problem)

7 Discussion and related work
In this paper we have presented techniques for query rewrit-
ing in data integration systems with integrity constraints. and
analyzed the complexity of query answering. To this aim, we
have exploited formalisms and methods both from the tradi-
tional database theory and from computational logic.

Several works in the literature address the problem of data
integration under constraints on the global schema. In this
respect, query rewriting under integrity constraints has been
first studied in the LAV setting. In particular, [Duschka and
Genesereth, 1997] presents a method for query rewriting un-
der functional dependencies in LAV systems, which is able to
compute the perfect rewriting in the case of queries and map-
ping expressed through conjunctive queries, and “maximally
contained” rewritings in the case of recursive mappings.

Then, [Gryz, 1999] analyzes query rewriting under inclu-
sion dependencies in LAV systems, and presents a method
which is able to deal simultaneously with acyclic IDs and
functional dependencies, based on an algorithm for comput-
ing the rewriting of a conjunctive query in a database with
inclusion dependencies. The algorithm is based on a very in-
teresting idea: obtaining query rewriting by computing the
rewriting of each atom in a way “almost independent” of the
other atoms. This can be obtained if the body of the ini-
tial query q is preliminarly “minimized”. However, we have
found out that Gryz’s algorithm does not actually compute
the perfect rewriting, in the sense that some conjunctions of
the perfect rewriting are missing. Our algorithm ID-rewrite
presented in Section 3 is certainly inspired by Gryz’s main in-
tuitions, but overcomes the above mentioned incompleteness
through a new technique for generating the rewriting.

Complexity of query answering in GAV under IDs alone
is immediately derived by the results in [Johnson and Klug,
1984]; in this work, the same problem is solved for a re-
stricted class of KDs and IDs, which, however, is significantly
less general than the one treated in this paper. More recently,
integration under constraints in GAV systems has been ad-
dressed in [Calı̀ et al., 2002], which presents a method for
query rewriting in the presence of KDs and foreign key de-
pendencies, under a semantics analogous to our strictly-sound
semantics. Thus, the method does not deal with data incon-
sistencies w.r.t. KDs. Moreover, [Fagin et al., 2003] presents
an approach for dealing with integrity constraints in a GLAV
setting (a generalization of LAV and GAV).

In single database settings, [Arenas et al., 1999; Greco et
al., 2001] propose methods for consistent query answering in
inconsistent databases, which are able to deal with universally
quantified constraints. The semantics adopted in these works

is different from the ones considered in the present paper.
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Abstract

Finding desired information on the Internet is be-
coming increasingly difficult. Internet directories
such as Yahoo!, which organize web pages into hi-
erarchical categories, provide one solution to this
problem; however, such directories are of limited
use because some bias is applied both in the col-
lection and categorization of pages. We propose
a method for integrating multiple Internet directo-
ries by instance-based learning. Our method pro-
vides the mapping of categories in order to trans-
fer documents from one directory to another, in-
stead of simply merging two directories into one.
We present herein an effective algorithm for de-
termining similar categories between two directo-
ries via a statistical method called the κ-statistic.
In order to evaluate the proposed method, we con-
ducted experiments using two actual Internet direc-
tories, Yahoo! and Google. The results show that
the proposed method achieves extensive improve-
ments relative to both the Naive Bayes and En-
hanced Naive Bayes approaches, without any text
analysis on documents.

1 Introduction

The World-Wide Web (WWW) is now used not only by com-
puter specialists, but by all sorts of people, from children
to businessmen and businesswomen, which has resulted in
an enormous quantity of web pages available on the Inter-
net. This makes finding pages containing the desired infor-
mation rather difficult. Search engines are requisite for find-
ing the desired information. In general, current search en-
gines perform their functions via one of two methods: a key-
word search and a directory search. A keyword search en-
gine performs searches by means of user-specified keywords.
Keyword-based search engines like Google can reliably find
pages containing the specified keywords. However, if the
user does not have a thorough knowledge of his/her search
domain and cannot choose the appropriate keywords, the
search engine is useless. In such a situation, directory-based
search engines do a good job. In a directory-based search
engine, pages are evaluated and organized by humans before

being registered in the search engine’s archive. Directory-
based search engines provide knowledge of WWW naviga-
tion. Users reach the desired information by going up and
down the directories.

Although pages are carefully selected and well-organized,
a single Internet directory is not sufficient because the In-
ternet directory tends to have some bias in both collecting
and categorizing pages. In order to solve these problems,
we herein propose a method that coordinates multiple In-
ternet directories by estimating directory similarities. The
proposed method does not simply merge multiple directories
into a larger directory, but instead determines the relationship
between directories. Many public Internet directories exist.
Some are designed to cover wide domains, while others fo-
cus on special domains. Such Internet directories are diffi-
cult to merge. Moreover, these directories should not be inte-
grated, because the existing differences in concept hierarchies
among the directories is important when selecting and using
directory-based search engines. In this paper, we propose a
method to solve this problem by determining the rules for
mapping categories in a directory to those in another direc-
tory. Our solution can be applicable not only to the Internet
directory problem, but also to the integration of web market-
place catalogs [Agrawal and Srikant, 2001]1 and ontology in-
tegration in general.

The remainder of this paper is organized as follows. In
Section 2, we define the problem of coordinating multiple In-
ternet directories. In Section 3, we discuss related studies. In
Section 4, we propose a new machine learning method for the
above-mentioned problem. Next, in Section 5, we compare
the performance of the proposed method to that of the En-
hanced Naive Bayes approach [Agrawal and Srikant, 2001]
for an integration problem using real Internet directories. Fi-
nally, in Section 6, we present our conclusions.

2 Integration of Multiple Internet Directories

In order to state the problem, we introduce a model for the
Internet directories we intend to integrate. We assume there
are two Internet directories: a source directory and a target
directory. The documents in the source Internet directory are

1For example, the integration of a distributor’s catalog and a web
marketplace.
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expected to be assigned to categories in the target Internet di-
rectory. This produces a virtually integrated Internet directory
in which the documents in the source directory are expected
to be members of both the source and target directories. This
integrated directory inherits the categorization hierarchy from
the target Internet directory.

The Internet directory model for the source and target is as
follows:

• The source Internet directory, SD contains a set of cate-
gories, Cs1, Cs2, . . . , Csn, that are organized into an “is-
a” hierarchy. Each category can also contain documents.

• The target Internet directory TD contains a set of cate-
gories, Ct1, Ct2, . . . , Ctm that are organized into an “is-
a” hierarchy. Each category can also contain documents.

The proposed model permits documents to be assigned to
intermediate categories. This model is similar to the catalog
model in [Agrawal and Srikant, 2001], except that the cate-
gories are organized into a conceptual hierarchy. Since the
catalog model ignores hierarchy structure and therefore can-
not assign documents to an intermediate category, our Inter-
net directory model is more general than the catalog model.

The problem addressed in this paper is finding an appro-
priate category Ct in the target directory TD for each docu-
ment Dsi in the source directory SD. An example is shown
as the mapping of a black box DX in Figure 1, where the
black circles indicate categories and the hollow boxes indi-
cate documents. What we need to do is determine an appro-
priate category in TD for a document which appears in SD

but not in TD, because mapping is not necessary if the doc-
ument is included in both the source and the target directo-
ries. Documents D1 and D2 in Figure 1 are examples of such
documents. This mapping can have several possibilities, e.g.,
DX can be mapped to an upper left category or to a lower left
category, etc.

Source
Internet
Directory

Target
Internet
Directory

?

SD TD

DxD2

D1
D2

D1

Figure 1: Problem statement.

3 Related Work
One popular approach to this kind of problem is to apply
standard machine learning methods [Langley, 1996]. This
requires a flattened class space having one class for ev-
ery leaf node. The problem can then be considered to
be a normal classification problem for documents. Naive
Bayes(NB) [Mitchell, 1997] is an established method used for
this type of document classification framework. A classifier

is constructed using the words in the documents. However,
this classification scheme ignores the hierarchical structure of
classes and, moreover, cannot use the categorization informa-
tion in the source directory. Enhanced Naive Bayes [Agrawal
and Srikant, 2001], hereafter referred to as E-NB, is a method
which does use this information. E-NB will be discussed
in the next section. GLUE [Doan et al., 2002] is another
type of system employing NB. To improve accuracy, GLUE
combines NB and a constraint optimization technique called
relaxation labeling. However, the general performance of
the system depends on that of NB. Unlike NB, the systems
in [Koller and Sahami, 1997], [Wang et al., 1999] classify
documents into hierarchical categories, and these systems use
the words in the documents for classification rules. However,
these systems cannot use the categorization information in the
source directory.

Another type of approach is ontology merging/alignment
systems. These systems combine two ontologies, which
are represented in a hierarchal categorization. Chi-
maera [McGuinness et al., 2000] and PROMPT [Noy and
Musen, 2000] are examples of such systems and assist in the
combination of different ontologies. However, such systems
require human interaction for merging or alignment. In ad-
dition to this requirement, these systems are based on the
similarity between words, which introduces instability. The
dictionaries used for such systems often have word similarity
bias. FCA-MERGE [Stumme and Madche, 2001] is another
type of ontology merging method. It uses the attributes of
concepts to merge different ontologies. As a result, it cre-
ates a new concept without regarding the original concepts in
both ontologies. Calvanese et al. [Calvanese et al., 2001] also
discussed an ontology integration framework with respect to
global ontology and local ontology.

As mentioned before, we also tackled the similar problem
of catalog integration. An approach, besides E-NB, is to con-
struct the abstract-level structure of two hierarchies [Ome-
layenko and Fensel, 2001]. This approach does not direct
the transformation of source and target information, but trans-
forms via the abstract-level structure. It is relatively easy to
transfer information through many hierarchical structures, but
it is hard to create a common structure for those hierarchies.

The bookmark-sharing systems of Siteseer [Rucker and
Polanco, 1997] and Blink [Blink, 2000] also deal with a
similar problem. These systems attempt to share URL in-
formation which appears in the source bookmark but not in
the target bookmark. These systems flatten the categoriza-
tion of bookmarks in the same manner as NB and deter-
mine the mapping of categories in each bookmark, based on
the shared URL information. Such systems are problematic
when a given URL does not fit into an exact category. kMe-
dia [Takeda et al., 2000] is another bookmark-sharing system
that uses hierarchical structures explicitly, but is dependent
on the similarity of the words within pages.

In the context of information retrieval, Stucken-
schmidt [Stuckenschmidt, 2002] has coordinated the formal
model of hierarchies with multiple classification hierarchies.
In our paper, since the upper and lower boundaries of concept
mapping can be determined by subsumption relationships,
we can infer the boundary of valid mapping and also check
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whether or not the given mapping is consistent. In our
problem, since we have only partial evidence of classes and
do not know the definitions of classes, we can not apply this
method directly.

4 Learning the Relationship between
Categories of Two Internet Directories

In this section, we explain our method to determine the rela-
tionship between categories in two Internet directories. One
characteristic of the proposed method is to use the hierarchi-
cal structure “as is.” We use all categories including inter-
mediate categories and leaf categories, because information
for categorization can also be obtained from these categories.
Another characteristic of the proposed method is the exclu-
sive reliance on the categorization structure of both directo-
ries, i.e., with no reliance on the semantic information of the
documents. We can determine the relationship between cat-
egories of the two directories by statistically comparing the
membership of the documents to the categories.

4.1 Basic Concept
Although E-NB was developed for a very similar problem,
it is missing an important feature: categorization hierarchy.
According to [Agrawal and Srikant, 2001], the initial defini-
tion of the problem is identical to that of this paper. However,
the previous paper assumes that “any documents assigned to
an interior node really belong to a conceptual leaf node that
is a child of that node,” and concludes from this assumption
that “we can flatten the hierarchy to a single level and treat
it as a set of categories.” However, the conclusion overlooks
the categorization hierarchies. The categorizations are not in-
dependent of each other. The categorization hierarchies are
usually structured using an “is-a” or another relationship. If a
document is categorized in a lower category in the categoriza-
tion hierarchy, then the document should also be categorized
in the upper categories 2. If we flatten the categories, such in-
formation regarding the relationships between categories will
be lost.

Another problem associated with NB is its sensitivity to
the words in documents. For example, if a document con-
tains the word bank, the category for the document could be
a financial category; however, the category could also be a
construction category. The quality of categorization with NB
is thus not stable according to the contents of documents, due
to the natural language techniques of processing words. It
is critical to integrate Internet directories because mixing re-
liable Internet directories maintained by human editors with
less reliable and less stable machine-generated classifiers will
confuse users and decrease their confidence. In addition to
the problem of sensitivity, analysis of a document to extract
words is expensive.

Our method focuses on the similarity of the way of catego-
rization, not the similarity of documents. Then, how do we
measure the similarity of categorization? We utilize shared
documents in both the source and target Internet directories

2Note that the reverse is not always true, because documents can
be categorized into intermediate categories.

as our measurement standard. If many documents in category
Csi also appear in category Ctj at the same time, we consider
these two categories to be similar, because the ways of cate-
gorization in Csi and Ctj are supposed to be similar, i.e., if
another document D comes in Csi, it is likely that D will be
also included in Ctj . This method avoids both the keyword
extraction process and the handling of word meaning. The
example shown in Figure 2 illustrates that documents in the
bottom category in the source Internet directory can be trans-
ferred to a similar category in the target Internet directory.

Source
Internet
Directory

Target
Internet
Directory

Similar
Category
Pair

Csi Ctj

D

SD TD

Figure 2: Document transfer from source Internet directory
to target Internet directory.

4.2 κ-Statistic
The remaining problem is how to determine the pairs of simi-
lar categories. We adopt a statistical method to determine the
degree of similarity between two categorization criteria. The
κ-statistic method [Fleiss, 1973] is an established method for
evaluating the similarity between two criteria. Suppose there
are two categorization criteria, Csi in SD and Ctj in TD. We
can determine whether or not a particular document belongs
to a particular category3. Consequently, documents are di-
vided into four classes, as shown in Table 1. The symbols
N11, N12, N21 and N22 denote the numbers of documents for
these classes. For example, N11 denotes the number of doc-
uments which belong to both Csi and Ctj . We may logically
assume that if categories Csi and Ctj have the same criterion
of categorization, then N12 and N21 are nearly zero, and if
the two categories have a different criterion of categorization,
then N11 and N22 are nearly zero. The κ-statistic method
uses this principle to determine the similarity of categoriza-
tion criteria.

Category Ctj

belong not belong
Category belong N11 N12

Csi not belong N21 N22

Table 1: Classification of documents by two categories.

In the κ-statistic method, we calculate the probability P ,
3Remember that categorization in a directory is determined using

the nodal structure of the categorization hierarchy.
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which denotes the percentage of coincidence of the concep-
tual criteria, and the probability P ′, which denotes the per-
centage of coincidence of the conceptual criteria by chance.

P =
N11 + N22

N11 + N12 + N21 + N22

P ′ =
(N11 + N12)(N11 + N21) + (N21 + N22)(N12 + N22)

(N11 + N12 + N21 + N22)2

As such, the value of the κ-statistic is represented as the
following equation:

κ =
P − P ′

1 − P ′

Next, we examine whether we can assume the κ = 0,
which indicates that the percentage of coincidence for the
two conceptual criteria is zero. We therefore calculate the
test statistic Z according to the following equation.

Z = κ

√
(N11 + N12 + N21 + N22)(1 − P ′)

P ′ (1)

The value Z follows a normal distribution. A null hypothe-
sis is considered to occur when the percentage of coincidence
of the concept criteria is zero. When we assume a signifi-
cance level of 5% and the following equation is satisfied, we
can dismiss the null hypothesis.

Z ≥ 1.64486

When the null hypothesis can be dismissed, the criteria are
determined to be the same.

4.3 Determination of Pairs of Similar Categories
The relationship between the two categorization criteria is ex-
amined from top to bottom. This algorithm is shown in Fig-
ure 3. First, the most general categories in the two catego-
rization hierarchies are compared using the κ-statistic. If the
comparison confirms that the two categories are similar, then
the algorithm outputs this pair of categories. At the same
time, the algorithm generates all possible pairs of their chil-
dren categories. It generates two lists of categories each of
which is a list of the confirmed category and its children cat-
egories. Then, the algorithm picks one category from each
list and makes a pair, except for the original pair. This new
pair is then evaluated recursively using the κ-statistic method.
When a similar pair is not generated, the algorithm outputs
the pairs of similar concepts between the two categorization
hierarchies. They are used as mapping rules from the source
directory to the target directory4.

This top-down comparison approach attempts to reduce the
exploration space, using the structure of both directories as a
guide. Assuming that similar categories include similar sub-
categories, we can skip the combination of categories which

4The rules do not guarantee the consistency of the mappings,
because category hierarchies have the possibility of inconsistency
with regard to similar relationships.

� �
main algorithm
Input: Cs1, // Top category in SD

Ct1, // Top category in TD

Output: R; // A set of similar category pairs
begin

t := 1;
R := φ;
X1 := {[Cs1, Ct1]};
while Xt �= φ

Xt+1 := φ;
while Xt �= φ

[C1, C2] := any element in Xt;
if C1 and C2 is similar

Xt+1 := Xt+1 + make comb(C1, C2);
R := R + [C1, C2];

fi;
Xt := Xt − [C1, C2];

end;
t := t + 1;

end;
return R;

end;
—————————————————-
make comb
Input: Cs, // Category in SD

Ct, // Category in TD

Output: S; // A set of category pairs in SD and TD

begin
S := {[Csi, Ctj ] | Csi is either Cs or a child of Cs,

Ctj is either Ct or a child of Ct} − [Cs, Ct];
return S;

end;

� �
Figure 3: Algorithm to determine similar category pair.

is likely unnecessary5. This is another benefit of using the “as
is” hierarchy, in contrast to the flattening approach.

4.4 Application Policy of Rules

Since the proposed method uses categorization similarity, if
a category in the source Internet directory does not have a
similar category in the target directory, then those documents
cannot be categorized in the target Internet directory. In order
to avoid this problem, we once again use the categorization
hierarchy. If the system cannot find a similar category pair
for the category containing the document, it applies the rule
generated for the parent category instead.

5This assumption may sometimes be too strong, e.g., a child cat-
egory of a category is not so relevant, whereas its child category (a
grandchild category of the original category) is relevant. In such
cases, we should relax this constraint when exploring future candi-
dates.
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4.5 Computational Complexity
In this section, we discuss the computational complexity of
the proposed algorithm shown in Figure 3. Suppose that two
concept hierarchies SD and TD are trees of width b (the num-
ber of subcategories for each category) and height d (the num-
ber of categories from top to bottom) for the sake of simplic-
ity. In this case, we calculate the total number of categories
N using the following equation:

N = b0 + b1 + . . . + bd

Comparison of the similarity among all categories requires
N × N comparisons. As a result, the order of computational
complexity is O(b2d).

Next, we consider the cost of our algorithm. Assuming
that after the similarity tests using κ-statistic have been con-
ducted, n% of the tests are confirmed to be similar to other
categories. The number of pairs produced by make comb
is (b + 1)2 − 1 because it makes pairs from the two lists,
each pair of which consists of the category itself and its child
categories, except for the original pair. The number of ex-
pected combination pairs after processing of the κ-statistic
is n(b2 + 2b) + (1 − n) · 0. The second half of the formula
(1−n) ·0 is applied because no similar pair is produced when
the κ-statistic does not confirm the similarity. We finally ob-
tain the total number of nodes M to be compared as the prod-
uct of the number of examined nodes and the expected num-
ber of nodes. M is given by the following equation:

M = b0 + n1(b2 + 2b)1

+n2(b2 + 2b)2 + . . . + nd(b2 + 2b)d

The order of complexity is then obtained as O(ndb2d) =
O((nb2)d). Since n denotes the percentage of category pairs
confirmed to be similar, 0 ≤ n ≤ 1 is satisfied. As a result,
we obtain less computational complexity using the algorithm
in Figure 3. In other words, although the depth remains the
same, the search algorithm can reduce computation by con-
straining the breadth size.

5 Experiments Using Internet Directories
5.1 Experimental Settings
In order to evaluate the proposed algorithm, we conducted
experiments using data collected from the Yahoo! [Yahoo!,
2001] and Google [Google, 2001]6 Internet directories. The
data was collected in the fall of 2001. In order to compare
the proposed method to that in [Agrawal and Srikant, 2001],
we selected the same locations in Yahoo! and Google for the
experimental data. The locations are as follows:

• Yahoo! : Recreation / Automotive
Google : Recreation / Autos

• Yahoo! : Entertainment / Movies and Film
Google : Arts / Movies

• Yahoo! : Recreation / Outdoors
Google : Recreation / Outdoors

6Since the data in Google is constructed by the data in
dmoz [dmoz, 2001], we collected data through dmoz.

• Yahoo! : Arts / Visual Arts / Photography
Google : Arts /Photography

• Yahoo! : Computers and Internet / Software
Google : Computers / Software

Table 2 shows the numbers of categories, the links in each
Internet directory and the links included in both Internet di-
rectories. Links are considered to be the same when the URLs
in both directories are identical.

Yahoo! Google shared
categories links categories links links

Autos 782 5200 583 7909 1002
Movies 4001 16947 4623 21244 2735

Outdoors 2247 13932 825 13725 716
Photography 375 4173 170 3999 536

Software 997 4686 2142 35628 952

Table 2: Statistics on the experimental data.

We conducted ten-fold cross validations for the shared
links. The shared links were divided into ten data sets; nine
of these sets were used to construct rules, and the remaining
set was used for testing. Ten experiments were conducted for
each data set, and the average accuracy is shown in the re-
sults. In order to compare our proposed method to the E-NB
approach, the classifiers are assumed to correctly assign doc-
uments when the document is categorized either in the same
category as the test data or in the parent categories of the test
data. E-NB constructs classifiers for only the first-level cat-
egories in the experimental domain, whereas the proposed
method uses all of the categories from top to bottom. The
significance level for the κ-statistic was set at 5%.

