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Abstract

We offer a novel approach to agent-based econorodetimg.
Previous work has modeled learning agents as neural
networks, sets of fuzzy rules and other learningritlgms. In
this paper, we present an approach based on reptiesean
agent's production cycle as a finite state machie show
that the finite state machine model offers natural
representations for basic economic features such as
complementary and substitute commodities and variou
production strategies with transition costs. Our exmental
results show that the model behaves in perfect decme
with basic economic laws that shows the model's ¥alidi

1. Introduction

Agent-based modeling has played an increasingly
important role in understanding market behaviour.
Existing research has been primarily centered on
modeling financial markets with agents either fofiog
predefined strategies or learning the optimal statvia
different learning algorithms.

We aim to create a general equilibrium model
representing a market of companies producing differ
commodities with different manufacturing processes,
model that would accurately reflect the behavio@ir o
supply, demand, and prices in a real economy. A
classical model of this market is the well-known
Walrasian model foN different commodities produced
with M different resources (production factors), where
general equilibrium is achieved by maximizing each
agent's profit; see (Black, 1995) for a detailed
exposition. The general equilibrium model leadsite
mathematical properties (Walras' Law and others).
However, this model assumes each agent is perfectly
rational and computationally unbounded and the ig¢ne
equilibrium is static, while the real world markeées to
achieve equilibrium in a constantly changing world.
Thus, the need arises to offer agent-based mod#is w
limited and learning agents.

(Zimmermann, Neuneier, and Grothmann, 2001)
offer an agent-based model of tRkeX-Market where
agents base their decisions on incomplete infoonati
coming from a limited number of error-prone souroés
information. The agents are modeled as error-ctngc
neural networks. (Kooths, Mitze, and Ringhut, 2004)
and (Kooths, 1999) create a macroeconomic model
where agents are modeled as neural networks with
additional fuzzy rules representing knowledge altbet
economy. Other approaches have also been testeal; fo
detailed survey of agent-based economy models see

(LeBaron, 2006), (Tesfatsion, 2006) and references
therein.

Agent-based models with agents represented as
finite state machines (FSMs) are widely used in
computer animation (see, for example, (Rudomin,
Millan, and Hernandez, 2005)), while learning FSMs
has been already applied to automata-based
programming developed by (Shalyto and Tukkel, 2001)

Developing systems of reactive agents with finite
automata was suggested in (Naumov, Shalyto, 2003).
The authors assert that their approach can allow to
create systems of self-learning adaptive agent® Th
approach was further developed in (Shalyto, Naumov,
Korneev, 2005), where interaction between objecs w
considered as interaction between finite automata.
Finally, the theory was applied to creating a react
multi-agent real-life environment, namely a system
robots who deliver items from one place to another
(Yartsev, Korneev, Shalyto, Kotov, 2005). All robah
this system were controlled by finite automatadogi

However, as far as we know this is the first agent-
based economy simulation where agents would be
represented and trained as FSMs. In this papeffjliwe
the gap by constructing an economic model with
adaptive agents based on finite state machines. The
underlying FSM of an agent represents its prodactio
cycle. We have implemented a model economy with
these agents, and results of our experiments were i
good accordance with basic economic laws.

The paper is organized as follows. Section 2
describes the model itself: in 2.1, we show how to
model a company with finite state machines, and 2.2
describes the market model in our approach and skaow
concrete example of a production cycle. Sectioist3 |
the results of the experiments; we show that theaho
behaves just as the economic laws predict, thus
establishing that the model is valid.

