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ABSTRACT

In this paper we propose a run-time approach to organiza-
tion that is contingent on the task structure of the problem
being solved and the environmental conditions under which
it is being solved. We use TAEMS as the underlying repre-
sentation for our problems and describe a framework that
uses Organizational Self-Design (OSD) to allocate tasks and
resources to the agents and coordinate their activities.

Categories and Subject Descriptors

1.2.11 [Distributed Artificial Intelligence]: Multiagent
systems

General Terms

Algorithms, Design, Performance
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1. INTRODUCTION

In this paper, we are primarily interested in the organi-
zational design of a multiagent system — the roles enacted
by the agents, the coordination between the roles and the
number and assignment of roles and resources to the indi-
vidual agents. The organizational design is complicated by
the fact that there is no best way to organize and all ways
of organizing are not equally effective[l]. Instead, the opti-
mal organizational structure depends both on the problem
at hand and the environmental conditions under which the
problem needs to be solved. The environmental conditions
may not be known a priori or may change over time, which
would preclude the use of a static organizational structure.
On the other hand, all problem instances and environmen-
tal conditions are not always unique which would rule out
the use of a new, bespoke organizational structure for every
problem instance.

In our approach we use Organizational Self-Design (OSD)
to dynamically alter the organizational structure of the agents.
We define two operators for OSD — agent spawning and
composition — when an agent becomes overloaded, it spawns
off a new agent to handle part of its task load /responsibility;
when an agent lies idle for an extended period of time, it may
decide to compose with another (underloaded) agent.

Our work builds on the work by [2]. The primary dif-
ference between their work and our work is that we use
TAMS [3] as the underlying representation for our prob-
lems. TAMS is a computational framework that uses an-
notated hierarchical task networks (HTNs) to allow quanti-
tative reasoning over the task structures. TAEMS allows us
to explicitly reason about alternative ways of doing a task,
arbitrary ways of combining subtasks, uncertainties, qual-
ity /cost tradeoffs, and non-local effects and is hence more
general than the approach used by [2].

2. ORGANIZATIONAL SELF DESIGN
2.1 Agent Roles and Relationships

As explained in Section 1, the organizational structure is
primarily composed of roles and the relationships between
the roles. One or more agents may enact a particular role
and one or more roles must be enacted by every agent. The
roles may be thought of as the parts played by the agents en-
acting the roles in the solution to the problem and reflect the
long-term commitments made by the agents in question to
a certain course of action (that includes task responsibility,
authority, and mechanisms for coordination). The relation-
ships between the roles are the coordination relationships
that exist between the subparts of a problem.

In our approach, the organizational design is directly con-
tingent on the task structure and the environmental condi-
tions under which the problems need to be solved. We define
arole as a TAMS subtree rooted at a particular node. Note,
by definition, a role may consist of one or more other (sub-)
roles as a particular TAEMS node may itself be made up of
one or more subtrees. Hence, we will use the terms role,
task node and task interchangeably.

We, also, differentiate between local and managed (non-
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as such roles will have two or more descendent local roles
that are the responsibility of two or more separate agents.
We achieve this coordination by assigning one of the agents
as the manager responsible for enacting the non-local role.
This manager is responsible for making the coordination de-
cisions, often in consultation with the agents enacting the
descendent sub-roles of that particular non-local role.

2.2 Organization Formation and Adaptation

To form or adapt their organizational structure, the agents
use two organizational primitives: agent spawning and com-
position. These two primitives result in a change in the
assignment of roles to the agents. Agent spawning is the
generation of a new agent to handle a subset of the roles of
the spawning agent. Agent composition, on the other hand,
is orthogonal to agent spawning and involves the merging
of two or more agents together — the combined agent is
responsible for enacting all the roles of the agents being
merged. Hence, OSD can be thought of as a search in the
space of all the role assignments for a suitable role assign-
ment that minimizes or maximizes a performance measure

In order to participate in the formation and adaption of
an organization, the agents need to explicitly represent and
reason about the role assignments. Hence, as a part of its
organizational knowledge, each agent keeps a list of the local
roles that it is enacting and the non-local roles that it is man-
aging. Note that each agent only has limited organizational
knowledge and is individually responsible for spawning off
or combining with another agent, as needed, based on its
estimate of its performance so far.