5.2 Experimental Results
The experimental results are shown in Tables 3 and 4. Ta-
ble 3 shows the results obtained using Yahoo! as the source
Internet directory and Google as the target Internet directory,
and Table 4 shows the results obtained using Google as the
source Internet directory and Yahoo! as the target Internet
directory. For comparison, these tables also include the re-
sults of [Agrawal and Srikant, 2001]. E-NB denotes the
method of [Agrawal and Srikant, 2001] and SBI denotes the
similarity-based integration method that is proposed in this
paper. The data obtained for the proposed method and that
presented in [Agrawal and Srikant, 2001] are not truly com-
parable because the collection date is different7.

The proposed algorithm did well compared to E-NB, per-
forming more than 10% better in accuracy on the averages. In
the Movies domain, the proposed algorithm performs much
better in accuracy than E-NB. One reason for this is that the
pages related to movies contain various words that indicate
numerous movie settings, making classification using word-
based systems difficult. On the other hand, in the Outdoors
domain, performance is similar for both methods because the

7In addition, differences may have occurred due to data selec-
tion. For example, Yahoo! has links that use @(the at mark). The
treatment of such links was not discussed in [Agrawal and Srikant,
2001]. In the present study, we did not use such links.
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Accuracy
Dataset E-NB SBI Improvement
Autos 76.2 88.0 11.8

Movies 42.6 77.9 35.3
Outdoors 77.8 74.0 -3.8

Photography 72.8 79.7 6.9
Software 62.4 73.4 11.0
Average 64.4 78.4 14.0

Table 3: Results of Yahoo! as the source Internet directory
and Google as the target Internet directory.

Accuracy
Dataset E-NB SBI Improvement
Autos 73.1 83.6 10.5

Movies 46.2 68.1 21.9
Outdoors 65.4 68.9 3.5

Photography 51.3 60.4 9.1
Software 58.6 74.0 15.4
Average 58.9 71.0 12.1

Table 4: Results of Google as the source Internet directory
and Yahoo! as the target Internet directory.

Outdoors domain treats pages using special outdoors-related
words, and no classification method for the Outdoors domain
has been established for human readers.

As mentioned earlier, in the experiments described
in [Agrawal and Srikant, 2001], the classifiers induced by the
system have the ability to classify the documents into only the
first-level categories of the test domain in the target Internet
directory. The proposed classifiers can classify the documents
into sub-categories as well. For example, we used 4,623 cat-
egories for document assignment in the Movies domain of
Yahoo! as the source Internet directory and Google as the tar-
get Internet directory, whereas their system used only 40 cat-
egories. Therefore, the classifiers obtained by the proposed
method are more reliable and useful than those obtained by
other methods.

Next, we compare our method with GLUE [Doan et al.,
2002]. The basic steps of GLUE are as follows. First, the user
trains learners for each concept for target taxonomies. Learn-
ers can be a combination of different strategies like name- or
contents-based learning. Then, they determine that the source
concept and target concept are similar, if the application of
learners for the source concept yields good enough. Finally,
the system applies the relaxation labeling method for simi-
lar concept pairs. The method does not use the hierarchical
structures in learning very well, and relies mainly on the per-
formance of the learning method, namely NB. On the other
hand, our method does use hierarchical structures in learning
very well. So, we do not need a semantical analysis in learn-
ing. They report an accuracy of 65-95% which is equivalent
to our results, but they use only a few categories, i.e., 40-363,
while we use 170-4623 categories. We can say from both
theoretical and practical viewpoints that our method is more
appropriate in learning for large hierarchical structures.

6 Conclusions
In this paper, a statistical-based technique was proposed for
integrating multiple Internet directories by determining the
relationship between these directories. The proposed method
uses the κ-statistics to find similar category pairs, and trans-
fers the document categorization from a category in the
source Internet directory to a similar category in the target
Internet directory. The proposed method has an advantage
in document treatment in that it relies on the category struc-
ture only, and not on words or word similarity in a docu-
ment. The performance of the proposed method was tested
using actual Internet directories, and the results of these tests
show that the performance of the proposed method was more
than 10% better in accuracy than that of previous methods,
although the number of categories were by far larger for our
proposed method. In addition, our problem modeling is more
general than the other models in terms of assignment docu-
ments on intermediate categories. From this, we can conclude
our approach shows great promise in comparison to systems
employing NB, such as E-NB [Agrawal and Srikant, 2001],
GLUE [Doan et al., 2002], and so on.

Although the present results are encouraging, much has
yet to be done. The limitation of the proposed method is
that this method is based on the existence of shared links.
In other words, the proposed method is less reliable if there
are fewer shared links. To improve our proposed method,
various methods might be used to obtain semantic informa-
tion in order to increase the number of shared links, e.g., to
regard similar pages as the same links. Another option for
this problem might be to combine semantic information or
other information about the documents. If we could a es-
tablish good combination of our proposed method and such
information, it is possible that we could greatly improve our
method. Moreover, the present method can find only one-to-
one mapping rules. If the system is able to find one-to-many
or many-to-many mappings, it would work more correctly in
categorization. For the development of these mappings, we
might invent probabilistic mapping representations and also
introduce a subsumption technique [Stuckenschmidt, 2002].
Finally, the proposed method should be expanded so that it
can apply to more than three concept hierarchies. In such
a case, despite the conflict between several concept hierar-
chies, we would expect more information to be obtained. The
aforementioned tasks for improvement will be investigated in
future studies.
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Abstract

With the proliferation of heterogeneous devices
(desktop computers, personal digital assistants,
phones), multimedia documents must be played un-
der various constraints (small screens, low band-
width). Taking these constraints into account with
current document models is impossible. Hence,
generic source documents must be transformed
into documents compatible with the target contexts.
Currently, the design of transformations is left to
programmers. We propose here a semantic frame-
work, which accounts for multimedia document
adaptation in very general terms. A model of a mul-
timedia document is a potential execution of this
document and a context defines a particular class
of models. The adaptation should then retain the
source document models that belong to the class
defined by the context if such models exist. Oth-
erwise, the adaptation should produce a document
whose models belong to this class and are “close”
to those of the source documents. We focus on the
temporal dimension of multimedia documents and
show how adaptation can take advantage of tempo-
ral reasoning techniques. Several metrics are given
for assessing the proximity of models.

1 Introduction
The multiplication of execution contexts for multimedia doc-
uments requires the adaptation of document specifications to
the particularities of the contexts. Adaptation is not very pre-
cisely defined and it is currently specified through program-
ming. We propose a semantic approach to multimedia docu-
ments (§2). It does not deal with the semantics of document
content, but with that of their composition. The approach
allows the definition of adaptation in very general semantic
terms independent from the multimedia objects (§3). We then
investigate the temporal dimension of multimedia documents
specified qualitatively (§4) and propose metrics for finding
the “best” adaptations. We discuss then the limitations of
current multimedia specifications that prohibit a better adap-
tation (§5).

We first introduce the characteristics of multimedia docu-
ments (§1.1) and adaptation (§1.2).

1.1 Multimedia documents
A multimedia document is a digital document composed of
objects of different nature: text, sound, image, animation,
etc. These objects and their compositions are called multime-
dia objects. Multimedia documents are traditionally analysed
following four dimensions [Layaïda, 1997]:

� logical (organisation into chapters, shots, etc.),
� spatial (graphic layout),
� hypermedia (relations between documents and docu-

ment fragments),
� temporal (temporal ordering of the multimedia objects).

These dimensions are not totally independent and require a
combined processing.

This paper primarily focuses on the adaptation of multime-
dia documents along their temporal dimension. In a temporal
multimedia document, the presentation of the multimedia ob-
jects is scheduled over time. Such a document is presented
in Figure 1. Time is displayed on the horizontal axis. The
example presented is the introduction of a slideshow made
of different panels composed of graphic objects that can be
presented simultaneously. The first panel displays the title,
authors and outline of the speech; each of these objects are
represented by a segment whose begin and end points corre-
spond to the beginning and ending of their presentation on
screen.

-

0 2 5 8 10 12 t (s)

Title

Outline

Authors
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B
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D

Figure 1: Temporal dimension of a multimedia document.

The Title object starts at second 0 and ends at second 5,
while the Author object starts at second 2 and ends at sec-
ond 5. Between seconds 5 and 8 the Outline object is pre-
sented. etc. Such a description is exact and quantitative since
it defines exactly the beginning and ending instants of each
multimedia object. This information is sufficient for playing
the document: to one exact quantitative representation corre-
sponds only one possible execution of the document (within
a fixed temporal reference).

AI AND THE INTERNET 31



Specifying a multimedia document in an exact manner is
like writing a paper directly in PostScript instead of using
LATEX. Multimedia documents are not often specified in an
exact way because it is more convenient for the author to
leave the interpretation of the specification to the machine as
soon as the will of the author is clearly expressed. The author
can concentrate on the creative part of is or her work instead
of characterising the exact position of each object.

Non-exact specifications can be achieved by expressing the
qualitative relations between multimedia objects. There are
several languages for specifying multimedia documents with
different ways of expressing the temporal dimension: SMIL
[W3C, 1998] expresses the positioning of multimedia ob-
jects with parallel and sequence operators on intervals; Magic
[Dalal et al., 1996] and Madeus [Layaïda, 1997] use a restric-
tion of the Allen algebra of temporal intervals.

The document of Figure 1 can be expressed qualitatively.
For instance, the Authors object starts after and finishes with
the Title object; the Authors object meets the Outline object.
From such a specification, the multimedia presentation sys-
tem (or the Player) computes a plan (called “scenario”) that
can be executed. This function is called temporal formatting.

1.2 Adapting multimedia documents
A server delivers a multimedia document to be played by a
client. Clients and servers can be different machines with
different capabilities. Different contexts of multimedia pre-
sentations introduce different constraints on the presentation
itself. For instance, bandwidth limitations between the client
and the server can result in preventing the client from playing
two bandwidth-demanding videos at the same time. Display
limitations can produce similar constraints. Other constraints
may also be introduced by user preferences, content protec-
tion or terminal capabilities. The constraints imposed by a
client are called a profile.

Profiles can be expressed in terms of a restriction of the
language used for specifying target documents or in terms of
additional constraints imposed on the objects. For instance,
if the device features only a screen with limited capabilities,
it can be impossible to display two images simultaneously on
the same screen.

For satisfying these constraints, multimedia documents
must be adapted before being played. From the profile and
the source document, the adaptation must provide a document
satisfying the constraints expressed in the profile. Qualitative
specifications are central to this process as they enable more
efficient adaptation by providing more flexibility. This adap-
tation is usually performed by a program transforming the
document [Villard, 2001; Lemlouma and Layaïda, 2001].

For the purpose of characterising the adaptation process,
we introduce a semantics of multimedia documents and illus-
trate it on the temporal dimension (§2). The semantic defi-
nition of adaptation (§3) leads to distinguish refining adapta-
tion (in which the models of the adapted document are mod-
els of the source documents) from transgressive adaptation
(in which the models are as close as possible to those of the
source document). Section 4 illustrates the notion of close-
ness for the temporal dimension. The limits of our approach
are then presented (§5).

g1: A B-
{o}

g2:
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Figure 2: Relation graph (inverse arcs are not displayed).

2 A semantic approach to multimedia
documents

We describe the specification of multimedia documents (§2.1)
before defining their semantics (§2.2) used finally for defining
adaptation (§3).

2.1 Specifications

We assume that the qualitative specifications of multimedia
documents use the temporal interval algebra [Allen, 1983]
for representing the temporal relationships between multime-
dia objects. So, the temporal extent of the multimedia ob-
jects will be a temporal interval I whose beginning and end-
ing time are identified by I� and I+. The specification will
relate each pair of multimedia objects by a subset of the set
A13 of temporal relations (presented in Table 1).

relation (r): x r y x / y converse: y r�1 x
before (b) (bi) after
meet (m) (mi) met by

during (d) (di) contains
overlaps (o) (oi) overlaped by

starts (s) (si) started by
finishes (f) (fi) finished by
equals (e) (e)

Table 1: The 13 relationships between temporal intervals.

Definition 1 (Specification). A specification s = hO;Ci of a
document is made of a set of objectsO and a set of constraints
C between these objects (i.e., a relation between several ob-
jects). The set of all specifications will be noted S.

Example 1 (Temporal specifications).
s1 = hfA;Bg; fAfogBgi

s2 = hfA;B;Cg; fAfogB;CfsgAgi

In the remainder, the constraints will be considered as bi-
nary. The temporal specification can then be represented as a
relation graph [van Beek, 1992]. This representation will be
used for describing models.

Definition 2 (Relation graph). A specification s = hO;Ci

can be represented as a complete direct labelled graph gs =

hN;E; �i such that the elements of O are in bijection with
those of N and � : E ! 2

A13 is a total function from the
arcs to temporal relations such that for each x r y 2 C,
�(hx; yi) � r.

Definition 3 (Resolved relation graph). A relation graph is
resolved iff all the labels are singletons.

AI AND THE INTERNET32



2.2 Semantics of a specification
The specification of a multimedia document is interpreted as
the set of its potential executions. A model of a multimedia
document (in the sense of model theory) is an execution of
the document satisfying the specification.

Definition 4 (Interpretation). An interpretation of a specifi-
cation is a pair hI;Di such that D is the domain of interpre-
tation and I is a function from O to D and from C to D �D

(i.e., such that a constraint applied to two elements of the do-
main of interpretation is either true of false).

Example 2 (Temporal interpretation). In order to interpret
the temporal aspects of multimedia documents, we consider
the interpretations such that the objects in O are interpreted
as intervals of the positive real numbers and the constraints
are interpreted as the corresponding relations in the temporal
interval algebra. For instance, A can be interpreted as the
interval [10 20[, B as [12 30[ and C as [10 30[, o is true if its
first argument begins before the second one and ends during
it, fbm og is true if its first argument begins before the second
one and ends before the end of the second one.

A model is defined in the usual way:

Definition 5 (Model). A model of a specification hO;Ci

is an interpretation hI;Di such that for each o r o0 2 C,
hI(o); I(o0)i 2 I(r) is true. The set of models of a specifica-
tion s is noted Ms.

Example 3 (Temporal model). The interpretation presented
in Example 2 is a model of s1 but not of s2.

In the following, we will always consider that there exists
at least one model of the source specification (which is thus
consistent).

These models correspond faithfully to the execution of the
multimedia documents. However, the formatter will consider
executions as equal if they only differ by a translation factor
and the adaptation will consider two executions as equal if
they only differ in duration, preserving topology and order-
ing. We introduce qualitative representations of models as
abstractions of models.

Definition 6 (Qualitative representation of a model). The
qualitative representation of a model hI;Di of a specifica-
tion hO;Ci is a complete direct labelled graph hN;E; �i such
that the elements of O are in bijection with those of N and
� : E ! 2

A13 is a total function from the arcs to temporal
relations such that for each I(x) r I(y), �(hx; yi) = r.

Since the Allen relations are exclusive and exhaustive,
qualitative representations of a model correspond to resolved
relation graphs.

Example 4. q1
s2

= hfA;B;Cg; fAfogB;CfsgA;CfmgBgi

is a qualitative representation of one of the three models of
s2.

3 Semantics of adaptation
The adaptation of a multimedia document is constrained by
the profile. The profile defines constraints that must be satis-
fied by the document to be played.

3.1 Adaptation constraints
Definition 7 (Adaptation constraint). An adaptation con-
straint a determines a set of possible executionsMa. The set
of adaptation constraints will be noted A.

The example above introduced a constraint prohibiting
more than one image to be displayed at once on a screen.
This can be expressed by a MSO constraint.

Example 5 (Maximum Simultaneous Objects). The con-
straint MSOT (n) (Maximum Simultaneous Objects) is a
global constraint prohibiting the display of more than n ob-
jects belonging to the set T simultaneously. It thus determines
the set of interpretations hI;Di of a specification s = hO;Ci,
such that 8i 2 R; jfo 2 T ; I(o)� � i � I(o)+gj � n. In the
remainder, MSO will be used instead of MSOO .

A profile p is a set of such constraints. It determines a class
of qualitative models (those who satisfy the constraints). The
role of adaptation is thus to determine if there exist models of
the initial specification belonging to that class. Otherwise, it
is convenient to alter the specification by finding, among the
set of models satisfying the profile, those that are “semanti-
cally closer” to the source specification.

Definition 8 (Classification of adaptation). Three types
of adaptation can be identified in function of the value of
Ms \Mp (inducing three different constraints on the model
selection function �):

Compliant specification Ms\Mp =Ms: the source doc-
ument satisfies the adaptation constraints (all models of
Ms satisfy the adaptation constraints, so � is identity).

Refining adaptation ; � Ms \ Mp � Ms: there exists
some models of s satisfying the adaptation constraints
(�(Ms) =Ms \Mp).

Transgressive adaptation Ms \ Mp = ;: no model of s
satisfies the adaptation constraints (� will then select
some models of Mp closest to those of the specification
s).

If the constraints of the profile can be expressed as a for-
mula of the specification language, the two first cases are
characterised by the consistency of s[ p. The MSOT (1) con-
straint can be expressed by the relation graph in which all
the labels of arcs connecting two nodes in T are subsets of
fb m mi big. Filtering it can be efficiently performed.

3.2 Problems
One of the benefits of the approach is to be able to clearly pro-
vide criteria that an adaptation function � must meet. These
criteria are expressed here as a set of problems.

The first one is that the adapted specification must satisfy
the adaptation constraints.

Problem (soundness). M�(s) � Mp: do the models of the
adapted specification satisfy the adaptation constraints?

Moreover, if there exists a possible execution of the doc-
ument satisfying the adaptation constraints, this execution
must be preserved in the adapted specification.

Problem (refining-completeness). if Ms \ Mp 6= ; then
M�(s) �Ms \Mp
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In such a case, the adaptation should not authorise models
that were not models of the source specification.
Problem (refining-parsimony). if Ms \ Mp 6= ; then
M�(s) �Ms.

Unfortunately, no guarantee is given that the languages
used for expressing the specifications and the adaptation con-
straints allow the expression of a specification satisfying these
requirements.
Problem (representability). 8s 2 S;8p � A, Does �(s) 2
S exist such that M�(s) =Ms \Mp.

Moreover, one constraint that should be achieved by a se-
mantic approach is that the result of adaptation must not de-
pend on the syntactic form of the specification.
Problem (syntax independence). 8s; s0 2 S;Ms =

Ms0 )M�(s) =M�(s0)

Taking the semantic approach to multimedia document
adaptation allows the characterisation of adaptation in a very
general way depending only on model theoretic considera-
tions. In particular, these definitions are totally independent
from the language used for expressing documents and profiles
as well as the multimedia object and constraint types.

This characterisation clearly emphasises the constraints
that a refining adaptation must meet and that can be over-
looked when programming the transformation.

Transgressive adaptation is more difficult to characterise
and this is considered in the next section.

4 Transgressive adaptation in the temporal
dimension

The goal of transgressive adaptation is to find a specification
�(s) as close as possible to the source specification s. Seman-
tically, this amounts to find the specifications whose models
are the closest possible to those of the source specification.
Figure 3 shows the set of models satisfying MSO(1). A dis-
tance � must be defined between two sets of models in order
to find which models to select.
Problem (compactness). if Ms \Mp = ; then

�(s) = ��(M
s
0 ;Ms)fs

0

2 S;Ms0 �Mpg

Example 6. For the specification s1 = hfA;Bg; fAfogBgi

and the constraint of displaying only one graphic object at
once (MSO(1)), adaptation must be transgressive. The 13
possible models correspond to the 13 possible Allen rela-
tions. Among these models, only those built from before
({b}), meets ({m}), met by ({mi}) and after ({bi}) satisfy the
adaptation property MSO(1). These possible combinations
are presented in Figure 3.

Applying a semantic approach to transgressive adaptation
can be compared to the use of the semantic approach for
knowledge base revision [Dalal, 1988]. This will be the first
step taken here. But we will show that the simple distance
used for comparing models is not sufficient for adapting mul-
timedia documents. Measures depending on the kind of mul-
timedia objects are required.

The usual way to compute the distance between sets of
models is function of a distance d between two models and
a method of aggregation F .

A
B

A o B
�
�
�
�
�
�*

��
��
��:

-
P
P
PP
PPq

A b B A
B

A m B A
B

A mi B A
B

A bi B A
B

Figure 3: The four solutions corresponding the linearization
of an overlapping (MMSO(1)).

Definition 9 (Distance between sets of models).

�(M;M
0

) = Fm2M;m0
2M

0d(m;m
0

)

Various methods exist for aggregating distances (e.g., sin-
gle linkage, full linkage, Hausdorf distance). The single link-
age (i.e., the distance between two sets of models is the small-
est distance between a pair of elements of both sets) seems
better for semantics because the designer of the specification
always has a privileged model in mind.

The second element is the distance d that is considered
hereafter1.

4.1 Distance on the qualitative models
The first distance that comes to mind consists of counting
the relations between two objects that differ between models.
It is comparable to the Hamming distance (i.e., the cardinal
of the symmetric difference between two sets) counting the
propositional atoms that do not have the same truth-value in
propositional logic [Dalal, 1988]. Because qualitative models
correspond to resolved relation graphs, the distance is easily
computed by counting the labels which differ between each
pair of objects. The distance is defined on graphs (and more
precisely on their labelling functions).

Definition 10 (Distance between resolved relation graphs).

d(�; �0) = �n;n0
2N

�
1 if �(hn; n0i) 6= �0(hn; n0i)

0 otherwise

Example 7. Concerning s1, the four models are all at the
same distance from the model of the source specification be-
cause they all differ by two relations (the one between A and
B and its converse).

