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Abstract. As the scale and scope of multi-agent systems grow, it becomes in-
creasingly important to design and manage the manner in which the participants
interact. The potential for bottlenecks, intractably large sets of coordination part-
ners, and shared bounded resources can make individual and high-level goals
difficult to achieve. To address these problems, many large systems employ an
additional layer of structuring, known as an organizational design, that assigns
agents particular and different roles, responsibilities and peers. These additional
constraints allow agents to operate effectively within a large-scale system, with
little or no sacrifice in utility. Different designs applied to the same problem will
have different performance characteristics, therefore it is important to understand
and model the behavior of candidate designs. In this paper, we will introduce
a domain-independent organizational design representation capable of model-
ing and predicting the quantitative performance characteristics of agent organi-
zations. This representation can support the selection of an appropriate design
given a particular operational context. We will demonstrate how the language can
be used to represent complex interactions, and show modeling techniques that
can address the combinatorics of large-scale agent systems.

1 Introduction

Many of the decisions made in multi-agent system design, and in computational sys-
tems in general, are predicated on the idea that one wishes to minimize the “bad” char-
acteristics of the system while maximizing the “good”. This practice manifests itself
in blanket, axiomatic objectives such as “minimizing communication”, “reducing un-
certainty”, and “maximizing profit”. While these are worthy, abstract goals that have
critical practical and research importance, when a system is deployed and situated in
context such ideals may no longer have the same level of relevance. Consider the un-
derlying issues that drive these objectives. Why should communication be minimized?
Why do we care about the combinatorics of a particular technique? Why should cen-
tralization be avoided? In each case, we presume the existence of some limiting factor,
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some bounded resource which motivates these objectives. However, when the system
is placed in a particular context where these bounds can be quantified, the intangible
nature of these blanket statements is no longer sufficient. For example, if ample com-
munication bandwidth is available and additional utility may be derived by using it,
then a strategy which always minimizes communication may lead to a solution which
fails to reach its potential. If a particular resource is bounded, and the qualitative side
effects of using some or all of that resource are the same, then the system should exploit
it as best it can in service of satisfying or maximizing the system’s specified goals.

Because of this, it our belief that any real-world system must be tailored to the
environment in which it exists, if it is to make effective use of the resources and flexi-
bility available to it. We will explore this tailoring through the system’s organizational
design. The notion of an organizational design is used in many different fields, and
generally refers to how members of a society act and relate with one another. This is
true of multi-agent systems, where the organizational design of a system can include
a description of what types of agents exist in the environment, what roles they take
on, and guide how they act both independently and with one another. More generally,
if we assume an entity has a set of possible choices to make during its operation, the
organizational design will identify a particular subset of those choices that should ac-
tually be considered at runtime. By working with this typically smaller set, the entity’s
decision process is facilitated. This additional structure becomes increasingly impor-
tant the system scales in number and scope [1]. Imagine how difficult it would be for
a large human organization, such as a corporation or government, to function if indi-
viduals lacked job descriptions and long-term peer relationships. Agents in large and
massively-scaled systems face similar challenges, and can derive similar benefits from
an explicit organizational design.

In previous work, we demonstrated that the organizational design of a multi-agent
system has a measurable, quantifiable effect on the performance of the system as a
whole [7]. Intuitively, changing the manner in which agents interact or the pattern that
those interactions take on can change how the system behaves from both global and
local perspectives. We also demonstrated that it was possible to analytically model and
predict those effects in a realistic, complex domain. In this paper, we will continue with
this line of reasoning, and present a generic, domain-independent language capable
of capturing these types of organization effects. This organizational design modeling
language (ODML) incorporates quantitative information in the form of mathematical
expressions, which are used to predict the characteristics of an organization.

The immediate benefits of such a language are twofold. First, by incorporating quan-
titative information about the environment, resources, agents, tasks, goals, or any other
object relevant to the system’s performance, candidate organizations may be tailored
and evaluated in a context-specific way. Second, once a suitable model has been found,
it can serve as an explicit organizational representation, guiding agents’ local decisions
in a manner consistent with global objectives. The longer-term benefits of the organiza-
tional model include being able to make predictions about runtime performance, which
can be used to isolate and diagnose system failures and deficiencies. This same infor-
mation can also be used to support adaptation of the system, by incorporating learned
knowledge into the existing model and analyzing the resulting structure.



