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O Abstract

Agents are automating many tasks that used to be done by
people. As agents begin to address more complex domains
of human life, they will need to develop an understanding
of the dominance hierarchies that people understand
intuitively. We present examples of specieswith social
hierarchies that occur in the natural world, in particular the
gray wolf (Canis lupus) and the chimpanzee (Pan
troglodytes), to show how an awareness of social status
could benefit multi-agent systems. We present three main
areas where dominance hierarchies could benefit these
systems — as a mechanism for streamlining negotiation, as
ameans of facilitating mutually beneficial alliances among
agents, and as away of making interfaces to agents more
intuitive for the people who create and interact with them.
With regard to implementation, we propose that the three
main elements necessary for an agent to participatein a
social hierarchy are: an internal representation of its
relationships with other agents, a means of communicating
socially with those other individuals, and a desire to
achieveitsgoals. Asboth away of implementing multi-
agent systems and as a means of understanding them,
dominance hierarchies will be avaluable tool for creating
systems that can mirror human complexity and thrivein
complex social environments.

| Introduction

Social structures that traditionally have been handled by
people are becoming increasingly codified as software
agents. Automatic collaborative filtering systems
(Shardanand and Maes, 1995) and expert finder systems
(Lieberman and Vivacqua, 2000) are serving in roles that
used to be primarily the domain of friends and associates.
E-commerce agents are doing financial work that used to
be done by humans. As agentstake over more complex
relationships from people, it will become necessary to
integrate the hierarchical social knowledge that people use
in everyday life— ideas of social dominance and
submission. Weall use and understand the subtle cues that
inform us of where we stand with respect to each other
(e.g. body language while haggling). We all make
aliances to achieve mutual benefit (e.g. buyers
collectives). Soon, our agentswill too.

In order to understand how we might create multi-agent
systems with some of the affordances of our complex

human social hierarchies, it makes sensefirst to ook at
simpler systems that occur in nature. By providing
examples from the social hierarchies present among gray
wolves (Canis lupus) and among chimpanzees (Pan
troglodytes), we hope to explain how dominance
hierarchies occur in the wild, what purposes they servein
that environment, and how that understanding might be
applied to the domain of multi-agent systems.

Wolves have hierarchical social relationships; the ‘apha
wolf’ hasfirst access to food and reproductive
opportunities (Mech, 1970). At first glance, this seems
unfair to lower ranking wolves. However, it isfar more
efficient than having lengthy fights every time two
individual s want the same thing. Ultimately, if the wolf
who would have lost the fight iswilling to capitul ate, the
result (in terms of who getsto eat first) is the same, and
both wolves are spared the significant costs (in terms of
energy, time and potential injury) associated with having
an actual fight. Dominance hierarchies are atechnology
for efficiently arbitrating among individuals who are able
to remember previousinteractions with other individuals.

Wolf societies are not always strict hierarchies, though,
which makes the interactions more complicated. Two
lower ranking wolves will sometimes work together to
overcome arival who would be more powerful than either
oneindividually. Not only do dominance hierarchies
allow efficient arbitration of competitive situations, but
they also provide a strong incentive for the formation of
aliances. Similar themes of dominance and submission
exist in chimpanzee societies aswell (Goodall, 1986). In
particular, alliances make up avery strong component of
chimpanzee socid life.

There are several main waysin which these themes can be
applied to multi-agent systems. Dominance hierarchies

can be used to streamline negotiations among agents who
have already established arelationship in the past. Social
status can assist in the formation of alliances among agents
who might mutually benefit from some kind of
collaboration. Finally, an appropriate representation of
dominance and submission can help humans interact with
asystem.



Toimplement asocial hierarchy, there are three main
aspects that must be considered. First, each agent that will
be participating in the hierarchy must have some internal
representation of other individuals and the relationships
that it has developed with them. Second, the individuals
must have some means by which to communicate their
perception of the social relationships to the other members.
Third, the agents must have some desire to achieveits
goals or advance itself in the social hierarchy, otherwise
there will be no motivating force to drive the system. If
each member istrying to get ahead, has a conception of its
relationships and is able communicate that conception to
others, social hierarchieswill result.