In order to find more precise results that discriminate be-
tween the four models of the example, the relations between
intervals can be transcribed into relations between their begin
and end points and the same sort of distance can be used.

4.2 Point-based distance on the qualitative models
The relations of the interval algebra can be represented by
relations of the instant algebra between the endpoints of the
intervals. For instance, the meet relation (m) will be repre-
sented by 
(m) = h<;<;=; <i. The distance between two
intervals based on their endpoints will be the number of posi-
tions in the 4-uple that differ.

1The metrics presented satisfy all the properties of distances
[Monjardet, 1981]. This is not discussed due to space constraints.
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Definition 11 (Distance between interval relations based
on endpoints).

Æ(r; r0) = �
4
i=1

�
1 if 
(r)[i] 6= 
(r0)[i]

0 otherwise

The distance between models is the sum of the distance
between each interval relation.

Definition 12 (Distance between models based on end-
points).

d(�; �
0

) = �n;n0
2NÆ(�(hn; n

0

i); �
0

(hn; n
0

i))

Example 8. Table 2 exhibits the relations on endpoints pre-
served by each of the four models of s1 satisfying the adap-
tation constraint with regard to the model of the source spec-
ification. This distance discriminates better the models for

A�=B� A�=B+ A+=B� A+=B+ Æ
A o B < < > < 0
A b B < < < < 1
A m B < < = < 1
A mi B > = > > 3
A bi B > > > > 3

Table 2: Relations preserved by the linearization of an over-
lap

adapting situation s1. Two models (before and meets) are
clearly preferred over the others (met by and after). But in-
tuitively, it seems that meet is a better solution because it
reduces the distance between the two objects which where
previously overlapping. We show that it is possible to find a
distance conforming to this intuition.

4.3 Conceptual distance in the interval algebra
The problem with the former distance is that it does not take
into account the topological structure of temporal relations
(i.e., it only counts differing relations on endpoints or inter-
vals without consideration for a proximity between the dis-
agreeing relations). To take this proximity into account, we
take advantage of the notion of conceptual neighbourhood
[Freksa, 1996] and the shortest path distance in its graph (see
Figure 4).

Conceptual neighbourhood attempts at capturing the prox-
imity between qualitative relations by observing the effects of
transforming the related objects.

Definition 13 (Conceptual neighbourhood). The concep-
tual neighbourhood relation is a binary relation NX

� between
elements of a set of relations � such that NX

� (r; r0) iff the
continuous transformation X of a situation involving two in-
dividuals x and y can transform r(x; y) into r0(x; y) without
transiting by a third relation.

The conceptual neighbourhood relation for the transforma-
tion that moves one endpoint without affecting the others is
given in Figure 4.

A distance between relations can be directly computed
from the graph.
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Figure 4: Conceptual neighbourhood graph (NA

13).

Definition 14 (Conceptual distance). The conceptual dis-
tance Æ0 between two relations is the length of the shortest
path between r and r0 in the graph of NX

� .

Then the distance between models can be expressed by
summing up the conceptual distances between the relation-
ships used in both models.

Definition 15 (Conceptual distance between models).

d(�; �0) = �n;n0
2NÆ

0

(�(hn; n0i); �0(hn; n0i))

Example 9. Concerning s1, the models satisfying the adapta-
tion constraint MSO(1) are at different conceptual distances
from the source specification: before is at a distance of 2,
meet is at a distance of 1, met by is at a distance of 5 and after
is at a distance of 6. So the closest solution to serializing the
overlap relation is meet. This corresponds to the intuition.

5 Limitations
Extending the presented work to the spatial dimension does
not look very difficult. The logical dimension is even eas-
ier because it provides a very structured organisation of the
document that, we conjecture, can yield direct adaptation. So
the proposed approach is able to cope with adaptation in each
dimension of the document.

Real difficulties arise when hypermedia and temporal and
spatial dimensions are considered together. As a matter of
fact, the presence of hypermedia links which, when triggered
by the users, jump to other parts of the presentation, introduce
non-determinism in the interpretation of documents [Dalal et
al., 1996; Fargier et al., 1998]. This non determinism does
not easily fit with the conceptual neighbourhood approach
which favours continuity.

A further analysis shows that the temporal information
contained in specifications is not sufficient for a good adapta-
tion. For instance, considering two panels composed of two
pictures each (AB and then CD, like in Figure 1) and the
MSO(1) constraint, the closest models linearizing the presen-
tation are ABCD and ABDC with a conceptual distance of
18. However, if both panels aim at comparing two objects
O1 (right) and O2 (left) on the basis of two features (one by
panel), preserving the parallelism (which suggests the com-
parison) imposes the choice of ABCD. The absence of in-
formation about the comparison is missing from the speci-
fication resulting in lower quality adaptation. Some authors
[Rutledge et al., 2000] have proposed to use rhetorical struc-
tures [Mann and Thompson, 1987] in order to choose a better
presentation at the formatting stage. This could be useful for
the adaptation stage as well.
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6 Related work
The most related work is that of [Dalal et al., 1996], which
describes the generation of multimedia presentations through
the negotiation of the temporal constraints. Like the work
presented here, the temporal specifications are expressed by
Allen relations. The approach differs because we consider an
existing specification to be adapted where the authors gen-
erate schedules and preferences among them on the fly. So
there is no alteration of already existing constraints based on
the semantic characterisation, but a satisfiability check and
negotiation of constraints when inconsistency is detected.

The transgressive adaptation can be compared with the re-
vision in knowledge bases [Gärdenfors, 1992]: the addition
of a new (adaptation) constraint leads to inconsistency. It
is necessary to find a new specification satisfying this con-
straint and not too different from the source specification.
One difference is that adaptation constraints are not always
formulas of the specification language. Having several con-
straints raises problems similar to incremental revision: since
the constraints are not provided in a sequence but in a set, it is
important that the adaptation does not depend on some order
of presentation constraints. Although transgressive adapta-
tion is neither revision (it does not correspond to some change
in our knowledge) nor update (it cannot be compared to the
acquisition of a new information), more generic techniques
developed for revision could be used in the context of multi-
media adaptation.

7 Conclusion
This paper applied a semantic approach to multimedia docu-
ments and their adaptation. This allows for a precise defini-
tion of what is expected from the adaptation of these doc-
uments and the comparison of the results given by hand-
made transformation with what was expected. It proposes a
model-based distinction between compliant documents, refin-
ing adaptation and transgressive adaptation. This framework
has been applied to the temporal dimension of the documents
providing measures for sharply discriminating the possible
transgressive adaptations.

As discussed above, there remains more work to be carried
out for covering all the aspects of multimedia documents and
for deepening the specification of documents and adaptation
constraint so that the adaptation produces quality results.
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Abstract 
In the Web, extractor agents process classes of 
pages (like ‘ call for papers’  pages, researchers’  
pages, etc), neglecting the relevant fact that 
some of them are interrelated forming clusters 
(e.g., science). We propose here an architecture 
for cognitive multi-agent systems to retrieve and 
classify pages from these clusters, based on data 
extraction. To enable cooperation, two design 
requirements are crucial: (a) a Web vision 
coupling a vision for contents (classes and 
attributes to be extracted) to a functional vision 
(the role of pages in information presentation); 
(b) explicit representation of agents’  knowledge 
and abilities in the form of ontologies, both 
about the cluster’ s domain and agents’  tasks. 
Employing this Web vision and agents’  
cooperation can accelerate the retrieval of useful 
pages. We got encouraging results with two 
agents for the page classes of scientific events 
and articles. A comparison of results to similar 
systems comes up with two requirements for 
such systems: functional categorization and a 
thoroughly detailed ontology of the cluster. 

1 I nt r oduct ion 
Although the terms “Web information agents”  and 
“ cooperative information gathering”  (CIG) are in fashion, 
there are scarce examples of Web systems endowed with 
some sort of cooperation or integration among tasks 
related to text processing, viz classification, retrieval, 
extraction and summarization. When defining the main 
aspects of CIG [Oates et al 1994], information extraction 
was mentioned as a key technology that addresses 
information acquisition in complex environments, 
suggesting implicitly task integration for CIG. 
 Indeed, there is room for cooperation, in particular for 
extractor agents on the Web. These systems are being 
designed to process classes of pages with similar 
structuring and contents (e.g., call for papers, scientific 
articles, ads, etc). However, the relevant fact that many 
of these classes are interrelated forming clusters (e.g., 
Science) has been neglected so far. Cooperation among 

extractors could increase the retrieval of useful pages, 
taking advantage of these relations. 
 Aiming at task integration and cooperation, we 
designed an architecture for cognitive multi-agent 
systems that retrieve and classify pages from clusters of 
information in the Web, extracting slots of data from it. 
Two design requirements are crucial. One is a Web 
vision coupling a vision for contents (classes and 
attributes to be extracted) to a functional vision (the role 
of pages in information presentation, i.e., whether a page 
is a list, message, class instance or garbage). The other, 
necessary to enable cooperation, consists of explicit 
knowledge representation in the form of ontologies, both 
about the cluster’ s domain and agents’  tasks.  
 Experiments held with two agents, that treated the 
classes of scientific events and articles, produced 
promising results, leading to two conclusions: (a) 
functional categorization can be profitable; (b) key 
requirements for success in Web CIG systems are this 
categorization and a detailed ontology of the cluster. 
 The article is organized as follows: Section 2 describes 
the proposed Web vision. Section 3 introduces the 
architecture, its components and many types of reuse 
enabled. Section 4 outlines a case study: MASTER-Web 
(Multi-Agent System for Text Extraction, classification 
and Retrieval over the Web), applied to the Science 
cluster, with the two agents cited above. The results on 
contents and functional classifications are also shown. 
Section 5 compares MASTER-Web to similar systems. 
Section 6 brings future work and conclusions. 

2  A  Pr oposed Web V ision for  CI G  
Web extractors seek pages that are instances of pages’  
classes (e.g., call for papers pages, researchers’ , etc). 
These pages share many common attributes (slots), like 
date and place of a conference. Pages’  classes outline a 
Web division by contents. The slots usually found in a 
class are discriminant, once they help distinguish class 
members. This fact supports the use of extraction in class 
categorization. Researchers’  pages, for instance, usually 
contain typical data, such as projects, interest areas, etc.  

Most links in classes’  pages point to pages containing 
data from a few other classes. A set of interrelated 

 An Ontology-based Architecture for  Cooperative Information Agents 

Freder ico L . G. Freitas 
Universidade Católica de Santos 

R. Carvalho de Mendonça, 144, Vila Mathias 
11.070-906 Santos, SP, Brazil 

fred@unisantos.br  

Guilherme Bittencour t 
Departamento de Automação e Sistemas 
Universidade Federal de Santa Catarina 

Cx. Postal 476, 88.040-900, Florianópolis, Brazil 
gb@das.ufsc.br  

 

AI AND THE INTERNET 37



classes and their relations gather a body of knowledge 
about a specific domain (e.g., science, tourism, etc). They 
form a cluster of classes. In researchers’  pages, e.g., we 
often find links to papers, calls for papers and other 
classes from the scientific cluster. 

Another view of the Web, based on the work of Piroll i 
et ali i [1996], focus on functionality, dividing pages by 
the role played in l inkage and information storage. We 
separate them into five functional groups: content pages 
(class members), resource directories (l ists of content 
pages, e.g., l ists of researchers or scientific articles), 
messages about content pages, recommendations (pages 
that are members of other classes) and garbage.  

Joining these two visions, we can accurately identify 
not only the information to be extracted from page 
classes, but also instances of relations among classes in a 
cluster. Thus, it can improve the search of useful pages.   

3  Pr oposed Ar chi tectur e for  CI G 
We propose an architecture for cognitive multi-agent 
system (MAS) to retrieve and extract data from Web 
pages belonging to classes of a cluster. The core idea of 
employing a MAS resides on taking advantage from the 
relations among classes through agents’  cooperation. The 
architecture overview is i l lustrated in figure 1.  

 

Figure 1: Architecture overview. 

Each agent, represented as a circle in the figure, 
recognizes, fi lters and classifies pages, extracting 
attributes (slots) from them. The pages are supposed to 
belong to the class of pages that the agent processes. For 
instance, CFP pages are processed by the CFP agent, and 
papers pages by an articles’  agent, in the Science cluster. 
The MAS is based on Distributed Problem Solving, 
where agents cooperate without overlapping functions.  

Each agent relies on a meta-robot that can be connected 
to multiple search engines - l ike AltaVista, Excite, etc. 
The meta-robot queries the search engines with keywords 
that assure recall for the agent’ s page class (e.g., the 
terms ‘ call for papers’  and ‘ call for participation’  for the 
CFP agent). Due to the lack of precision, the resultant 

URL set from the queries is characterized by a wide 
variation of functional groups, containing many lists, 
messages, content pages from its class and from others 
agents’  classes, and garbage. The retrieved URLs feeds a 
low priority queue of URLs to be processed. 

An agent continuously accesses this queue and another 
one, assigned with high priority, which stores URLs sent 
as recommendations by other agents of the MAS or taken 
from pages considered as lists. These links are considered 
as “hot hints” , because they were found under a safer 
context. Therefore, they are expected to attain higher 
precision. Cooperation pays off if these suggestions 
contain less garbage than search engine results do.  

An agent processes URLs by extracting data and 
classifying the pages functionally and by contents. The 
extracted data and the results are kept in a database 
together. A mediator facil itates database access to users 
or agents, from the system or external, offering simpler 
reduced non-normalized database views. 

When an agent joins the system, it announces itself and 
sends instances and rules to the other agents. This 
knowledge will be employed by them on the recognition 
of l inks or pages likely to belong to the page class 
processed by the sender agent. So, the agents update their 
knowledge bases and send to the new agent, in return, 
their own recognition instances and rules. When a link or 
page fires any other agent’ s recognition rule, the agent 
sends the link or page to that agent as a recommendation. 

3.1  A gent s’  t ask s 
An agent performs the following steps for each URL. 
Figure 2 depicts an agent in detail.  

Figure 2: An agent and its processing steps. 

Val i dat i on. Non-html, non-http, inaccessible and pages 
already stored in the database are ruled out in this step. 

Pr epr ocessing. Representation elements - such as 
contents with and without html tags, centroid, title, l inks 
and e-mails, among other elements - are generated from 
each valid page applying IR techniques, l ike stop-lists, 
stemming and tagging. If necessary, shallow natural 
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language representations can be used. The representation 
elements are passed to the agent’ s inference engine. 

Funct i onal  cl assi f i cat i on. An agent deduces to what 
functional group the page fits to, whether a list, message, 
garbage or class member dealt by the agent or by another. 

 It is also here that l inks in a page are suggested to 
other agents when any of their identification rules about 
the anchor or URL fires. For example, an anchor or URL 
with the word “ conference”  is useful for a CFP agent. 
Suggestions may trigger scanning on directory structure 
prefixes, l ike /staff/ for a researchers’  agent. These 
directories usually keeps plenty of content pages. 

Ext r act ion and content s cl assi f i cat i on.  These two 
tasks are quite correlated; Riloff [1994] has already 
demonstrated the applicability of extraction for fi ltering. 
In our architecture, extraction assists classification, since 
each agent manages many subclasses, e.g., the CFP agent 
treats conferences, workshops and journals. After 
categorizing a page according to its semantic contents, 
the remaining slots, which weren’ t discovered yet, are 
searched and extracted. In case contradictions or strange 
facts appear during extraction, the functional class 
assigned to the page can be modified. For instance, a 
supposed CFP page is retracted to be a list or garbage, if 
dates farther than a year are met in the top.  

 Using as many representation elements as required, 
each slot of data is extracted by a union of templates, 
cases and rules. When a slot is part of a predefined list, it 
is gleaned by matching terms from the dictionaries (e.g. 
checking the presence of acronyms to find US states).  

3.2  Agents’  knowledge 
Ontologies play a central role in the architecture, serving 
not only as vocabulary in agent messages, but also 
defining proper concepts, slots, instances, restrictions and 
relations. The architecture encompasses five ontologies: 

Cluster  ontology.  The main ontology ought to focus 
on the original domain of the cluster (e.g. Science), 
aiming at a rich and comprehensive representation of its 
classes, even if they don’ t appear in the cluster. There are 
some reasons for this. First, reuse possibilities by any 
application dealing with the domain are enhanced. 
Moreover, it provides a suitable structure to extract slots. 
To sum up, a detailed domain ontology assures 
performance in contents categorization (see section 5.1). 

Web ontology. Classes here contain representations of 
the pages, chosen according to their adequacy in the 
required tasks. They comprise HTTP protocol data, 
Information Retrieval (IR) page representations (such as 
terms and frequencies, contents with and without tags, 
l inks, e-mails, etc), and Natural Language Processing 
(NLP) representations, suitable for unstructured classes. 

CI G ontology. Operational knowledge classes (and 
instances) for the tasks of functional categorization, 
contents classification and extraction. It includes:  

• Templates to extract slots (e.g. deadline of a CFP), to 
recognize functional categories (such as garbage, messages, 
recommendations, etc), and to classify content pages (e.g. 
conference or workshop CFP);  
• Auxiliary classes like dictionaries concepts (with 
keywords and synonyms), agents and abilities, etc;  
• Functions to determine regions, extract, convert, format, 
check consistency and dismiss extracted data; 
• Complex and expressive cases specifying conditions, 
concepts and sets of slots whose presence or absence 
characterize a content page class. An example below: 
([Articles-with-author-org-and-place] of Case 
(All-of-Concepts-Keywords TRUE) 

  (Absent-Concepts-in-the-Beginning [thesis]) 
  (Concepts-in-the-Beginning [abstract]) 
  (Slots-in-the-Beginning [Author-Name]  

[Organization-Name] [Location]))  
This case detects articles. If, in the beginning of a 

page, an author name, an organization and a country (or 
US state) were extracted, terms similar to “abstract”  were 
found, but not terms related to the concept “ thesis”  (like 
“partial fulfi l lment” ), a rule bound to this case is fired. 
The attribute All-of-Concepts-Keywords determines 
whether all the slots have to appear in the page; if it was 
false only one would be necessary. Next, a Class-
Recognizer instance (displayed below) and a rule 
creates an instance of the class associated with the case.  

([Part-Publication] of Class-Recognizer 
 (Cases [Articles-with-author-org-and-place]) 
 (Class [Part-Publication])) 

The agents first categorize pages into abstract classes 
(which can’ t have instances, as, in the example, Part-
Publication), to assign later the exact class the pages 
fit to (e.g. Conference-Article). Cases, recognizers, 
concepts and rules are also applied on slot extraction and 
search of l inks and URLs to be suggested to other agents.  

Auxi l i ar y ont ologies. Comprise ontologies for NLP 
(like WordNet [Miller 1995]), time and places (with 
countries, states, etc), and other specific ontologies from 
other subject areas, which can be helpful for an agent or 
domain (l ike bibliographic data, for the “articles”  agent). 

Indeed, a knowledge-based approach is adequate to 
permit not only high-level intentional cooperation, but 
also massive reuse of code, search engines’  services, DB 
definitions - once agents’  tables are the same (pages not 
recognized, dictionaries, search engines and their 
queries), except the particular table where an agent stores 
its extracted data (for instance, CFPs to the CFP agent) – 
and knowledge. This latter is the most important reuse 
and can happen in several ways. Ontologies can be 
downloaded from repositories, l ike Ontolingua. A cluster 
ontology serves to all agents in a cluster, as well as most 
knowledge from dictionaries and rules. Thus, a new agent 
is quickly built, needing only new rules and instances of 
concepts, cases and templates, given that knowledge 
acquisition has already been accomplished. 
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4  Case Study:  the Science domain 
A model of agent was developed in Java, and a mediator, 
in Delphi and HTML. We util ized KQML for agents’  
communication. Ontologies were written using Protégé1. 
Rules were specified in the inference engine Jess2. The 
search engines AltaVista, NorthernLight and Goggle 
were queried for retrieval. NLP wasn’ t implemented yet. 
The data to be extracted was identified to support the 
classifications, but not extracted 

We reused an ontology of science from the project 
(KA)2 [Benjamins et al, 1998], introducing many 
refinements. A key one was the creation of abstract 
classes grouping classes with common features, in order 
to improve classification. For example, class Scientific-
Event derived abstract subclasses Live-Sc-Event - with 
concrete subclasses Conference and Workshop - and Sc-
Publication-Event, with subclasses Journal and Magazine 

Two agents from the Science cluster were developed:   

CFP Agent. Handles any CFP pages. Extraction 
templates for 21 slots were defined (e.g. Place, Deadline, 
Editor-in-Chief) from 8 scientific events subclasses (the 
ones already cited plus Generic-Live-Sc-Event, Generic-
Sc-Publication-Event and Special-Issues for Journal and 
Magazine), classified by 28 cases and templates.  

Scient i f i c ar t i cl es agent . The search engines were 
queried with terms that appear often in articles: 
“ abstract” , “ introduction” , “ related work” , “ conclusion” , 
“ discussion” , and others. The agent is responsible for 10 
classes: workshop, conference, journal and magazine 
articles, book chapters and generic articles, as well as 
thesis, dissertations, technical and project reports. 8 slot 
templates, 16 cases and 36 templates were created.  

Three tests were executed with each agent. The first 
two treated corpi obtained from the search engines’  
queries; one was applied for knowledge acquisition, to 
specify the cases, templates and rules, and the other, for 
blind test. The third test was made directly from the Web.  

4.1  Resul t s 
Table 1 displays tests’  results. In the table, recognition 
stands for an evaluation if the agent correctly identified 
member pages. Note that a fourth test was run with CFP 
agent, in which it benefited from lists of content pages. 
Lists of CFPs on a focused subject are usually maintained 
by researchers, departments and organizations.  

