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Abstract

This report presents Aspen. Sandia National Laboratories is developing this new agent-

based microeconomic simulation model of the U.S. economy. The model is notable

because it allows a Jarge number of individual economic agents to be modeled at a high

level of detail and with & great degree of freedom.  Some features of Aspen are (2) a

sophisticated message-passing system that allows individnal pairs of agents to

communicate, {b) the use of genetic algorithms to simulate the leaming of certain agents,

and (¢) a detailed financial sector that inchides 2 banking gystem and 2 bond market.
Rasults from runs of the model are also presented.
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ASPEN: A MICROSIMULATION MODEL -
OF THE ECONOMY

Introduction

This paper describes Aspen, a new sirnulation model of the 1J.5. economy that Sandia
National Laborateries (Sandia) is developing.! Aspen runs on Sandia’s massively parallel
Intel Paragon computer and is an agent-based Monte-Carlo simmlation. Individual agents
in the model represent real-life sconomic decision-makers. Aggreastes of the agents®
microeconomic actions generate macroeconomic quantities of interest,

The building blocks of Aspen are agents, the first of which is the household agent. The
housshold agent works or collects unemployment or sosial secunty for income, This
agent spends income on four consumaer items, contributes to a sevings account, or invesis
in bonds.

Firm agents produce four types of goods. The four types of firm agents are automobiie
manufacturers, honsing developers, prodocers of nondurable goods (such a5 food), and
producers of nondurable goods the consumption of which is income dependent. Fach
firm uses capitzl equipment in addition to labor to produce goods. Each firm sets prices
by using a genefic algorrthm learming classifier system (GALCS). GALCS simulates
firm-agent learning as the agent develops a pricing strategy.

The single govermment agent collects mcome, sales, and payroll tax. Also, this agent runs
a social security system, pays unemployment benefits, runs a public sactor, and issnes
government bonds during a deficit.

Finally, a well developed financial sector includes (a) banks that maintain housshold
savings accounts, make consumer and business loans, and invest in bonds; (b} the federat
reserve, which may conduct an expansionary or contractionary monetary policy; and (c) a
financial market agent that reconciles demand and supply for bonds among the
governwnent, banks, and houscholds.

The model omits certamn important factors of the U.S. economy. For example, the
defense indusiry, service sector, and stock markets are not represented. These elements
are planned for a future version of the model. However, when we, the authors, tested the
outcome of various federal monetary policies in the model {see Results and Discussion),
the resuits agreed qualitatively with predictions based on economic theory and practice.

' The mode] describad here is an update of the prototype model described in ~Basn-Chaint (1996} In
that paper, this paper’s model is referred 1o ag the developmental model.




the results agreed qualitatively with predictions based on economic theory and practice.
This result is significant for such a novel simulation technique (especially for use of the
genetic algorithrns). Hence, even in its current state, the model has merit.

This paper is organized in three major sactions plus a conclusion. The Background
section addresses microeconomic simulation. Aspen: The Model covers model
mechanics, nitializing and creating parameters, and agent descripticns. Results and
Discussion presents economic results, mn times, agent location, and GALCS and their
relationship to price.

Background

Microsimulation of the economy refers to a model that simulates the actions of economic
decision-makers individually and then generates macroeconomic quantities of knterest by
integrating those actons. Microsimmudation is a relatively new approach; we know of only
two such models of the U.S. economy? Potentially, Aspen affords several advantages
over traditional techniques (macrosconometric or computable general equilibrium [CGE])
of modelmg the economy:

(a) The procedure does not require & functional form for its endogenons
relationships {(as macroeconometric and CGE models do). The user has
great freedom when modsling individual agent behavior and can model in
detail. For example, Aspen simulates the leaming of some a2gents by using
genetic algorithm leaming classifier systems (GALCS) (see Aspen: The
Model). In addition, the effect of certam nonlinear legal, regulatory, andfor
policy changes (such as in tax law) can be modeled explicitly.

{b) The procedurs is individual-agent-based. Therefore, the user must build
microecononic modsls of the individual decision-maiker rather than
macreeconomic models of markets. Existing rich sources of micco-level
data arc avaitable.

{¢) The vser can ¢asily model a stochastic element using a simple random
minnber generator.

Thatil now using microeconomic siraulation had two major disadvantages: First, because
the technique is 0 new, minor modeling problems had not been solved, and model
parameier values had not been estimated. Hence, at present this type of model cannot
forecast as accorstely as a macroeconometric or a CGE model can. Second, tracking

? One is the Urban Instinue Model developed by Guy Orcute. See Orcut-Caddwell-Wertheimer 1976. The
cther is Robert Bennett and Barbar Bergmann’s Tragsactioe Model (Beonet-Bergmann, 1986).



numersus agents—especially if they are modeled in great detail—can require an
enormous computing capacity. However, given time and computing facilitics such as
Sandia’s Intel Paragon (currently the nation’s fastest computer), iicrosconomic
simulation modelz sheuld eventually mateh their classical connferparis in capability and
forecasting accuracy.

Aspen: The Model

This section discusses model mechanics, inttislizing and creafing parameters, and the
Aspen agents {including households, finns, banks, government, the financial market, the
faderal rezerve, and the realtor and capital-goods producer).

The Mechanicg of the Mods!

In Aspen, decision-makers in the economy are called agents. There are many classes
{types) of agents, which are organized into two groups. The first group includes those
classes for which there will be many agents representing them in a calentation, These
classes are households, banks, and four types of fums: food producess, otfber nondurable-
goods producers, antornobile makers, and housing developers. The second group of
classes will have only a single agent representing them in a calculation. These classes are
government, federal reserve, capital goods producer, and a financial market agent.