Turning to biology for inspiration in technology is nothing
new. Multi-agent systems have looked extensively at
models of social behavior in the natural world (see Related
Work section). Dominance hierarchies are valuablein
natural systems (and in engineered systems as well, aswe
will show) as an effective means of addressing certain
issues that come up in the course of social interactions
among intelligent entities. Also, people are accustomed to
thinking in terms of social status. These two elements
combine to make dominance and submission a significant
addition to the toolkit of designers of multi-agent systems.

Il Related Work

Many studies have been done on the social behavior of
wolves. The most substantial course of research has been
done by L. David Mech (Mech, 1970), (Mech et d., 1998).
Other substantial studies of wolf social behavior have been
done by Zimen (1981) and Fox (1971).

With respect to chimpanzees, Jane Goodall heads up the
longest field study of any animal speciesin its natural
surroundings, in operation since 1960. Her research at
Gombe National Park iswithout paralel. (Goodall, 1986)
Richard Wrangham has also done significant work at
Kibale National Park over the last thirteen years,
particularly with regard to social relationships (Wrangham,
1986) (Wrangham and Peterson, 1996).

Much work has been done in modeling social relationships
among agents (Dautenhahn, 1998) (Hemelrijk, 1999)
(Nowak and Latane, 1994). Others are exploring the use

of computers as social and emotional entities that can
interact with people (Picard, 1998) (Reeves and Nass,

1996). Reynolds (1987) also did seminal work in flocking
behavior, which focuses on the physical relationships
between individualsin agroup. Minsky saw the mind asa
collection of interacting entities, some of which served the
role of managers (Minsky, 1986).

In addition to the references discussed above pertaining to
collaborative filtering (Shardanand and Maes, 1995) and

expert finder systems (Lieberman and Vivacqua, 2000), it
is also appropriate to mention on-line reputation
mechanisms (Zacharia et al., 1999) and buying and selling
agents (Maeset al., 1999), al of which relateto the
implementation of human social affordances in multi-agent
systems.

[l Dominance and Submission

Among many socia species of animal, there have come to
exist socia hierarchiesin which certainindividuals are
more dominant than others. There are distinct
evolutionary benefits to these social structures, as they
provide an efficient mechanism for arbitration and
negotiation in the distribution of scarce resources. Inthis
section, we will discuss the presence of dominance
hierarchiesin wolf packs, in chimpanzee societiesand in
the human business world.

Wolves

Many populations of wolves eat large herbivorous
ungulates (e.g. caribou) as their primary food resource.
(Mech, 1970) Sincethese animalsare too largeto be
safely brought down by alone wolf, wolves usually hunt in
packs. These packs are normally family units; atypical
pack might be composed of an alpha male and female (the
only pair that breeds), several grown children of that pair
(who act as aunts and unclesto the alpha pair’ s pups), a
few unrelated adults who dispersed from their natal pack,
and the alpha pair’ s most recent litter of pups.

With so many members of the pack al striving for the
same resources (the right to breed, access to the choicest
parts of afreshly-killed caribou), thereisinevitable
competition among them. However, it isnot practical to
fight for these resources on afrequent basis, since there are
significant expenses associated with fighting (energy
expenditure, time, potential injury) for both winner and
loser. Social status hierarchies remove the need for
constant fighting, replacing it with relatively long periods
of static relationships (an aphaindividual may hold its
tenure for several years) punctuated by periodic
reevaluations (asindividuals grow up, age, or make new
aliances).

These hierarchies are maintained on aregular basis by
means of expressive behaviors that communicate an
individual’ s perceived rank relative to another individual.
Dominant wolves stare straight at their inferiors with erect
fur, ears pushed forward and a highly-held tail.
Submissive wolves crouch or roll over, with ears held back
and tail curled between legs. These behaviors are derived
from other behaviors that reflect actual relationships rather
than constructed relationships— they are ritualized forms
of combat, and ritualized versions of infant and juvenile
behaviors (e.g. food begging). Vocalizationsalso play a



significant role (although a human-level language is
clearly not necessary for dominance cues to be given and
received).

If anindividual feelsthat the social hierarchy isno longer
avalid representation of thereality of the power structure,
he has only to withhold his submissive behaviors, and a
fight with amore dominant individual will aimost certainly
ensue. Periodicaly it isnecessary for adominance
hierarchy to be tested in redlity (i.e. afight) in order for al
the participantsto be willing to agree to it between those
tests. The most common periods of testing occur when an
adolescent approaches adulthood, or when a dominant
individual’ s ability is compromised by age or injury.
(Mech, 1970)

Wolf societies are made considerably more complicated by
the presence of alliances between individuals. Whilethe
beta male might not be able to depose the alphamale on
his own, by soliciting another lower-ranking individual
over aperiod of time, he might gain that individuals
support against the alpha. Because of this, deposed alpha
individuals often fall far further than beta statusin the
wake of losing afight; it is not uncommon for the old

a phato become the lowest-ranking member of the pack.

