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Abstract

We describe an agent-based microeconomic simulation of alocal market. Consumersand Sdllersare
represented as agents in the Aglets framework. Consumersfoll ow a Cobb-Douglas utility function, and
they choose the sdller that best matches their desired combination of goods and services. Different sellers
provide different combinations of goods and services. The amount of money avail able to consumers for
spending depends on an external parameter representing the state of the e@nomy. Sell ers make profit if
revenues exceal costs. Although important aspeds of areal eamnomy, such asthetotal available money
supfdy, the eyuilibrium between supdy and demand, and the dfed of the labour market, are not explicitly
represented in this smple model, they can be incorporated in the future. The advantages of an agent-based
simulation are the foll owing: global macroeanomic behaviors arise naturally asaresult of local agent
interactions; individual consumer and seller agents can become as ophigticated as desired (for example,
spatial locations of consumers and sdll ers may influence @nsumer choiceof a sdler, or consumers can
follow an income and preferencedistribution that refleds a particular city), with no constraintsimposed by
tractabilit y of any mathematical model's; the mohil e agents (Aglets) framework al ows a digtributed
implementation of the eonomy over a network of workstations, thus allowing experiments on standard
computing hardware with no requirement for accessto a supercomputer. Future reseach will expand on
these advantages, to demonstrate the usefulnessof the proposed framework for businessplanning (asatod
to answer what-if questionsto a prospedive sell er), asateaching tod in ecnomics and business and asa
framework for eledronic commerce whereby real stores and red consumers are represented by agents,
who carry out businesstransactions on their owners' behdf.



1. Introduction

This paper describes an agent-based microeconomic simulation. Intelligent software
agents play the roles of buyers and sellersin a virtual marketplace These agents are
imparted with reali stic behaviors and goals. They are then introduced into an
environment where they behave and interad in an autonomous fashion. The results of the
simulation are the effects of their interadion.

The simulation is composed of four different agents. The primary agents in the
simulation are the Buyer and Seller agents. The Buyer is allotted an income for eah
cycle. The Buyer is also imparted with preferences and a schedule of demand curves that
enable her to select a Seller and purchase goods from that Seller. The Seller agent
maintains a schedule of goods and prices. It presents a price index and value alded index
to the Buyer. The Buyer uses these indicesto seled a Seller to do business with. The
third agent isthe Controller agent. This agent permits the user to initialize the simulation.
The Controller also maintains an economic state, which the other agents will use a input
to make nsumption decisions. There is only one Controller agent in the simulation at
any given time. The fourth and final agent is the Finder agent. It permits the other agents
to find the Sellers in the simulation. There is only one Finder agent in the simulation at
any given time. A more detailed description of the ayents will be included in alater
sedion.

This report is organized in threesedions with a mnclusion. The badkground sedion will
outline cnventional techniques used in economic simulations and modeling. It will also

include amore detail ed description of agents and agent-based simulations and provide a



historical baddrop for this methodology. The badkground sedion will conclude with an
overview of related work in this area The Simulation section wil | describe our model in
greder detail. It will provide adetailed description of the agents as well as the Buyers
logic. The Future Work section will discussthe merits of the agent-based approacd as

well as areas of potential reseach.
2. Background

Conventional eacnomic models can be divided into two paradigms, static and dynamic.
The static model paradigm includes the graphical representations of supply and demand
found in virtually every introductory microeconomic textbook. Also included are single
equation and multiple equation models.
Dynamic models permit usto view the e@nomy over time. Thisisthe domain of
eoconomic simulation. This is currently accomplished using one of two methods,
Dynamic multiple equation model and time series model. The following sections
describe these modeling techniques in greaer detail.
Dynamic M ultiple Equation M od€l
In this context, asimulation is a mathematical solution to a set of simultaneous equations.
These gquations are known as difference aejuations. Pindyck and Rubinfeld define a
difference equation as an equation that “...relates the aurrent value of one variable to
current and pest values of other variables’. A set of these difference ejuationsthat can
be solved over time is known as a simulation model. The followingisaclassic
maaoeconomic example of such a model. (Pindyck, 1981)

Ci=ar+ &Y

[t = b1+ bo(Yi1 — Yi2)
Yi=C+ I+ G



Where

Y = grossnational product
C = consumption

| = investment

G = government spending

Time Series M odel

Time series models are used to forecast future actions of a variable by making predictions
based on the past behavior of variables. As an example, an investor might predict the
future performance of a stock by evaluating how it performed in the past. Time series
models are useful when the use of a multi-equation model is no longer feasible. |.e. the
variables required for a multi-equation model may not have been recorded o the

relationships between the variables are unclear.