CFP Agent . More than 70% of content pages were 
conference CFPs, mostly recognized by the presence, in 
the top of the pages, of the concept CFP, and the slots 
initial date and location The few false content pages were 
very long and about communities of users (Linux, XML, 
etc), containing many of the slot triggering concepts. The 
agent failed to recognize CFPs with little data or not 
using the jargon (“deadline” , etc). Lists were detected 
                                                  

1 http://protege.stanford.edu 
2 http://herzberg.ca.sandia.gov/Jess 

when many anchors contained terms related to events, or 
when lots of time intervals in a page (e.g., 1-4 December) 
were present. Special care should be taken to lists, once 
false positives can queue bad links as “hot hints” .  

Table 1: Agents’  performances. 

The lists increased substantially the retrieval of content 
pages. The set of pages retrieved in the fourth test was 
clearly more focused. Pages from other categories, like 
lists, messages and recommendation to the fictitious 
Organizations agent and Dividable-Publication agent 
(process Proceedings), were substituted by content pages 
in the form of frames. In the other tests, only one frame 
appeared. In this test, the number of contents pages rose 
between 13 and 22% (see Figure 3), due to frames pages. 

Even the garbage patterns changed: instead of false 
content pages, caused by search engines’  lack of 
precision, garbage were graphical, initial pages of CFPs. 
It is also remarkable that some scientific events found in 
l ists were not discovered in the other tests. These facts 
demonstrate that functional categorization, and, in 
particular, the use of l ists, pays off. 

Scient i f i c ar t i cl es agent . Recognition errors 
happened in articles with few data, data in the end, or 
with affi liations in unknown companies. An article must 
have at least three of the slots Organization-Name 

"Call for Papers”  Agent Articles Agent 
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Author-Name, Location, e-mail and Department. The 
agent missed articles containing only the authors’  names, 
but this is normal in other similar systems like CiteSeer. 
 Contents classification was based on information about 
articles’  publication, usually put in the top of papers. 
More than half of the articles didn’ t bring this data.  

Cooper at i on.  We executed one more test, in which the 
agents cooperated. The CFP agent asked the articles’  
agent for anchors in top of papers containing concepts 
like “conference” , “ journal” , etc. The articles’  agent 
transformed these requests into rules to suggest anchors 
to the CFP agent. Although it worked and no suggestion 
was wrong, only three anchors were sent. 

To prove the usefulness of cooperation, the CFP agent 
scanned anchors in Program Committees seeking for 
suggestions to a future “ researchers”  agent. No extraction 
technique (e.g. proper names) or dictionary was present, 
only simple heuristics. The agent recommended 30 
correct and 7 wrong anchors, a promising rate, given that 
researchers’  pages are less structured and, therefore, 
harder to be retrieved by search engines queries.  

5  Related Wor k  and Discussion 
Many subject areas are involved with this project: 
information, retrieval, extraction, classification, multi-
agents, information agents, NLP and ontologies, at least. 
Instead of trying to review these areas, we will focus on 
comparing and discussing solutions similar to ours. 

5.1  W ebK B 
This system [Craven et al, 1999] integrates extraction and 
classification as separate tasks, supported by machine 
learning. Pages from computer science departments’  sites 
in universities are classified against a domain ontology 
previously defined, with classes and relations. The pages 
were represented using IR techniques. Classification and 
extraction rules were learnt from annotated corpi. 

The decision of relying on machine learning depends 
upon some issues. The first one is a comparison between 
the costs of annotating corpi against inspecting them for 
knowledge acquisition, as we did. ML brings gains such 
as speed and adaptability. However, there are  
drawbacks, l ike readability and ontological engagement 
of the learned rules (which tends to be quite specific), 
difficulties to include a priori knowledge and to capture 
some rules without adding lots of features, and even to 
generalize through a huge number of features or classes. 

WebKB’s ontology was composed of four basic 
classes: activities – with subclasses projects and courses - 
persons – student, faculty and staff -, departments and 
other. Relations among classes were defined, as in our 
project: project members, advisors, instructors, etc.  

Discussion. The authors evaluated contents’  
classifications only by the false positives, reporting rates 
between 73 and 83 %, except for the classes “staff 
member”  and “other” . Nonetheless, if false negatives 
were computed, the class “other”  reaches 93,6%, 

“student”  43% and the remaining 6 classes less than 27%,  
lowering the average rate to around 50%.  

Other drawbacks are the huge incidence in the class 
“other” , almost three times the sum of the other classes 
together, 65% of them wrong. This class severely 
affected performance, since 90% of the mistakes of the 
tests came from it. Anyway, even if the classification was 
correct, the util ity and costs of such system would be 
questionable, since more than 73% of the pages would 
have to be categorized as “other” . 
 This deluge of garbage pages seems to stem from two 
facts: (a) The absence of functional categorization, and 
(b) the role of ontologies was underestimated in WebKB, 
since its ontology doesn’ t seem to be comprehensive 
enough. On the contrary, MASTER-Web’s ontology 
incorporates classes not useful yet, such as projects and 
products, because agents to process these classes can be 
available in the future. Moreover, current agents apply 
these definitions to manage their own classes. 

On the other hand, the learning process may face 
problems on generalization with an ontology with many 
classes. Much more annotated pages would probably be 
needed as well. Therefore, any solution shall rely on 
cooperation, with learning or inference agents. 

5.2  Ci t eSeer  and DEA DL I NER 
These systems perform efficient retrieval, fi ltering and 
extraction over the Web, exploiting statistical and 
learning methods joined with a priori knowledge.  

Ci teSeer . One of the most accessed software in the 
search of scientific articles [Bollacker et al, 1999]. They 
are found monitoring mailing lists, newsgroups and 
publishers, or querying search engines with keywords 
“papers” , “publications”  and “postscript” . An article is 
recognized by the existence of a reference section. 
 The system extracts bibliographic data from each 
article and from its reference section, which plays the 
role of the functional category of list, helping to locate 
other articles. The number of citations of an article by 
others represents a measure of its relevance. Databases of 
authors and journals, as well as complex techniques, are 
applied to identify co-references for authors and articles. 

DEADL I NER . This system [Kruger et al 2000] 
searches the Web for scientific events. It scans 
newsgroups and broadcast e-mails, and has its own meta-
robot. From each CFP, it extracts initial and final date, 
deadline, program committee, and affi l iation of each 
committee member, themes, events’  name and country. 
Extraction is carried out by a sequence of positional 
filters integrated using automatic learning. Extraction 
performance achieves more than 70% for all the slots. 
For program committee extraction, the system benefits 
and updates CiteSeer’ s researchers’  database. 

Recognition performance is similar to ours (more than 
95%), but its definition of event is more restrictive: all 
the slots are required, except country, plus some 
submission information. MASTER-Web’s CFP agent 
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offers more recall and flexibil ity, accepting 
announcements of book chapters, magazines, contests, 
workshops and journals. Moreover, the requirements are 
expressed in cases, which are much more flexible. CFP 
agent was designed bearing in mind that users are 
interested in any CFPs for their research works.  

Discussion. Although developed by the same research 
group, CiteSeer and DEADLINER nowadays are not able 
to cooperate directly. They handle anchors and pages that 
interest each other, only cooperating in the construction 
of the researchers’  database. 

This is a common problem for extractor agents on the 
Web: the simplicity, adaptability and speed of wrapping, 
learning and finite-state methods prevent these systems to 
cooperate in an intentional knowledge-based manner. 
Thus, they couldn’ t ask for data of a certain type, 
employing, as shared vocabulary for communication, 
ontologies about the domain, their abilities, desired 
pages, features among other pieces of knowledge. 

As the number of Web extractors grows, each with its 
robot collector, strain on bandwidth can be. Conversely, 
cooperation could turn out to be even more profitable 
than search engines results, constituting the only starting 
way to look for unstructured classes, l ike researchers’  
pages. Furthermore, cooperation can take place also at 
the level of data: the CFP agent can warn a researchers’  
agent that a certain researcher was chair of an event, a 
fact that could be missing in her homepage.  

This stems from the knowledge representation. In 
statistical and finite-state approaches, knowledge is 
hidden behind algorithms. It can be neither reasoned nor 
communicated at knowledge level, blocking cooperation 
among extractors and integrated extraction. On the other 
hand, declarative systems can change their behavior 
dynamically in favor of the cluster’ s processing, 
communicating in an elegant manner. Another advantage 
of these systems resides on the fact that, with an 
approach like CiteSeer and DEADLINER to process a 
new class, most of the new system has to be made from 
scratch. With our architecture, reuse is massive, and only 
part of the knowledge has to be acquired and specified. 

6  Futur e Wor k  and Conclusions 
This project has a long road ahead. New agents for the 
Science cluster have to be deployed, l ike a researchers’  
agent, to make cooperation actually effective. We must 
extend our tests to other clusters formed by interrelated 
page classes, such as a tourism cluster - l inking events, 
hotels, and transport pages.  

Learning and NLP techniques must be accomodated to 
deal with less structured page classes. The agents should 
also check data duplicity, and documents written in other 
formats (like .ps and XML) must be covered too. 

With this work, we tried to ferti l ize the field of CIG 
with some new issues and principles, with cooperation as 
the guiding idea: task integration, declarative inferential 
extractors capable of intentional cooperation, a Web 

vision coupling functional and contents aspects, mapping 
of semantic relations among page classes and 
identification of l inkage patterns. A key requirement for 
CIG systems came up with the tests: a detailed ontology 
is needed to process the richness of a cluster’ s domain.  

On the practical side, we designed a fully reusable 
cognitive MAS to process data from whole regions of the 
Web, and got encouraging results from it. We claim that 
keyword-based search engines can be a basis for more 
accurate ontology-based domain-restricted cooperative 
information agents in a near future. 
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Abstract 
Unlike conventional data or text, Web pages 
typically contain a large amount of information 
that is not part of the main contents of the pages, 
e.g., banner ads, navigation bars, and copyright 
notices. Such irrelevant information (which we 
call Web page noise) in Web pages can seriously 
harm Web mining, e.g., clustering and classifi-
cation. In this paper, we propose a novel feature 
weighting technique to deal with Web page noise 
to enhance Web mining. This method first builds 
a compressed structure tree to capture the com-
mon structure and comparable blocks in a set of 
Web pages. It then uses an information based 
measure to evaluate the importance of each node 
in the compressed structure tree. Based on the tree 
and its node importance values, our method as-
signs a weight to each word feature in its content 
block. The resulting weights are used in Web 
mining. We evaluated the proposed technique 
with two Web mining tasks, Web page clustering 
and Web page classification. Experimental results 
show that our weighting method is able to dra-
matically improve the mining results. 

1 Introduction 
The rapid expansion of the Internet has made Web a 
popular place for disseminating and collecting information. 
However, useful information on the Web is often ac-
companied by a large amount of noise such as banner ads, 
navigation bars, copyright notices, etc. Although such 
information items are functionally useful for human 
viewers and necessary for Web site owners, they can se-
riously harm automated information collection and mining 
on the Web, e.g., Web page clustering, Web page 
classification, and information retrieval. Web noise can be 
grouped into two categories based on their granularities: 
Global noise: It refers to redundant objects with large 

granularities, which are no smaller than individual pages. 
Global noise includes mirror sites, duplicated Web pages 
and old versioned Web pages to be deleted, etc. 

Local (intra-page) noise: It refers to irrelevant items 
within a Web page. Local noise is usually incoherent 

with the main content of the page. Such noise includes 
banner ads, navigational guides, decoration pictures, etc. 

This work focuses on dealing with local noise in Web 
pages. We call it Web page cleaning. The work is chal-
lenging because it is a non-trivial task to decide which part 
of a Web page is meaningful and which is noisy. Despite 
its importance, relatively little research has been done on 
Web page cleaning so far (see Section 2). In this paper, we 
propose an effective feature weighting technique to clean 
Web pages with the purpose of improving Web mining. 
Our method does not decide and physically remove those 
noisy blocks of a page. Instead, it assigns low weights to 
the features in those possibly noisy blocks. The advantage 
of our method is that there is no need to use a threshold to 
determine whether a block is noisy or not. Setting a suit-
able threshold is very hard in practice. 

Our cleaning technique is based on the following ob-
servation. In a typical commercial Web site, Web pages 
tend to follow some fixed layouts and presentation styles 
as most pages are automatically generated. Those parts of 
a page that also appear in many other pages in the site are 
more likely to be the noise, and those parts of the page that 
are quite different from other pages are usually the main 
content of the page. To capture the common structure and 
comparable blocks among Web pages, we introduce the 
compressed structure tree to compress or to merge a set of 
Web pages from a Web site. We then propose a measure 
that is based on information theory [Shannon, 1948] to 
evaluate each element node in the compressed structure 
tree to determine the importance of the node. Based on the 
tree and node importance values, our method assigns a 
weight to each word feature in its content block. These 
feature weights are then directly used in Web mining. 

Our experimental results based on two popular Web 
mining tasks, i.e., Web page clustering and classification, 
demonstrate that the proposed cleaning technique is able 
to boost the mining accuracy significantly. For example, in 
classification, the average classification accuracy over all 
our datasets increases from 0.785 before cleaning to 0.951 
after cleaning. 

2 Related Work 
Although Web page cleaning is an important problem, 
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relatively little work has been done to deal with it. In [Lin 
and Ho, 2002], a method is proposed to detect informative 
blocks in Web pages. Their concept of informative blocks 
is similar to our concept of main contents of a page. 
However, the work in [Lin and Ho, 2002] is limited by the 
following two assumptions: (1) the system knows a priori 
how a Web page can be partitioned into coherent content 
blocks; and (2) the system knows a priori which blocks are 
the same blocks in different Web pages. As we will see, 
partitioning a Web page and identifying corresponding 
blocks in different pages are actually two critical problems 
in Web page cleaning. Our system is able to perform these 
tasks automatically. Besides, their work views a Web page 
as a flat collection of blocks, and each block is viewed as a 
collection of words. These assumptions are often true in 
news Web pages, which is the domain of their applications. 
In general, these assumptions are too strong. 

In [Bar-Yossef and Rajagopalan, 2002], Web page 
cleaning is defined as a frequent template detection 
problem. They propose a frequency based algorithm to 
detect templates or patterns. Their work is not concerned 
with the context of a Web site, which can give useful clues 
for page cleaning. Moreover, in their work, the partition-
ing of a Web page is pre-fixed, which is not suitable for a 
Web site because a Web site typically has common layouts 
and presentation patterns. We can exploit these common 
patterns to partition Web pages and to clean them. 

Other related work includes data cleaning for data 
mining and data warehousing (e.g., [Lee, et al., 2000]). 
However, they are only concerned with structured data. 
Web page data are semi-structured, and thus require dif-
ferent cleaning techniques. 

Web page cleaning is also related to feature selection in 
traditional text learning (see [Yang and Pedersen, 1997] 
for a survey of feature selection techniques). In feature 
selection, features are individual words or attributes. 
However, items in Web pages have some structures, which 
are reflected by their nested HTML tags. Hence, different 
methods are needed in the context of the Web. 

[Kushmerick, 1999] proposes some learning mecha-
nisms to recognize banner ads, redundant and irrelevant 
links of Web pages. However, these techniques are not 
automatic. They require a large set of manually labeled 
training data and also domain knowledge to generate 
classification rules. 

[Kao et al., 2002] enhances the HITS algorithm of 
[Kleinberg, 1998] by using the entropy of anchor text to 
evaluate the importance of links. It focuses on improving 
HITS in order to find informative structures in Web sites. 
Although it segments Web pages into content blocks to 
avoid unnecessary authority and hub propagations, it does 
not detect or eliminate noisy contents in Web pages. 

Our work is also related to segmentation of text docu-
ments, which has been studied extensively in information 
retrieval. Existing techniques roughly fall into two cate-
gories: lexical cohesion methods [Beeferman et al., 1997; 
Eichman et al., 1999; Kaufmann, 1999; Reynar, 1999] and 
multi-source methods [Allan et al., 1998; Beeferman et al., 

1999]. The former identifies coherent blocks of text with 
similar vocabulary. The latter combines lexical cohesion 
with other indicators of topic shift, such as relative per-
formance of two statistical language models and cue 
words. In [Hearst and Plaunt, 1993], Hearst and Plaunt 
discussed the merits of imposing structure on full-length 
text documents and reported good results of using local 
structures for information retrieval. Instead of using pure 
text, which is unstructured, we process semi-structured 
data. We can make use of the semi-structures present in 
Web pages to help our cleaning task. 

Finally, our feature weighting method is different from 
feature weighting methods used in information retrieval. 
One of the popular methods used in text information re-
trieval for feature weighting is the TFIDF scheme [Salton 
and McGill, 1983; Baeza-Yates and Bibeiro-Neto, 1999]. 
This scheme is based on individual word (feature) counts 
within a page and among all the pages. It is, however, not 
suitable for Web pages because it does not consider Web 
page structures in determining the importance of each 
content block and consequently the importance of each 
word feature in the block. For example, a word in a 
navigation bar is usually noisy, while the same word oc-
curring in the main part of the page can be very important. 

3 The Proposed Technique 
The proposed cleaning technique is based on analysis of 
both layouts (structures) and contents of the Web pages in 
a given Web site. Thus, our first task is to find a suitable 
data structure to capture and to represent common layouts 
or presentation styles in a set of pages of the Web site. We 
propose the compressed structure tree (CST) for this pur-
pose. Below, we start by giving an overview of the DOM 
(Document Object Model) 1  tree and showing that it is 
insufficient for our task. We then present the compressed 
structure tree, which is followed by our entropy measures 
for evaluating the nodes in the compressed structure tree 
for noise detection. 

3.1 DOM tree 
Each HTML page corresponds to a DOM tree where tags 
are internal nodes and the actual text, images or hyperlinks 
are the leaf nodes. Figure 1 shows a segment of HTML 
codes and its corresponding DOM tree. In the DOM tree, 
each solid rectangle is a tag node. The shaded box is the 
actual content of the node, e.g., for the tag IMG, the actual 
content is �src=image.gif�. The order of child tag nodes is 
from left to right. Notice that our study of HTML Web 
pages begins from the BODY tag nodes since all the 
viewable parts are within the scope of BODY. Each tag 
node is also attached with the display properties of the tag. 
Display properties defined by CSS (Cascading Style Sheet) 

2 are treated as normal display properties if CSS is avail-
able in the page source (i.e., if CSS is not external). For 
convenience of analysis, we add a virtual root node 
                                                 
1 http://www.w3.org/DOM/ 
2 http://www.w3.org/Style/CSS/ 
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without any attribute as the parent tag node of BODY tag 
node in each DOM tree. 

                      

 
Figure 1: A DOM tree example (lower level tags are omitted) 

Although a DOM tree is sufficient for representing the 
structure of one HTML page and it has been used in many 
applications (e.g., [Chakrabarti et al., 2001]), it cannot 
represent the common structure of a set of Web pages. We 
aim to compress individual DOM trees of Web pages into 
a single tree (compressed structure tree) which captures 
the commonalities of the pages in a Web site. Based on 
this tree, we can easily study some statistical properties of 
the structures and the contents of the Web pages. 

3.2 Compressed structure tree (CST) 
Before defining the compressed structure tree, we first 
define the presentation style of a tag node in a DOM tree. 
Definition (presentation style): The presentation style of 

a tag node T in a DOM tree, denoted by ST, is a sequence 
<r1, r2, �, rn>, where ri is a pair (Tag, Attr) specifying 
the ith child tag node of T.  
! Tag is the tag name, e.g., �TABLE� and �IMG�; 
! Attr is the set of display attributes of Tag, e.g., 

bgcolor = RED, width = 100, etc. 
n is the length of the style. For example, in Figure 1, the 
presentation style of tag node BODY is <(TABLE, 
{width=800, height=200}), (IMG, {width=800}), 
(TABLE, {bgcolor=red})>.  

We say two presentation styles Sa:< ra1, ra2, �, ram> and 
Sb:< rb1, rb2, �, rbn> are equal, i.e., Sa = Sb, iff m = n and 
rai.Tag= rbi.Tag and rai.Attr = rbi.Attr, i = 1, 2, �, m. 

An element node (the basic information unit) of a 
compressed structure tree (CST) is defined as follows:  
Definition (element node): An element node E represents 

a set of merged tag nodes in the DOM tree. It has 5 
components, denoted by (Tag, Attr, TAGs, STYLEs, 
CHILDs), where  
! Tag is the tag name; 
! Attr is the set of display attributes of Tag. 
! TAGs is the set of actual tag nodes in the original 

DOM trees that are compressed (or merged) in E. 

! STYLEs is the set of presentation styles merged into 
E. 

! CHILDs is the set of pointers pointing to the child 
element nodes of E in CST. 

Figure 2: DOM trees and the compressed structure tree (lower 
levels of trees are omitted) 

An example of compressed structure tree is given in Figure 
2, which compresses the DOM trees d1 and d2. We observe 
that, except for the tag node SPAN, all the tag nodes in d1 
are merged with corresponding tag nodes in d2. So, an 
element node in CST actually denotes a set of merged tag 
nodes, which represents a set of logically comparable 
blocks in different DOM trees. 

Tag nodes in different DOM trees cannot be merged 
randomly. We need to ensure that the merged tag nodes are 
the same logical blocks in different Web pages. We build a 
CST of a set of Web pages from a Web site by merging 
their DOM trees from top to bottom in following steps: 
1. All root tag nodes of the DOM trees are merged to form 

the first (the top most) element node of the CST. We 
have Tag = root, Attr = {}, and TAGs being the set of all 
the root tag nodes in the DOM trees of the Web pages. 