Each agent behaves the way 2 real counterpart of the same type would. Microsimulation
traces the agent’s daily actions (buying food, hiring workers, selling bonds, collecting
welfare payments, conducting open market gperations, ate.). Agents in the same class
draw from the same decigion rules. For example, if a renter household agent decides to
buy a home, the agent must apply for a 30-year loan. Payments will be at most 35% of
the agent’s income.> However, other renter agents may take different actions hescause (2}
they may be in different states (that is, twe household agenis at a particular time may have
differant incomes and, therefore, opt for different sized loans); er (b} they may draw
different random numbers and decide not to buy a home at all.

The madel uses a system of message passing that allows agents to perform actions. Time
sequencing is key to message passing. In Aspen, time is divided into discrete periods or
days, Every day is divided into 11 stages. An agent is processed once per stage. This

*'he parameters 30 (year) and 35% can be changed at the discretion of the user dusing the
microsimulaton in.  See Initializing Values and Creating Pammesers,
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means the agent (a) reads any incoming messages and acts upon them, then (b) takes
allowsable independent actions according to that agent’s cturent status.

Most actions are allowed once at most per day during a specified stage. For instance, an
autornaker agent pays income tax only during stage 1 sach day. To accomplish this, the
automaker debits an accomnt by the requisite anzonot end sends a message 0 the
govemment saying “I'm paying taxes of 3" During processmyg, the government agent
reads the incoming message and credits the automaker’s tax payment of $x.*

More complicated series of actions require @ series of messages to be passed. For
exarople, if a household decides to buy 2 new home, the household agent caloulates how
much s/he can botrow and sends a message to a bank requesting a morigage loan. The
bank then reads this message. Based on the information the household sent, the bank
ageni approves or rejects the loan request. Regardless, the bank sends a message to the
household. If the message is “accept,” the household responds to a developer by stating
that the household agent wants to buy a house.

Implementation of the message-passing system is an important computational capability.
Aspen is designed to run on the massively paralle] Paxagon comgmter; hence, the agents in
the mode] are distributed among the processing nodes of the computer, Each agenthasa
message quene containing incoming messages for the agent to read. When an agent sends
# message, 2 toolbox rovtine determines whether ihe recipient is on the same node. If so,
the message is immediately placed in the recipient’s queve. Ifthe recipient is not on the
same node, the message enters 2 holding area for messages to be routed from the sender
node to the recipient node. At the end of the siags, the holding areas are emptied, end the
contents are shipped in packets to the appropriate nodes. All messages going from one
particular node to another particular node are placed in the same packet, At the beginning
of the next stage, the packets arriving at sach node are broken, and their messages sre
distributed (using a second toolbox routine) sndo individual apgent quenes. When they are
processed, recipients read the messages (using another toolbox rontine).

In this way, sach stage has at most only one cross-nods communication between a given
pair of nodes. (If no agent on the sending node wishes to send a message to an agent on
the recipient node, no cross-node communication occurs.) Communicating between
nodes on the Pamagon requires a significant amount of ime and could degrade the
performance of the rn.

Initializing Values and Creating Parameters

Many agent decisions in Aspen depend on the agent’s current state. For example, a
houssholder agent’s consumpiion decisions depend on family size, current income,
savings account balance, bond heldings, ete. Certain values must be initialized. When an

'Evcr_'.r cash debit 1s balanced by a credit (and vice versa). This provides an accountng check that ensures
the mode] runs properly and that the el amount of money in the &conomy is conssrved,
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Aspen run begins, each househeld is assigned a savings account balance, an initial bond
helding, and an age for the housshold head. These kinds of assignments are done
randomly using pre-selected distributions. For instance, for initial savings levels each
household draws its value from an exponential distribution with mesan $200. In this way,
Aspen simulates a heterogenecus population.

For almost any quantity, the vser can enter vnigue values. Otherwise, default values are
used.

The above discussion applies alse to the numerous parameters of the models, (such 25 the
frequency of automobile breakdowns, the tength of a standard mortgage, or the
percentage of savings that constifutes the reserve requirement at a bank).

See Appendix A for a list of initialization values and parameters togather with respective
default values. Default values were used in the runs discussed in the Resulis and
Discussion section.

Agents

This suhsection reviews the decision ruies for agents from each of the different classes.
Fipure 1 illustrates the fogical relationships between the various agent classes.

Households {individuals)

Most Aspen agents ar¢ households (individuals). Household agents senerate most of
their income through employment. Employers are from one of the four firm types or
from banking, real estate, capital geods production, or the government sector. The
houscholder obtains a job by accepting a job offer message. The employer pays a salary
umtil the honseholder/employee quits or is fired. If at any fime 2 householder is not
employed, this agent collects a welfare payment from the government. The payment
amount depends on family size. A senior citizen may collect social security payments.
Other revenues a householder may generate include inferest payments from bonds and
savings accounits as well as shares of company profits (see Firms). The householder pays
4 flat-rete incomne tax on all income.
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The householder consumes four types of goods each day: food and other nondurable
goods, a3 well as goods and services related to transportation and shelter. A houscholder
agent’s goods consumption is not determined in the usual way; there is no exogenous
utility function that is maximized over all feasible consumption bundles. Rather, Aspen
uses simnulation techniques and reasonable rules of thumb.

Demand for food is assessed daily based on family size. When this demand has been
determined, the household agent identifies a suitable food fimn. The agent first consults a
list of food prices; each food firm broadcasts price-per-unit messages daily.