What isan agent?

The adual definition of a software agent is a matter of some debate. For our purposes we
will use the following description. (Lange)

“An agent is a software objed that

Is situated within an exeaution environment

Possesss the following mandatory properties

Readive: senses changes in the environment and ads acmrding to those dhanges
Autonomous:. has control over its own adions

Goal-driven: is proadive

Temporarily continuous: is continuously exeauting

And may possessany of the following orthogonal properties:
Communicaive: able to communicate with other agents

. Mobile: can travel from one host to another

10. Leaning: adapts in acaordance with previous experience

11. Believable: appeas believable to the end user”

CoNOUR~WNE

Agent-based Microeconomic Simulation



In an agent-based simulation intelligent software ayents are used to play the roles of
participants in a ammplex emnomic system. In this case, agents ad as buyers and sellers
in avirtual marketplace These ayents meet and engage in economic adivities. This
system is able to simulate the “real world” by imparting the buyers and sellers with

reali stic behaviors and goals. In an agent-based simulation we do not control the
simulation. We simply creae the players and their environment and then allow them to
interad. Our results are the dfeds of their interadion. This enables the reseacher to
creae and observe a omplex system while avoiding the difficulty of controllingit. Thus
avoiding the inherent complexity of a more mathematical methodology.

Related Work

The most recant example of this methodology is ASFEN. ASFEN is an agent-based
microemnomic simulation by Sandia National Laboratories. It makes use of intelligent
software agentsto play the role of economic agents within a model of the US economy.
Microeonomic behaviors are cmbined to creae maaoewmnomic results. ASFEN is
composed of household agents, firms, government and financial agents (banks and the
federal reserve).

Household consumption was not based on the maximization of a utility function, but
rather used ad hoc rules of thumb. For example, the demand for food was based on the
size of the household.

The model was used to test various federal monetary policies. The results were cnsistent

with accepted economic theory and pradice (Basu, 1996.

3. The Smulation



Unlike the ASFEN model, which relied on ad hoc rules, this simulation relies on the
microeamnomic theory of consumer choice This theory models consumer-buying
behavior as a choice between two goods. Thistheory can be extended to model consumer
buying kehavior as a doice between one good and all other goods (Varian, 1993. This
simulation models the doice amnsumers make between the physical good and the service
provided by the seller of the good. This simulation treats “ service” as agood (not a bad)
that Buyers pay for. All Buyers value service However, some value it more than others.
The Buyer makes a decision to spend X amount of his’her income on serviceand Y
amount of his’her income on physical goods.

Service @n also be referred to as “value alded”. Value added encompasses convenient
location, pleasant surroundings, convenient hours, knowledgeable staff, good after sale
service, etc... These ae all coststhat the Seller must incur and then recoup from the
buyers by charging higher prices.

3.1 Agents

3.1.1 Controller

The Controller agent controls the simulation. It direds the adivities of the ayents
involved in the marketplace. It also permits the user to initiali ze the marketplace

Initiali zation refers to the processby which the user creaes agents (buyers and sellers)
and provides them with behavioral attributes. The user is also permitted to alter the
simulation as it progresss. Sellers can be alded or removed, and their pricing strategies
can be modified. There can be only one @ntroller agent in the simulation.

The Controller enables user to initialize the agentsin the simulation. 1t controlsthe

sequence of the simulation. (tells the Buyers to buy and the Sellersto report their status).



It also maintains an economic state that will be broadcast to the Buyers and Sellersin the
simulation. The eonomic state will affed their behaviors, in that a change in the
eoconomic state will shift the Buyers demand curve. The Controller agent interads with
the Buyers and the Sellers.

3.1.2 Buyer

The Buyer agents play the role of consumer within our virtual marketplace The goal of
the Buyers isto purchase the preferred bundle of goods given their income and
preferences.