2. We compute STYLEs of the element node E passed 
from the previous step. E.STYLEs is the set of presen-
tation styles of all the tag nodes in the DOM trees 
covered by E. Note that common presentation styles are 
combined. 

3. All the corresponding child tag nodes of those (tag 
nodes) in E.TAGs with the same presentation style are 
merged, which form the initial child element nodes of E. 
However, we want to further merge these initial child 
element nodes. For any pair of initial child element 
nodes E1 and E2, if their respective Tags and Attrs are 
the same, we compare their textual contents to see 
whether they are similar and can be merged. Let the 
characteristic feature (or word) set of Ej.TAGs be Ij = 
{featurek | freq(featurek) ≥ γ, featurek occurs in textual 
contents of Ej.TAGs}, where j = 1, 2. freq(featurek) is 
the document frequency of featurek within Ej.TAGs and 
γ is a predefined constant between 0 and 1. If |Ij| > 0 (j = 
1, 2) and |I1∩I2|/|I1∪I2| ≥ λ, then E1 and E2 are merged 
to form a new element node (E1 and E2 are deleted). 
The new element node is inserted into the set of initial 

<BODY bgcolor=WHITE> 
<TABLE width=800 height=200> 

� 
</TABLE> 

  <IMG src="image.gif" width=800> 
<TABLE bgcolor=RED> 

� 
</TABLE> 

</BODY> 
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child element nodes. The merging step ends when no 
pair of child element nodes can be merged. In our ex-
periments, we set γ = 0.85 and λ = 0.85, which perform 
very well. 

4. If no child element node is created in step 3, stop; else 
for each child element node from step 3, goto step 2.  

After the CST is built, it is used to compute a weight for 
each word feature in each block of a Web page. 

3.3 Weighting policy 
Intuitively, if an element node contains many different 
presentation styles, it is more likely to be important and 
hence should be assigned a high weight. Otherwise, it will 
be assigned a low weight, i.e., it is more likely to be noisy. 

We use the entropy of presentation styles to encode the 
importance of an element node E in the CST. 
Definition: For an internal element node E in CST, let l = 

|E.STYLEs| and m = |E.TAGs|. The importance of E, 
denoted by NodeImp(E), is 
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where pi is the probability that a tag node in E.TAGs uses 
the ith presentation style. 

For example, in CST of Figure 2, by equation 1, we obtain 
NodeImp(root) = -1log21 = 0 since the root element node 
has only one presentation style. For the BODY element 
node, NodeImp(BODY) = -(0.5log20.5 + 0.5log20.5) = 1. 

A leaf node is treated differently from an internal node 
since it contains the actual words or features without any 
tag. We define its importance to be the averaged impor-
tance of the actual word features in it. 
Definition: For a leaf element node E in CST, let N be the 

number of features present in E, the importance of E is: 
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where ai is a feature of the content in E and HE(ai) is the 
information entropy of ai within E, which is 







>
=

−= ∑
=

1
1

log
0

)(
1

mif
mif

ppaH m

j
ijmij

iE
    (3)  

where m = |E.TAGs|, and pij is the probability that ai 
appears in the jth tag node of E.TAGs. 

NodeImp(E) only evaluates local importance of E. In order 
to weigh a feature contained in a leaf node of a CST, we 
use the cumulative importance of the path from root to the 
node containing the feature. We call this cumulative im-
portance of E the path importance, denoted by PathImp(E). 
PathImp(E) measures the importance of the structure from 
root to E in CST. 

Since the path importance is a cumulative importance 
value, it should meet the following requirement: 
! For any two element nodes E1 and E2 in CST, if E1 is an 

ancestor of E2, then 1≥PathImp(E2) ≥PathImp(E1) ≥0. 
We define the path importance of an element node E in a 
CST as follows. 
Definition: For an element node E in a CST, the path 

importance of E, denoted by PathImp(E), is: 
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where Ei is an ancestor of E or E itself in the CST. 
Our weighting policy considers both the structure and 
content context of the features. The weight of each feature 
in a particular block (or under a particular tag) of the Web 
page is computed as follow.  
Definition: For a feature ai in a leaf element node E of a 

CST, the weight of ai under the tag node Tj of the DOM 
tree of a Web page (i.e., Tj ∈ E.TAGs), denoted by WE(ai, 
Tj), is defined by 
 ijiEjiE faHEPathImpTaW ×−×= ))(1()(),(  (5)  

where fij is the frequency of ai under tag Tj of the page. 
In our implementation, we do not use the actual leaf tag 
nodes in a page as they overly fragment the page. Instead, 
we use the grandparent tag nodes of the actual leaf tag 
nodes in the DOM tree as the (virtual) leaf tag nodes in 
building CST, and in computing feature weights. 

After a weight to each feature in every block of a Web 
page is assigned, we add the weights of the same feature in 
the page. All the feature weights of the page together form 
a feature vector of the page, which is used as input to Web 
mining, e.g., clustering and classification. 

4 Empirical Evaluation 
This section evaluates the proposed cleaning technique. 
Since the purpose of our data cleaning is to improve Web 
mining, we performed two mining tasks, i.e., clustering 
and classification, to test our system. By comparing the 
mining results before cleaning and after cleaning, we show 
that our Web cleaning technique is able to boost mining 
accuracy dramatically.  

Below, we first describe the datasets used in our ex-
periments and the evaluation measures. We then present 
our experimental results of clustering and classification. 

4.1 Datasets and evaluation measures 
Our empirical evaluation is done using Web pages from 5 
commercial Web sites, Amazon3, CNet4, PCMag5, J&R6 
and ZDnet 7 . These sites contain many introduction or 
overview pages of different kinds of products. In order to 
guide users and/or to show advertisements, these Web 
pages all contain a large amount of noise. We will see that 
the noise mislead mining algorithms to produce poor re-
                                                 
3  http://www.amazon.com/ 
4  http://www.cnet.com/ 
5  http://www.pcmag.com/ 
6  http://www.jandr.com/ 
7  http://www.zdnet.com/ 
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sults (in both clustering and classification). 
All the five Web sites contain Web pages of many 

categories or classes of products. We choose the Web 
pages that focus on the following categories of products: 
Digital Camera, Notebook, TV, Printer and Mobile Phone. 
Table 1 lists the number of documents that we downloaded 

from each Web site, and their corresponding classes. 
Since we test our system using clustering and classifi-

cation, we use the popular F score measure in information 
retrieval to evaluate the results before and after cleaning. F 
score is defined as follows: 
 F = 2p*r/(p+r), 
where p is the precision and r is the recall. F score meas-
ures the performance of a system on a particular class, and 
it reflects the average effect of both precision and recall. 
We will also include the accuracy results for classification. 

4.2 Experimental results 
We now report our experimental results before and after 
cleaning. Cleaning is done on all the Web pages from each 
Web site separately using the proposed technique.  

Clustering 
For clustering, we use the popular k-means algorithm 

[Anderberg, 1973]. We put all the 5 categories of Web 
pages into a big set, and use the k-means clustering algo-
rithm to cluster them into 5 clusters. Since the k-means 
algorithm selects the initial seeds randomly, we performed 
a large number of experiments (800) to show the behaviors 
of k-means before and after page cleaning. The F score for 
each of the 800 runs is drawn in Figure 3, where X-axis 
shows the experiment number and Y-axis shows the F 
score. F score for each run is the average value of the 5 
classes, which is computed as follow: By comparing the 
pages� original classes and the clustering results, we find 
the optimal assignment of class to each cluster that gives 
the best average F score for the 5 classes. 

From Figure 3, we can clearly observe that after clean-
ing the results are drastically better. Over the 800 runs, the 
average F score for the noise case is 0.506, while the av-
erage F score for the clean case is 0.756, which is a 
remarkable improvement.  

After cleaning, 84.38% of the 800 results have F scores 
higher than 0.7, and only 4.63% lower than 0.5. Before 
cleaning, only 0.5% of the 800 results (4 out of 800) have 
F scores higher than 0.7, and 47.63% lower than 0.5. Thus, 
we can safely conclude that our feature weighting tech-
nique is highly effective for clustering. 

Classification 
For classification, we use Support Vector Machine 
(SVM), which has been shown to perform very well for 
text classification by many researchers (e.g., [Joachims 
1997]). We used the SVMlight package [Joachims, 1999] 
for all our experiments.  

In each experiment, we build classifiers based on two 
classes of pages from different Web sites. For example, the 
two classes can be camera pages from Amazon and 
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0

0.2

0.4

0.6

0.8

1

0 100 200 300 400 500 600 700 800runs

F 
sc

or
es

F score before cleaning

F score after cleaning

 
Figure 3: The distribution of F scores of clustering 

Web sites Ama- CNet J&R PCMag ZDnet 
Camera 402 219 80 137 151 
Notebook 434 480 51 144 143 
Mobile 45 109 9 43 97 
Printer 767 500 104 107 80 
TV 719 449 199 0 0 

Table 1: Web pages and their classes from the 5 sites 
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notebook pages from CNet. Then we use the classifier to 
classify the combined set of camera and notebook pages 
from the other Web sites. We have experimented with all 
possible two class combinations of the 5 sites. Table 2 
gives the averaged F scores and accuracies before and after 
cleaning.  In the table, F(N) and A(N) stand for F score and 
accuracy before cleaning respectively, while F(C) and 
A(C) stand for F score and accuracy after cleaning. From 
the results, we can see that after cleaning, the classifiers 
perform much better. On average over all the experiments, 
both the F score and accuracy improve by a large margin. 

5 Conclusions 
In this paper, we proposed an effective technique to clean 
Web pages for Web mining. Observing that Web pages in 
a Web site usually share some common layouts and pres-
entation styles, we propose a new tree structure, called 
compressed structure tree to concisely capture the com-
monalities of a Web site. This tree provides us with rich 
information for analyzing both the structure and the con-
tents of the Web pages. An information based measure is 
also proposed to evaluate each tree node to determine its 
importance, which is then used to assign weights to fea-
tures in their corresponding Web pages. Using the re-
sulting feature weights, we can perform Web mining tasks. 
Experimental results with two popular Web mining tasks 
show that the proposed technique is highly effective. 
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C1 C2 F(N) F(C) A(N) A(C)
notebook camera 0.751 0.946 0.804 0.949
notebook mobile 0.517 0.817 0.790 0.927 
notebook printer 0.733 0.933 0.763 0.944 
notebook TV 0.746 0.909 0.766 0.918 
camera mobile 0.841 0.962 0.784 0.941 
camera printer 0.715 0.967 0.779 0.975 
camera TV 0.759 0.982 0.808 0.983 
mobile printer 0.529 0.848 0.810 0.956 
mobile TV 0.649 0.851 0.833 0.942 
printer TV 0.712 0.972 0.716 0.971 

Average 0.695 0.919 0.785 0.951 

Table 2: F scores and accuracies for classification: before clean-
ing (N) and after cleaning (C) 
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Abstract 
This paper describes a jam session system that 
enables a human player to interplay with virtual 
players which can imitate the player personality 
models of various human players. Previous sys-
tems have parameters that allow some alteration 
in the way virtual players react, but these systems 
cannot imitate human personalities. Our system 
can obtain three kinds of player personality 
models from a MIDI recording of a session in 
which that player participated – a reaction model, 
a phrase model, and a groove model. The reaction 
model is the characteristic way that a player reacts 
to other players, and it can be statistically learned 
from the relationship between the MIDI data of 
music the player listens to and the MIDI data of 
music improvised by that player. The phrase 
model is a set of player’s characteristic phrases; it 
can be acquired through musical segmentation of 
a MIDI session recording by using Voronoi dia-
grams on a piano-roll. The groove model is a 
model that generates onset time deviation; it can 
be acquired by using a hidden Markov model. 
Experimental results show that the personality 
models of any player participating in a guitar trio 
session can be derived from a MIDI recording of 
that session. 

1 Introduction 
Our goal is to create a jam session system in which virtual 
players react as if they were actual human players. We 
want to make it possible for a human player to interact, 
whenever they like, with a virtual player that can imitate 
whoever the human player wishes to perform, for example, 
with a familiar, professional, or deceased player, or even 
with themselves. What is most important in imitating 
players is to acquire the player’s personality models of a 
target human player.  
 Previous session systems have not been able to imitate a 
human player’s personality. Some systems [Aono et al., 
1995] have been designed to follow the performance of a 
human soloist, but without considering the individual 
character of the virtual player. Although JASPER [Wake 

et al., 1994] has a set of rules that determine the system’s 
reactions and VirJa Session [Goto et al., 1996] has pa-
rameters for altering how it reacts, these systems cannot 
develop player personality models of an actual human 
player.  
 To realistically imitate a human player, a system must 
be able to acquire player personality models of that player. 
The imitating virtual player can then improvise according 
to the models. The Neuro-Musician [Nishijima and Kijima, 
1989; Nishijima and Watanabe, 1992] can learn the rela-
tionship between 30 sets of an 8-bar-length input pattern 
and an output pattern by using neural networks. However, 
it is only capable of dealing with the limited style of a jam 
session where a solo part must be changed in 8-bar rotation. 
In other words, a virtual player and a human player cannot 
both play a solo part in the same time. Moreover, the 
Neuro-Musician must prepare a training set of 
8-bar-length input-output data to enable neural network 
learning. In an actual jam session, a player does not always 
play an 8-bar solo to the 8-bar solo of the other players. 
Therefore, we cannot acquire the player models from a 
MIDI session recording by using the Neuro-Musician 
method.  

On the other hand, the Band-OUT-of-a-Box (BoB), 
which deals with a problem similar to ours [Thom, 2001a; 
Thom, 2001b], indicates that machine learning techniques 
provide a useful approach to acquire a player’s models. 
However, BoB can only react to a human performance of 
an immediately previous four bars. It has a fixed rela-
tionship in which the human player is the leader and the 
virtual player is the follower. 
  Our jam system allows us to acquire player personality 
models of a target human player from the MIDI1 recording 
of a session in which that player participated. The main 
advantage of our approach is that we do not have to di-
rectly evaluate the target player: all we need to build the 
models is session recording data. 

2 A Guitar Trio Session System  
Our system deals with constant-tempo 12-bar blues per-
formed by a guitar trio. Figure 1 shows a jam session 
                                                 

1 MIDI stands for Musical Instrument Digital Interface.  
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Figurer 1: Session model in which either human or computer 
can be selected as each player. 

model in which either a human or the computer can be 
selected to perform the part of each player. We can 
imagine sessions in which all players will be human 
players just as we can imagine sessions in which all 
players are computer players. The three players take the 
solo part one after another without a fixed leader-follower 
relationship.  
  We obtain three kinds of player personality model from a 
MIDI session recording – a reaction model, a phrase 
model, and a groove model. 

The system has two modes, a learning mode and a ses-
sion mode. In the learning mode (discussed in Sections 3, 4, 
and 5), the system acquires player personality models in 
non-real time. These models are stored in a database and 
different personality models can be assigned to the two 
virtual players before session play (Figure 2).  In the ses-
sion mode (discussed in Section 6), a human player can 
interact with the virtual players in real time. 
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the reaction model is to learn the relationship between the 
input and the output of the target player in MIDI re-
cordings. This can be formulated as a problem of obtaining 
a mapping from the input to the target player’s output. 
However the direct MIDI-level learning of this mapping is 
too difficult because the same MIDI-level sequence rarely 
occurs more than once and the mapping itself is too sparse. 
We therefore have introduced two intermediate subjective 
spaces: an impression space and an intention space (Figure 
4). 

3.1 Impression space  
The impression space represents the subjective impression 
derived from the MIDI input. By applying principal 
components analysis (PCA) to the results of subjective 
evaluations of various MIDI performances, we determined 
three coordinate axes for the impression space. PCA is a 
statistical method for reducing the number of dimensions 
while capturing the major variances within a large data set. 
While listening to a performance, a subject subjectively 
evaluated it by using ten impression words to rank the 
performance’s impression on a scale of one to seven. The 
three selected axes of the impression space represent 
qualities that can be described as appealing, energetic, and 
heavy. To obtain a vector in this space, an impression 
vector corresponding to the MIDI input, we use canonical 
correlation analysis (CCA). This analysis maximizes the 
correlation between various low-level features of the 
MIDI input (such as pitch, note counts, tensions, and pitch 
bend) and the corresponding subjective evaluation. Since 

Personality database 

Reaction-model database 
Virtual Player 

Phrase-model database 

Groove-model database 

5

 Personality 
model 
Figure 2: Virtual player and personality databases 

 Learning a reaction model 
 reaction model is the characteristic way that a player 

eacts to other players. Acquiring an actual player’s indi-
idual reaction model is necessary to create a virtual 
layer that reacts as that actual human player does. As 
hown in Figure 3, each virtual player listens to the per-
ormances of all the players (including its own) and uses 
e reaction model to determine what its next reaction 

output performance) will be. The main issue in deriving 

an impression vector is obtained from an individual 
player’s performance, we have at every moment three 
impression vectors (Figure 4). 
 The impression space is necessary for learning the re-
lationship between various input performances and the 
corresponding output performances. If we represent the 
input performances as short MIDI segments without using 
the impression space, the same MIDI segments will not be 
repeated in different sessions. The impression space en-
ables the abstracting of subjective impressions from input 
MIDI data and those impressions can be repeated. Even if 
two segments of the input MIDI data differ, they can be 
represented as a similar vector in the impression space as 
long as they give the same impression.  
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 Figure 5 shows the transition of the rated values for the 
impression word “appealing.” The black line represents 
the value calculated by the system and the gray line 
represents the value as evaluated by a human listener. For 
92 percent of the performance, the calculated and subjec-
tively evaluated values do not differ by more than 1. 

3.2 Intention space 
The intention space represents the intention of the player 
improvising the output. A vector in this space, an intention 
vector, determines the feeling of the next output. It is used 
to select short MIDI phrases from a phrase database, and 
connecting the selected phrases generates the output MIDI 
performance. 
 Without the intention space, learning the relationship 
between impression vectors and output MIDI data is dif-
ficult because in actual MIDI recordings various outputs 
can occur when the input data gives the same impression. 
The intention space makes it easier to learn the player’s 
reaction model.  
 The intention space is constructed by using 
multidimensional scaling (MDS) [Kruskal and Wish, 
1978] such that intention vectors are distributed with 
proximities proportional to subjective similarities of 
short phrases corresponding to those vectors. Based on 

we determined the three dimensions of this space. Be-
cause the number of the short phrases is limited, those 
phrases are sparsely placed in the intention space. When 
generating the output, the system selects the output phrase 
close to the determined intention vector: an appropriate 
phrase can be selected even if the phrase database does not 
have a phrase that is exactly placed on the intention vector. 

3.3 Acquiring a reaction model 
We can regard the mapping from the impression space to 
the intention space as the reaction model. To derive this 
mapping function statistically, we obtain various training 
sets from the target session recordings. These sets are pairs 
of impression vectors obtained from the three players 
during a sequence of the past twelve bars and the corre-
sponding next intention vector. For this learning we use 
Gaussian radial basis function (RBF) networks [Chen et 
al., 1991]. The RBF networks have one hidden layer with 
nonlinear inputs, and each node in the hidden layer com-
putes the distance between the input vector and the center 
of the corresponding radial basis function.  

The input of the RBF network is impression vector x (L 
dimensions) derived from three players and the output of 
the RBF network is intention vector

1
, 
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3
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  The RBF network has Mth (M≤N) units. Each unit in-
dicates a center vector on an Lth dimensional space. The 
out put of a unit is represented by equation (1). 
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Figure 5: Transition of rated values calculated by system and 
evaluated by subject (for impression word “appealing”). 
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The RBF networks have good generalization ability and 
can learn whichever nonlinear mapping function we are 
dealing with. 

4 Learning a phrase model 
A phrase model is a set of player’s characteristic phrases. 
To create a virtual player that performs using phrases as an 
actual human player does, acquiring the actual player’s 
individual phrase model is necessary. This can be done 
through musical segmentation of a MIDI session recording 
(Figure 6).   

Two kinds of grouping appear in polyphony, one in the 
direction of pitch interval and the other in the direction of 
time. Grouping in the pitch interval direction divides po-
lyphony into multiple homophony (Figure 7a). In the time 
direction, notes are grouped from time gap to time gap 
(Figure 7b). 

To segment a MIDI session recording into phrases, we 
need to automatically divide the polyphony notes into 
groups. The generative theory of tonal music (GTTM) 
[Lerdahl and Jackendoff, 1983] includes a grouping con-
cept, and thus can be used to derive a set of rules for the 
division of notes into groups. We think that GTTM is the 
most promising theory of music in terms of computer 
implementation; however, no strict order exists for ap-
plying the rules of GTTM. This may lead to ambiguities in 
terms of analysis results. The implementation of GTTM as 
a computer system has been attempted [Ida et al., 2001], 
but the resulting system was only capable of dealing with a 
limited polyphony made up of two monophonies. 
 In this paper, we propose a method of grouping based on 
applying the Voronoi diagram. We have developed a 
method of grouping rather than naively implementing 
GTTM so that a result obtained using our method is equi-
final to one obtained with the GTTM approach. We 

compare the results of grouping by our method with the 
results of grouping by a human according to the GTTM. 

4.1 Generative Theory of Tonal Music 
The generative theory of tonal music is composed of four 
modules, each of which is assigned to a separate part of 
the structural description of a listener's understanding of 
music. The four GTTM modules are the grouping 
structure, the metrical structure, the time-span reduction, 
and the prolongational reduction. 
 The grouping structure is intended to formalize the 
intuition that tonal music is organized into groups, which 
are in turn composed of subgroups. There are two kinds 
of rules for GTTM grouping: grouping well-formedness 
rules and grouping preference rules. Grouping 
well-formedness rules are necessary conditions for the 
assignment of a grouping structure and restrictions on the 
generated structures. When more than one structure may 
satisfy the grouping well-formedness rules, grouping 
preference rules only suggest the superiority of one 
structure over another; they do not represent a determi-
nistic procedure. This can lead to the problem of ambi-
guity mentioned above. 

polyphony 

[Time] 
division 

Phrase-model database 

 

Figure 6: Acquiring phrase model. 