Chimpanzees

Chimpanzees have equally significant but somewhat less
distinct social hierarchiesthan wolves. While social rank
isquite evident in chimpanzee societies, it isexpressed in a
wider range of behaviors. In addition, larger group size,
coupled with chimpanzees' tendency to spend most of
their time with asmaller sub-group of the larger social
group, leads to more complex interactions as the presence
of different individuals alters the power structurein the
sub-group. In her book The Chimpanzees of Gombe, Jane
Goodall discusses the social dynamicsthat are central to
chimpanzee societies. “The outcome of an interaction
between two individual s (and sometimes the course of
their relationship) may be significantly altered by the
participation or intervention of athird.” (Goodall, 1986,
p.174)

As among wolves, social rank appears to be sought after as
anendinitself. Although rank may only be evolutionarily
valuable because of the resource access that it provides,
individuals have been selected who pursue rank for its own
sake, and enjoy resource access as a side effect of their
social-climbing. As Goodall says, “a characteristic shared
by most male chimpanzees is the preoccupation, from

adol escence on, with maintaining and bettering their social
rank, and many of their interactions are devoted to this
end.” (Goodall, 1986, p. 184)

Both wolves and chimpanzees maintain separate
dominance hierarchies among males and females.

However, whereas with wolves the sexes are “ separate but
equal”, in chimpanzees the adolescent males pass to
adulthood by first dominating all the female members of
the troop. However, thereis some crossover between the
two dominance hierarchies; for example, the support of a
high-ranking mother is often important in the early stages
of an adolescent male's climbing of the social hierarchy,
and adult females will often seek alliances with high-
ranking males for protection and food. (Goodall, 1986)

Human Business

Businesses have many analogs of these social hierarchies,
especially with regard to aliance formation. Just astwo
adult male chimpanzees may team up on athird individual,
more powerful than either, and defeat him, two or more
companies often bundle their products together to provide
added value to the consumer and therefore win greater
market share. For example, Microsoft and Intel dominated
their market during much of the 1990s as aresult of their
aliance. “The sheer muscle of the so-called Wintel
(Windows-Intel) combine, analysts say, has kept any other
computer architecture or operating platform from thriving
to adegree that would even remotely threaten its
dominance.” (TCS Globa News, 1996)

In the business world, asin the natural systems described
above, there is an expensive switching cost associated with
overturning the dominance hierarchy. Whereas awolf has
to spend energy and runsthe risk of injury, a company that
decides to switch operating systems has to put in quite a bit
of effort and runstherisk of significant problemsin the
process. This actsto keep agiven dominance hierarchy in
place, rather than encouraging dithering between two
closely matched alternatives. The high cost of switchingis
enough to outweigh the small advantage to be gained by a
product that is only marginally more valuable to the
consumer.

In both animals and businesses, the sheer fact of being
dominant makes an individual avaluable alliance partner.
Therefore, dominance tends to be self-reinforcing. This,
too, leads to a preservation of the current structure.

IV Application to Multi-Agent Systems

There are three main areas in which domi nance hierarchies
could enhance a multi-agent system — as a mechanism for
negotiation, as a means of forming alliances among agents,
and as atechnique for portraying asystemin away that is
understandable to people. Each of theseisdiscussedin
greater detail in the sections below.

Streamline Negotiations

In multi-agent systems, various autonomous entities are
trying to accomplish their goals at the sametime.

However, they must do thisin an environment constrained



by limited resources (e.g., computing power, file access,
real world resources, money, etc.). Negotiation of some
sort occurs to decide which of the agents can access those
resources. While the agentsin a multi-agent system may
not be empowered to hurt each other (asawolf might harm
another wolf), there is nonethel ess the possibility of a
complicated negotiation process. Thisisespecialy truein
adynamic system where goals and resources are rapidly
changing. Implementing the ability to develop dominance
hierarchies is amechanismby which to streamline these
interactions.