Eacdh Buyer maintains a Cobb Douglas indifference arve a well as a demand curve for
each good in the simulation. Each Buyer also maintains an income. How the Buyer gets
this income is not part of our simulation (Although this increased sophistication could be
added). We simply give each Buyer an allotment of money at the beginning of each cycle
and the agent then spends the money according to her preferences. We assume that ead
Buyer either works or receives some sort of social asgstance & income. The Buyers
receive amessage to shop from the controller agent and then communicae with then find
their ideal store by communicating with the Finder. Oncetheir ideal Seller has been
found they purchase goods from this gore. They may or may not spend all their money.
Buyer Choice

The Buyer chooses between services and goods. This choice between services and goods
leads to an optimal bundle (X, Y). Where X isthe quantity of goods and Y isthe quantity
of service.

Suppose the Buyer’ s income per cycle is $10. And the buyer prefers $3 worth of service

and $7worth of goods. We can treat this in percentage terms and say the Buyer prefers



30% of his’her income on service and 7% on durable goods. We can then treat these &
price and service indexes of .3 and .7 respedively.

Oncethe Buyer has decided upon hig'her optimal bundle of goods/value alded, he/she
must choose aSeller. The Seller presents the Buyers with two indices, aPrice index and a
service index (may also be alled value-added index).

The following table shows the price and serviceindices for threedifferent sellers.

Seller 1 Seller 2 Seller 3
Pl=.8 Pl =7 Pl=.9
SI=.2 S =23 Si=1

The Buyer looks at the sellers and we seethat she will get her optimum combination of
price and service by buying from Seller 2.

Oncethe Buyer has chosen a Seller, he/she makes their purchases from that Seller given
their demand curve for eat good. They purchase goods until they can make no more
purchases (may have money left over).

Different Buyers

Our simulation will involve the interadion of various types of Buyers. There will be three
basic types. 1) The frugd Buyer, he values low price over value alded. 2) The average
Buyer, he values both priceand value alded. 3) The prestige Buyer, he iswilling to pay a
premium for value alded. The type of buyer depends on the shape of their indifference
curve (indifference aurveswill be discussed in a later sedion).

3.1.3 Sdler

Sellers play the role of Vendors in the virtual ecmnomy. Their goal isto maximize profits.

Profit = Revenue — Cost



Where...

Revenue = Price* QuartitySdd

Cost = FixedCost + VariableCost * QuartitySdd

VariableCost = UnitCost + CostOfValueAdded.

Price= UnitCost + UnitCost * Markup + UnitCost * ValueAddedI ndex
In our simulation, the per unit cost of the good is the same for every Seller. However,
some Sellers have ahigher variable ast dueto the cos of delivering the Service (or
value alded). Therefore, they must charge higher pricesto recoup thisloss They may
also attempt to earn higher per unit profits.
All Sellers present a priceand serviceindex. If their serviceindex is high their price
index will be low (high prices). The Sellers can also present a high price index (meaning
low prices) and alow service index (meaning little value added).
Eacdh Seller maintains an inventory of goods. Just asthe Seller’s income is external to the
simulation so is the production of good within the simulation. We asumed the Sellers
would puchase their goods from the same supplier. Thisway, al Sellersin this
eoonomy have the same variable wsts. The user is able to seled what goods the Seller
will carry as well as how much the Seller will charge. The user is freeto add a drop
goods from the Sell ers product line & any time during the simulation. As well, the user is
able to alter the Seller’ s pricing strategy. Altering the prices charged for the goods will
affed the Sellers priceand value-added indices. Each Seller maintains these indices and
registers them with the Finder agent. This enables the Buyersto find the Seller with their
ideal bundle of goods and services. At the end of the cycle e&zh Seller receives a*“report”

message from the Controller. The Sellers then report their revenue, cost and profit to the
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Controller. The Controller displays this information to the user. A Seller agent interads
with the Controller, Finder and Buyer agents.

Typesof Sellers

In their book, “Principles of Marketing”, Kotler, Armstrong and Cunrningham (Kotler,
1999 identify threetypes of Sellers; self-service, limited-service and full-service. Our
simulation will make use of these distinctions. The self-service Seller provides minimal
value alded but alow price The limited-service Seller provides ©me value alded at a
somewhat higher price The full-service Seller provides high value alded at a high price
The self-service Seller accets alower margin than the full-service Seller does.