In the following section, we will provide an example of the type of organizational
decisions we are concerned with, and how they can affect system performance. We will
continue by introducing ODML, and show how it can be used to model those decisions
and support organizational reasoning. We will conclude by discussing strategies that can
be used to cope with the combinatorics inherent in the models of large-scale systems.

2 Information Retrieval Domain

We will frame our discussion within an information retrieval domain, inspired by work
presented by Zhang in [12]. A general peer-to-peer information retrieval system is com-
posed of a number of interconnected databases, controlled by entities which we will
refer to as agents. Queries are first received by individual members of the network.
An appropriate set of information sources must then be discovered that can address
the query, after which the query is routed and processed to produce a response for the
user. The information necessary for responding to a particular query may be distributed
across the network, which can cause an undirected retrieval process to be time consum-
ing, costly, or ineffective, particularly when the number of sources is large.

Zhang proposes that a structured, hierarchical organization can be used to address
this problem. Content in the network is arranged in hierarchies, allowing queries to
quickly propagate to data sources, and results be efficiently routed and incrementally
aggregated back to a single agent in the network. At the top level of the hierarchy are
a set of mediators. Each mediator is responsible for providing a concise and accurate
description, known as a collection signature, of the data available in its hierarchy. A
hierarchy forms below an mediator, which manages a collection of information sources.
An information source may be an individual database, or an aggregator agent which
manages other sources. Mediators are also responsible for handling the user queries, by
first using the collection signatures of other mediators to compare data sources, and then
routing the query to those sources that seem most appropriate. A graphical depiction of
a simple organization in this style will be seen later in Figure 1b.

This organizational design provides several advantages. The use of collection signa-
tures to model the contents of a number of individual sources can dramatically reduce
the number of agents that must be searched and queried. The use of hierarchies intro-
duces an element of parallelism into the query distribution process. These same hier-
archies also distribute the communication and processing load of the response through
the use of information aggregation and consolidation.

At the same time, if the structures are poorly designed, they can also lead to ineffi-
ciencies. A single collection signature, which must be bounded by size to be efficiently
used, can become unacceptably imprecise if the set of sources it models is large or
extremely diverse. This can cause data sources to be overlooked, potentially reducing
the response quality. Whenever a hierarchy is used, there also exists a tension between
the width and height of the structure. Very wide structures can lead to bottlenecks, as
particular individuals with high in-degree may become overwhelmed by the number of
interactions. Very tall structures can be slow or unresponsive, as the long path length
from root to leaf increases latency. The collection signature generation process may



also be affected by the tree height, as when abstraction is used at intermediate nodes,
causing the signatures of tall hierarchies to incur additional imprecision.

Additional constraints and characteristics exist in the system that exist independent
of the organization that is employed, but are relevant to the organization selection pro-
cess. The communication and processing loads of individual agents are bounded. There
may be quality or response time constraints imposed at a high level by the designer.
Queries may arrive at regular rate, or at least be probabilistically predictable. Individ-
ual databases will vary in size, scope and content. Each of these aspects may affect
performance in a non-trivial way.

The problem then, is to determine the most appropriate organization of agents and
databases, given the desired characteristics of the system, the provided characteristics
of the environment and the tradeoffs we have presented here. For example, how tall
should the aggregation hierarchies be? How many nodes should be searched to answer
a query? How many mediators should be created? How should these various roles be
mapped to actual agents? In the following section, we will introduce our organizational
modeling language, and show how these questions can be answered by embedded the
relationships described above in such an organizational model.

3 Organizational Representation

The organizational model, as we have described it, must serve in several different ca-
pacities. At design time, it should be possible to use the structure to create and evaluate
not just a single organizational instance, but an entire family of organizational possibil-
ities. At runtime, it should accurately describe the current organization. In both cases,
the model must be sufficiently descriptive and quantitative that one can evaluate the
organization, and rank alternatives according along some specified criteria. Below, we
enumerate the desired capabilities and characteristics the modeling language should
possess to satisfy these requirements:

1. Represent the scope of organizational possibilities, by identifying general classes
of organizations and the parameters which influence their behavior.

