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Abstract. Organization is an important mechanism for improving per-
formance in complex multiagent systems. Yet, little consideration has
been given to the performance gain that organization can provide across a
broad range of conditions. Intuitively, when agents are mostly idle, orga-
nization offers little benefit. In such settings, almost any organization—
appropriate, inappropriate, or absent—leads to agents accomplishing the
needed work. Conversely, when every agent is severely overloaded, no
choice of agent activities achieves system objectives. Only as the overall
workload approaches the limit of agents’ capabilities is effective organi-
zation crucial to success.

We explored this organizational “sweet spot” intuition by examining the
effectiveness of two previously published implementations of organized
software agents when they are operated under a wide range of condi-
tions: 1) call-center agents extinguishing RoboCup Rescue fires and 2)
agents learning network task-distribution policies that optimize service
time. In both cases, organizational effect diminished significantly outside
the sweet spot. Detailed measures taken of coordination and cooperation
amounts, lost work opportunities, and exceeded span-of-control limits ac-
count for this behavior. Such measures can be used to assess the potential
benefit of organization in a specific setting and whether the organization
design must be a highly effective one.

1 Introduction

Organization is an important mechanism for improving performance in com-
plex multiagent systems [1-6]. Designed agent organizations provide agents with
organizational directives that, when followed, reduce the complexity and uncer-
tainty of each agent’s activity decisions, lower the cost of distributed resource
allocation and agent coordination, help limit inappropriate agent behavior, and
reduce unnecessary communication and agent activities [7-9].

When agents are mostly idle, agents can acomplish needed work whether
or not they are well organized. This does not mean that effective organization
does not affect how efficiently the agents work together, only that unorganized
and even misorganized agents have sufficient time and resources to accomplish
system objectives when lightly loaded. Conversely, when every agent is severely
overloaded, no choice of agent activities achieves system objectives. In this sit-
uation, effective organization can help agents be more efficient while failing to



achieve objectives fully, but whether they are well organized or not, the system
is unable to perform acceptably. Only as the overall workload approaches the
limit of agents’ capabilities does organization play a significant role in system
performance.

2 Organizational “Sweet Spot”

We first explored this organizational-impact conjecture empirically using an
previously implemented and described system of organizationally adept BDI
agents [10-13] operating in a well-instrumented and highly parametrized exper-
imental platform adapted from the fire-extinguishing portion of RoboCup Res-
cue [14]. Organizationally adept call center agents direct fire brigade resources
under their control to extinguish fires in important buildings as quickly as pos-
sible. There are no fire-brigade bases in the adapted RoboCup Rescue environ-
ment, and brigades typically move directly from fire to fire, remaining deployed
if they become briefly idle. The objective is to minimize the total importance-
weighted damage to buildings. A call center can use its fire brigades to execute
plans to achieve its own goals of extinguishing building fires, and it can request
temporary use of fire brigades from other call centers when necessary.

Our goal was to learn how the relative performance of previously evaluated
agent organizations in this multiagent system changed when operating in en-
vironments well outside the conditions typically studied. Whether the existing
agents and organization designs in this system were the best possible was not
a concern, as better candidates would affect only the magnitude of the relative
performances and not their qualitative characteristics. Some observations were
intuitive, but there were also surprises, and we believe this to be the first sys-
tematic study of organizational impact in a multiagent system over such a broad
range of conditions. We ran and analyzed thousands of controlled and repeatable
simulation experiments involving dynamic environments in which new fires oc-
cur at various city locations throughout the entire duration of an experimental
scenario. In such settings, call-center agents have an ongoing (but potentially
changing) firefighting workload in which following organizational guidance offers
potential advantages over unguided, reactive local decision-making.