4.2 Use of Voronoi diagrams for grouping 
To overcome the ambiguity problem, we propose a 
method of grouping based on the use of Voronoi dia-
grams. The GTTM result is a binary tree that indicates the 
hierarchical structure of a piece of music. In our method, 
Voronoi diagrams on a piano-roll represent the hierar-
chical structure of a piece of music. 

Voronoi diagram 
A Voronoi diagram partitions a plane into cells (Figure 8) 
designated by the set of points P – that is, {p1, p2,..., pn} – 
such that for each cell corresponding to point pi, all points 
q in that cell are nearer to pi than to any other point in P 
[Aurenhammer, 1991]:  
 
dist (q, pi)< dist (q, pj) (pi, pj  P, j i).                            (4) ≠
 

p1 
p6 

p2 
p5 p7 

a: Grouping in pitch interval direction. 

p3 p4 

Figure 8: Voronoi diagram. 

 
b: Grouping in time direction. We can form the Voronoi diagram for a given set of 

points in a plane as a connected set of segments of 
half-plane boundaries, where each of the half-planes is 
formed by partitioning the plane into two half-planes, one 
on either side of the bisector of the line between each 
adjacent pair pi and pj.  Figure 7: Examples of grouping. 
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Voronoi diagram for two notes a. Result obtained using our method. 
Our method uses the piano-roll format as a score, and thus 
notes are expressed as horizontal line segments on a pi-
ano-roll. To construct a Voronoi diagram on the score, we 
need to consider the Voronoi diagram for multiple hori-
zontal line segments, which will be constructed of linear 
segments and quadratic segments.  
 When two notes sound at the same time or no note 
sounds, the corresponding part of the Voronoi diagram is a 
linear segment (Figures. 9a and 9c). When a single note 
sounds, the Voronoi diagram becomes a quadratic segment 
(Figure 9b).  
 b. Result obtained using GTTM. 
a. Two notes sounding      b. Only one note     c. No note is sounding 
 simultaneously                sounding  
 
 
 
 
 

Figure 9: Voronoi diagrams for pairs of notes. 
 

Voronoi diagram for more than two notes 
To construct a Voronoi diagram for more than two notes, 
we construct the Voronoi diagrams for all note pairs and 
delete the irrelevant segments. For example, to construct a 
Voronoi diagram for notes a, b, and c, we construct three 
Voronoi diagrams (Figure 10). The boundaries in the three 
diagrams then intersect at a point that is equidistant from 
each note. The Voronoi diagram for notes a and b is di-
vided into two half-lines at the intersection. We then delete 
the half-line that is closer to c than to a or b. 

Figure 11: Results obtained using our method and GTTM. 

4.3 Making groups 
Hierarchical groups of notes were constructed by con-
verging adjacent notes iteratively. Here, we introduce the 
following principle for making groups; the smallest Vo-
ronoi cell is first merged to an adjacent group. 
 We have implemented our grouping method (Figure 
11a) and have compared the results with correct data ob-
tained by a human (Figure 11b). We evaluated grouping 
performance in terms of a correctness rate defined as  
 
 
When we ran the program, we calculated that the cor-
rectness rate was 78.5 percent. The tune used as MIDI data 
in this experiment was the Turkish March. 

5 Learning a groove model 
A groove model is a model generating the deviation of on 
set times. Acquiring an actual player’s individual groove 
model is necessary to create a virtual player that performs 
with musical expression as that human player does. A 
human player, even when repeating a given phrase on a 
MIDI-equipped instrument, rarely produces exactly the 
same sequence of onset notes because the onset times 
deviate according to performer’s actions and expressions. 
We can model the process generating that deviation by 
using a probabilistic model. 

b 

c a 

5.1 Formulation of the hidden Markov models 
Let a sequence of intended (normalized) onset times be θ 
and a sequence of performed onset times (with deviation) 
be y. Then, a model for generating the deviation of onset 
times can be expressed by a conditional probability  

Figure 10: Voronoi diagram for more than two notes. 

P (y |θ) (Figure 12). Using this conditional probability and 
the prior probability P (θ) can be formulated as a hidden 
Markov model (HMM), which is a probabilistic model that 
generates a transition sequence of hidden states as a 
Markov chain. Each hidden state in the state transition 
sequence then generates an observation value according to 
an observation probability. 

Modeling of performance 
notes ofnumber  The

correctly  grouped notes ofnumber  The   rate  sCorrectnes = (5) Target in modeling 
We modeled the onset time of a musical note (i.e. the start 
time of the note) and introduced a new model of distribu-
tion of onset times. While the duration- time-based model 
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used in [Otsuki et al., 2002] is limited, our on-
set-time-based model is suitable for treating polyphonic 
performances, such as those including two-hand piano 
voicing and guitar arpeggio. 
Unit in modeling 
We use a quarter note (beat) as the unit of each HMM: the 
temporal length corresponding to each HMM is a quarter 
note. The reason we use the quarter-note unit is to dis-
tinguish between eighth triplets and sixteenth notes within 
the scope of quarter notes. The three notes of eighth trip-
lets are located on three equi-divided positions in a quarter 
note, while the four sixteenth notes are located on four 
equi-divided positions in a quarter note. An actual per-

formance consisting of a sequence of quarter notes can be 
modeled by concatenating the quarter-note-length HMMs. 
This quarter-note modeling has the advantages of reducing 
calculation time and facilitating the preparation of the 
large data sets used for training the model.  
Unit of quantization 
We introduce two different discrete temporal indices, k 
and i. The unit of k is a quantization unit to describe per-
formed onset time and is 1/480 of a quarter note, which is 
often used in commercial sequencing software. The i unit 
is a quantization unit to describe the intended onset time 
and is one-twelfth of a quarter note. It can describe both 
eighth triplets and sixteenth notes. 

Quarter-note hidden Markov model 
Figure 13 shows the HMM used in our study. We model a 
sequence of onset times within a quarter note (beat) by 
using the HMM. All the hidden states of the HMM cor-
respond to possible positions of intended onset times, and 
an observed value that comes from a hidden state corre-
sponds to a performed onset time with deviation. Onset 
times in a beat are quantized into 12 positions for hidden 
states and into 480 positions for observation values. That 
is, each component of the HMM is interpreted as follows. 

Figure 12: Model to generate onset time deviation. 

Hidden state i: intended onset time. (i = 1, …, 12) 
Observation k: performed onset time. (k = 1, …, 480) 
Transition probability aij: probability that intended onset 
time j follows intended onset time i. 
Observation probability bi(k): probability that performed 
onset time is k and intended onset time is i. 
A state-transition sequence begins with a dummy state 
“Start” and ends with a state “End” (Figure 14). 
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Figure 13: Overview of quarter-note hidden Markov model 
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5.2 Learning model parameters 
The HMM parameters aij and bi(k) were derived from a 
MIDI session recording by using the Baum-Welch algo-
rithm. Figure 15 shows a bi(k) distribution obtained from a 
human performance in a MIDI session recording. 

6 Session mode 6 Session mode 
Using the personality models acquired in the learning 
mode, each virtual player improvises while reacting to the 
human player and the other virtual player. The processing 
flow of each virtual player can be summarized as follows: 

Using the personality models acquired in the learning 
mode, each virtual player improvises while reacting to the 
human player and the other virtual player. The processing 
flow of each virtual player can be summarized as follows: 
1. The low-level features of the MIDI performances of all 
the players are calculated at every 1/48 bar. 
1. The low-level features of the MIDI performances of all 
the players are calculated at every 1/48 bar. 
2. At every 1/12 bar, the three impression vectors are 
obtained from the low-level features. 
2. At every 1/12 bar, the three impression vectors are 
obtained from the low-level features. 
3. At the beginning of every bar, the intention vector is 
determined by feeding the reaction model the past im-
pression vectors. 

3. At the beginning of every bar, the intention vector is 
determined by feeding the reaction model the past im-
pression vectors. 
4. The output performance is generated by connecting 
short phrases selected from a phrase-model database. Each 
phrase is selected, according to the determined intention 
vector, by considering its fitness for the chord progression. 
A virtual player can start a solo performance at any bar. 

4. The output performance is generated by connecting 
short phrases selected from a phrase-model database. Each 
phrase is selected, according to the determined intention 
vector, by considering its fitness for the chord progression. 
A virtual player can start a solo performance at any bar. 
5. The deviation of the onset times is generated according 
to the groove model. 
5. The deviation of the onset times is generated according 
to the groove model. 
Note that the reaction model can predict the next intention 
vector from the impression vectors gathered during the 
past twelve bars in real time: a virtual player thus does not 
fall behind the other players. 

Note that the reaction model can predict the next intention 
vector from the impression vectors gathered during the 
past twelve bars in real time: a virtual player thus does not 
fall behind the other players. 

7 Experimental Results 7 Experimental Results 
We have implemented the proposed system on a personal 
computer (with a Pentium IV 2.8GHz processor); Figure 

16 shows a screen snapshot of the system output. As 
shown, there are three columns (called player panels), 
each corresponding to a different player. The toggle switch 
on the top of each panel indicates whether the panel is for a 
virtual player or a human player, and each panel contains 
two boxes representing three-dimensional spaces: the 
upper box is the impression space and the lower box is the 
intention space. The sphere in each box indicates the 
current value of the impression or intention vector. 

We have implemented the proposed system on a personal 
computer (with a Pentium IV 2.8GHz processor); Figure 

16 shows a screen snapshot of the system output. As 
shown, there are three columns (called player panels), 
each corresponding to a different player. The toggle switch 
on the top of each panel indicates whether the panel is for a 
virtual player or a human player, and each panel contains 
two boxes representing three-dimensional spaces: the 
upper box is the impression space and the lower box is the 
intention space. The sphere in each box indicates the 
current value of the impression or intention vector. 

Start -> 1 -> 4 -> 7 -> 10 -> End. 

Start -> 1 -> 5 -> 9 -> End. 

Start -> 1 -> 1 -> End. 

Start -> End. 
 In our experiments, after recording a session perform-
ance of three human guitarists playing MIDI guitars, we 
first made the system learn the reaction model, the phrase 
model and the groove model of each. We used a metro-
nome sound to maintain the tempo (120 MM) when re-
cording, and the total length of this recording session was 
144 bars. We then let five human guitarists individually 
use the system in session mode. The system indeed en-
abled each human guitarist to interact with two virtual 
guitarists, each with a different reaction model.  

 In our experiments, after recording a session perform-
ance of three human guitarists playing MIDI guitars, we 
first made the system learn the reaction model, the phrase 
model and the groove model of each. We used a metro-
nome sound to maintain the tempo (120 MM) when re-
cording, and the total length of this recording session was 
144 bars. We then let five human guitarists individually 
use the system in session mode. The system indeed en-
abled each human guitarist to interact with two virtual 
guitarists, each with a different reaction model.  

Figure 14: Simple example of state sequences. 
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 To find out how well a virtual player could imitate a 
human player, we asked a human player to perform with 
virtual player A imitating him and with virtual player B 
imitating a different player. The human player and the 
virtual player imitating him tended to take a solo at almost 
the same time and to perform phrases that felt similar. 
Figure 17 shows the transition of intention vectors of three 
players during 48 bars where the intention vectors of the 
virtual player A and the human player are particularly 
similar. Examining all the values of the intention vectors 
during the session, we compared the distances between the 
intention vectors of the virtual players and the human 
player. Over 144 bars the average distance between the 
intention vectors of the human player and the virtual 
player imitating him was significantly smaller than that 
between the intention vectors of the human player and the 
virtual player imitating a different player. We think that 
this means the virtual player’s RBF networks actually 
predicted the human player’s intention.  

 To find out how well a virtual player could imitate a 
human player, we asked a human player to perform with 
virtual player A imitating him and with virtual player B 
imitating a different player. The human player and the 
virtual player imitating him tended to take a solo at almost 
the same time and to perform phrases that felt similar. 
Figure 17 shows the transition of intention vectors of three 
players during 48 bars where the intention vectors of the 
virtual player A and the human player are particularly 
similar. Examining all the values of the intention vectors 
during the session, we compared the distances between the 
intention vectors of the virtual players and the human 
player. Over 144 bars the average distance between the 
intention vectors of the human player and the virtual 
player imitating him was significantly smaller than that 
between the intention vectors of the human player and the 
virtual player imitating a different player. We think that 
this means the virtual player’s RBF networks actually 
predicted the human player’s intention.  

Figure 15: b1 (k), b5 (k), b9 (k) obtained from human-performance data.

 We also tested whether a virtual player could imitate the 
target human player by applying the Turing test format. As 
subjects, we used three guitarists (A, B, and C) who had 
played in the same band for more than a year and so un-

 We also tested whether a virtual player could imitate the 
target human player by applying the Turing test format. As 
subjects, we used three guitarists (A, B, and C) who had 
played in the same band for more than a year and so un-

Figure 16: Screen snapshot of system output. 
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derstood each other’s musical personalities. We prepared a 
reaction model, a phrase model, and a groove model for 
each of these subjects. We then used different personality 
models to prepare 27 (= 3 players ^ 3 models) kinds of 
virtual player. The subjects evaluated each virtual player 
with regard to whose models it was based upon. Subjects 
were told in advance that the player was a virtual player 
imitating either player A, B, or C. We found that a virtual 
player having the three personality models acquired from 
the same human player was correctly identified as such. 
We calculated that the success rate was 100 percent. The 
subjects could thus distinguish when the virtual player was 
based on the personality models from one human player or 
from multiple players. 
 Furthermore, five guitarists who performed with the 
system remarked that each virtual player performed 
characteristically. In particular, a human player who par-
ticipated in a jam session with a virtual player that was 
imitating him remarked that he was uncomfortable playing 
with that virtual player because he felt that he was being 
mimicked. These results show that our system successfully 
derived and applied personality models from MIDI session 
recordings. 

8 Conclusion 
We have described a jam session system in which a human 
player and virtual players interact with each other. The 
system is based on the learning of three types of person-
ality model – the reaction, the phrase, and the groove 
models. Our experimental results show that our system can 
imitate the musical personalities of human players. We 
plan to extend the system so that it can be applied to other 
musical instruments, such as piano and drums.   
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Abstract

Society needs humor, not just for entertainment. In
the Web age, presentations become more and more
flexible and personalized and they will require hu-
mor contributions for electronic commerce devel-
opments (e.g. product promotion, getting selective
attention, help in memorizing names, etc. . . ) more
or less as it happened in the world of broadcasted
advertisement. Even if deep modeling of humor in
all of its facets is not something for the near future,
there is something concrete that has been achieved
and that can help in providing attention to the field.
The paper refers to the results of HAHACRONYM,
a project devoted to humorous acronym production,
a circumscribed task that nonetheless requires vari-
ous generic components. The project opens the way
to developments for creative language, with appli-
cations in the world of advertisement.

1 Introduction
Future human-machine interaction, according to a
widespread view, will emphasize naturalness and effec-
tiveness and hence the incorporation of models of possibly
all human cognitive capabilities, including the handling of
humor. There are many practical settings where computa-
tional humor will add value. Among them: business world
applications (e-commerce to name one), general computer-
mediated communication and human-computer interaction
[Morkes et al., 1999], educational and edutainment systems.
There are important prospects for humor also in automatic
information presentation. In the Web age presentations
become more and more flexible and personalized and they
will require humor contributions for electronic commerce
developments (e.g. product promotion, getting selective
attention, help in memorizing names, etc. . . ) more or less as
it happened in the world of broadcasted advertisement.

Yet deep modeling of humor in all of its facets is not some-
thing for the near future; the phenomena are too complex,
humor is one of the most sophisticated forms of human in-
telligence. It is AI-complete: the problem of modeling it is
as difficult to solve as the most difficult Artificial Intelligence
problems. But some steps can be followed to achieve results.
In the general case, in order to be successfully humorous,

a computational system should be able to: recognize situa-
tions appropriate for humor; choose a suitable kind of humor
for the situation; generate an appropriately humorous output;
and, if there is some form of interaction or control, evaluate
the feedback.

We are concerned with systems that automatically produce
humorous output (rather than systems that appreciate humor).
Some of the fundamental competencies are within the range
of the state of the art of natural language processing. In one
form or in another humor is most often based on some form
of incongruity. For verbal humor this means that different in-
terpretations of utterances must be possible (and must not be
detected before the culmination of the humorous process) or
must cause perception of specific forms of opposition. Nat-
ural language processing research has often dealt with ambi-
guity in language. A common view is that ambiguity is an
obstacle for deep comprehension. Most current text process-
ing systems attempt to reduce the number of possible inter-
pretations of the sentences, and a failure to do so is seen as
a weakness of the system. From a different point of view,
the potential for ambiguity can be seen as a positive feature
of natural language. Metaphors, idioms, poetic language and
humor use all the multiple senses of texts to suggest connec-
tions between concepts that cannot, or should not, be stated
explicitly.

The work presented here is based on various resources for
natural language processing, adapted for humor. It is a small
step, but aiming at an appreciable concrete result. It has
been developed within HAHACRONYM1, a project devoted
to computational humor. A visible and evaluable result was
at the basis of the deal. We proposed a situation that is of
practical interest, where there is no domain restriction and
many components are present, but simpler than in more ex-
tended scenarios. The goal is a system that makes fun of ex-
isting acronyms, or, starting from concepts provided by the
user, produces a new acronym, constrained to be a word of
the given language. And, of course, it has to be funny.

The project was meant to convince about the potential of
computational humor, through the demonstration of a work-
ing prototype and an assessment of the state of the art and

1European Project IST-2000-30039. HAHACRONYM has been
the first EU project devoted to computational humor. The consor-
tium included ITC-irst, as coordinator, and the University of Twente.
See http://haha.itc.it.
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of scenarios where humor can add something to existing in-
formation technologies. The results of the project put us in
a better position to move forwards in introducing computa-
tional humor in more complex scenarios.

2 AI and Computational Humor

So far only very limited effort has been put on building com-
putational humor prototypes. Indeed very few working pro-
totypes that process humorous text and/or simulate humor
mechanisms exist, and mostly they worked in very restricted
domains.

There has been a considerable amount of research on lin-
guistics of humor and on theories of semantics and prag-
matics of humor [Attardo, 1994; Attardo and Raskin, 1991;
Giora and Fein, 1999; Attardo, 2002]; however, most of the
work has not been formal enough to be used directly for com-
putational humor modeling. An effort toward formalization
of forced reinterpretation jokes has been presented by Ritchie
[2002].

Within the artificial intelligence community, most writ-
ing on humor has been speculative [Minsky, 1980; Hofs-
tadter et al., 1989]. Minsky made some preliminary remarks
about how humor could be viewed from the artificial intelli-
gence/cognitive science perspective, refining Freud’s notion
that humor is a way of bypassing our mental “censors” which
control inappropriate thoughts and feelings. Utsumi [1996]
outlines a logical analysis of irony, but this work has not been
implemented. Among other works: De Palma and Weiner
[1992] have worked on knowledge representation of riddles,
Ephratt [1990] has constructed a program that parses a lim-
ited range of ambiguous sentences and detects alternative hu-
morous readings. A formalization, based on a cognitive ap-
proach (the belief-desire-intention model), distinguishing be-
tween real and fictional humor has been provided by Mele
[2002].

Probably the most important attempt to create a computa-
tional humor prototype is the work of Binsted and Ritchie
[1997]. They have devised a formal model of the seman-
tic and syntactic regularities underlying some of the simplest
types of punning riddles. A punning riddle is a question-
answer riddle that uses phonological ambiguity. The three
main strategies used to create phonological ambiguity are syl-
lable substitution, word substitution and metathesis.

Almost all the computational approaches try to deal with
the incongruity theory at various level of refinement [Raskin,
1985; Attardo, 1994]. The incongruity theory focuses on the
element of surprise. It states that humor is created out of a
conflict between what is expected and what actually occurs
in the joke. This accounts for the most obvious features of a
large part of humor phenomena: ambiguity or double mean-
ing.

Specific workshops concerned with Computational Humor
have taken place in recent years and have drawn together most
of the community active in the field. The proceedings of the
most comprehensive events are [Hulstijn and Nijholt, 1996]
and [Stock et al., 2002]. Ritchie [2001] has published a sur-
vey of the state of the art in the field.

3 HAHACRONYM
3.1 Resources
In order to realize the HAHACRONYM prototype, we have re-
fined existing resources and we have developed general tools
useful for humorous systems. As we will see, a fundamental
tool is an incongruity detector/generator, that makes the sys-
tem able to detect semantic mismatches between word mean-
ing and sentence meaning (i.e. in our case the acronym and
its context). For all tools, particular attention was put on
reusability.

The starting point for us consisted in making use of some
“off-the-shelf” resources, such as WORDNET DOMAINS
[Magnini et al., 2002] (an extension of the well-known En-
glish WORDNET) and standard parsing techniques. The tools
resulting from the adaptation will be reusable for other appli-
cations, and are portable straightforwardly to other languages
(e.g. WORDNET DOMAINS is multilingual).