2. Description of the model

2.1. Modeling production with finite

state machines

A finite state machinés a directed graph with captions
on edge FA= <V,E,2> whereV is the set of vertices,
> is the FSM'salphabet (the set of input events),
ancE= { e= <V1'V2’0'> |v,v, OV,o [ E} is the set
of edges An

(possible  transitions.



edgee= <V1’V2'0'> means that transition frond to v,

with input events is possible. A finite state machine has
two kinds of special vertices: a unicS[IV is labeled
as theinitial vertexand som({ tO,...,tK} UV represent

the set ofterminal vertices. Sometimes it is reasonable
to associate both income and outcome events with ea

edge. TherTr = <V,E,Z,IY>,

E= { e= (V,Vv,0.m) [V, v, OV,o 0 2,x 0 17}

(these FSMs are usually callednsducery A pathin a
FSM is an ordered set

p= <V0,eo,V1,el,--"VL> le, = <V0,V1,00,7T0>’

€= <V1,V2,0'1,7T1>’---1e|_—1 = <V0,V1,GL—1’7TL—1>
We call the wor ILabeI(P)= 0,0, ...0_; theinput

label of the pathP, and by theoutput labelof the pathP
we mean the wowOLabe(P)= MMy a1 - A

cycleis a path with identical start and finiv, =V, .

We describe a complete working example of a
production cycle FSM below; for more information on
FSMs we refer to (Lothaire 2005).

We model the production cycle of each agent as a
finite state machine. The state of the FSM corradpo
to a certain stage of the production process. Tihili
state corresponds to the zero-stage of the pramydtie
product then travels from one production departntent
another, as the FSM travels from one state to anoth

Each state transition corresponds to performing a
certain production stage and, as such, requirestaic
amount of resources. We add an internal resouroé po
for each agent and consider the resources necesary
complete a certain production stage as the inpahtev
for the corresponding transition. The transitionyrteke
place only if enough resources are available.

A product travels from one production stage to
another until it is ready. A complete product
corresponds to a terminal state of the FSM. Then th
product goes to a “warehouse” where it awaits
deployment to the market. In the FSM terms, we rhode
a certain production stage as a transition froerainal
state to the initial state; to this transition wssaciate
the resources necessary to store and transport the
complete product to the market.

Each production stage produces something; thus, we
add to each edge a set ofitput resources that get
produced during this transition. It is natural fimite
state machines to have both input and output (earidy
exit) actions; in our model, the entry action canss
resources, while the exit action produces new Iressu

Besides a natural representation of a real-life
company, the FSM formalism has several formal
advantages. First, it easily allows an agent téebable.

In the real world, an agent can reorganize his @r h
company to produce different commodities (at theyve
least, different kinds of a commodity). In the FSM
model, we allow the FSM to be non-linear (to have

forks). Depending on the path an agent takes, rdiffe
commodities will be consumed and produced.

Second, while in the real world agents may adapt
their strategies to changing market conditionsalkes
time and resources to complete the adaptationhén t
FSM model, this “transition cost” is modeled natiyra
if a FSM is currently in a non-terminal state, itliake
time and resources to reach the terminal staterdefie
agent can choose a different path starting fromrtitiel
state.

Finally, in the real world the agents' behaviour is
only suboptimal: agents do not possess complete
information about the market and sometimes cannot
compute the absolute best strategy. With this indmi
we model the agents as having rather simple stemteg

An agent is modeled as a p<FSM,S> consisting of a
FSM and a strateg$

2.2. Modeling the mar ket

In this subsection, we describe how the markelf itse
interaction between agents are represented in odein
We model the market as a virtual “bulletin boardiese
each agent may post an offer indicating that tveligng

to sell a certain amount of a certain product foegain
price. When an agent needs to buy a certain prptect
queries the market for the selling offers on this
particular product. To model insufficient infornati
we have the market to return only a certain random
subset of the offers (the offers that this agemotks
of”). The agent then reviews these offers, chodkes
most profitable, and satisfies them (buys the resrgs
product).

Note how the model naturally represents
complementary goods and substitutes. In economics,
commodities are calledomplementaryif the cross-
elasticity of their demand

E, = le _ch Hi+ F%)i
QA+ R -K
is positive, and the commodities asabstitutesif the
cross-elasticity is negative (hel@OB, Q° - demand
values for goodB before and after the price of
commodity A changed, P*, POA — prices on the

commodity A). In the FSM model, complementary
goods will often appear on consecutive edges of the
production finite state machine, while substitutods
will appear on parallel edges or edges of parglhs
of the FSM. This results in that whenever an agens
a certain commodity, his demand for the
complementaries increases (he is halfway through th
production, so he needs to complete it), while his
demand for the substitutes decreases (he has wlread
come through a certain path, and he will not retora
parallel edge in this cycle).