If firm f offers food for price p(f), the honseheld agent buys from this food with a
probability k¥[p(H]™

where q = a given exogenous parameter and
k = a nomoalizing constant.

In words, the lower p(f) is in relation to other firms® prices, the greater chance the
household has of satisfying its demand by buying from f.

A household consumes other nondurable goods in the same way, except that demand is
calenlated as a given percentage of income minus food expense divided by the average
industry-wide price of other nondurable goods.

Aslong as the family car mes properly, a household has no transportation demand.
However, with a given daily probability, the car may break down and the household agent
must try to buy a new car. The agent identifies 2 suitable mmomobile producer by using
the cyiterion of price-per-auto unit. This process resembles how the agent determined
where to buy food. With sufficient savings, the agent can buy an expensive car, that is
one for twice the unit price. Otherwise, the apent applies to a bank for an auto loan; the
agent will identify the bank offering the lowest loan-interest rate. The loan amount is
based an payments that are no more than 10% of income during a five-year loan* The
loan amount determines the number of automobile units bought. Thus, market
automobile dsmand is a function of personal income, personal savings, and inieresi rates.

Demand for housing is determined similarly. Each household is inféially designated as
reater or homeowner.® The renter pays the reatior agent a given percentage of income gs
rent every day. In addition, the renter has a probability sach day of wishing to buy a pew
home’. The homeowner has a different probability of wishing to buy a bome

5This is true if the Joan amount plus cash-on-kand will buy no more than two urits of aute. If it will by
more, the conswmer will buy a two unit car this payment will be fess than .1 of the consumer’s income.
®This Is done during the 30th day of a run, according to {a) the age of the household head, and (b) the
employment szatus of the household head at that dme.

*This prabability depends on mortgage interest rates,




improvement.® The renter and homeowner choose 2 developer to build and 2 bank for the
mortgage or home improvement loan based on the prices the developer and banker agents

are charging for services.

Besides paying to consume these four goods (food and other nondurable goods, pius
goods and services related to transportation and shelter), a household agent allocates its
rernaining assets to pocket cash, savings {depositing or withdrawing money into a family
savings account at one of the banks), and investment (buying or s=lling govemment
bonds. The amonnt of pocket cash is an exogenons constant. The fraction of the
remaining funds used to purchase bonds is based on a given increasing function, where
the independent variable is the fotal amount of remaining assets and the dependent
variable is the percentage of these assets that should be invested in bonds.” The amount
remaining after bond purchases is placed in a savings account.

Every 90 days a household agent may move family savings to another bank. The
householder is mora likely to de so if other banks are offering a higher interest rate.

Firms
All four types of Aspen firm agents use capital and labor to produce goods. In particular
the firms all have production functions of the form y=¢ K* 1

where y = ihe output of goods on a given day
K = the pomber of machines on hand in the factory
L = the number of employees.

The quantities a, b, and ¢ are constants, with the value of ¢ the same across fams in the
same industry.

A firm agent can vary production by changing K ar L. Once annually, a firm may take
oui a business loan to buy a new machine (thereby increasing K by 1). To make this
decision, the firm weighs the value of increased production against the extra expense of
the machine plus loan costs. In addition, every day the firm may hire or fire workers.
This decision results from comparing recent average daily demand with the current
inventory level. If the quantity (inventory minus demand) is less than a certain constant,
the firm issues job offers; if inventory minus demand is greater than a certain other
constant, the firm issues pink slips.

Wages in this simple mode} are constant across all fisms in all mdustries.

“'I'lwparamemaresetm, if interest rates were constant, total housing demand {that is, demand for new
homes plus demand for bome improvements) would remain constant over time, sven a3 renters become
homegwners.

* A futwre model will make the more realistic assumption that the savingafinvestment/

consumption decision depends also ob the age of the houzehald head,



Aspen uses GALCS to simulate a fimn setting product pnces. A fimn agent determines
four trends daily: ( a) whether product price has been recently inoreasing or decaeasing,
{b) whether sales have been recently increasing or decreasing, {(c) whether profits have
been recently increasing or decreasing, and {d) whether prices are hipher or lower than the
industry average. Based on answers to (a) through {d}), the firm finds itself in one of 16
states,

The GALCS assigns a probability vector (p°, pt, p©) to each state,

where p= the probability the firm agent will decrease a given price (by a certain
exogenously specified amnumw) the next time the firm enters the same state
p] = the probability the firm will increase the price
p°= the probability the firm will keep the price constant,

Upon entering 2 certain state, the fivm agent decides how to change a given price by using
the comresponding probability vector and cheoosing a rapdom number. The agent then
adjnsts the vector according to how the price-change affects profts.

For instance, suppose at a particular time that for state 2, (p°, p', p9) = (1, .6, 3).
Suppose a firm enters this state and draws a random number that indicates the need for a
price increase. Suppose further that as a result of increasiog price, profits drop. The
vector is adjusted to reflect this drop to (15, .5, .23). Thng, Aspen simulates the firm
agent's leaming process. The agent leamns that raising prices in state 2 was detrimental,
Agz 2 result of an incomect dacision:, the vector is adjusted to refiect a decreaged
probability of a price increase. The changed probability vector reflects the unlikelihood
that the agent will increase prices upon re-entry into state 2.

For more details on GALCSs and GALCS results from Sandia nms, see GALCS: Further
Di=cuzsion.