Observation 1: Sweet-spot behavior = Figure 1 shows, as the firefighting
workload increases, the performance benefit provided by call center agents that
have been given an effective organization design that specifies a responsibility
region for each call center (Org) relative to call-center agents operating without
any responsibility-region directives (No Org). Call centers give priority to fighting
fires in their responsibility regions when such regions are provided. Each of the
four call centers controlled six fire-brigade resources. Performance attained in
each of the 320 simulation runs is a raw score of the inverse importance-weighted
fire damage in the city. We observed that the performance benefit achieved
by organization (the raw score improvement) was greatest when the average



firefighting workload on brigades was near their capacity to fight important fires
(approximately 2.2 fires per timestep).!

Attenuation of organization benefit
outside the sweet spot is a form of phase
transition behavior. The transition oc-

) configuration  curs as the workload approaches the
ooall EL BN org limit of agents’ capabilities. The effect
- . of phase boundaries has proved impor-
tant in satisfiability problems [15-17] as
well as to understanding problem dif-
ficulty in constraint satisfaction, num-
ber partitioning, and traveling salesmen
s 50 75 100 tasks.? With multiagent organizations,
Fires Per Timestep al e . .
it is important to determine where on
the control complexity scale a system is
operating (how important using an ef-
fective organization is to system perfor-
mance) and more generally, when com-
plex multiagent systems are operating
within their organizational sweet spot. One may argue that organizations (mul-
tiagent or otherwise) will tend to be inevitably operated within the sweet spot
region due to real-world economics that limit capabilities and resources to the
minimum required to operate effectively.
Upon observing organizational sweet-spot behavior, we took a more detailed
look into what was occurring as workload changed that accounted for the benefit
attenuation.
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Fig. 1. Relative Score Achieved by Orga-
nization

3 Performance Factors

Why do we create agent organizations? One reason is that complex agent be-
havior becomes more structured and understandable through the definition of
roles, behavioral expectations, and authority relationships [18]. Additionally, or-
ganizational concepts can be used to help design and build agent based systems
(organization-based multiagent system engineering). There is also a line of re-
search that addresses organizational membership in open agent societies (incen-
tives for organizational recruitment and retention and for the replacement of

L All figures illustrate trends as workload (e.g., ignition frequency) is varied. Trend
lines are fit using a local linear model, with shaded regions representing a 95%
confidence level in the fit. For example, each trend line in the firefighting experiments
fits 320 separate simulation runs (drawn as individual dots).

2 Consider Figure 4 from the classic Kirkpatrick and Selman SAT phase-change pa-
per [16]. If that figure is redrawn as relative difference curves from the k=6/N=40
values, it reveals wide ”sweet spot” curves similar to the curves shown in this paper.
Relative plots highlight the span and magnitude of performance differences near the
phase change, and we consider them more informative in highlighting sweet-spot
regions than raw-value plots.



agents that leave the organization).® Aligning agents’ individual goals and ob-
jectives with those of the organization are among the issues addressed in that
context. Our focus here is on organizational control; specifically, the organiza-
tional performance of the members (“how they do their jobs”), rather than on
attracting participants from an open pool of agents (“obtaining members for
the enterprise”) or designing the agent system (“defining what the jobs (roles)
are”). We assume here that we have the agents we need, that they all share
the organizational objectives (e.g., saving the most important buildings in the
city),* and that they are competent in their ability to perform tasks necessary
to attain that objective.’

We distinguish between operational decision making, the detailed moment-
to-moment behavior decisions made by agents, and organizational control, an
organization design expressed to agents through directives (“job descriptions”)
that limit and inform the range of operational decisions made by each agent in
the organization. These directives contain general, long-term guidelines, in the
form of parametrized role assignments and priorities (e.g., prefer extinguishing
fires in region A over fires in region B), that are subject to ongoing elaboration
into precise, moment-to-moment activity decisions by the agents [22, 4]. Ideally,
following organizational directives should be beneficial when agent directives can
be designed that perform well over a range of potential long-term environment
and agent characteristics.