Finally, let us present a complete example of a
production cycle in our model. The FSM belonging to
an agenD is depicted on Fig. 1.
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Fig 1. A sample production FS

The initial state is marked as 0, while 3 and 5 are
terminal states. Labels with — and + denote resourc
costs and resource outcome, respectively; the eleamp
has four different resources, froRL to R4. Here is a
sample production cycle.

1. Registering offersSuppose that other agenks

... iy have registered the following offers:
<R1, price=1.0, amount=12.0>,

<R1, price=2.0, anount=34.0>,
<R1, price=3.0, anmount=45.0>,
<R2, price=10.0, anount=67.0>,
<R3, price=4.0, anmpunt=89. 0>.

2. Deciding upon the production pattgent D
analyses situation on the market and decides et t
path {0, 1, 2, 3} is expected to be better than phath
{0, 4, 5}. We do not specify here how agdhtchooses
his path; he may be guided by a reinforcement iegrn
algorithm or by a complete statistical analysistioé
market history.

3. Buying resourcesTo begin his production cycle,
A needs to buy 1.0 of the resourB&. He sends a
request for purchasingl. The market randomly selects
a subset of registered propositions, say,

<R1, price=1.0, anount=12.0>,

<R1, price=3.0, ampunt=45.0>,
and shows this set tB. Agent D chooses the most
profitable proposition, with the price of 1.0, amékes
his purchase.

4. Transition Agent D now has the necessary
resources to complete the first step of his styataad
move to state 1.

Note that after these steps agdntis completely
committed to his chosen production path; he cannot
switch to producing4 before completing this round of
R3, even if in state 2 he suddenly discovers that the
market is desperately lackirigd, and the prices could
be exorbitant. We now skip a few stepsagathers all
necessary resources and completes his productme. cy
Suppose thaf has just made the transition from state 3
back to state 0 and obtained 10.0 unitR®f

5. Registering a selling offerAs D now has a
surplus ofR3, he will be willing to register an offer to
sellR3. Again, we do not precisely specify the decision
rule, but as inpub should consider both his production
cost and the market situation which he is ablestekpy
viewing the (random subset of) offers I&8.

After this step, the production cycle repedis.s
now able to choose another path.

3. Experiments

We have implemented the FSM market model and
performed experiments that were aimed to check the
basic economic facts about the model; they shoerdes

as “sanity checks” for our modeling method. As a
general result, the model turned out to be extrgmel
viable, in clear-cut cases always performing justte
economic theory predicts. Thus, we expect it toehav
some predictive power as well, but this should be
supported by further practical experiments. In this
section, we describe the experiments we have darrie
out.

3.1. Production-possibility frontier

The production-possibility frontier is a curve tisdows
the maximal volume of producing a certain commodity
dependent on the level of production of another
commodity. This function should be decreasing, as
increasing the level of production of a certain
commodity should lower the amount of resources the
market is ready to assign to producing other
commodities. Besides, it should be convex, as in
shifting from commodityA to commodityB the market
would first shift the resources that are most uskeiuB

and least useful foh.

Our  experimental scenario included two
commodities:A (automobiles) and (blankets). Each
agent is able to produce both commodities, andtagen
FSM has several paths corresponding to differetputu
ratio (automobiles)/(blankets) of the commoditibstt
this agent produces during a production cycle.
Moreover, each agent has a personalized production
FSM that has its own (randomly varied) production
costs andV/B ratios. A certain “command center” orders
some agents to switch production fr@gxto B, and the
agents (with some delay, as described above) switch
production; the remaining agents act in their own
interest. Fig. 2 shows the results of this expenimthe
production-possibility frontier is almost convexiithv
small fluctuations that can be related to subogtima
behaviour of the agents.