Fmally, a firm must pay taxes on any profits and social security taxes on the payroll.
Theie are three options at present for distributing after-tax profits. First, if & firm is solely
owned, all aftec-tax profits go to 2 designated housshold. I the firm is worker owned,
profits are divided equally among alt current employees. Finally, in the spirit of general
equilibrium models (see Vagian, 1978, p. 163), profits may be disbursed equally to all
households in the entire economy. This last opticn is the default used for all firms in all
cwrrent runie of this study.

Banks
Aspen banks have four functions: (2) to maintain savings accounts for houssholds, (b) to
buy/sell govermment bonds, (¢) to maks loans, and (d) to hire a small workforce.

® These amounts are given listed under Price Changes in Appendix A —Firms: Food; Firms: Other
nonDurables: Awtomakers; and Housing Devalopers.




As mentioned above, honseholds can switch savings hanks cnce svery 90 days. Daily
every bank decides on 2 savings interest rate by taking the efective vield on bonds (the
dividend amount divided by the bond price} and multiplying by 4/5. In the current model,
all banks offer the same interest rate, so all are expected to have roughty the same number
of savings accounts.

Each day banks must check to maks sure that they have a reserve amounting to 3% of
their total savings account deposits phis ancther 1% discretionary reserve. If they exceed
these regiirements, they attsmpt to buy bonds with the excess. On the other hand, if they
do not meet this requirernent, not only do they attempt to sell bonds, but they also must
apply for discounting from the federal reserve agent.

Alse, banks process loans. A bank loan interest rate is the sum of two terms: The fixst is
a function of bond prices and the bank’s ohserved defautt raie on loans. The second is
generated using a GALCS."! Upon receiving 2 loan application, the bank agent rejects
the (oan if (a) the payment amount 1s too high compared to the applicant’s income, (b) the
defauit rate on recent Ioans has been too high, or (¢) the applicant has defanlted on a loan
recently. Otherwise, the bank agent accepts the application.

Finally, banks mzintain a small workforce; the size is a function of tota| bank assets. The
bank pays income and payroll faxes.

Government

Every day, the Aspen govermment agent coliects taxes (income, sales, and payroll taxes),
pays assistance o the ¢lderly and fhe memployed, pays dividends on any outstanding
bonds, and employs a given percentage of the population (defanli; 25%). If at the end of
these activities, the sum of the revenues is less than the sun of the expenditures, the
government agent issues bonds. Bonds have no meturity date and pay 2 dividend of 5
cents per unit per year. Initizlly bonds are priced at $1/umit (the effective yield of bords is
5%), but bond prices are allowed to change to reflect the bond markat.

The Aspen nzer may simulate an expansionary or contsactionary government fiscal policy
by changing tax rates or the zate of government expenditore.

Financlal Market

Every day, as described above, the government, households, and banks each decide how
many bond units they wish to issue, buy, or sell. These orders are sent 1o 2 special Aspen
agent calied the financial market agent. When all ozders have beer: counted, the markst
agent determines whether there are more buy orders or sell oxders. The market agent then
sends the result to the federal reserve agent, for use ifthe federal reserve is conducting an

" The bank’s GALCS is simibar 1o that described for & fimm setting prices; the bank Joan intersst rate is
substitured for prodoet price and total amount of loans is substitoted for product sales.

10



expansionary, condractionary, or stabilizing monetary policy (see Federzl Reserve). This
may or may not induce the federa] reserve to send an order to issue, buy, or sell bonds.

When all orders are connted (including those of the federal reserve), the market responds.
Suppose there are more buy than sell orders; that is, the dollar value of buy orders is
greater than the dollar value of sell orders. In this case the merket agent fills all the sell
orders, fills the same fraction of each buy order, and raises the bond price. However, if
there are more sell than buy orders, the market agent fills all the buy orders, fills the same
fraction of each sell order, and lowers the bond price.

Federal Reserve

The Aspen federal reserve agent pecforms many of the functions the real Federal Reserve
performs. First, if a bank cannot meet the reserve requirements, the bank agent sends a
message to the federal reserve. The federal reserve discounts at an exogenously given (by
the user) discount rate. Also, if the government wishes to issue bonds but bas no buyers,
the federal reserve agent buys these bonds.

Finally, the faderal reserve agent can implement either expansionary, contractionary, or
stabilizing monetary policy after the financial market agent reports on the relative
amounts of buy and sell bond orders. If the federal reserve agent is conducting
expansionary policy and has a surplus of sell orders, the federal reserve sends the market
a buy order. Conversely, if the federal reserve agent is conducting a contractiopary policy
and has a sutplis of buy orders, the agent sends the market a sell order. Finally, if' the
federal reserve is conducting a stabilizng (or finxed interest) policy, the federal reserve
zends buy and sell orders to maintain a constant bond price.

The Aspen wser has the option of conducting expansionary, contractionary, stabilizing
policy, or none of these policies on behalf of the federal reserve.

Realtor and Caplital Goeds Producer

The realtor agent collects rental payments firom nonhomeowners and pays a staff of
employess, Staff size is proportionate to the number of renters. The capital-goods-maker
agent produces machines and has a labor force whose size depends on the mmpber of
orders.

Neither of these agents are firms in the true sense because their prices are fixed and they

have ne competitors, However, both agents eam profits, pay taxes, and disburse aftes-tax
profits in & manner similar to other firms {see Firms).
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Results and Discussion

The following discussion summarizes ¢conomic results, run times and agent locations,
GALCS, and the correlation of GALCS to prices that are dictated by theory.

Economic Results

Appendix B contains some Aspen results, These results are from a model with

= 1,000 houscholds

= 3 food producing finns

» 2 other nondurable goods producers
+ 2 automakers

+ 2 housing developers

+ 2 banks

= 1 of all other agent types.