2. Represent the current organizational structure. This would include roles, interac-
tions and associations (e.g. coalitions, teams). Different flows in the organization,
such as communication and resources, should be represented.

3. Allow deductive analysis by quantitatively describing the relevant characteristics
exhibited by the structure, and the manner in which those characteristics interact.
For example, both communication overhead and the effect that overhead has on
work load should be representable.

4. Identify which parameters and characteristics are under deliberate control, and
which are derived from external factors.

5. Define thresholds and constraints, and the possible consequences of exceeding
those thresholds.

Several different organizational representation schemes have been developed by re-
searchers in the past [2, 6, 10, 3, 9, 4], however none of these meets all the requirements
outlined above. Consequently, we have designed the Organizational Design Modeling



Language (ODML) to meet our needs. Conceptually, ODML models exist in two dis-
tinct forms that share a common representational definition. The first acts as a template,
that expresses the range of organizational possibilities by explicitly encoding the or-
ganizational decisions that must be made. The second is an organizational instance,
created from the template by making specific choices for those decisions. Because the
instance form is an instantiation of the template, individual entities in the instance are
related to their original abstract specification. This relationship allows one to explore
the space of changes that might be made to an organization at runtime.

Formally, an ODML template specification � is defined as follows:

���������	�
�	���	����������
����������������������������� �
�!����"��$#% ��& ���
������'�����	�(�

The foundation of the ODML template specification is the set � of node templates,
each of which corresponds to a particular physical or logical entity which might exist
in the organization. For example, in our information retrieval scenario there would be
nodes corresponding to mediators, aggregators, databases, agents and the environment,
among other things. Each node � contains a number of elements, defined below:

" The node’s "*) %,+ . This label must be unique within the set of template nodes that make
up the organization.

#% A list of %.-$/�-$01+ " +�/32 which must be passed to the node’s template when an instance
of the node is created. These are analogous to the parameters one might pass to an
object constructor. Each parameter is specified with a type and local name.

& The set of node types that this node has an is-a relation with, with the conventional
object-oriented inheritance semantics. If we assume that a node’s &��4� - ��5�� , an in-
stance of the node will also be an instance of - and 5 , possessing the characteristics
of all three node type.

� The set of node types that this node has a has-a relation with. If we assume that
�6�7� - �	5�� , an instance of the node will possess some number of instances of
both - and 5 . It is through this type of relationship that the primary organizational
decomposition is formed.

� A set of 8:9<; 2 " - ;=" 2 , which represent quantified characteristics associated with the
node. Constants may be defined with numeric constants (e.g. >$? ), or mathematical
expressions (e.g. @�AB) ).

 A set of 8�9<; 2 " /�-$C ;=" 2 . An organization is considered valid if all of its constraints are
satisfied.

� A set of 0 9�D CFE,C*+�/32 , which can affect (e.g. mathematically change) a value con-
tained by a node.

� A set of G -$/�CH- 5�I +�2 , representing decisions that must be made when the node is
instantiated. Each variable is associated with a range of values it can take on.

The top-level organization node � also contains the elements �
������'�����	� , pro-
viding a location for the designer to embed global information and constraints. Col-
lectively, we will refer to �
�	���	���� as a node’s fields, and the quantitative state of a
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Fig. 1. a) An ODML template structure for the information retrieval domain. Vertices represent
nodes. Solid edges are has-a relations, and hollow edges are is-a relations. Edge labels reflect the
magnitude of the has-a relation. b) A small organizational instance produced from that template.
Black edges indicate has-a relationships, gray edges reflect value modifiers that span nodes.

field as its value. For example, the constant field total load might be defined with the
expression total load = work load + communication load and have a value of � ��� for
an agent in a particular organization. Note that the term “constant” may be misleading.
While the expression defining total load is fixed, the value for total load produced by
that equation may change through the application of modifiers or due to changes in
fields or values that the expression is dependent on.