3.1 Operational challenges

Without organizational directives, a call center must coordinate with other cen-
ters to avoid sending redundant fire brigades to the same fire® (using a high-
est estimated utility protocol to resolve conflicts). Coordination and retractions
consume valuable time, delaying extinguishing operations. The designed orga-
nization only requires coordination if a call center wants to fight a fire outside
its responsibility region. When region responsibilities are inappropriate and do
not match workloads, fire-brigade borrowing requests from overloaded centers
increase, again with a loss in performance. When the design is appropriate, re-
tractions are diminished at the risk of more borrowing (as we will demonstrate
when we discuss Figure 6) . Call centers must consider all borrowing and loaning

3 Recent work in open and sociotechnical settings [19, 20] has this emphasis.

4 There are no non-cooperative agents trying to burn things down. Nevertheless, the
cooperative agents sometimes do work at cross-purposes in attaining those objectives
(such as all wanting to fight an important fire). This can occur whether the agents
are organized or not, because agents have a limited local view of the situation.
If unorganized agents did not have the same shared objective as when organized,
then some performance gained through organization could stem from the changed
objectives. Our assumptions eliminate such a cooperative-objective bonus.

5 E.g., there is no need to decide if an agent is able to play some role in the organiza-
tion [21].

5 In the simulator, every call center receives all fire reports.



options in the context of estimated opportunity costs that are based on poten-
tial new fires and uncertainty in the duration of fighting current fires. These are
challenging decisions even when agents are well organized.

The call-center agents are highly competent and can make skillful operational
decisions to extinguish fires without organizational guidance.” Appropriately or-
ganized call-center agents, when operating in the sweet spot, should function
better than unorganized centers, which must perform consideration of all po-
tential activities and explicitly coordinate them. The organizational complexity
in the firefighting system is quite simple. Each call center can perform only
two roles: 1) extinguishing fires by directing fire brigades to fight them and
2) loaning fire brigades to another call center. Perhaps counter intuitively, orga-
nizational design and control of split roles in homogeneous multiagent systems
is more challenging than assigning discrete functional roles to specialized agents
in heterogeneous multiagent systems because specialization reduces the space of
reasonable choices [8]. The organizational “simplicity” in the firefighting setting
means that observed organizational performance differences stem from a rela-
tively small set of organizationally-biased behaviors and are not obscured by
complex role and agent interactions.

3.2 Factors affecting organizational performance

We analyzed a number of general factors that influence organizational perfor-
mance. As these factors change, a designed organization may become highly
effective or less effective. In the discussion that follows, we provide an intuitive
description of each factor, why it is important, and how it can affect organi-
zational performance. We adjusted each factor individually while holding other
environmental settings constant in order to observe its effect on organizational
performance independent of the other factors. In total, we conducted a broad
analysis that included over 5000 simulation runs with over ten terabytes of simu-
lator output to determine how the general factors of coordination requirements,
cooperation benefits, lost opportunity, workload imbalance, and span of control
impact the effectiveness of organization. We begin with coordination.

Coordination Requirements Typically, complex tasks performed by multiple
agents require coordination, and often a well-coordinated system will perform
much better than a system where agents work at cross purposes from only their
local, selfish perspectives. In firefighting, coordination is necessary to ensure that
call-center agents share responsibility for extinguishing a building only when
necessary, and otherwise fight important fires independently (i.e., they do not
blindly work on the same fire when more utility could be gained by working on
separate fires).

" Norms, functions, protocols, etc., are implicitly represented in the plan templates
used by these call-center agents. Centers follow these norms (organized or not) and
know how to work together to fight fires and share fire-brigade resources.



Coordination is not without associated costs, often involving delays while
beliefs, desires, and intentions are communicated. The time required for agents
to communicate this information and reconcile it with information from other
agents can be significant, especially in cases where agents control resources which
must be held in reserve while an agent decides whether it wishes to pursue some
goal. Even more significantly, when agents take uncoordinated actions that in-
volve operating in the world, they must deal with the consequences of physically
moving resources and then withdrawing them (or having wasted them if they
are consumables) once they discover their actions are in conflict with those of
another agent. In our analyses, this has been the largest contributor to coordi-
nation “cost.”