Under our model the self-service Seller will have alow value added index and a high
priceindex (thisindicaes low prices). The full-service Seller will have ahigh value
added index and a low priceindex (this indicaes high prices).

3.1.4 Finder

The Finder agent alows the Buyer(s) and Seller(s) to med in the virtual marketplace and
perform transadions. The Finder makes it possible for the Buyer(s) to find the Seller(s).
There can be only one Finder agent in the simulation. Oncethe Seller has been initialized
it registers itself with the finder agent. The Finder maintains referencesto all the Sellers
in the Economy. In this context Reference refersto the alet id of each Seller agent. The
Finder ads as a “middle man” in our smulation by interading with both Buyers and
Sellers.

3.2 Economic and Marketing M odels

3.2.1 Buyer Behavior
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The Buyers' behavior within this simulation is modeled upon the microecnomic theory
of Consumer choice. The following is a brief description of this model.

3.2.2 TheBudget Line.

The eonomic theory of consumer buying behavior assumes the buyer will attempt to
purchase the best bundle of goods they can afford (Varian, 1993. The seledion of this
“best bundle” is dependent on the consumer’s preferences and budget. With this theory
we ae aleto reduce consumer behavior to a choice between two goods. The Consumer
chooses between good X and Y and decides on quantities Xi and Yi. Xi and Yi make up
the optimal bundle (Xi, Yi). Thistwo good assumption may seem unrealistic & first.
However, we can tred one of the goods as representing all other goods the consumer may
want to consume. This good is known as a Composite good. This assumption gredly
simplifies the graphical representation of this decision making processas well as future
calculations regarding this choice

In choosing between two goods, the Buyer must dedde what he/she is able to afford. This
requires the Budget Line. The Budget line acan be represented in two-dimensional space.
The quantity of good one in measured on the horizontal axis and the quantity of good two
is measured on the vertical axis. The vertical intercept of this curve an be alculated by
dividing the Buyer’s income by the price of good 2. The Horizontal intercept can be
calculated by dividing the Buyers income by the priceof good 2. A budget line is shown

inFig 1
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4 Vertical intercept =
income/price of good two
N
°
= R
8 Horizontal intercep =
income/price of good one.

\ 4

Good 1

Fig L

3.2.3 Indifference Curve
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The second part of the purchase decision involves what the Buyer wants, i.e. what
combination of good 1 and good 2 isthe most desirable. This is done by examiningthe
Buyer’'s indifference arve. The indifference arve maps the rate at which the buyer is
willing to subgtitute good 1 for good 2. The indifference aurve is generally a downward
sloping convex curve. The indifference arve shows all possible mmbinations of good 1

and good 2 that are equally satisfadory to the Buyer (Browning, 1992. The indifference

Curveisshownin Fig 2

| Indifference Curve

Good 2

v

Good 1

Fig 2

The Buyer isequally satisfied with any distribution along the indifference arve.
However, asthe distribution moves down the indifference aurve, the Buyer requires more

and more of good 1 to compensate him for asmall lossof good 2. As the distribution
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moves up the indifference arve the buyer requires more and more good 2 to compensate
him for asmall lossof good 1.

3.2.4 Theoptimal bundle

If the Buyer is equall y satisfied with each bundle lying on the indifferencein Fig 2, how
does the buyer decide which is the “optimal” bundle? To answer this question we must
combine the indifference aurve from Fig 2with the budget line from Fig 1 Fig 3 shows

how the optimal bundle is determined.

The point wher the budget
line is tangent to the

~| indifference curve indicates
the optimal bundle.

Good 2

v

Good 1
Fig 3
Fig 3 showsthe point where the budgget line is tangent to the uppermost indifference
curve. This point is the optimal bundle of Good 1 and Good 2. We @an seefrom the

diagram that this buyer prefersto have more of Good 2 and lessof Good 1.