Wordnet and Wordnet Domains
WORDNET is a thesaurus for the English language inspired
by psycholinguistics principles and developed at the Prince-
ton University by George Miller [Fellbaum, 1998]. It has
been conceived as a computational resource, therefore im-
proving some of the drawbacks of traditional dictionaries,
such as circularity of definitions and ambiguity of sense ref-
erences. Lemmata (about 130,000 for version 1.6) are orga-
nized in synonym classes (about 100,000 synsets). WORD-
NET can be described as a “lexical matrix” with two di-
mensions: a dimension for lexical relations, that is rela-
tions holding among words, and therefore language spe-
cific, and a dimension for conceptual relations, which hold
among senses (the synsets) and that, at least in part, we con-
sider independent from a particular language. A synset con-
tains all the words by means of which it is possible to ex-
press the synset meaning: for example the synset {horse,
Equus caballus} describes the sense of “horse” as an
animal, while the synset {knight, horse} describes
the sense of “horse” as a chessman. The main relations
present in WORDNET are synonymy, antonymy, hyperonymy-
hyponymy, meronymy-holonymy, entailment, troponymy.

Augmenting WordNet with Domain information
Domains have been used both in linguistics (i.e. Semantic
Fields) and in lexicography (i.e. Subject Field Codes) to mark
technical usages of words. Although this is useful informa-
tion for sense discrimination, in dictionaries it is typically
used for a small portion of the lexicon. WORDNET DO-
MAINS is an attempt to extend the coverage of domain labels
within an already existing lexical database, WORDNET (ver-
sion 1.6). The synsets have been annotated with at least one
domain label, selected from a set of about two hundred la-
bels hierarchically organized. (Figure 1 shows a portion of
the domain hierarchy.)

We have organized about 250 domain labels in a hierar-
chy (exploiting Dewey Decimal Classification), where each
level is made up of codes of the same degree of specificity:
for example, the second level includes domain labels such as
BOTANY, LINGUISTICS, HISTORY, SPORT and RELIGION,
while at the third level we can find specialization such as
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DOCTRINES PSYCHOLOGY

MYTHOLOGY

OCCULTISM

PALEOGRAPHY

THEOLOGY

ART

LITERATURE

GRAMMAR

PSYCHOANALYSIS

LINGUISTICS

RELIGION

ASTROLOGY

HISTORY

ARCHAEOLOGY

PHILOSOPHY

HERALDRY

MUSIC

PHILOLOGY

THEATHRE

PHOTOGRAPHY

Figure 1: A portion of the domain hierarchy

AMERICAN HISTORY, GRAMMAR, PHONETICS and TEN-
NIS.

Information brought by domains is complementary to what
is already present in WORDNET. First of all a domain
may include synsets of different syntactic categories: for
instance MEDICINE groups together senses from Nouns,
such as doctor#1 and hospital#1, and from Verbs
such as operate#7. Second, a domain may include
senses from different WORDNET sub-hierarchies For ex-
ample, SPORT contains senses such as athlete#1, de-
riving from life form#1, game equipment#1, from
physical object#1, sport#1 from act#2, and
playing field#1, from location#1.

Opposition of semantic fields

On the basis of well recognized properties of humor ac-
counted for in many theories (e.g. incongruity, semantic field
opposition, apparent contradiction, absurdity) we have mod-
elled an independent structure of domain opposition, such as
RELIGION vs. TECHNOLOGY, SEX vs. RELIGION, etc. . . We
exploit these kind of opposition as a basic resource for the
incongruity generator.

Adjectives and Antonymy Relations

Adjectives play an important role in modifying and gen-
erating funny acronyms. WORDNET divides adjectives
into two categories. Descriptive adjectives (e.g. big,
beautiful, interesting, possible, married)
constitute by far the largest category. The second category
is called simply relational adjectives because they are related
by derivation to nouns (i.e. electrical in electrical
engineering is related to noun electricity). To re-
lational adjectives, strictly dependent on noun meanings, it is
often possible to apply similar strategies as those exploited
for nouns. Their semantic organization, though, is entirely
different from the one of the other major categories. In fact
it is not clear what it would mean to say that one adjective
“is a kind of” (ISA) some other adjective. The basic semantic
relation among descriptive adjectives is antonymy. WORD-
NET proposes also that this kind of adjectives is organized
in clusters of synsets associated by semantic similarity to a
focal adjective. Figure 2 shows clusters of adjectives around
the direct antonyms fast/slow.

fast slow

swift

prompt

alacritous

quick

rapid

dilatory

sluggish

leisurely

tardy

laggard

antonymysimilar to 

Figure 2: An example of adjective clusters linked by
antonymy relation

Exploiting the hierarchy
It is possible to exploit the network of lexical and seman-
tic relations built in WORDNET to make simple ontological
reasoning. For example, if a noun or an adjective has a ge-
ographic location meaning, the pertaining country and conti-
nent can be inferred.

Rhymes
The HAHACRONYM prototype takes into account
word rhymes and the rhythm of the acronym ex-
pansion. To cope with this aspect we got and
reorganized the CMU pronouncing dictionary
(http://www.speech.cs.cmu.edu/cgi-bin/cmudict)
with a suitable indexing. The CMU Pronouncing Dictionary
is a machine-readable pronunciation dictionary for North
American English that contains over 125,000 words and their
transcriptions.

Its format is particularly useful for speech recognition and
synthesis, as it has mappings from words to their pronunci-
ations in the given phoneme set. The current phoneme set
contains 39 phonemes; vowels may carry lexical stress.

Parser, grammar and morphological analyzer
Word sequences that are at the basis of acronyms are sub-
ject to a well-defined grammar, simpler than a complete noun
phrase grammar, but complex enough to require a nontrivial
analyzer. We have decided to use a well established nonde-
terministic parsing technique. As far as the dictionary is con-
cerned, we use the full WORDNET lexicon, integrated with
an ad-hoc morphological analyzer.

Also for the generation part we exploit the grammar as the
source for syntactic constraints.

All the components are implemented in Common Lisp aug-
mented with nondeterministic constructs.

Other resources
An “a-semantic” dictionary is a collection of hyper-
bolic/epistemic/deontic adjective/adverbs. This is a last re-
source, that some time can be useful in the generation
of new acronyms. Some examples are: abnormally, ab-
strusely, adorably, exceptionally, exorbitantly, exponentially,
extraordinarily, voraciously, weirdly, wonderfully. This re-
source is hand-made, using various dictionaries as informa-
tion sources.

Other lexical resources are: a euphemism dictionary, a
proper noun dictionary, lists of typical foreign words com-
monly used in the language with some strong connotation.
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3.2 Architecture and Implementation
To get an ironic or “profaning” re-analysis of a given
acronym, the system follows various steps and strategies. The
main elements of the algorithm can be schematized as fol-
lows:

• acronym parsing and construction of a logical form

• choice of what to keep unchanged (typically the head
of the highest ranking NP) and what to modify (e.g. the
adjectives)

• look up for possible substitutions

• exploitation of semantic field oppositions

• granting phonological analogy: while keeping the con-
straint on the initial letters of the words, the overall
rhyme and rhythm should be preserved (the modified
acronym should sound similar to the original as much
as possible)

• exploitation of WORDNET antonymy clustering for ad-
jectives

• use of the a-semantic dictionary as a last resource

Figures 3 and 4 show a sketch of the system architecture.

Acronym Morphological
Analysis Parser

Annotated
Logical Form

WordNet Domains

DB Semantic
Fields Oppositions

Acronym
Grammar

Incongruity
      Generator

Heuristics -
Rules

Acronym
Realization

Re-analyzed
Acronyms

Figure 3: Acronyms Reanalysis

In our system, making fun of existing acronyms amounts to
an ironical rewriting, desecrating them with some unexpect-
edly contrasting, but otherwise consistently sounding expan-
sion.

As far as acronym generation is concerned, the problem is
more complex. To make the task more attractive - and dif-
ficult - we constrain resulting acronyms to be words of the
dictionary (APPLE would be good, IBM would not). The
system takes in input concepts (actually synsets, possibly the
result of some other process, for instance sentence interpre-
tation) and some minimal structural indication, such as the
semantic head. The primary strategy of the system is to con-
sider as potential acronyms words that are in ironic relation
with the input concepts. By definition acronyms have to sat-
isfy constraints - to include the initial letters of some lexical
realization of the inputs words synsets, granting that the se-
quence of initials satisfy the overall acronym syntax. In this
primary strategy, the ironic reasoning comes mainly at the
level of acronym choice in the lexicon and in the selection of
the fillers of the open slots in the acronym.

For example, giving as input “fast” and “CPU”, we
get static, torpid, dormant. (Note that the com-
plete synset for “CPU” is {processor#3, CPU#1,
central processing unit#1, mainframe#2}. So

WordNet Synsets::
 - main concept
 - list of attributes
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Figure 4: Acronyms Generation

we can use in the acronym expansion a synonym of “CPU”.
The same happens for “fast”). Once we have an acronym
proposal, a syntactic skeleton has to be filled to get a correct
noun phrase. For example given in input “fast” and “CPU”,
the system selects TORPID with the possible syntactic skele-
ton:

< adv >T < adj >O Rapid Processor < prep > < adj >I < noun >D

or

< adj >T < adj >O Rapid Processor < prep > < noun >I < noun >D

where “rapid” and “processor” are synonyms re-
spectively of “fast” and “CPU” and the notation
<Part of Speech>Letter means a word of that par-
ticular part of speech with Letter as initial. Then the system
fills this syntactic skeleton with strategies similar to those
described for re-analysis.

The system is fully implemented in Common Lisp, exploit-
ing CLOS and the Meta-Object protocol to import WORD-
NET DOMAINS and to implement the navigation/reasoning
algorithms.

3.3 Examples
Here below some examples of acronym re-analysis are re-
ported. As far as semantic field opposition is concerned we
have slightly tuned the system towards the domains FOOD,
RELIGION and SEX. We report the original acronym, the re-
analysis and some comments about the strategies followed by
the system.

ACM - Association for Computing Machinery
→ Association for Confusing Machinery
FBI - Federal Bureau of Investigation
→ Fantastic Bureau of Intimidation

The system keeps all the main heads and works on the adjec-
tives and the PP head, preserving the rhyme and/or using the
a-semantic dictionary.

CRT - Cathodic Ray Tube
→ Catholic Ray Tube
ESA - European Space Agency
→ Epicurean Space Agency
PDA - Personal Digital Assistant
→ Penitential Demoniacal Assistant
→ Prenuptial Devotional Assistant
MIT - Massachusetts Institute of Technology
→ Mythical Institute of Theology

Some re-analyses are RELIGION oriented. Note the rhymes.

ART AND CREATIVITY62



As far as generation from scratch is concerned, a main con-
cept and some attributes (in terms of synsets) are given as in-
put to the system. Here below we report some examples of
acronym generation.

Main concept: processor (in the sense of CPU);
Attribute: fast

OPEN - On-line Processor for Effervescent Net

PIQUE - Processor for Immobile Quick Uncertain Experi-
mentation

TORPID - Traitorously Outstandingly Rusty Processor for
Inadvertent Data processing

UTMOST - Unsettled Transcendental Mainframe for Off-line
Secured Tcp/ip

We note that the system tries to keep all the expansions
of the acronym coherent in the same semantic field of the
main concept (COMPUTER SCIENCE). At the same time,
whenever possible, it exploits some incongruity in the lexi-
cal choices.

3.4 Evaluation
Testing the humorous quality of texts is not an easy task.
There have been relevant studies though, such as [Ruch,
1996]. For HAHACRONYM, a simpler case, an evaluation
was conducted under the supervision of Salvatore Attardo at
Youngstown University, Ohio. Both reanalysis and genera-
tion have been tested according to criteria of success stated in
advance and in agreement with the European Commission, at
the beginning of the project.

The participants in the evaluation were forty students.
They were all native speakers of English. The students were
not told that the acronyms had been computer generated. No
record was kept of which student had given which set of
answers (the answers were strictly anonymous). No demo-
graphic data were collected. However, generally speaking,
the group was homogeneous for age (traditional students, be-
tween the ages of 19 and 24) and mixed for gender and race.

The students were divided in two groups. The first group of
twenty was presented the reanalysis and generation data. We
tested about 80 reanalyzed and 80 generated acronyms (over
twice as many as required by the agreement with the Euro-
pean Commission). Both the reanalysis module and the gen-
eration module were found to be successful according to the
criteria spelled out in the assessment protocol. The acronyms
reanalysis module showed roughly 70% of acronyms hav-
ing a score of 55 or higher (out of a possible 100 points),
while the acronym generation module showed roughly 53%
of acronyms having a score of 55 or higher. The thresholds
for success established in the protocol were 60% and 45%,
respectively.

A set of randomly generated acronyms were presented to a
different group of twenty students. A special run of the sys-
tem was performed in which the semantic filters and heuris-
tics had been disabled, while only the syntactical constraints
were operational. (If the syntactical rules had been disabled
as well the output would have been gibberish and it would be
difficult to compare with the regular system production). In

this test, less than 8% of the acronyms passed the 55 points
score test, we conclude that the output of HAHACRONYM is
significantly better than random production of reanalysis.

Acronyms scored > 55 Success Thresholds
Generation 52.87% 45%
Reanalysis 69.81% 60%
Random 7.69%

Table 1: Evaluation Results

A curiosity that may be worth mentioning: HA-
HACRONYM participated to a contest about (human) produc-
tion of best acronyms, organized in December 2002 by RAI,
the Italian National Broadcasting Service. The system won a
jury’s special prize.

4 Prospects for advertisement
Humor is the healthy way of creating ‘distance’ between
one’s self and the problem, a way of standing back and look-
ing at the problem with perspective. Humor reveals new as-
pects, disarms and relaxes. It is also infectious and it is an
important way to communicate ideas. On the cognitive side
humor has two very important properties:

- it helps getting and keeping people’s attention. Type
and rhythm of humor may vary and the time involved
in building the effect may be different in different cases:
some times there is a context - like joke telling - that
from the beginning let you expect for the humorous cli-
max, which may occur after a long while; other times the
effect is obtained in almost no time, with one perceptive
act - for instance in static visual humor, funny posters
or in cases when some well established convention is re-
versed with an utterance;

- it helps remembering. For instance it is a common ex-
perience to connect in our memory some knowledge we
have acquired to a humorous remark or event. In a for-
eign language acquisition it may happen that an involun-
tary funny situation is created because of so called “false
friends” - words that sound similar in two languages and
may have the same origin but have a very different mean-
ing. The humorous experience is conducive to remem-
bering the correct use of the word.

No wonder that humor has become one of the favorite
strategies used by creative people involved in the advertising
business. In fact among the various fields in which creative
language is used, advertising is probably the area of activity
in which creativity (and hence humor) is practiced with most
precise objectives.

From an applied AI point of view, we believe that an envi-
ronment for proposing solutions to advertising professionals
can be a realistic practical development of computational hu-
mor and one of the first attempts in dealing creative language.

Some examples of the huge array of opportunities that lan-
guage offers and that existent NLP techniques can cope with:
rhymes, wordplays, popular sayings or proverbs, quotations,
alliterations, triplets, chiasmus, neologism, non sequitur,
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adaptation of existing expressions, adaptation of proverbs,
personification, synaesthesia (two or more senses combined).

An intelligent system devoted to advertisement, based on
an apparatus that extends the one we have described, can play
with these expressions, alter them, change the context, use
them as a platform for completely new ideas (e.g. create the
slogan: Thirst come, thirst served for a soft drink).

In the longer run the aim is to go for individual-oriented
advertisement. Let us leave aside issues of privacy for the
moment, though we know this is a critical theme. The avail-
ability of individual profiles, automatic inferencing of interest
and behavior models, information about the location of the
individual, combined with reasoning on the offer side (what
is advisable to promote in a given context of business) will
all provide the basic input for advertising things worth get-
ting the interest of a specific individual in a given context.
Commercial advertisement will be just one case along this
line - one can think of influencing the individual behaviour on
the basis of the availability of any possible resources such as,
for instance, cultural goods. A prediction is that when such
situation-oriented advertisements will become widespread,
the same features that prevail now with broadcasted material
will be sought after for the new case. So, forms of humorous
advertisement for the individual (even playing on personal as-
pects) will become a plus.

An important aspect to be taken into account is how humor
is appreciated by different individuals. Personality studies re-
garding this specific theme give important indications [Ruch,
2002]. One option will also be to develop humor for conver-
sational systems, based on embodied agents. The work of Ni-
jholt [2002] Andrè and Rist [2000] and Cassell [2001] could
provide the starting point for introducing dynamic humor.

For obtaining good results (there are not many things that
are worse than bad humor!) for these longer term objectives,
much work will be needed, especially further integration with
ontologies, common sense reasoning and pragmatics.
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Abstract
Hand-crafting effective visual presentations is

time-consuming and requires design skills. Here we
present a case-based graphic sketch generation
algorithm, which uses a database of existing
graphic examples (cases) to automatically create a
sketch of a presentation for a new user request. As
the first case-based learning approach to graphics
generation, our work offers three unique contribu-
tions. First, we augment a similarity metric with a
set of adequacy evaluation criteria to retrieve a case
that is most similar to the request and is also usable
in sketch synthesis. To facilitate the retrieval of case
fragments, we develop a systematic approach to
case/request decomposition when a usable case
cannot be found. Second, we improve case retrieval
speed by organizing cases into hierarchical clusters
based on their similarity distances and by using
dynamically selected cluster representatives. Third,
we develop a general case composition method to
synthesize a new sketch from multiple retrieved
cases. Furthermore, we have implemented our case-
based sketch generation algorithm in a user-system
cooperative graphics design system called IMPRO-
VISE+, which helps users to generate creative and
tailored presentations.

1 Introduction
Automated graphics generation systems promise to aid

users in creating effective visual presentations (e.g., charts
and diagrams) [Mackinlay, 1986; Zhou, 1999]. Upon a user
request (e.g., displaying sales data), these systems directly
provide users with the final presentation (e.g., a barchart). To
better tailor a presentation to user preferences, we are build-
ing a user-system cooperative graphics generation system,
called IMPROVISE+. IMPROVISE+ generates a presentation in
two steps: sketch generation and sketch refinement. Here a
sketch is an outline of a presentation without all visual
details (Figure 1). A generated sketch is first presented to
users for their feedback. Depending on the feedback, IMPRO-

VISE+ may redesign the sketch or refine it to create a final
illustration (e.g., setting the exact layout of Figure 1). By
allowing users to critique a sketch first, IMPROVISE+ can
save the cost of fine-tuning an undesirable design. 

Our focus here is on a case-based learning approach to
sketch generation. Given a user request, from a database of
existing graphic examples (cases) our approach uses a simi-
larity metric to retrieve the case that is most similar to the
request. The retrieved case is then directly reused for or
adapted to the new situation (e.g., new data). Instead of using
a rule-based approach as most graphics generation systems
do [Mackinlay, 1986; Zhou, 1999], our decision of using
case-based learning is two-fold. First, it is difficult to hand-
extract a complete and consistent set of graphics design
rules, while existing graphic examples are abundant [Zhou
et al., 2002a]. Second, case-based learning is efficient for
sketch generation, where we focus on learning overall visual
structures instead of precise visual arrangements (e.g., exact
positions and scales) 1.

Although case-based learning has been applied to vari-
ous design problems [Borner, 2001], it has never been
applied to graphics design. As the first case-based learning

1Due to the complexity in graphics rendering, it is impractical to learn the 
values of visual parameters, such as scales and positions, from existing 
cases. We compute the parameters during the sketch refinement stage.

Figure 1. A sketch of a cartogram generated by IMPROVISE+.

Here all symbols starting with ? are data variables to be
instantiated with data values from a database. These
data values also decide the final visualization
(e.g., the exact amenity locations and bar lengths)
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approach to graphics design, our work offers three unique
contributions. 1) In case retrieval, we apply a set of adequacy
evaluation criteria in addition to a similarity metric to ensure
that the retrieved case is usable in sketch synthesis. To han-
dle situations where a usable case may not be found, we
decompose cases/requests into sub-cases/sub-requests to
facilitate the retrieval of case fragments. 2) We improve case
retrieval speed by organizing cases into hierarchical clusters
based on their similarity distances and by using dynamically
selected cluster representatives. 3) We synthesize a new
sketch from multiple retrieved cases through case generali-
zation and visual decoration inference (e.g., inferring deco-
rations such as coordinate axes and legends). 

Starting with a brief discussion of related work, we then
present our case-based learning algorithm, highlighting the
three unique features mentioned above. Finally we use a
concrete example to demonstrate how a new sketch is cre-
ated.

2 Related Work
Unlike rule-based graphics systems [Mackinlay, 1986;

Andre and Rist, 1993; Chuah et al., 1997; Zhou, 1999], our
work is the first to apply a general case-based learning tech-
nique to graphics design. Although one system, SAGE, has an
example-based generation component, it only reuses exam-
ples created by its own rule engine [Chuah et al., 1997].
Compared to SAGE, IMPROVISE+ uses a much more fine-
grained representation to capture the semantic and syntactic
features of each graphic example [Zhou et al., 2002b]. As a
result, without using any rules IMPROVISE+ can create new
graphic sketches by directly learning from a wide variety of
graphic examples. 

Differing from a programming by demonstration system
[Myers et al., 1994], where users must supply the desired
examples, our approach uses the graphic examples stored in
a database.

There are many case-based systems developed for other
domains, e.g., engineering design [Sycara et al., 1992]. The
closest to ours are known as case-based structure generation
systems [Borner, 2001]. However we have gone beyond
existing approaches to address specific challenges in graph-
ics design. In particular, we support a systematic, multi-level
case/request decomposition to achieve a more accurate case-
request matching. In contrast, existing systems either ignore
case/request decomposition [Borner, 2001] or simplify it
(e.g., only leaf-level decomposition [Michelena and
Sycara, 1994]). We also develop a general case composition

method to synthesize a new sketch from multiple cases, while
existing systems only allow limited case composition (e.g.,
combining only highly similar cases [Borner, 2001]). 