The amount of coordination required is not organization-independent. Orga-
nizational directives influence agents to assume specific roles and responsibilities
pertaining to certain goals, and assume less responsibility for other goals. The
best-case organization for a specific situation would be a perfect partitioning of
responsibility regions so that agents select the fires for which they are responsi-
ble over those that are the responsibility of others. This ideal situation results in
minimal goal conflicts, where two agents needlessly pursue the same goal (e.g.,
extinguish the building at 5'" and Madison). It is important to note that even
this organization is not coordination-free, but when each goal is managed and
committed to by the agent with the highest expected utility, the committing
agent is best suited for reaching out for assistance if necessary. In the context
of firefighting, this assistance comes in the form of lending and borrowing fire
brigades, an effective remedy for temporal workload imbalances. However, as we
will note shortly, excessive resource borrowing leads to inefficiencies in resource
provisioning and is often a sign of a more permanent resource imbalance. The
worst-case organization (in terms of coordination complexity) would influence
every agent to select the same goals (No Org configuration). We analyzed many
organization configurations to explore the full spectrum between these two ex-
tremes, where organization sometimes cannot prevent agents from selecting the
same goals, and at other times, is effective in preventing a goal conflict (which
we will also discuss later in conjunction with Figure 6).

This coordination phenomena occurs in firefighting because call centers need
to negotiate with other call centers about which fires to fight. In order to come
to a resolution for a contested goal, call centers need to compute and share their
expected utility with peers. The call center with the highest expected utility will
then be responsible for managing fighting the fire, and for borrowing fire-brigade
resources from peers if necessary. To investigate the effect of adjusting this coor-
dination cost, we adjusted the resolution period, during which call centers reserve
resources to fight a fire while waiting for and considering bids from other call
centers intent on fighting the same fire. Only after the resolution period has
elapsed will the call center with the highest utility commit to fighting the fire.
By increasing the resolution period, we increase the cost of coordination while
simultaneously making centers more “globally aware” of the utility expected by
other agents. By lowering the resolution period, we lower the cost of coordination



but make call centers more selfish in that they are less open to considering bids
from other centers. Figures 2 and 3, to be discussed shortly, show the effects of
“Low-Cost” (short) resolution and “High-Cost” (long) resolution times.
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Observation 2: The performance separation of effective organization
increases with coordination requirements, without shifting the sweet
spot laterally = We analyzed several organizational designs: 1) a specific re-
sponsibility region for each call center (Org) and 2) all centers are responsibible
for the entire city (No Org). It seems reasonable to believe that when fires are
uniformly distributed, Org would perform best, minimizing goal conflicts while
still providing each agent with sufficient beneficial opportunities in its respon-
sibility region. In practice, this is generally true, however, we have found that
in cases where, when the conflict resolution period is very short (correspond-
ing to low coordination cost and more selfish agents), the directives supplied to
the organized agents do not improve on the No Org baseline. As coordination
cost grows, the performance of the organized agents (which need to coordinate
less frequently) improves increasingly on the No Org configuration (see Figures 2
and 3).%

8 Figure 3 shows the total retraction time relative to No-Org, which has the most
retractions. In both Figures 2 and 3, the 0- and 10-time-steps resolution period
results are relative to comparable 0- and 10-time-steps resolution No Org baselines.



Note that with low coordination cost (0-timestep resolution), the difference in
performance between the Org and the No Org configuration is only statistically
significant within a small window, centered at about 2-2.5 fires per timestep.
Correspondingly, the scenario with high coordination cost (10-timestep resolu-
tion) achieves a prominent global maximum centered at this time window. From
this analysis, it can be seen that when coordination does not incur significant
costs, organization is not nearly as beneficial as in cases where coordination (or
the absence of needed coordination) is costly. At moderate workload levels, the
performance gains afforded by organization reach the maximum. When the sim-
plicity of the scenario does not require coordination, the performance of the Org
configuration and the No Org configuration are statistically indistinguishable.
Extremely overloaded work scenarios are marked by either statistically indistin-
guishable performance differences or diminished returns.