Infiializations and parameter values are shown in Appendix A. We first yan the mode] for
2,000 periods {undex a stabilizing monetary policy that a federal reserve agent
implemented). This run provided the GALCS probability vectors (that is, the vectors [p°,
F', p°] from the discussion in Firms) adjusted to realistic values, We then ran the model
20 times (10 times vader 2n expansionary monetary policy and 10 times vnder a
contractionery policy) for the following 3,000 periods. Thus, the results displayed are all
10-run sample averages.

In Appendix B, Graph B1 records the effects of an expansionary versus a contractionary
federal reserve policy on loan imterest rates. Economic theory dictates that given a
contractionary policy, bond prices should be lower becanse the federal reserve is selling
bonds. The lower price in turn implies that bonds have a higher “effective yield” as an
investment. Henca, tha banks will invest more in bonds and less in other investments,
such as the giving out of loans. This lowered supply of bank loan money implies thet we
expect the loan interest rates to increase. This is in fact exactly what Geaph BI shows.

Graphs B2, B3, and B4 illustrate the secondary effects of loan-rate fncreases. An increase
in loan rates means consumers can afford less expensive autos and homes. Also
consumers are lags likely to purchase a home. Reduced sales imply increased inventory,
reduced employment, and reduced income. Graph B2 illustrates these observations.
Also, with higher interest rates, firms are less likely to make new investmernts in capital
machinery. Hence, productivity, production, and profits suffer. In the Sandia model,
lower profits mean lower hovsehold incomes and dropping consumer demand. Graph B3
iilustrates that reducad demand canses prices to drop. This, combined with lower
praduction and conswnption gives lower nominal gross national product (GINP), as
shown in graph B4.
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Finally, we successfully reproduced on owr model some of Modigliani's (1972)
experiments on the FMP'? model. Specifically, we increased government spending by
£1,000 per day for thres years and observed the multiplier effects on the econony.

The resultant government expenditure multiplier is not propesly defined vntess we specify
the monetary policy to be followed by the federal reserve over the period Hence, Sandia
performed the experiment under two monetary policy scenarios and noted the difference
in ron outputs. The first scenario had the federal reserve agent conduct 2 stabilizing
monétary policy of keeping bord price at $1 (see Federal Reserve); the second seenorio
had the federal reserve agent conduct a fixed money supply policy (that is, the agent
bought 2 constant number of bonds each period). Unlike the first scenario, the bond price
in the second scenario was allowed to change.

Graph B5 displays 2 10-run average of nominal GNP for the Sandia model in the
stabilizing case. The neminal GNP is shown with and without the $1,000/day fiscal
expansion (described immediztely above). Graph B6 illustrates the same for a constant
money supply case. Comparing these two graphs reveals much greater effect on nominal
GNP in the stabilizing case than in the fixed money supply case. Modigliani 2lzo
pbtained his infuitive result.

Graphs B7 and B8 show the same effect on real (inflation-corrected) GNP,

Graphs B9 and B1{ illustrate these effects quantified for govenmment expenditure
multipliers. These quantifications almost duplicate Modigliani*s findings. The multiplier
on nomingl GNF reaches a valve of close to 4 by the fifth quarter vmder stebilization.
However, the multiplier is much smaller under the fixed money supply rule. In the latter
case, the increase in bond interest rate reduces increased income. This *crowding out” is
quite pronounced in both the nominal GNP and real GNP numbers.

A change in government spending affects bond and lozn interest rates. Increased
government expenditure impliss moxe deficit and, therefore, an increase in bond supply.
In the fixed-money-supply ¢ase, this increased deficit and bond supply shovdd cavse an
increase in the intersst rate for bonds. Graph B11 demonstrates this.

Regarding loan interest, since the banking industry 1s highly oligopolistic, all banks look
at 2 common signal (the bond price) to determine rates. As bond prices drop, bank loan
interest rates rise. Hence, in the fixed-money-supply case, the fiscal expansion should
lead to an increase in loan interest rates. However, in the stabilization case when the
bond price 15 constant, loan interest rates should stay relatively constant. Graph B12
supports this theory.

Finally, some finther results are presented for the stabilization case. Graph B13 shows
the effect of increased govemment expendiinre on nondurable-goods consumpiion,

2 EMP stands for Federal Reserve — MIT - University of Pennsyivania,
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average price level, home sales, and the ansmployment rate. The effect of stabilization
on the unemployment rate is substantial. This study inquired if the initial vnemployment
rats affected the muitiplier for nomingl GNP. Graph B14 (the result of that inquiry)}
indicates that the multiplier is higher if the initial unemployment level is set at 10% than
if the initial uwnemployment rate is set at 5%. Again, this finding duplicates a Modigliani
test result from the FMP model.

Run Times and Agent Location

This study also examined kow processing time for an Aspen rin varies as a function of
the number of Paragon computer nodes. In general, the rum time can be broken into ()
time needed to send messages between agents on the same nods, (B) time needed to send
messages between agents on differsnt nodes, and (¢) time needed for agents to carry out
all other tasks. In general, (a) is insignificant. Also, as the number of nodes increases
(but the mumber of agents n stays constant), (b) increasss because there are more nodes
and rore cross-nodal packets (see Mechanics of the Model) to be sent during cach stage.
At the same time, (¢) decreases becanse of the increased ability to compute in parailel. Tn
fact, if x represents the number of nodes, the run time (per stage) can be estimated as
Bx+ ’r‘lili;)i whers 3 and y are constanis associated with (b) and (¢} respectively, with
B<<y.