The different aspects of ODML are best explained with an example. For clarity, we
will represent particular nodes, or fields that reside the nodes, in italics. Space precludes
showing the raw, textual model constructed for the information retrieval environment,
however, a graph showing some aspects of the model can be seen in Figure 1a. Vertices
in the graph, such as mediator and database, represent nodes. Directed edges with a
solid arrow represent has-a relations, and the corresponding label indicates the mag-
nitude of that relation. For example, each aggregator node has a single agent, while
organization has a number of mediators specified by the variable topic mediators. A
hollow-arrow edge represents an is-a relation, so both aggregator and database are
instances of source. Shaded nodes, such as source are abstract, and cannot be instanti-
ated. This particular template also demonstrates the ability to design recursive models
in ODML, because aggregator has both is-a and has-a relationships with source.

The heart of any ODML model exists in the expressions encoded within nodes’
fields. A portion of the fields contained by the aggregator node are shown in Table
1. Each field may contain an arbitrary mathematical equation, combining local and
nonlocal information to calculate new local values. These expressions provide a way for
the designer to represent how different characteristics of the node may be computed. For
example, the data size of an aggregator is the sum of the data size values for each of its
sources. Similarly, the aggregator’s agent.work load is affected by the aggregator role’s



Table 1. A portion of the aggregator node’s fields.

Constants query rate = manager.query rate
response time = max(sources.response time) + agent.work load
data size = forallsum(sources.data size)
communication load = query rate � env.query communication load
work load = query rate � env.query work load

Constraints None (modeled by corresponding agent node)
Modifiers manager.response rate += response rate / num sources

agent.communication load += communication load
agent.work load += work load

Variables num sources =
����������� �

work load, which is itself derived from the local query rate that models how frequently
the aggregator is asked to retrieve information. In this way, the characteristics of one
node may affect or be affected by those of another. The resulting web of equations
allows one to model important concepts such as information flow, control flow, and the
effects of interactions. By propagating data through these expressions, the model can
predict the characteristics of both individual nodes and the organization as a whole.

As mentioned earlier, ODML templates can describe a family of organizations,
where individual members of such a family represent different decision paths through
the template. For example, topic mediators is a variable in this template. It can be as-
signed different values, which will result in organizations that have different numbers of
mediators. In addition, because both aggregator and database are possible instances of
source, mediators with the same number of sources can be further differentiated by the
types of sources they manage. A complete set of decisions applied to the template will
produce a particular organizational instance, such as the one shown in Figure 1b. Again,
space precludes showing the complete specification for the instance, which includes
much more quantitative information, but the graph depicts the relationship between en-
tities in the structure. In this example, a single mediator manages two sources, one of
which is an aggregator hierarchy, while the other is a simple database. The example
instance also shows a single agent taking on two different roles, as both an aggregator
and database in the left subtree. The environment node is used to capture information
outside of the scope of other nodes, such as the query rate expected by the system, or
the communication bandwidth available to the participants.

Like the working system it represents, there are many facets to the model we present
here. Although each can be modeled as a particular, distinct characteristic of the system,
they may interact through coexistence in nodes’ fields. The tensions that arise in the
resulting object embody the tradeoffs and decisions that must be made when designing
the organization. We will discuss some of the interesting aspects below in more detail.

Roles The main portion of the organization is divided into mediator, aggregator and
database nodes. In this model, these nodes do not represent particular agents by them-
selves. Instead, each represents a role that may exist in the organization, that is assigned
a particular agent through a has-a relationship. Separating these two concepts allows the
creation of more complex organizations, where agents may be assigned multiple roles,



possessing the capabilities, constraints and responsibilities of each. We also believe this
separation facilitates the modeling process, by clearly identifying the individual factors
which contribute to (in this case) an agent’s overall place in the organization [8].

Constraints The notion of bounded rationality manifests itself in this domain
within the agents. Specifically, each agent has a finite amount of processor cycles and
bandwidth at its disposal. There are both “soft” effects caused by increased load, and
“hard” load constraints that may not be violated. An example of the former is the in-
creased time needed to finish any individual task as the local processing load increases.
The latter occurs when the agent can no longer keep up with the requests it receives. In
this case, the local work queue will grow without bound, causing an untenable situation.