To see how the organizational primitives work, we first
describe four rules that can be thought of as the organiza-
tional invariants which will always hold before and after any
organizational change:

1. For a local role, all the descendent nodes of that role
will be local.

2. Similarly, for a managed (non-local) role, all the as-
cendent nodes of that role will be managed.

3. If two local roles that are enacted by two different
agents share a common ancestor, that ancestor will
be a managed role.

4. If all the direct descendants of a role are local and the
sole responsibility of a single agent, that role will be a
local role.

When a new agent is spawned, the agent doing the spawn-
ing will assign one or more of its local roles to the newly
spawned agent. To preserve invariant rules 2 and 3, the
spawning agent will change the type of all the ascendent
roles of the nodes assigned to the newly spawned agent
from local to managed. Note that the spawning agent is
only changing its local organizational knowledge and not
the global organizational knowledge. At the same time, the
spawning agent is taking on the task of managing the pre-
viously local roles. Similarly, the newly spawned agent will
only know of its just assigned local roles.

When an agent (the composing agent) decides to compose
with another agent (the composed agent), the organizational
knowledge of the composing agent is merged with the orga-
nizational knowledge of the composed agent. To do this,
the composed agent takes on the roles of all the local and
managed tasks of the composing agent. Care is taken to
preserve the organizational invariant rules 1 and 4.

2.3 Reasons for Organizational Change

As organizational change is expensive (requiring clock cy-
cles, allocation/deallocation of resources, etc.) we want a
stable organizational structure that is suited to the task and
environmental conditions at hand. Hence, we wish to change
the organizational structure only if the task structure and/or
environmental conditions change. Also to allow temporary
changes to the environmental conditions to be overlooked,
we want the probability of an organizational change to be
inversely proportional to the time since the last organiza-
tional change. If this time is relatively short, the agents are
still adjusting to the changes in the environment - hence the
probability of an agent initiating an organizational change
should be high. Similarly, if the time since the last orga-
nizational change is relatively large, we wish to have a low
probability of organizational change.

To allow this variation in probability of organizational
change, we use simulated annealing to determine the prob-
ability of keeping an existing organizational structure. This
probability is calculated using the annealing formula: p =
e~ %% where AE is the “amount” of overload/underload, T'
is the time since the last organizational change and k£ is a
constant. The mechanism of computing AFE is different for
agent spawning than for agent composition and is described
below. From this formula, if T is large, p, or the probability
of keeping the existing organizational structure is large.

Agent spawning only occurs when the agent doing the
spawning is too overloaded and cannot complete all the tasks
in its task queue by the given deadlines of the tasks. To com-
pute if spawning is necessary, we use the annealing equation
with AE = m where « is a constant and Slack is the
difference between the total time available for completion
of the outstanding tasks and the sum of the expected time
required for completion of each task on the task queue.

Agent composition, on the other hand, is exactly orthog-
onal to agent spawning as agent composition only occurs
when the agents are underloaded. In such a situation, some
of the agents will be sitting idle waiting for tasks to ar-
rive. These idle agents will either be utilizing resources while
waiting, or more likely, will have resources allocated to them
that could be used elsewhere in the system. In either case,
it makes sense to combine some of the idle agents with other
agents freeing precious resources.

To calculate if agent composition is necessary, we again
use the simulated annealing equation. However, in this case,
AFE = 3 x Idle_Time, where (3 is a constant and Idle_Time
is the amount of time for which the agent was idle. If the
agent has been sitting idle for a long period of time, AFE is
large, which implies that p, the probability of keeping the
existing organizational structure, is low.