Observation 3: Increasing call-
center capabilities by adding re-
sources results in a lateral shift
Configuration  and widening of the sweet spot =
. :ﬁgg&g The width and position of the sweet-
0.10 —e— spot window is not fixed, as it depends
1 on the agent’s capabilities in servic-
ing goals at either end of the workload
range. Call centers become more capa-
ble when they have more fire-brigade
resources. Figure 4 shows the result of
’ . . . doubling the number of fire brigades
0.0 25 5.0 75 10.0

Fires per Timestep controlled by each call center from
six to twelve. Now, the organizational
Fig.4. Relative Score with Twice as SWeet spot occurs at a higher work-
many Fire Brigades load level: at approximately 2.7 fires per
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By holding the conflict resolution period constant and varying the number of
call centers in the system, we see that coordination complexity is also a function
of how “well partitioned” the centers’ responsibilities are. In experiments with
four call centers, we can see that fewer goal conflicts arise in the Org case than the
No Org case. However, if we increase the number of call-center agents to twelve,
each with two rather than six fire brigades and responsibility regions that overlap
with two other centers, the environmental responsibilities are too precisely par-
titioned to handle temporal responsibility differences even if, on average over the
course of the run, each center’s responsibilities are roughly uniform. In Figures 5
and 6, this behavior is reflected in the fact that the number of goal conflicts
in the organized, 12-call-center configuration approach the number of conflicts
without organization. Correspondingly, the differences in performance between
the two configurations are significant. Any advantages to organization under the



4-call-center scenario are lost with the increase in coordination complexity in
the 12-call-center scenario. This observation is consistent with the notion that
there is an “ideal” number of call centers given the centers’ capabilities and the
environmental conditions. We do not know for certain that a 4-center organiza-
tion is the best choice for the environmental conditions that we simulated, but
it is certainly better than a 12-center organization, as the 4-center organization
provides a better balance between the partitioning of responsibility regions and
coordination complexity [23].
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Workload Imbalance Organizational directives influence agents to assume
responsibility over particular goals and tasks. This reduces the amount of co-
ordination involved in meeting these demands, as there is some expectation of
which agent will perform or manage a task. In order for this organizational in-
fluence to improve performance, the per-agent workload that is suggested by the
organizational directives must be consistent with the distribution of tasks in the
environment. Otherwise, some agents have too little work and others have too
much. As such, highly beneficial tasks may go without consideration by under-
loaded agents while overloaded agents struggle to complete all of the tasks they
are responsible for. Workload imbalance occurs in firefighting when the distri-
bution of fires throughout the city is not consistent with the size of each of the
centers’ responsibility region. For instance, if 60% of fires occur in the northwest
corner of the city, a partitioning of the city into four equally-sized quadrants
would result in a significant average workload imbalance, with the call center in
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the northwest corner of the city having almost six times the workload of other
centers.

Observation 4: The performance separation of effective organization
increases with increased workload imbalance = When workloads are im-
balanced in this way, call-center agents are not necessarily idle, but instead they
work on less beneficial goals. Thus, the penalty occurred by providing these call
centers with an inappropriate organization comes in the form of “lost oppor-
tunity,” where the agent could have performed much more beneficial tasks if
it had not been discouraged from doing so by organizational directives. Corre-
spondingly, Figure 7 shows that, as the organizational influences becomes less
appropriate, the mean benefit of selected goals becomes lower. A surprising ob-
servation shown in Figure 7 is that the No Org case has the highest mean goal
benefit of all of the configurations. This is due to No Org agents’ preference to
selflishly commit to attractive goals which other agents may already be working
on, introducing additional goal conflicts and coordination cost.

Observation 5: Extreme workload imbalance, high or low, causes orga-
nizationally guided performance to converge to non-organized perfor-
mance = On the other end of the spectrum, both Appropriate and Inappropriate
Org’s less beneficial goals result in a direct lowering of overall score. Figure 8
indicates that this behavior essentially lowers the Appropriate Org curve onto the
No Org curve, while still maintaining a window in the workload spectrum where
organization is especially advantageous.