The fometion Px + 40X is convex with a unique minisnum. Given a certain agent set,
there should be an optimum number ¢f nodes on which to min a problem. The Sandia
study verified this. This study made a series of runs, all wsing 1,000 households and the
default values listed in Appendix A. Only the number of nodes werse varied, with two
rnums for each different node mxmber. These results (see Appendix C) indicate that (2) run
times are remamkably consistent from run to run if the node number is constant, (b) run
time is linear in the sumber of time steps, and () the optimal number of nodes is
approximately 17. These same runs were made using 2,000 honseholds and then 5,000
households. The optimal number of nodes rose to the 20 to 25 range.

Agent distribution on the nodes was examined when the node mimbey js fixed.
Government, fedara) vezerve, and all bank and firm agents might seem appropriately
placed on the same node. The remaining nodes might seem best dedicated to household
agents becanse households do not send messages t¢ one another. This arrangement
would minimize the number of cross-nodal packets (see Mechanics of the Model).

2 Here # mpresents (a constant multiplisd bry) the average time to send a cross-node communication, and ¥
is the time for an agent ro perfiorm all activities of 2 stage, The expression depends on most nodes
containing only household agents, and household agents pot sending messages i one ancther in the current
version of Aspen. If we were 1 develop 2 maodel in which housshold ageots do send messages 1o one
another, then the corect exprassion would be Bx{x-1} + yn/x. This would not change the loglc in what
follows.
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However, in that case the node with nonhousehoid agents would take far longer to
process all mermbers than would any other node. Jn Aspen all nodes must fnish
processing all members before the rom cait proceed to anew stage. Hence, the model
would ron more slowly; time would be wasted as the houschold nodes waited for the
nonhonsehold node to finish.

In the current version of Aspen, the government and federal reserve agents are placed on
the first node; the firms and banks are distributed over the second, third, and fourth
nodes; and the households are distributed equally over all the nodes. This more balanced
sefip may alleviate the above problem, but ot the expense of increasing the number of
cross-nodal packets. In conclusion, further study is required to determine a method for
efficient agent placement.

GALCS: Further Discussion

The Firms discussion did not folly explain how the quantitative changes in the probability
vectors p = l:pD, pl, pc} were computed. This study iried many varniations. In all cases,
tach state was assigned a three-dimensional strength vector, initialized at (100, 100, 200).
When a fiom enters a state and then raises, maintains, or lowers a price, the siaength
vecior subsequently changes. When norrnalized, this vector becomes the new p. Sandia
experiments used different procedures to change the strength vector.

One such procedurs was to raise or lower the cornponznt of the strength vector asseciated
with the corresponding action by 10. Whether the componest was raised or [owered
depended on whether the action was successful. In other words, if the strength is at (100,
100, 100) and the price is increased, then the new strength vector will be (100, 90, 100} if
profit level drops or (100, 119, 100) if the profit increases.

A problem wath this method is that, although strengths of (10, 20, 30) and (20, 40, 60)
will compaie to the $ame p, the probability vectors that occur afier the next evalnation are
different. A second problem is that the GALCS ¢an become overtrained if the economy
changes suddenly afier 2 period of stability. In this case, the probabilities for certain
strategies might appreach zero, making reaction to the new environment impossible for 2
firm.

In response to differing probability vectors, this study tried increasing or decreasing the
strengths of the other components to maingain the sumn of the sirength components at 300.
In the example above wheze the profit level drops, the new sirength vector was (105, 90,
105} instead of (100, 30, 100).

In response to overtramed GALCS resulting from a period of sconomic stability, this
study restrictsd how high or low a strength component could go.
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Another issue was whether to consider first- or second-order effects to decide if a price
change increased the profit. In certain scenarios (notably the expansionary or
contractionary cases described in Economic Results), profits increased (or decreased)
repardless of prictng strategy. Hence sny stratesy tried would be positively (megatively)
reinforced, Ieading 10 somewhat unrealistic results. This led us to experiment with using
a second-order condition on profits to determine snceess; that 315 4 certain pricing strategy
would get reinforeed if and only if the amount of profit-increase increased.
Unfortunately, determining the second-order effects requires profit analysis over a period
of tirne; this profit anzlysis uses observations that may have been taken under 2 different
pricing strategy.

Finally, we tried linking the magnitude of the sirength-vector changes to the magnitude of
the profit changes. This avoided the problems described in the previous paragrapk. The
best results (vectors p agreeing with our intuition about what firms should do in varicus

states) were obtainad vsing this linkage.

GALCS and Prices: Final Observation

Consider a two-food firm economy in which the firms behave as those described in the
Firms section. The first food firm’s expected profit can be estivnated a5

L= -0 P +m™) *s,

where
P = price first firm charges
p2 = price second fiom charges
C = wage/worker productivity'?
q = demnand exponent {see Honsehold (ndividuals).
a = constant marketwide honsshold demand for food (units).

Similarty, ITz can be expressed as the expected profit for the second finm. A two-person
game may be described where the players are firms and the strategies are the prices the
firms charge. Under steady-state demand conditions, a unique equilibrium of'the game
gcours wilen p; = p2 = qC/(q-2). In fact, when 3andia ran a prototype version of Aspen
(described by Pryor-Basu-Quint [1996]) with two food firms, prices hovered neay thege .
values. Here, the genetic algorithms lead to prices dictated by theory.