Both these effects are present in the model. The relevant high level metric is the
mediator’s response time, which represents the average length of time from query to
response. As mentioned above, each role has a set of responsibilities which affect the
agent it is assigned to. The model specifies the work load and communication load in-
curred by the role, which are then propagated to the agent with a pair of modifiers.
During instantiation, the agent will then receive the cumulative effects of each of its
roles. To model the soft effect of work delay, the response time for each role is depen-
dent on its agent’s work load. As the load increases, so will the delay for that particular
agent. Because the response rate for an aggregator or mediator is dictated by its slowest
source, this can potentially affect the performance of the entire hierarchy. The hard con-
straint is modeled solely within the agent, which has a pair of constraints that ensure a
satisfying agent will not be assigned too much work (on average).

Task Environment The load incurred by a mediator at runtime, and by relation
any sources beneath it, will be dependent on the number of queries that mediator is
asked to service. This value depends on a number of factors, including the mediator’s
perceived value, the average number of queries arriving in the system, the number and
value of competing mediators, and how many mediators are used to answer the query.
To estimate this probability, we first determine the rank of each mediator. This ranking
reflects the relative perceived response size of the mediator, which is an estimate of how
good a response the mediator is expected to return based on its collection signature. For
example, a mediator with many sources of information will have a higher rank than
one with just a few, because its “larger” signature will cause it to be selected more
frequently to answer queries. We distinguish this perceived size from the mediator’s
actual response size, the true quality of its response, to model the effect that signature
imprecision can have on search efficiency, as mentioned in Section 2. By this definition,
a mediator with higher rank will be selected over those with lower, so by determining
the rank we can begin to determine the individual mediator’s query probability. With
this, that mediator’s query rate can be determined, which is propagated to its sources
so that they may estimate their individual work loads.

Utility Function A key evaluation criteria used by [12] is information recall. This
metric, defined as the ratio of relevant documents retrieved to the total number of rele-
vant documents available, objectively quantifies the quality of the query response. The
mediators’ query probability and actual response size, along with the total amount of
relevant information in the environment, can be used to determine the average infor-
mation recall for the organization. A secondary metric, the response time, gives the



average amount of time the system requires to answer a query. We have previously im-
plied how the response time of an individual agent is determined, by incorporating work
load data from the roles it has been assigned. The response time of an individual medi-
ated hierarchy ties these values together, along with the number of queries received by
the mediator, the height of the tree and communication latency. The value is generated
incrementally, and propagated up the tree to the mediator.

These two metrics are combined by the organization node in its utility field, which
is typically used to compare and rank candidate instances. In this case, recall is more
important than response time, so a multiplicative factor is applied to the recall value,
after which the response time is subtracted out. This will generally favor quality over
speed, but instances with equal recall will be differentiated by their response time. An
arbitrary utility function could be substituted here as needs dictate.

Together, the decisions paths embodied in the template represent a wide range of
possible organizations. The characteristics we have described above capture the distin-
guishing features that allow instances generated from the template to accurately predict
how that organization will behave at runtime. We can therefore define the search space
of an ODML template as the ranked set of possible organizations it produces. An ap-
propriate organization can be found by finding the valid instances in this set (i.e. those
with no unsatisfied constraints), and selecting one with sufficient utility. The optimal
organization can be found be selecting the one with the highest utility.

4 Coping With Scale

As noted earlier, structured organizations become increasingly important as the number
of participants grows, because of increased difficulty when coordinating, forming con-
sensus, managing shared resources and discovering appropriate partners, among other
things. It is therefore critical that any organizational representation be able to model the
relevant effects of larger systems. Unfortunately, finding valid organizations from an
ODML template can be very difficult, as the search space can be multiply-exponential
in the template size. If we are to design organizations for hundreds, thousands or even
millions of agents, different modeling techniques must be employed.