Current multi-agent systems have one significant
difference from animals and traditional businesses. They
are generally much lesstied to the real world, since most
of their existenceisvirtual. Whereas animals have bodies
and companies have employees and factories, multi-agent
systems have only the computational engines on which
they run to tie them automatically to the real world.

With regard to a closed system in which thereis no
significant connection to real-world resources, there could
still be reasons to incorporate a model of dominance and
submission. For example, agroup of agentsall of whom
touch the same files might need to decide which of them
have the highest priority of accessto thosefiles. Imagine
that agent A isassigned apriority of 0.9 (because the
creator of the system decided that it was the most
important single entity), and agents B and C are assigned
priorities of 0.8 and 0.7, respectively. Imagine too that
agents B and C are able to touch the files simultaneously
without causing conflicts, and neither oneis able to touch
the files without conflicting with A. 1t might be more
efficient to let B and C take priority over A if they are both
ready to access those files, even though A has the highest
priority of thethree. A might even withdraw from the
negotiation if it isawarethat B and C outrank it asa
cohesive unit. Just as an alphawolf might lose his place at
an caribou carcassif two lower ranking wolves team up
against him, the most important single element of a multi-
agent system might lose its place at the resource trough if
two lessimportant elements that know they work well
together are both interested in those same resources.

Alliance Formation

While the example above is used to show how dominance
hierarchies can be used to facilitate arbitration among
competing agents, it also shows how social hierarchies
encourage the formation of alliances. To provide an
example from the real world, mercata.com is a system of
agents that forms buyers' cartels, buying in volume to
reduce pricesfor the customers. This system benefits from
the linkage to the real world, where paperwork, packing
and shipping costs make up a significant portion of the
final price of anitem. A system that conceived of cartels
asalliancesin the context of dominance hierarchies,

bringing together many low-ranked individuals to increase
their collective clout, might be more effective at finding
such benefits, especially in the context of longer-term
interactions, where individual s and businesses buy and sell
from each other on multiple occasions.

Companies often attempt to form alliances with individual
consumers (e.g. free cell phone when you sign up for asix
month service plan). Systems of interacting agents will
exhibit similar behavior, making acomplex web of
interconnecting agreements and alliances to maximize
their actual and potential resource access. Status
hierarchies could certainly beimplemented in simple
systems, as ways of representing simple dyadic
relationships. 1n addition, they are useful in triadic and
more complex interactions. Digital systems, with their
great capacity for processing and remembering, could
extend their skill in thisdomain far beyond that of humans,
who can only keep track of arelatively small number of
interactions at the same time.

Human Interface

In addition to making negotiations among the elements of
the system more efficient, and facilitating alliance
formation, thereis another significant benefit that we see
resulting from social hierarchiesin multi-agent systems.
Since human societies also have clear-cut status
hierarchies (e.g. the military and most corporations), we
arereadily able to conceive of dominance relationships.
Therefore, multi-agent systems that present themselves as
socially hierarchical would be more readily understood by
people. As machines become more complicated, people
begin to treat them asintentional beings (Dennett, 1987).
Endowing agents with the ability to understand dominance
hierarchies and communicate that understanding to people
will makeit easier for people to comprehend their actions
and “see where they’ re coming from.” Social hierarchies
could be an effective design and visualization tool, aswell
as an internal mechanism.

V Implementation

Now we turn to the question of how to implement these
systems. Just aswith animals, each individual may have
its own representation of its environment, but there needs
to be some common mechanism by which it communicates
with the other individualsthat it encounters. In addition,
theindividual agents need the desire to achieve their goals,
or alternatively the desire to advancein the social
hierarchy, in order to provide the competitive scenarioin
which negotiation and alliance formation can occur.

Representation

In an animal hierarchy, there is no outside authority
dictating the relationship between individuals. All
relationships are maintained inside the heads of the
animals. Thisdistributed approach seems most



appropriate for amulti-agent system; if new agents are
added or removed from the system, each individual can
establish relationships with them as they come on line.
This should create a system that is more robust and
adaptable that a top-down approach where social
relationships are maintained by athird party. Each
individual need only maintain the relationships that are
appropriate to its own encounters.

Each agent needs to maintain some model of the important
entitiesthat it interacts with. Thisisnotto say that it
needs to model every entity it encounters, any morethan a
person keeps an individual model of each and every ant or
beetle that we encounter. It needs some mechanism for
deciding which individuals to keep track of, and which to
ignore. Thisisafield of extensive research, too involved
for usto consider here.