" Worker prochctivity is defined as the quantity of goods produced per worker day. In the model in the -
Firms section (first paragraph) with sl soorker produciivity refers to the quonticy cX. Regarding the
prototype madel (where firms cannot buy capital), the guantity is a given constanr.
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Coanclusion

At its present level of development, Aspen is not yet ready to make quantitative forecasts,
We aclmowledge that certain sectors of the model need o be added or improved and that
many parameiers need to be estimated accurately, However, the economic results seem o
validate the approach described here. Indeed, simulation models such as Aspen are
expected eventually to complement the existing macroeconometric and CGE modsls,
perhaps with superior analytic and forecasting capabilities,

17
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Initializing Values and Creating Parameters

Inifializing Valuas

This study defines initialization as the assignment of an initial value to & variable that
changes during a run.

Households

Age of household head: Uniformly distributed between 21.0 and 76.0 years
Employment status of household head: Unemployed

Savings: Exponentially distributed with mean $800

Bond holdings: None.

Firms: Food

Cash assats; Uniformly distributed between $10,04K and $50,000
Number of machines owmed: 100

Number of employees:

Price of food: $10 per unit

Inventory: 1200 uniis of food.

Firms: Qther nonDurable Goods

Cash assets: Unifornly distributzd between $10,000 and $50,000
Number of machines owmed: 100

Number of employees: 0

Price of other nondurable poods: $20 per unit

Inventory: 10,000 units of other nondurable goods.

Autoinakers

Cash assets: Uniformiy distributed between $100,000 and $500,000
Number of machines owned: 100

Number of employvees: 0

Price of aatomobiles: $15,000 per car unit

Inventory: No cars.

Housing Developers

Cash asgets: Uniformly distributed batween $100,000 and $500,000
Number of machines owned: 100

Number of employess: 0

Home price: $100,000 per housing unit

Inventory: 10.0 mnits of housing.

Banks

Loan interest rate (constmers): 9.0%
Loan intersst rate {(businesses): 7.0%
Savings interest rate: 4.0%
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Number of employees: 0

Sovarnmeit
Bond Price: $}.00 per unit
Number of employees: 0

Fadaral Rezerve
Cash assets: $50,600

Realtor
Cash asgets: $10,000
Number of employees: ¢

Capital Goods Producer
Cash assets: $10,000
Number of employees: 0

Creating Parametars
To create a paxameter, a value is assigned to a variable that cannot chepge during 2 run.

Genaral Variahlas

Number of households: 1,000
Number of food firms: 3

Number of other nondorable-goods firms: 2
MNumber of antomakers: 2

Number of housing developers: 2
Number of banks: 2

Number of governments: 1

Number of federal reserves: 1
Number of reaity companies: 1
Nwmber of capital goods producers; 1

Households
Family size: Uniformly distributed between 1.0 and 4.0
Income tax rate: 20% on income
Sales tax rate: 6% on purchases of automobiles and other nondurable goods
0% on purchases of foed and housing
Dernand exponents (the parameters q described in the Initiakizing Values and Creating
Parameters section):

Food: 5.0

Other nondurable goods: 5.0
Automobile: 5.0

Home: 5.0

Loan interest rates: 8.0
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Auntomobile;: 5.0

Home: 5.0

Loan imterast rates: 2.0

Savings account linderest rates: -8.0

Units of food dernanded per day: 1.0 * family size
Units of other nondurable goods demanded per day:

0.4 * (jucome - food expense) / avg. other nondurabie-~goods price

Amto faifure rate: probability of 00018 per day
Fublic ransportation cost {paid to government when a household agent does not cvwn a
working automobile): $2 per day

Rent for nonhomeowners: 20% of tncome

Daily probability that renter desires new bomme: 00006 +.001 * {1.0 - bond price)

Daily probability that homeowner desires home improvement:
00036 +.001 * {1.0 - bond price),

Length of anto loan: 5 years

Payments om auto loan: .1 of income

Length of home loan: 30 years

Payments on home loan: .35 of income

Length of home improvemeni loan: 3 years

Payments on home improvament loan: .05% of income

Pocket cash not put in savings at the end of each day: $100

Pocket savings not tcuched when buying autos or hooses: $300

Frequency of changing savings bank: every 90 days

Unemployment assistance: $50 + $5 * family size, per day

Firms: Food

Wage rate: 5100 per day

Income tax rate; 30% on profiis

Payroll {ax rate: 6% on wages

Disbursal of after-tax profit: Equally to all househoids in economy
Demand exponent (the parasneter q described in Household (Individuals)):

Business loan interest rate: 8.0
Productivity parameters (for the production fimetiony =¢ K" L"):
c=.12
a=10
b=1.0

Length of capital improvements business loan: 1 year
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Amount of capital improvements business loan: $1,({K}
Inventory/demand ratio under which firm hires new workers: 2.5t 1

(It then hires workers uniil production is 1.2 times average demand.)
Inventory/demand ratio over which firm fires workers: 5to 1
(It then fires workers ywtil production is 0.8 times average demand.)
Price changes (movements allowed each time GALCS fterates): +5.50, $0, or -$.50
Firms: OthernonDurable Goods
Wage rate: $100 per day
Income tax rate: 30% on profits
Payroll tax rate: 6% on wages
Dishursal of after-tax profit: Equally to all households in economy
Demand exponent (the parameter q described in Households (Individuals)):
Business loan interest rate: 2.0
Productivity parameters (for the production fanction y = ¢ K*L*):
c=_06

a=10
b=1.0

Langth of capital improvements business loan: 1 year
Amount of capital inprovements busginess loan: 31,000
Inventory/demand rafio under which firm hires new worksrs: 2.540 1