The complexity of an ODML template is derived from the number of decisions that
must be made when using the structure to generate organizations, which determines the
number of candidate organizations that may be derived from that template. When the
number of agents that can be in the final organization increases, the number of agent-
role assignments will usually increase accordingly, as may the size and number of the
less tangible organizational structures such as hierarchies, teams, resource pools, etc.
This potentially large number of candidate organizations can make finding the optimal,
or even an appropriate, organization a difficult process.

We can begin to address the scale problem through changes to the model itself. By
altering the template, one can limit the number of decisions that must be made when
interpreting the template, thereby making the number of decisions less dependent on the
number of agents in the system. This will reduce the number of candidate organizations,
which will shrink the organizational space that must be searched.
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Fig. 2. Two information retrieval templates, derived from Figure 1a. a) Incorporates homogeneity,
by limiting aggregator selection to two distinct choices. b) Incorporates abstraction, by eliminat-
ing the assignment of roles to distinct agents.

4.1 Homogeneity

Enforcing a certain amount of homogeneity, or at least similarity, within an organiza-
tional structure can dramatically reduce the number of decisions which must be made
by eliminating organizational choices. For example, we might change our template such
that all of a mediator’s sources must have the same form, e.g. that they are all single
level aggregators. We can improve on this strategy by exploiting ODML’s inheritance
rules to embed multiple distinct alternatives, rather than providing only a single choice.
For example, consider the template in Figure 2a. In this model, we have defined two dis-
tinct source types, a tall-aggregator that has two levels, and a short-aggregator that has
just one. Both contain a total of four databases, but they will have different performance
characteristics because of their different structure. In this new template, candidate or-
ganizations may contain either or both alternatives, while other permutations of the
aggregator hierarchy have been eliminated.

We view the use of homogeneity as an iterative process best exploited during the de-
sign phase. Typically, one would begin by creating a very general template, capable of
producing almost all feasible organizations. As variations are generated and compared,
it is common that particular organizational characteristics will define certain classes
of structures or substructures. Simple examples of this include the “tall” and “short”
varieties we have identified in the information retrieval domain. The members of a par-
ticular variety may be similar enough that a single representative structure can stand
in for the entire class with only minimal loss of utility. For example, there are a vast
number of short and wide aggregator hierarchies that have only minor differences in
form and function. In Figure 2a we replaced this large number of choices with a sin-



gle short-aggregator, which will certainly reduce the organizational search space, and
hopefully not limit the quality of the final organization. Such classes can serve as the
foundation for a reduction process that captures the notion of homogeneity, by replacing
a potentially complicated set of decisions with a set of predefined structures. Optimally,
one could incorporating a representative from each distinguished class, producing a
template with a smaller candidate search set but negligible loss of potential utility.

4.2 Abstraction

A different way to reduce the decision complexity of a model is to use abstraction to
reduce elements of the structure to their simplest form. Unnecessary or optional details
may be removed or captured with a probabilistic representation to eliminate branches of
the template which would otherwise add to the decision process. As with homogeneity,
this practice can potentially lead to an undesirable loss of expressivity in the model, but
with care an appropriate compromise can usually be found.

An example of this approach, particularly relevant to decomposition-based repre-
sentations such as ODML, is to truncate the model at some point higher than the level
actually used by the running system. This is already used in the example models in some
respects because the internal decision making processes of agents are not represented.
A more typical example of this technique is to not model down to the level of assigning
roles to individual entities or agents, as shown in Figure 2b. Organizations derived from
this template will specify what roles exist, and where they are located in the organi-
zational structure, but leave them otherwise unbound. This technique is analogous to
those presented by Durfee in [5], which used team-level abstraction to leave specific
agent assignments unbound during coordination, also to reduce complexity. If agents
were heterogeneous or permitted to take on multiple roles, this can reduce the search
space exponentially. Even if agents were homogeneous, in a hierarchical structure this
can cut the size of instances in half, which simplifies analysis and reduces memory con-
sumption. The precision lost in this instance stems from the details that were previously
stored within individual agent nodes. For example, it is more difficult to validate an in-
dividual agent’s communication or work loads. Generic agent nodes can be retained to
compensate for this loss of detail, but one will not be able to predict how the combined
effects of multiple roles affect the agent or its performance within the organization.