3 Example-based Sketch Generation 
Figure 2 gives an overview of our case-based sketch

generation algorithm. Our algorithm uses a database of exist-
ing information graphics (cases) to suggest a visual design
for a new user request. Here each stored case is described by
its data content D and visual representation V. Each request is
presented by specifying the data D’ and its desired visualiza-
tion V’, which may be partially or not specified at all. Given
such a request, our algorithm first uses a similarity metric to
retrieve the top-matched case by computing the similarity
distances between the request and existing cases. A top-
matched case is the case that has the shortest similarity dis-
tance to the request. If the top-matched case fails our ade-
quacy test, the current request is decomposed into a set of
sub-requests. The whole process is recursively called to find
the top-matched case for each sub-request. Depending on the
retrieval result, a new sketch (a fully specified V’) may be
constructed from the visual encoding (V) of a single matched
case or composed from multiple cases. Upon completion, the
user is presented with a rendered graphic sketch (e.g., Figure
1). We also involve users at different design stages (Figure
2). For example, our studies have shown that users may
express their preferences to retrieve more desired cases
[Zhou et al., 2002b] or propose new visual compositions
during sketch synthesis.

Before discussing our algorithm, we first briefly
describe the representations of our cases and user requests.

3.1 Representation of Cases and User Requests
We employ a labeled graph structure to represent our

cases and requests. Since we have described in detail how to
model and represent various semantic and syntactic features
of an existing graphic example previously [Zhou
et al., 2002b], we summarize the representation here.

Figure 2. Flow diagram of our sketch generation algorithm.
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Figure 3. A labeled graph representation of a case.
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Visual Database of Cases
Our case base contains an assortment of graphic designs

collected from a wide variety of sources [Zhou et al., 2002a].
Using a labeled graph structure [Zhou et al., 2002b], each
case is described in XML as a graph (Figure 3a), which
expresses a complex mapping between a data hierarchy (D0–
D5) and a visual hierarchy (V0–V8). Within each hierarchy, a
data/visual node is described by a set of features (e.g., D3 and
V7). There are two types of links in the graph: intra-hierarchy
links for data/visual node relationships (e.g., D3 is indexed
by D2 and all undirected edges implying parent-child rela-
tions), and inter-hierarchy links (red dotted lines) for data-
visual mappings (e.g., D5 to V7). To facilitate case retrieval,
we also index each case using two graphs (Figure 3b):
PDGraph organizes data-visual mapping pairs along the data
hierarchy, while PVGraph arranges the mapping pairs by the
visual hierarchy. Note that a data/visual node may be
mapped to multiple visual/data nodes (e.g., D5 and V6) or
none (denoted by “/”). Our bi-graph indexing not only pre-
serves all the information captured in the original complex
graph (Figure 3a), but also partitions one complex graph into
two simpler sub-graphs (Figure 3b), which can greatly sim-
plify the similarity measuring process.

When loading all cases from the database to memory,
IMPROVISE+ parses the XML document of each case and auto-
matically builds all case indices (PDGraphs and PVGraphs).

User Request 
A user request submitted in XML format is also described

as a graph similar to the case representation. Figure 4 out-
lines a request for presenting the information of a city. Spe-
cifically, it asks to display the relevant county
(CountyBoundary), basic information of the city (Name and
Location), the city gazetteer (Population, AgeInfo for 6 age
groups, and an arrow button indicating MoreInfo is available
upon request), and 3 city amenities (Name, Location, and Type)
such as community golf courses and swimming pools. Since
users may not know every presentation aspect, the represen-
tation of a user request is often a partially specified graph
with the majority of the visual elements left unspecified. For
example, Figure 4 does not specify a visual encoding for any
data nodes except MoreInfo. 

Based on the characteristics of data relations, our algo-
rithm automatically assigns matching priorities to different
data relations in a user request to indicate that matching cer-
tain data relations well (e.g., index in Figure 5) is more
important than matching others (e.g., has-a). As described
below, matching priorities aid us in evaluating the usability
of a retrieved case and in selecting visual candidates. Cur-
rently, we assign priorities by relation type. For example, a
higher priority is given to presentation relations like index
than to semantic relations like has-a.

3.2 Case Retrieval
The success of an interactive case-based system like

ours, depends largely on the quality and speed of the case
retrieval process. To ensure retrieval quality, we augment
similarity measuring with adequacy evaluation that tests
whether a retrieved case is usable in sketch synthesis. If a
usable case cannot be found, we decompose cases and
requests into sub-cases and sub-requests to facilitate the

retrieval of case fragments. In addition, we use a hierarchi-
cally structured case base to improve our retrieval speed.

Adequacy-Guided Retrieval 
Using a quantitative similarity metric that we have

developed [Zhou et al., 2002b], our algorithm first retrieves
the top-matched case for a request. As a result, each data
node and data relation in the request are associated with a
computed similarity distance in the range of [0, 1]. Since our
similarity model stresses the overall structural similarity
between the request and the existing examples, a data node
Dr in the request may or may not acquire a match (D, V) from
the top-matched case. Here D is the data that matches Dr, and
V (the visual mapping of D) is a potential visual candidate for
encoding Dr in the new sketch. If no match is found for Dr,
the recorded distance is 1.0. However, the top-matched case
may be inadequate for creating an effective sketch for the
following three reasons. Accordingly, we formulate three
adequacy criteria to evaluate whether a retrieved case is
usable in sketch synthesis.

First, a top-matched case may produce a good overall
match but poor or no matches for certain data nodes in the
request. This implies that certain data or a sub-set of data
expressed in the request may not be well visualized in the
new sketch as they could be. To ensure a good match for
every data node (i.e., a short similarity distance), our first
criterion requires that the similarity distance for every data
node of a request be below a threshold. After conducting a
series of case retrieval experiments, we currently set the
threshold to 0.3 on a [0, 1] scale, which proves to be a good
indicator for creating a quality new sketch.

Second, suppose that a top-matched case passes the
above criterion. By the matching priorities set in the request,
however the distances for more important data relations may
be larger than those of less important ones. Since matching
priorities are used to select visual candidates during case
composition, using such a matching result may alter the orig-
inal intention of the request and produce an undesired

 

Figure 4. A sample user request.
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Figure 5. A decomposition by data relations.
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sketch. Therefore our second criterion states that for every
data relation in a request, the higher its matching priority is,
the shorter its associated similarity distance must be. 

Third, even though a top-matched case passes the above
two criteria, it may still not be adequate for synthesizing a
new sketch. Our synthesis starts with the visual candidates of
data leaf nodes in a request and composes the higher-level
visual nodes from bottom up using the lower-level visual
nodes. However our top-down graph matching is a partial
matching, which may not guarantee that every data leaf node
in a request acquire a visual candidate [Zhou et al., 2002b].
Our synthesis would then fail due to a lack of basic building
blocks. Thus our third criterion requires that every data leaf
node in a request obtain a visual candidate. It is not required
to find visual candidates for intermediate data nodes from
case retrieval, since theirs can be composed from those of
their children.

Case and Request Decomposition
It is rare to find an exact match for a user request from

the case base, but it is quite common that a fragment of the
user request matches well with a fragment of a case
[Mitchell, 1997]. To facilitate the retrieval of case fragments,
we support case/request decomposition. 

Case decomposition. To avoid creating a large search
space, our challenge is to determine the granularity of sub-
cases. Based on the data and visual characteristics of a
graphic example [Zhou et al., 2002b], we develop four heu-
ristics to guide our case decomposition. 

1). We extract independent and meaningful visual struc-
tures, which are schematic illustrations for conveying con-
cepts and processes [Winn, 1987]. For example, the table
showing the city information (Figure 6a) is considered as a
sub-case. Within a case, such a structure can be easily identi-
fied by the value (VisualStructure) of its feature Category.

2). We turn a case (e.g., Figure 6b) into a sub-case by
trimming all its decorations (e.g., coordinate axes and leg-
ends). These simplified sub-cases are good matching candi-
dates for most user requests, which normally do not specify
the data for creating visual decorations.

3). We extract all visual leaf objects along with their data
mappings from cases (e.g., V7 and D5 in Figure 3b) to form a
visual dictionary [Zhou and Feiner, 1997]. The dictionary is
used to find matches for user requests that contain a single
node. 

4). We decompose a case by data relations. Figure 5
shows two data relations (has-a and index) encoded in Figure
6(b), which lead to two sub-cases (Figure 5a–b). In Figure
5(b), a Dummy node is also added to preserve a rooted graph

structure for a fast graph matching (see below). 
For the sake of performance, we automatically extract

all sub-cases during the case loading stage.

Request decomposition. Unlike case decomposition,
which is done once during the case loading stage, request
decomposition occurs whenever a retrieved top-matched
case fails our adequacy evaluation. To ensure the retrieval
quality without incurring the expense of rematching, we
extract only the failed fragments as sub-requests, while
retaining the results for succeeded ones. Here a failed frag-
ment is the biggest possible rooted sub-graph that contains
failed nodes excluding the root of the current request. Sup-
pose that every node in fragment A (Figure 4) passes our
evaluation, but a node (e.g., AName) in fragment B fails. We
then create a sub-request containing the whole fragment B
with City as the root, while keeping the matching results of
fragment A. Depending on the matching results, the decom-
position may be repeated until sub-requests contain a single
node. The matched cases for these single-node requests can
be found from our visual dictionary. 

Since sub-requests break up the original structure of a
request, it is always desirable not to produce too many sub-
requests. Request decomposition however enables us to find
desired case fragments from a set of heterogeneous cases as
we have, where finding a maximal common subgraph may
fail [Borner, 2001]. Unlike a static request decomposition
used by other researchers [Michelena and Sycara, 1994], our
decomposition is dynamically performed based on our ade-
quacy evaluation results. 

Improve Retrieval Speed
As the number of cases grows, the cost of searching for a

desired case increases. Moreover, finding a graphic example
that matches a user request best is a computationally inten-
sive graph-matching process itself. Specifically, we need to
match two pairs of PDGraphs and PVGraphs between a case
and a user request. By exploiting the rooted hierarchical
structure of PD/PVGraph, we perform an ordered, top-town
graph matching [Zhou et al., 2002b] to accelerate otherwise
an arbitrary graph matching process (e.g., matching two
complex graphs similar to Figure 3a). To further improve
case retrieval speed, we reduce the search space by using a
hierarchically structured case base.

Instead of searching the case base linearly, we exploit
the organization of the cases. We use a hierarchical cluster-
ing algorithm [Duda and Hart, 1973] to arrange all cases by
their pair-wise distances computed using a similarity metric
[Zhou et al., 2002b]. Figure 7 shows such a cluster hierarchy.
Starting with the two outmost clusters in the hierarchy (e.g.,
clusters 1–2 in Figure 7), at each level we search only one

(a) Cartogram (b) Barchart adopted from 
[Myers et al., 1994]

Figure 6. Annotated decomposible graphic examples.
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cluster that is most likely to contain the top-matched case. 
To find a cluster to follow, we first select a representa-

tive for each cluster using a quick approximation. A repre-
sentative is a case closest to the request by three meta
properties of its PDGraph: the total number of nodes, the
average number of levels, and the average number of nodes
at each level. We then select the cluster whose representative
produces the shortest similarity distance to the request by our
similarity metric. The rationale here is that the top-matched
case for a request is likely to be in the same cluster of cases
that match the request well by both meta properties and our
similarity metric.

Following the selected cluster (e.g., cluster 2 in Figure
7) down the hierarchy (e.g., clusters 3–4), our algorithm
repeats the above process until it explores a leaf cluster. In
our experiments, this cluster-guided search improves the per-
formance over a linear search by a factor of 3. Due to the
approximation used, our method however is not guaranteed
to find the top-matched case. Unlike other structured case
search, where cluster representatives are pre-selected in
advance [Borner, 2001], we dynamically compute represen-
tatives for each request to achieve a more accurate retrieval. 

3.3 Case Composition: Sketch Synthesis
As the result of a successful retrieval, each data leaf

node of the request acquires at least one visual candidate.
Starting with the visual candidates of the leaves, our algo-
rithm synthesizes a sketch from bottom up by creating visual
candidates for higher-level data nodes and finally for the
root. In this section, we address three challenges arising in
sketch synthesis. First, we resolve visual candidate conflicts
when a data node in the request acquires multiple candidates.
Second, to compose multiple retrieved cases, we use deci-
sion-tree learning to generalize existing visual compositions
and to verify new compositions. Third, we automatically
infer visual decorations from existing cases, such as the
coordinate axes and legends, to complete a visual sketch
design.

Conflict Resolution of Visual Candidates
Within a user request, a data node may acquire multiple

visual candidates from different case matching. For example,
data nodes Name and Price appear in two sub-requests (Figure
5a–b). It is most likely for both items to obtain multiple
visual candidates as the two sub-requests are matched to dif-
ferent cases. To select a proper visual candidate, we cur-
rently use both the matching priority set in the user request
and the distance calculated during similarity measuring. Spe-
cifically, we first retain candidates that are acquired through
matching the data relations with a higher priority. In the
above example, we will keep the candidates for Name and
Price acquired through matching the sub-request in Figure
5(b), since the priority for matching relation index precedes
that of relation has-a (Figure 5a). If there are multiple candi-
dates by the same matching priority, we then select candi-
dates that have produced the shortest distance during the
match. Should there still be multiple candidates left, our
algorithm would choose a candidate randomly.

Generalizing and Verifying Visual Composition
Our sketch synthesis uses visual candidates acquired for

the lower-level data nodes to create visual candidates for the

higher-level nodes in the request. Since visual candidates
may be retrieved from different cases, their compositions
may never exist before and new compositions are needed to
piece them together. Here we denote a visual composition
(⇒) of N visual elements as:

E1, ..., EN ⇒ rC, 
where Ei is the ith element, r is the composition relation, and
C is the composed visual object. Below is an example of a
cartogram (a map-based presentation) composition:

Position, Map ⇒ overlayCartogram. 
It composes a Cartogram by overlaying a Position element on
top of a Map element. In our approach, a new composition for
an intended data node (e.g., Amenity in Figure 4) is proposed
using the composition information recorded in its children
(e.g., AName) during the case retrieval. Specifically, in each
data node that acquires a visual candidate V from the
retrieved case (e.g., V7 from Figure 3a), we record the com-
position relation and category specified in V’s parent (e.g.,
V4). As a result, for each retrieved visual candidate our algo-
rithm records the possible compositions that the visual can-
didate has participated in.

However a proposed composition may not always be
valid. Here validity means that a visual composition must
produce an effective visual design [Mackinlay, 1986]. For
example, the above cartogram composition is a valid compo-
sition, but composing a visual object by juxtaposing two hor-
izontal position elements is not. Without hand-crafting rules
or pre-defining connectors [Michelena and Sycara, 1994],
we use a decision-tree learning technique to automatically
induce a set of classification rules from 200 visual composi-
tion samples extracted from our cases. By our visual compo-
sition definition, we describe each sample using N input
features specifying N visual element categories (e.g., Position
and Map) and one target specifying a combined composition
relation and category (e.g., overlay_Cartogram). Currently N is
set to 3 since most of our samples contain 3 elements. If a
sample contains fewer than 3 elements, the remaining fea-
tures are set to null. We train C4.5 [Quinlan, 1993], a deci-
sion-tree learning algorithm, on the 200 samples using 5-fold
cross-validation, a standard procedure when the amount of
data is limited. We obtain 14 generalized composition rules
with an overall classification error of 22%. We then use these
rules to verify a new composition. 

To compensate for the situation where there is a lack of
visual composition samples, we introduce negative samples
that are known invalid compositions to help identify invalid
new compositions. Similar to the above process, we use clas-
sification rules induced from the negative samples to verify
invalid new compositions to be eliminated. After both posi-
tive and negative verifications, if there are still multiple pro-
posed compositions we use the confidence factors generated
in the decision-tree learning to select the most probably valid
composition. Without a sufficient number of composition
samples, our approach may not always verify a composition
correctly. That is why we involve users in the design process
to help IMPROVISE+ in its decision-making (Figure 2). 

Inferring Visual Decoration
A sketch is incomplete without the necessary visual dec-

orations, such as coordinate axes and legends, which can
guide users to comprehend the information encoded in the
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graphic [Wilkinson, 1999]. However in a request a user
rarely specifies the data for creating such decorations, which
our algorithm must infer.

Currently our inference is based on an assumption that
visual decorations can be created using only data leaves in a
request. According to visual psychology studies, a person
tends to first perceive the global structure of a graphic (e.g.,
a spatial map) then examine the details (a particular color or
a position) [Goldsmith, 1984]. Only when a person attempts
to interpret the meanings of visual primitives (e.g., the color
code in Figure 6b), visual decorations are needed (e.g., the
legend in Figure 6b). Hence visual decorations normally
encode leaf data or their transformations. 

Specifically, for each leaf L and its match (D, V) from a
retrieved case C, we trace the visual mappings of the
matched data node D in C. Within case C, if data D is used to
create visual decorations, our algorithm would create a
visual decoration for L in the user request. More precisely, if
there exists a data-visual mapping pair (D’, V’) in case C,
where D’ is D or a transformation of D, and V’ is a visual dec-
oration; V’ becomes a visual decoration candidate for the new
sketch. However, L may need to be transformed for creating
V’, since D’ is often a transformation of D. Suppose that a
user asks to present the depth of different lakes (LakeDepth),
which happens to acquire a match (Price, VertLength) from a
retrieved case as in Figure 6(b). Here Price (a domain) has
been transformed into a range [minPrice, maxPrice] in creating
the Y axis. Similarly, in the new sketch a Y axis will be cre-
ated for encoding the range of LakeDepth converted from the
LakeDepth domain. 

4 An Example
Here we demonstrate how a specific user request (Figure

4) is fulfilled. For this request, our algorithm first retrieves
the top-matched case, which fails our adequacy test, as the
similarity distance (0.5803) for node Gazetteer in fragment B
is above the required threshold (0.3). While keeping the
matches for fragment A, we extract the whole fragment B as a
sub-request with node City as its root, since we always
attempt to find an overall good match for the bigger sub-
graph (e.g., the sub-graph covering B instead of B2). Next,
the top-matched case for fragment B is retrieved, where

nodes in B1 pass the evaluation, but those in B2–B3 do not.
Subsequently, our algorithm treats fragments B2–B3 as two
new sub-requests and finds matches for them. Except nodes
under fragments B21 and B31, all other data nodes have now
acquired acceptable matches. Eventually desired matches are
found for the last two sub-requests generated for fragments
B21 and B31. Since B31 contains only one node, its match is
retrieved from our visual dictionary.

Using the retrieved results, our algorithm synthesizes a
new sketch from bottom up (Figure 8a). It proposes new
compositions to create visual candidates for shaded data
nodes, while reusing retrieved candidates for others. Specifi-
cally, a new composition is proposed for Gazetteer, since the
visual candidates for its children Population, AgeInfo, and Mor-
eInfo, are retrieved from different cases. In this case, a top-to-
bottom_Table composition is recorded for Population during the
retrieval. According to C4.5, this is a valid composition, thus
it is used to create a Table for conveying Gazetteer with 3
items arranged from top to bottom: a text, a pie chart, and an
arrow button. Similarly, visual candidates are created for
Amenity, then for City, at last for the root. As a result, a new
sketch is created for this request with an inferred legend for
interpreting the type of amenities (Figure 8b). 

If the user chooses to use a different set of cases, an
alternative can be created for the same request (Figure 1).
Once a new sketch is created, it can be directly stored back
in our case base as a new addition, since the generated sketch
has a representation similar to other existing cases. 

5 System Implementation and Performance
IMPROVISE+ is implemented using Java and C++. We

use Java to implement all design components, including our
case-based sketch generation algorithm. We have imple-
mented two rendering components, one in Java2D for 2D
graphics and the other in C++/Open Inventor/OpenGL for
3D graphics. IMPROVISE+ currently runs on Win32/Linux/
SGI. On a PC with a 1.13 GHz Pentium III processor, it takes
about 5 seconds to create the sketch shown in Figure 8(b)
from about 100 cases, each of which contains about 30 data
nodes and 30 visual nodes on average.

We have also conducted several experiments to test the
effectiveness of our approach. According to our user feed-

(a) Graph structure of a composed sketch (b) Rendered graphic sketch
Figure 8. A composed sketch and its rendering fort the user request in Figure 5.
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back, our case-based approach can provide more versatile
and “creative” design suggestions (e.g., Figure 1) than a
rule-based approach can [Zhou, 1999]. Moreover, involving
users in proper design stages helps create a more tailored
visual presentation. For example, by specifying different
retrieval preferences [Zhou et al., 2002b], users can choose
among different design alternatives (Figure 1 vs. Figure 8b).

6 Conclusions and Future Work
In this paper, we have presented a case-based graphic

sketch generation algorithm with an emphasis on its three
unique features and how they facilitate an efficient and
effective sketch generation. First, we present an adequacy-
guided case retrieval method, which augments a similarity
metric with a set of adequacy evaluation criteria to retrieve a
top-matched case that is also usable in sketch synthesis. To
facilitate the retrieval of case fragments, we also describe
how to systematically decompose a case/request when a
usable case cannot be found. Second, we explain how to
enhance case retrieval speed by organizing cases into hierar-
chical clusters based on their similarity distances and by
using dynamically selected cluster representatives. Third, we
show how to construct a new sketch through case composi-
tion, including case generalization and visual decoration
inference (e.g., inferring coordinate axes and legends). 

Currently, we are working in two areas to improve
IMPROVISE+. First, we are creating a GUI that allows users to
easily specify a request by “drawing” a graph similar to Fig-
ure 4 without writing an XML document. Second, we are
developing more sophisticated interaction support, where
IMPROVISE+ can automatically engage users in interaction
based on context. For example, if IMPROVISE+ cannot find a
valid visual composition using decision-tree learning, it may
decide to solicit user inputs. 
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