3.2.5 Sdler Behavior
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Seller Behavior is modeled acording to economic and marketing theories. An integral
part of the Seller’ s behavior isthe e@nomist’ s assumption of profit maximization. This
assumption does have its limitations. In the cae of asmall firm where the owner may
work in the firm profits may be traded off for increased leisure time. Or afirm may favor
the goals of social responsibility or increased market share (Mansfield, 1997). For our
purposes the goal of profit maximization will suffice. Another part of the Seller’s
behavior is the various business grategiesthe Seller can follow to achieve thisgoal. This
strategy is displayed by what kind of seller they are; self-service limited-serviceor full-
service. Each Seller offers a different amount of value added to their good. The Buyer
pays for this value added by paying a higher price The value added can be in the form of
convenient locaions, good hours and increased customer service (Kotler, 1999.

The seller can take various forms. The discount seller is able to offer his goods at alow
price becaise he gplies a small amount of value alded to his goods. The average seller
offers his goods at a dightly higher price and offers a higher amount of value alded. The
prestige seller offers the highest amount of value alded and offers his goods at the
highest possible price

4. Simulation Results
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The simulation produced consistent results when initialized with a population of Buyers
and Sellers. The Buyers chose Sell ers that were consistent with their preferences. Asthe
cost of providing value alded changed (The price of value alded increased or deaeased)
some buyers would choose to shop at adifferent seller. We also found the alets
framework to be extremely effedive in modeling human behavior. Our Buyers use
conventional microecnomic theories of consumer behavior. It would also be possible to
take amore al hoc goproach and crede arules based system as proposed by researcher at
the first Workshop on Artificial Intelligence in Economics and Management (Hoff man,
1986).

5. Future Work

Economists have long used the distinction between microeconomics and
maaoemnomics. Microeanomics focuses on the eonomic adivities of the individuals
within an economy, and Maaoemnomics analyzes the eonomy as awhole. Clealy this
is not an ideal starting point for the aedion of atruly general ecnomic theory. Present
maaoecnomic theory does not sufficiently acount for the heterogeneity of Agents (van
Ees, 1991) We feel that an agent-based framework can give maaoemnomicsin

particular and microeconomics in particular an individuali stic foundation.

“There is no other more difficult branch of economics than dynamic emnomic models’
(Neal & Shone pg 129. The aldition of time to an economic model grealy increases
complexity. The reseacher must decide what time interval(s) will be used. With multiple
equation models each equation may require adifferent interval to achieve equilibrium.

Also, an independent variable X at time t may require the clculation of a dependent
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variableY at timet— 1. Of course a timet— 1Y it isan independent variable. It in turn
may require the clculation of variables at timet — 2, and so on. The reseacher isthen
forced to make asumptionsto deal with these complications. These assumptions may
hinder the researcher’s quest for redism. In an agent-based model or simulation the
complexity of time is of no great concern. Each agent takes as much time & required to
perform her task asis required (asisthe cae in thereal world). Infad it isthe agent’s
ability to mirror the red world that makes it such a compelling and (we think) useful tool

for reseachers.

In our local market simulation the Buyer is required to choose aSeller that offers the
appropriate combination of goods and services. The next logical extension of this model
would be the aldition of spatial constraints. Each agent in the e@nomy would be given
an address and the location of the Seller would also be apart of the Buyers decision. Our
simulation was designed so this could be afeasible extension. Conventional multiple
equation models are ill equipped to deal with this added complication. There isthe
possibility of using a gravity model to deal with a spatial environment. However, an
agent-based simulation could more eaily refled thisreality. Agents could occupy a

locaion within an environment just as red-life Buyers and Sell ers occupy a locaion.

We used the aglets framework to implement our local market simulation. Aglets are Java
objedsthat exeaute on ahost. They are aleto ceae exeaution, storetheir state, transport
themselves to another host and resume exeaution. This cgpability makes an aglet a

Mobile Agent. Aglets also have the ability to send and receive messages. This makes the
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aglet framework a powerful tool in modeling and simulation research. Whereas other
agent-based simulations might require powerful computational ability i.e. a super
computer. Aglets can be deployed on a network and the processing load can be
distributed over various hosts. The ASFEN projed described in the Badkground sedion
of this paper ran on Sandia’s Paragon super computer. Our local market simulation is
ableto run on a PC. As more agyents are alded to the simulation more PCs can be added
to the network to add processing cgpabil ity. The processing capacity required is
dependent on both the number and size of aglets within the simulation. Sizereferring to
the complexity of each aglet. Greater sophistication will leal to larger processing
requirements. Thisis ©mewhat of a subjedive limitation. In that it isup to the reseacher
to decide what is an acceptable length of processing time for ead cycle. The network
paradigm could also be used to reflea the spatial reality of the marketplacebeing
modeled. Eadch workstation in the network could house the Buyers and Sellers of a

different neighborhood.