The further implication of using this technique arises from the fact that the result-
ing organizational instance will no longer completely specify how it should be applied
to a set of resources and agents. Decisions that were previously made during the de-
sign process must now be made by an axillary process or at runtime. In the example
above, roles must be assigned to specific agents before the system can function. A sec-
ond process must take the agent population and map them to the nodes proscribed by
the selected organizational instance, which is itself a search process [11]. Although this
late binding requires additional analysis after the design phase, our belief is that it also
fosters increased context-sensitivity by providing a framework to support dynamic allo-
cation. For example, assume that the mediator role not been bound to a particular agent
at design time. At runtime, when the actual number and types of databases are known
(as opposed to the statistical averages used in our models), the organizational design
can be inspected to determine what resources that role requires and what burdens it will



Table 2. Results from organizational search in small-scale information retrieval templates. Num-
ber of agents and utility are given for the optimal found organization.

Template Decisions Valid Organizations Agents Utility
Baseline 14,380,508 8539 9 6.978

Homogeneous 2,329,951 6785 9 6.978
Abstract 4947 15 9 6.978

Homogeneous + Abstract (a) 1309 6 9 6.978
Homogeneous + Abstract (b) 1050 4 8 6.975

place on the agent it is assigned to. That entity model, coupled with the new information
obtained at runtime can be used to select an appropriate agent to fill that role.

4.3 Scalability Technique Examples

The exact amount of search space reduction that is observed using these techniques
is dependent on the particular manner in which the template changes are carried out.
Some approaches will clearly be better than others in terms of space complexity and
achievable utility, and we have shown how hybrid strategies that use a limited set of
decisions can help offset the drawbacks associated with model reduction.

To demonstrate the effectiveness of these techniques, we created two sets of tem-
plates for the information retrieval domain. The small set allowed up to five databases,
up to two mediators, and the aggregators could have two, three or four sources. The
larger design allowed up to 100 databases, with up to five mediators, each of which
could have one to four sources. The number of agents was unbounded. The source node
types are the same hierarchies discussed in Section 2, with a single level height re-
striction in the small scenario, and a three-level restriction in the large (i.e. up to two
aggregators with a database leaf). Five templates were created for each scenario. The
baseline template is shown in Figure 1a. The second template, using the homogeneous
technique, is similar to that shown in Figure 2a. The third employs abstraction, by not
assigning a particular agent to each role. Alternatively, one could also view this model
as creating a new agent for each role. The fourth and fifth templates incorporate both the
homogeneous and abstract techniques. Slightly different modeling changes were made
in each, to demonstrate how the search space may be affected by these techniques.

Node constraints specify a maximum communication and work load for individ-
ual agents, as well as a minimum average response recall for the organization as a
whole. All valid structures must satisfy those constraints. Utility was calculated primar-
ily with the response recall, with ties broken by the average expected response time.
Other environmental and behavioral values were the same between templates. A com-
plete, depth-first search was performed for each template, and the optimal instances
generated compared. Although the structures themselves are different, the expressions
underlying the utility function they employ are the same, therefore the computed utility
of the structures the different templates produce remain directly comparable.

The results from the small scenario are shown in Table 2. The table shows the num-
ber of decisions made during the entire search, the number of valid organizations that
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Fig. 3. Optimal organization instances produced by the Homogeneous + Abstract (a) and (b)
templates for the small-scale scenario.

were found, and the number of agent and utility of the optimal structure. The most dra-
matic reductions in search space occurred using abstraction, which reduced the number
of valid organizations by two orders of magnitude. The reduction in decisions that were
made was even greater. As we will discuss below, the number of possible assignments of
agents to roles can be quite large even for small organizations, so avoiding this process
results in a tremendous savings in complexity. Because there was no predefined limit on
the number of agents used, and no additional costs were incurred by using more agents,
the optimal organizations for both the small and large scenarios use as many agents as
possible. This distributes the load, which in turn decreases the time needed to answer a
query, which ultimately causes such organizations to have higher utility.