Span of Control An important factor in determining if and how agents should
be organized is span of control. Simply adding resources (or performers) to a task
does not result in constant gain per added resource, and can even result in a net
loss of utility. This phenomena is found in many real-world settings [23] where or-
ganizations attempt to scale the number of performers without correspondingly
scaling management capacity (e.g., hundreds of construction workers cannot be
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managed by a single foreman). In the firefighting simulator, per-resource effec-
tiveness is diminished above a parameterized call center span-of-control limit.

Observation 6: Increasing the
number of call-center agents be-

010 —_ ('ioaf;g;;:;il?yn yon.d what is necessary .g?v.en
o ~ No Org Baseline their span-of-control capabilities
8005 4 = Penalty " adds coordination requirements
A = (to keep them out of each other’s
E 0.00 way), decreasing the organiza-
& : : tional benefit separation com-

-0.05- - —— : : pared to a suitable number of cen-

00 2:5Fires Peii%.imeste;f? 100 ters = Span-of-control limits are both

important and ubiquitous, since cen-
tralization is not generally tractable or
realistic. When exceeded in RoboCup
Rescue firefighting, performance per
brigade is attenuated, counteracting co-
ordination reductions from centralization. Otherwise, one center could handle all
brigades. We explored span of control using a configuration where a single call
center agent is responsible for managing all 24 fire-brigade resources in the sys-
tem, but with a span-of-control limit imposed after 6 utilized brigades. Then, we
increased the span-of-control capability of the center to 24 to understand how
the single call-center agent would perform with no span-of-control limit. We
compared these two cases with the baseline configuration where the fire brigades
are distributed evenly across four call centers, each controlling 6 of them. Be-
cause no call center coordination is needed when there is a single center, in cases
where fewer than 6 brigades are needed to execute all of the tasks in the en-
vironment, both of the single-agent configurations outperform the multiagent
configuration (Figure 9). At a workload level of one fire per timestep, the lim-
ited resource effectiveness incurred by the span-of-control penalty becomes more
significant than the coordination cost in the multiagent case. Further, since the
single-agent case incurs no coordination complexity, there is a noticeable peak in
the single-agent configuration without a span-of-control penalty, corresponding
to the coordination-cost peak discussed previously.

Fig. 9. Span of Control Analysis

Observation 7: Coordination requirements that exceed an agent’s
span-of-control capabilities inverts the performance curve = Figure 9
shows that the sweet spot obtained when running under the best case scenario
of a single call center with no coordination requirements is inverted into a “sour
spot” when span of control is considered. Intuitively, the sweet spot is inverted
because this is the point in the workload spectrum where it is most important
that fire-brigade resources be managed effectively. With span-of-control limits
imposed, fire-brigade effectiveness is diminished.
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4 MARL Organizations

We next looked for sweet-spot behavior using another previously described and
implemented system involving agent organizations. This second system operates
in a very different setting: organizing agents that are learning task-assignment
policies that optimize service time for tasks arriving in a network [24]. Each
vertex in this network is a node, and each edge identifies a potential action.
Tasks arrive according to a Poisson distribution, and have variable difficulty
(measured as time units) governed by an exponential distribution. Every task
is spawned at some vertex v, augmenting agent v’s routing queue with the new
task. Agent v can then decide whether to work on a task locally, adding that
task to v’s work queue, or to forward the task to one of v’s neighbors. At every
timestep, task at the head of v’s work queue is decremented, indicating that it is
one timestep closer to being completed. Once the number of remaining timesteps
has reached 0, the task is removed from the queue and agent v may proceed to
complete the next task in the work queue. Agents receive the inverse of task
service time as a reward when a task is completed. To operate effectively in
this setting, agents must construct estimates of task service time given locally
observable state information such as the size of neighbor’s work queues and
historical completion times when forwarding tasks.