In amulti-agent system, adaptability may not be at a
premium. If thisisthe case, then ahard-coded dominance
mechanism would be in order. However, in systemswhere
adaptability isimportant, it could be useful to mimic the
development period of social animals. Perhapsthe
development of dominance hierarchiesin artificial entities
should mirror the development of social competencein
young wolves. Asawolf pup grows up, thereisa
relatively long period of growth and learning during which
itsactions are tolerated to agreat degree by the adults of
the pack. During this period, the pup can explore the space
of expressive behaviors at its disposal, and establish means
of interacting with the other members of the pack. While
thisisnot, initself, atime of efficiency, it allowsthe
development of relationships among the members of the
pack. Thisissimilar to the exploration versus exploitation
tradeoff discussed by Pirolli and Card (1995). The fact

that this period of experimentation exists demonstrates that
the benefits gained by the development of strong and
appropriate social bonds is more valuable, evolutionarily,
than the energy costs of having amoreinstinctual but less
adaptable system.

A similar development period in a multi-agent system
would allow time for new agentsto “get up to speed.”
During this period, a new agent brought into the system
would be ableto try different configurations (e.g. running
simultaneously with each other component to determineif
thereis any change in performance as aresult), would be
tolerated by the other elements, but would be prevented
from experimenting in domains whereit could do any real
damage. By this means, dominance relationships and
alliances could be formed which would optimize the
system asawhole. Ultimately, amulti-agent system can
be seen as an evolutionary system where performance (or
human satisfaction) defines the fitness function. Allowing
dominance and submission to develop in a system could be
ameansto hill-climb on an evolutionary fitness curve.

Communication

In animals, the behaviors by which individuals
communicate their perceived social roles are derived from
behaviors that originated for other purposes. (Pulling the
lips back from the teeth, which originated as a means of

not biting one’ s own lip when attacking another individual,
serves equally well as a demonstration of one’ sintention to
bite). However, in an engineered system, it is probably
easier to create a mechanism of communication among the
various agents from scratch, rather than trying to build into
each agent a means of perceiving the actions of the other
agents. A system designed to communicate efficiently will
probably be more effective at conveying information with
aminimum of effort than a system which hasto co-opt
already existing behaviors.

If the agentsinside the system are not going to interact
with any other systems or with people, then it might be
appropriate to write a system that isfitted for their task,
having as many or asfew signals asis necessary to
establish the relationships of the components. If, however,
the system should be comprehensible to people (for
example, amilitary simulation in which people are trained

in the proper ways of addressing superior officers) then the
communication mechanism may be constrained to mimic
human interactionsto agreater or lesser degree.

Desire

In order for asystem of dominance to be relevant, there
need to be multiple entities in competition with each other.
In a system with unlimited resources, there would be no
need to have social status, since the needs and wants of
every individual would be met. However, asinred life,
there are always limited resources of somekind. Agents
are usually created to achieve some goal (e.g. to purchase a
given item as cheaply as possible, or to create an
impression in the mind of a human observer). Therefore,
they have abuilt in “desire” to do thejob for which they
were designed. When two agents both want the same
thing, asituation is created where a dominance hierarchy
could comeinto play.

VI Conclusion

As social mammals, people are well-versed in navigating
complex socia environments. We have many words for
this arena: we flatter, plot, help, beg, oppress, follow, lead.
Autonomous agents know little of this, though. They’re
only just beginning to recognize each other. However,
agents are become competent, even relied upon, to do
many things that used to be exclusively done by people.
Soon, they will need social competences to go with their
computational acumen; they will need to be ableto
participate in dominance relationships with people and
with each other.



We have presented some of the issuesinvolved with
bringing social hierarchiesinto the realm of multi-agent
systems. We have used examples from the animal world
to pinpoint the most salient causes and effects of
dominance and submission behaviors. We then showed
how this related to several domains where it could benefit
multi-agent systems. Finally, we presented ideas about
how social hierarchies might be implemented among
agents.

As computational agents take agreater role in negotiating
on our behalf in al sorts of ways, it will become important
for them to be skilled in the arts of dominance and
submission, of alliance formation and assessment, if they
are to compete at a high level with other agents and with
people.
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