The organizations produced by the two Homogeneous + Abstract templates in the
small scenario can be seen in Figure 3. Template (a) allowed single hierarchies of two
databases, while (b) used hierarchies of four. Although both structure have the same
information recall, the optimal organization arising from template (b) had slightly lower
utility. As seen in in Figure 3, the mediators in (a) are more evenly balanced than those
in (b). This imbalance lead to an increase in average response time, which resulted in
the slightly lower expected utility. This demonstrates the intuitive fact that different
modifications will result in different search space modifications, and it is possible to
lose an optimally valued solution in the process. Template (a) retained an optimally
valued organization, while it was lost through the modifications to (b).

The optimal organization for three of the five large-scale database scenarios were
simply too difficult to compute. Consider that, if agents may take on multiple roles,
a single candidate structure containing 100 roles has � � � �F� � possible assignments of
agents to those roles. Even if agents may take on only a single role, there may be � � ���
permutations if the agents are distinguishable. Organizations produced from the struc-
tures used in this scenario may contain more than 100 roles, and there are billions of
possible structures. Finding the optimal structure in such a large space is intractable.
However, by incorporating the concepts of homogeneity and abstraction into the origi-
nal model, we were able to design valid organizations in a reasonable amount of time. A
quantitative summary of the search process for the remaining structures which employ
both the abstraction and homogeneity techniques is shown in Table 3. Lacking a base-



Table 3. Results from organizational search in large-scale information retrieval templates. Num-
ber of agents and utility are given for the optimal found organization.

Template Decisions Valid Organizations Agents Utility
Baseline Intractable, � ��� � ����� �
	�� candidates

Homogeneous Intractable, � � � � ���� ��	
� candidates
Abstract Intractable, � ��� � ������� 	�� candidates

Homogeneous + Abstract (a) 52,792,143 473 135 14.561
Homogeneous + Abstract (b) 44,057,638 264,293 116 10.489

line comparison, we cannot state that the optimal organizations that were found had
the optimal utility originally achievable. However, many different organizations were
found, all of which meet or exceed the constraints specified by the original model.

The particular organizations obtained by the two remaining templates are of minor
significance here, more important is the fact that we were able to use generic models to
find appropriate organizations for systems incorporating more than 100 agents. These
results demonstrate how generic modeling techniques can be used to reduce the com-
plexity of an organizational search process. If suitable modifications are made, one can
vastly reduce the search space with minimal reduction to utility, although the amount
of reduction is clearly affected by the skill of the expert making the changes.

5 Conclusions and Future Work

All of the organizational characteristics described in Section 3 have been implemented
in models created with ODML’s domain-independent language. In doing so, we have
produced an artifact that both describes the breadth of possible organizational alter-
natives, and gives the tools necessary to evaluate and compare those alternatives in a
concrete, quantifiable manner. This provides the foundation upon which automated or-
ganizational design technology can be built.

We have also demonstrated how relatively simple optimizations to organizational
models can be used to make organizational design for large scale multi-agent systems
more realistic. Unfortunately, despite such modifications, the search space of organi-
zation models remains generally intractable with scale, and the exhaustive search ap-
proach we used quickly becomes inappropriate. Because of this, it is important to couple
techniques such as those presented here with better search strategies that can make more
effective decisions during the analysis. We are currently exploring the use of equiva-
lence classes and gradient estimation as a way of bounding the search. We intend to
pursue other techniques in future work.

ODML models have been used to design organizations for the information retrieval
domain presented here, as well as a distributed sensor network domain described in [7].
Our hope is that the flexibility and generality of the language will allow it to be suitable
for many other types of agent systems. We have tested the organizations produced by
such models, and shown that the predictions they make correspond correctly to observed
behaviors. A rigorous empirical comparison currently underway.



We believe that structured, explicit organization design will be a critical element in
large-scale multi-agent systems. In practice, implicit organizations already exist in al-
most all agent systems – it is common for agents to take on different roles, interact with
only a subset of the population, and have a variety of different interrelationships. By
making the construction and representation of the organization an explicit, principled
act it is possible to make hidden inefficiencies apparent and take full advantage of the
resources at hand.
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