(It then hires workers vniil production is 1.2 times average demand )
Inventory/demand ratio over which firm fires workers: 5to 1

(It then fires workers until production is 0_% times average demand.)
Price changes (movements allowed each time GALCS iterates): +5.50, 30, or -$.50
Audomakers
Wage rate: $100 per day
Income tax rate: 30% on profits
Payroll tax rate: 6% on wages

Dishursal of after-tax profit: Equally to all honseholds in economny
Demand exponent (the parameter ¢ deseribed in Hovssholds (Indviduals)y:




Business loan interest rate: 8.0
Productivity parameters (for the production function y=c K*LY):

¢ = 00008

a=10

b=10
Length of capital improvemenis business loan: 1 year
Amovet of capital Anprovements buziness losn: $1,000
Inventory/demand ratio under which firm hizes new workers: 301

(It then hites workers until production is 1.2 tines average demand.}
Inventory/demand rztio over which firm fires wotkers: 5to 1

(It then fires workers until production is (0.8 times averags demand.)
Price changes (movemenis allowed each time GALCS iterates): +$200, 30, or -5200
Housing Developers
Wage rate: $100 per day
Income tax rate: 30% on profits
FPayroll tax rate: 6% on wages
Disbursal of after-tax profit: Equally to all honseholds in economy
Diemand exponent {the patameter g described in Households (Individuals):

Busimess Loan [oterest Rate: 8.0
Productivity Parameters (for the production function y =c X* LY):

¢ =.0000E2"

a=1.0

b=1.0
Length of capital improvements business loan: 1 yeae
Amount of capital improvemenits business loan: $1.000
Inventory/demand ratio uader which Brm hires nevwr workers: 2to 1

(It then hires workers vntil production is 1.2 times average demand.}
Inventory/demand ratio over which firm fires workers: Sto 1

(It then: fires workers untt] production is 0.8 titnes average demand.)



Price changes (movements allowed each time GALCS iterstes): +$300, $0, or -$500

Banks

Wage rate: $100 per day

Income tax rate: 30% on profits

Payroll tax rate: 6% on wages

Disbursal of after-tex profit: Equally to &ll households in economy

Discount rate (for bosrowing from federal reserve): 5.5%

Required reserve ratio: 3% of todal savings deposits

Desired extra reserve ratio: 1% of tota} savings deposits

Consumer loan interest rate: $.0% / (bond price * (1.0 - defanlt rate) )

Additional consumer loan interest rate changes (movemenis allowsd each tme GALCS
iterates): +.02%, 0%, or-.02%

Business Joan interest rate: 7.0% / bond price

Savings interest rate: 4.0% / bond price

Government

Wage rate: 3100 per day

Number of job openings: 250 {or 25% of the number of households)
Dividend payment per unit of bond: 5 cents pex year

Realtors

Wage rate: $100 per day

Income tax rate; 30% on profits

Payroll tax rate: 6% on wages

Disbursal of after-tax profit: Equaliy to all households in economy

Capifal Goods Producers

Wage rate; $100 per day

Income tax rate: 30% on proiits

Payroll tax rate: 6% on wages

Disbursal of after-tax profit: Equally o all households in economy
Employes productivity: .1 machine per worker-day
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APPENDIX B
Graphs lllustrating Study Results
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APPENDIX C

Run Time Resuits




Run Time Results

# halds #mnodes | 1000 steps | 2000 sieps | 3000 steps | 4000 steps | S000 steps
{sec) {sec} (sec) (sec) (sec)

1000 4 617.58 1224.17 1835.22 244553 3054.85
4 62830 1244.50 186579 2903 15 3116.16

5 549,29 1099.47 1672.59 2223.52 2805.68

5 544.90 1698.17 164521 2188.56 2736.7%6

8 464,59 0205 1404.40 1881.52 2361.05

8 447,14 it ] 142755 190517 244088

10 430.5% £76.95 132098 1790.00 225486

10 43444 .65 1317.52 176206 222738

1003~ 17 396.60 317.63 1264.07 1718.79 2154,32
17 39747 220.41 125583 16%5.75 214572

1060 20 405.16 82970 1270.36 1717.29 2160.21
20 40636 230.74 1268.25 1737.66 21R9.30

25 415.30 851.72 1306.20 1771.53 2267.54

25 410.34 341.56 127967 1724.4% 21%X7.07

44 43648 £04.76 1365.22 1857.92 2353.98

40 437.14 o421 1378.06 1866.60 2372.07

50 50325 1028.54 1556.59 2002 A7 2637.08

50 50902 1040.00 1570.85 2120.60 2681.59

2000 4 131020 255625 3200.58 504208 §283.53
5 1155.51 2254.00 3356.05 A458.52 5557.45

10 91105 1827.54 273480 3639.36 454659

1908~ i8 210.01 1676.41 2E00.07 353100 446847
2000 20 To5.58 1652.60 251640 339479 4286.25
23 20424 648,74 2514772 3405.83 4314.55

40 28,27 1875.80 2851.90 3854.64 487427

5000 4 3859.60 7135.29 10443.86 13766.7% 17081.23
5 3314.26 627481 9253.54 12252.4% 15238.51

10 2425.84 4761.53 7131.50 2529.57 11938.30

0 227490 458888 698925 042144 11884.27

25 231224 A4684.58 7118.41 9611.16 12112.62

“Tur;mﬂspen,menmh:rm'humahnldsmuﬂ be a0 sxact muliiple of the nonber of nodes. 'We do not
believe the additon or subtraction of 2 or 3 agents qualitatively affects our conclusions.
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