In this domain, each agent is ei-
ther a subordinate or a supervisor. Su-
pervisors are responsible for transfer-
ring experiences between subordinates

C°2:)'§;’;‘r‘;2 that are experiencing similar environ-

“Inappropriate  mental conditions. Appropriate organi-

zations in this task allocation domain

are those that arrange supervisors in a

way that exploits similarities between

agents. If a group of subordinates fre-

quently experience the same environ-

" mental conditions, a great deal of trans-

; : fer learning can take place. If subor-

0.9 ; dinate groups experience vastly differ-

0.00 0.25 0.50 0.75 ent environmental conditions, transfer
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learning can occur less frequently, thus

not taking advantage of the benefits

that organization provides. As in fire-

fighting, an organizational arrangement

of supervisors that is appropriate given

a particular task distribution may be

inappropriate under a different task distribution, so the organization is only ef-

fective if the actual distribution is consistent with the expectations assumed in
the designed supervisor arrangement.

We used a completely different agent implementation and environment sim-

ulator in exploring sweet-spot behavior in multiagent reinforcement learning
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Fig. 10. Relative Performance of MARL
Organizations
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(MARL) organizations. For our experiments, we used a 100-agent lattice net-
work and considered two agent organizations. The first organization arranges 4
supervisors such that agents are assigned to supervisors based on their distance
from the border of the lattice. The second organization arranges 4 supervisors
according to quadrants of the lattice. Tasks are then distributed on the lattice
originating from the boundary. Under this model, the former organization is con-
sidered “Appropriate” since it partitions agents in a manner that maximizes the
similarity of agents in supervisory groups. The latter organization is considered
“Inappropriate” since it arranges agents in a way that prohibits effective expe-
rience sharing. Given this setup, we experimentally varied problem difficulty by
increasing the mean of the Poisson distribution governing task distribution. Eval-
uation was performed in terms of area under a learning curve (AUC), modeled
as an exponential moving average of system-wide task service time. When the
system converges more quickly to an optimal policy, the area under this curve
will be smaller. To characterize relative performance differences across a wide
array of problem difficulties, AUC was normalized relative to the Inappropriate
Org configuration.

Observation 8: The MARL system also has a sweet spot = Figure 10
shows more performance variability than occurred with firefighting, but a statis-
tically significant sweet spot arises around a per-agent task rate of 0.25 tasks per
timestep. At this workload, the Appropriate Org’s performance dominates the Inap-
propriate Org’s. Elsewhere, the two are statistically indistinguishable. The results
in the MARL domain are particularly clear. When tasks arrive so frequently that
agents cannot compute meaningful policies and the learning process diverges, a
supervisor structure that is highly effective in the sweet spot does not help in
transferring reasonable policies. On the opposite end of the workload spectrum,
when tasks arrive so infrequently that agents do not need to act intelligently in
order to service the requests in a timely manner, policy transfer is not important.
It is clear from this analysis that even with a completely different set of system
dynamics and agent behaviors, an organizational sweet spot exists.

5 Closing Thoughts

Although we have measured and analyzed agent-organization performance under
widely varying conditions using only two previously implemented and studied
systems (each operating in a different problem domain), we believe that the
qualitative behaviors we observed are general and apply to multiagent organi-
zations in any domain. We hope our observations encourage those working with
more complex heterogeneous agent organizations to investigate and report their
performance over a wider range of conditions. Recognizing when a multiagent
system will be operating in its organizational sweet spot is helpful in deciding
how much effort should be spent in designing and using an agent organization as
well as for explaining situations where using an agent organization results in lit-
tle observed benefit (because the system is operating outside the sweet spot). We
have observed that coordination and cooperation amounts, lost work opportu-
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nities, and span-of-control capabilities all contribute to sweet-spot performance
benefits.

Understanding a multiagent system’s organizational sweet spot is important,
not just for understanding organizational control opportunity and effectiveness,
but when considering if organizational adaptation might be worthwhile [25-27,
12]. Sweet-spot understanding is also important in open, sociotechnical settings
when designing an organization (and sizing that design appropriately) for agent
recruitment. Identifying where a multiagent system is operating in relation to
its organizational sweet spot is important to any discussion or analysis of orga-
nizational suitability, performance, or effectiveness.
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