3.2. Overstocking

In this experiment we generated a world where each
production cycle of each agent generates someusirpl
in other words, each agents generates more resource
than it consumes. In the real world, after anahisurge

the overproducing warehouses would be full, andegri
would experience a steady monotone decrease as the
overproduction continues. As prices drop, some &gen
should become unprofitable and should quit the ptark
(switch to the strategy of producing and consuming
nothing), which gradually compensates overproductio
and stabilizes the prices.
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Fig 2. The productic-possibility frontie

Fig. 3 depicts the results of the experiment; the
graph on the left shows how prices behave with time
the graph in the middle shows how many agents are
active (produce something) at this time, and theplyr
on the right shows the gross sales volume. Bothkiesur
behave just as predicted reach an equilibrium.

3.3. Equilibrium

In the real world, overproduction is natural, andsi
naturally compensated by consumers who buy end
products. To model this situation, we introduced a
special agent (representing the consumers) thas buy
surplus resources. Fig. 4 shows that in this case,
equilibrium is reached faster, and both sales aicé®
stabilize at higher levels.

3.4. Raw materialsand end products

In this experiment we divided nine commodities loé t
model into two groups: {r0, r1, r2} and {r3, ..8x We
assume that production of a commodity depends
strongly on other commodities of its group and to a
much lesser extent on the commodities of the other
group. At time 1000, we introduce an agent who buys
lots of r0, thus raising prices. As a result, psider rl
and r2 also rise, while prices for r3,...,r8 stagtually

the same. Fig. 5a shows the price graph.
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3.5. Complementaries and substitutes

In the first part of this experiment0, r1, andr 2 are
complementaries, that is, we increase the prolabili
that they appear on consecutive edges of the ptioduc
FSMs. An increase in the price oD should cause a
decrease in demand o andr 2.

Fig. 5b shows what happens if at time 1000 we
introduce an agent who buys lots 0. The market
reacts by rising all prices except fod and r2: since
producers buy less0, they need less1 andr 2, too.
Fig. 6a shows the same experiment with only thiesset
commodities left on the market, and Fig. 6b shoes t
results of an experiment with three commaoditiesoagn
whichr 0 andr 2 are complementaries: an increase in
the price of 0 causes an increase in the price &f

In the second part of this experiment, we introduce
ro, rl, andr2 as substitutes, that is, increase the
probability that they appear on parallel paths in
production FSMs. At time 600, we introduced an &agen
who buys lots ofr 0, thus increasing its price; as a
result, agents begin to use lessand more 1 andr 2.
Fig. 6a shows the prices volume graphs for theethre
resources in this experiment. Fig. 7 shows the dema
volumes for experiment with substitute commaodities.

4. Conclusion

In this paper, we introduced a novel approach to
modeling agents that act as producers and conswoners
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Fig 3. Overstocking: a — prices; b — active agentsgross sales
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a market. We model an agent's production as aefinit
state machine with spent and produced resources as
entry and exit actions. We have shown that a fisiitéee

machine is a natural way to model a company's
production, and have shown how to model the basic
properties of an economic agent and basic types of



market commodities via finite state machines. Weeha
implemented the proposed model and performed
experiments in order to verify that the model wowiksd

it works indeed: in all experiments the model bedthv
as expected.

As with any other model, we can point out the
limitations of our approach. The primary limitatios
that to create adequate results, the FSM agentbase
model requires a large number of independent agents
This means that the model is applicable only tdguer
competition markets and monopolistic competition
markets.

This paper is, to a large extent, a proof of coticep
evidence in support of the validity of the FSM miode
Further work should deal with different learning
algorithms and different pricing strategies for #yents.
We plan to experiment how different strategies cetep
with each other and how well different FSM learning
algorithms perform in this model. The model progide
natural competitive environment for testing various
FSM learning algorithms against each other. And, of
course, the ultimate test for our model would béetn
on real data (for example, on the stock market)daid
test its predictive power.
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