Maaoeanomic fluctuations arise & aresult of individual behaviors. Conventional
eoconomics are ill equipped to ded with this reality. Modeling complex human behavior
within a mathematical framework is both conceptually and pradically difficult (Hoff man
et a. 1986 We believe that an agent based methodology would provide amore accirate
and easier to implement model of the real world. Buyers are represented by buyer agents.
Sellers are represented by seller agents. A central bank could be represented by a
banking agent, and so on. Researchers would no longer be required to represent an

eoconomy (or part thereof) as a system of equations. Thiswould also allow the reseacher
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to avoid the inevitable mathematicd errors asciated with the cnventional multi-

equation approach.

Future reseach in this areais not limited to maaoecnomic simulations. Our local
market simulation might be the first step in the replacement of the conventional gravity
model. The aility to model not only the spatial environment but the behaviors and
preferences of Buyers and Seller could make it interesting from a marketing or business
planning perspedive. Thislocal market simulation could also be extended to allow users
to create abuyer or seller agent to represent them and aa on their behalf in this virtual

marketplace

6. Conclusion
We mnclude that software agents and the agent-based simulation methodology are valid
and useful tools for economic modeling. Even in its present state, our local market
simulation could prove interesting to those in the marketing and business community. It
could serve to answer various “what if questions’, aswell as assst decision-makersin

seleding a product mix and pricing strategy.

Intuitively we know that maaoeanomic phenomena aise a aresult of individual
behaviors and adivities. However, the micro-foundations of maaoeanomics have
proven elusive with conventional mathematical modeling techniques. It is difficult for

reseachers to model complex human behaviors within a mathematica framework.
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This has forced economists to adopt the familiar microeconomic vs. macroemnomic
distinction. Software agents and agent-based simulations should permit economists to

soften this distinction, and provide an individualistic foundation to maaoeanomics.



21

References

Basu N., R.J. Pryor, T. Quint and T. Arnold, (1996, ‘ASFEN: A Microsimulation Model
of the Economy’, Sandia National Laboratories, Albuquerque, New Mexico.

Browning Edgar K. and Jaaquelene M. Browning, (1992 ‘Microemnomic Theory and
Applicaions, Harper Collins'.

Diamond Peter A., (1989 ‘A Seach-Equilibrium Approacd to the Micro Foundations of
Maaoemnomics: The Wicksell Ledures , MIT Press Cambridge.

Eesvan Hans, (1997), ‘Maaoemnomic Fluctuations and Individual Behaviour’, Gower
Publishing Company, Vermont.

Hansen Lars Peter and Thomas J Sargent, (1997), ‘Rational Expedations Econometrics,
Westview Press Boulder.

Hoffman Elizabeth, V. S. Jacob, James R. Marsden and Andrew Whinston, (1986,
‘Artificial Intelligence in Economics—Expert Systems Modelling of Microeanomic
Systems', From: ‘ Artificial Intelligencein Economics and Management’, Edited by L.F.
Pau, North-Holland, New York.

Kotler Philip, Gary Armstrong, Peggy H. Cunningham, (1999, ‘Principles of Marketing’,
Prentice Hall Canada Inc., Scarborough, Ontario.

Lange Danny B. and Mitsuru Oshima, ‘ Programming and Deploying Java Mobile Agents
with Aglets’, Addison-Wesley, Massachusetts.

Mansfield Edwin, (1997, ‘Microecmnomics, WW Norton & Company, New York.

Neal F. and R. Shone, (1976, ‘Economic Model Building', The Macmillon PressLtd.
London.

Pindyck Robert S. and Daniel L. Rubinfeld, (19817), ‘ Econometric Models and
Econometric ForeCasts', second edition, McGraw-Hill Book Company, Toronto.

Varian Hal R., (1998), ‘ Intermediate Microeanomics , WW Norton & Company, New
Y ork.

Wichers Robert, (1996, ‘A Theory of Individual Behavior’, Academic Press, Toronto.