3. EVALUATION

To evaluate our approach, we ran a series of experiments
that simulated the operation of both the OSD agents and the
Contract Net agents on various task structures with varied
arrival rates and deadlines. At the start of each experiment,
a random T/AEMS task structure was generated with a spec-
ified depth and branching factor. During the course of the
experiment, a series of task instances arrive at the organi-
zation and must be completed by the agents before their
specified deadlines.

To directly compare the OSD approach with the Contract
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Net approach, each experiment was repeated several times
— using OSD agents on the first run and a different number
of Contract Net agents on each subsequent run. We were
careful to use the same task structure, task arrival times,
task deadlines and random numbers for each of these trials.

We divided the experiments into two groups: experiments
in which the environment was static (fixed task arrival rates
and deadlines) and experiments in which the environment
was dynamic (varying arrival rates and/or deadlines).

The two graphs in Figure 1, show the average performance
of the OSD organization against the Contract Net organi-
zations with 8, 10, 12 and 14 agents. The results shown are
the averages of running 40 experiments. 20 of those exper-
iments had a static environment with a fixed task arrival
time of 15 cycles and a deadline window of 20 cycles. The
remaining 20 experiments had a varying task arrival rate -
the task arrival rate was changed from 15 cycles to 30 cycles
and back to 15 cycles after every 20 tasks. In all the exper-
iments, the task structures were randomly generated with a
maximum depth of 4 and a maximum branching factor of 3.
The runtime of all the experiments was 2500 cycles.

We tested several hypotheses relating to the compara-
tive performance of our OSD approach using the Wilcozon
Matched-Pair Signed-Rank tests. Matched-Pair signifies that
we are comparing the performance of each system on pre-
cisely the same randomized task set within each separate
experiment. The tested hypothesis are:

The OSD organization requires fewer agents to
complete an equal or larger number of tasks when
compared to the Contract Net organization: To test
this hypothesis, we tested the stronger null hypothesis that
states that the contract net agents complete more tasks.
This null hypothesis is rejected for all contract net organiza-
tions with less than 14 agents (static: p < 0.0003; dynamic:
p < 0.03). For large contract net organizations, the number
of tasks completed is statistically equivalent to the number
completed by the OSD agents, however the number of agents
used by the OSD organization is smaller: 9.59 agents (in the
static case) and 7.38 agents (in the dynamic case) versus 14
contract net agents. Thus the original hypothesis, that OSD
requires fewer agents to complete an equal or larger number
of tasks, is upheld.

The OSD organizations achieve an equal or greater
average quality than the Contract Net organizations:
The null hypothesis is that the Contract Net agents achieve
a greater average quality. We can reject the null hypothe-
sis for contract net organizations with less than 12 agents
(static: p < 0.01; dynamic: p < 0.05). For larger contract
net organizations, the average quality is statistically equiv-
alent to that achieved by OSD.

The OSD agents have a lower average response
time as compared to the Contract Net agents: The
null hypothesis that OSD has the same or higher response
time is rejected for all contract net organizations (static:
p < 0.0002; dynamic: p < 0.0004).

The OSD agents send less messages than the Con-
tract Net Agents: The null hypothesis that OSD sends
the same or more messages is rejected for all contract net
organizations (p < .0003 in all cases except 8 contract net
agents in a static environment where p < 0.02)

Hence, as demonstrated by the above tests, our agents
perform better than the contract net agents as they complete
a larger number of tasks, achieve a greater quality and also
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Figure 1: Graph comparing the average perfor-
mance of the OSD organization with the Contract
Net organizations (with 8, 10, 12 and 14 agents).
The error bars show the standard deviations.

have a lower response time and communication overhead.
These results make intuitive sense given our goals for the
OSD approach. We expected the OSD organizations to have
a faster average response time and to send less messages
because the agents in the OSD organization are not wasting
time and messages sending bid requests and replying to bids.
The quality gained on the tasks is directly dependent on the
number of tasks completed, hence the more the number of
tasks completed, the greater average quality. The results of
testing the first hypothesis were slightly more surprising. It
appears that due to the inherent inefficiency of the contract
net protocol in bidding for each and every task instance, a
greater number of agents are needed to complete an equal
number of tasks.
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