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Abstract. We examine the relationship between the investment that a society
makes in education in one generation, and the outcome in terms of the health
of the society’s economy in ensuing generations. We have employed gauitia
simulation techniques in which equation-based models from the economies lite
ature are used to derive parameterized sets of agent behaviomwamhmental
characteristics. Agents are divided into three chronological categstietents,
adults and pensioners; and each responds to and affects the eratannalif-
ferent ways, in terms of both human and physical capital. We exploreftbets

of different parameter settings on the education investment of a socidttha
resulting economic growth.

1 Introduction

We are working towards creating tools that can be used irmétang the effects of
particular choices in education policy. Our aim is to be d@blase such tools to inform
the debate about initiatives like the US “No Child Left Bedtii\ct [5], and illuminate
the controversies that such initiatives have created. isaethd we have been extracting
equations from sets of data related to human education apiémenting agent-based
models that we can use for experimentation, as shown hetgyradiction, as shown in
some of our earlier work [7, 8].

Typically, education data is collected in one of two waysh&i very large, ag-
gregrate data sets over entire populations (like wholes;itschool districts, states or
provinces) are gathered or very small, localized expertelesamples are collected. In
both cases, the data is usually analyzed using standaistisedtmethods. Often, the
most highly publicized statistics are the simplest, forregke the mean and standard
deviation of standardized test scores in mathematics aigditage arts. These values are
frequently the ones used to make policy decisions. Occabypanalysis is performed
that examines how multiple factors influence each othet siscthe relationship be-
tween student-teacher ratios and test scores, dollar$uztsrg and test scores, or class
size and test scores.



In the literature where these types of data is used to casistradels, they are typi-
cally formulated in traditonal terms, as sets of interalat#ferential equations. In con-
trast to such models, commonly calleglation-based models (EBMS), we are building
agent-based models&Ms) which are designed in terms of a set of autonomous inter-
acting entities. Such models have been successfully uggehterate useful predictions
about the behavior of populations made up of individuals §8pecially where such
individuals make their own decisions about how to act [9leJétypes of models can
also be used to run experiments that allow us to exploreti@mgon the policies, not
only to make predictions but also to gain a deeper understgrad the model and the
interplay between sets of variables in the model.

In this paper, we describe some results of our work devetpaind experimenting
with one specific agent-based model, a model derived fromgaat®n-based model
published in the economics literature [4]. The model raldbe effectiveness of edu-
cation to economic productivity and money spent on edusdtahe effectiveness of
education. It therefore provides a means to tie models liké described in [7, 8] into
the wider economic picture. The remainder of this papergaioized as follows. Sec-
tion 2 describes the model that we have implemented, botedbation-based original
and the agent-based model that we derived from it. Sectiber3describes a set of ex-
periments that we performed using the model. Section 4 ghesgesults and section 5
analyzes them. Section 6 then concludes.

2 The model

The model that we have implemented is taken from the work @hea[4]. We were
looking for a way to relate the effects of education to theneenoy, specifically seeking
a model that connects an individual’'s economic produgtitgttheir level of education.
In the long term, we would like to be able to show, for examfiiaf if the government
of a state puts emphasis on education and invests in raigjegeration of children to
be well-educated, then when these children grow up, theossgprof that state should
prosper. Laitner's model is a particularly good choice lsedt is expressed in such a
way as to make it possible to assign “credit” to individu&ather than having to make
broad interpretations of statistical equations and infdrdviors, we can relate aspects
of Laitner’'s equations directly to agent representationsdividual humans within a
population. This section describes the main features dhkeds model and the main
aspects that we adapted to create our agent-based model.

2.1 Laitner’s equation-based model

The setting for the model is a simple economy that has tw@sedEach of these sectors
produces one good. The goods are:

— units of education that are used to train individuals in tbpydation; and
— units of a numeraire good.

“Numeraire” is defined as “a basic standard by which valuesnaeasured, as gold in
the monetary system” [2]. In [4] it is a good that is producedg below) and then
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Fig. 1. Time periods in the model.

traded for things that individuals consume. Presumablgehbings are produced by a
different economy that trades with the one we are studying.

The individuals that inhabit this economy live for three ¢irperiods, periods in
which they are first students, then adult workers and finadlysioners (see Figure 1).
Consider an individual who is a student during peried1. She spends this period liv-
ing with her pareritand studying. Parents provide the numeraire good that stspjhe
child during this period, but the child selects her own uaftschooling, borrowing the
money to finance this. In the perigdthe now adult individual forms her own house-
hold, rears a child (paying for the child’s consumption bat the child’s schooling),
and chooses how much of the numeraire gegdthat she earns during this period will
be consumed by the household during the same period. In tiedpge+ 1, the indi-
vidual is a pensioner, and chooses her consumption forakaperiod¢?, ;, from the
numeraire good than she has saved. Anindividual’s utilitys:

w=(1-a)n(c}) + aln(cZ, ) (1)

wherea € (0,1), and all individuals have the same

While working (periodt in our example), our individual earns; for each unit of
human capital that she possesses. Her human capital deperusability and the
amount of schooling she chose as a child. An individual wittit « who purchased
e;—1 units of education will have human capital:

h=a ((;1)) @

wherey € (0,1) and all individuals have the same The relationship betweenand

a allows education to raise human capital, but in a way thatijext to the law of
diminishing returns. Ability is randomly assigned from at&inary distribution given
in [4].

The model does not include inheritance and bequests, spied#ridual has to pay
for her consumption and education out of what she earnsgtwen working period.
If r, is the interest rate on savings made during petied1 and held until period,
every individual is constrained by:

c? er_1)”
C% + < t+1> + pi_1riei—1 < wia (( twl) ) 3)

Tt+1

3 In this model, every individual has one child and raises that child alon¢essims of real world
accuracy, this is equivalent to the model in [3], implemented as an &geed model in [8],
which assumes every family is a “perfect” nuclear family of a motherafather and a son
and a daughter.
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Fig. 2. Flow of generations across time periods in the model.

wherep;_; is the cost of a unit of education in perioad- 1. In other words, the total
amount that an individual consumes, including their edooasuitably discounted over
time, must be less that their earnings.

In every periodyn individuals are born, and so there & individuals in total in
every period in time-m of these are being educated are working, andn are retired.
This scheme is illustrated in Figure 2. At any given time ie Simulation, there are
three concurrent “generations” acting in parallel. Weidtiite the system in generation
2, when there are already 3 populations active.

Considering the sector of the economy that produces the miragood, the model
follows the law of diminishing returns, so that the output pelividual in a given
generation is:

n= (K" (\pH!) (4)

wheres™ € (0,1), K}* is the physical capital the sector has per working individua
at timet, and H}® is the average human capital per individual in the generdtiat is
currently working.\"™ > 1 models the tendency of technological change to increase the
effect of human capital in the sector of the economy that geas the numeraire good.
The other sector of the economy produces education. Hereawvee h

e = (K{)” (\fHP) = (5)

and the model allows fok¢ and 3¢ to be different from, or the same as? and 3",
their counterparts in the numeraire sector of the econommybBth the numeraire and
education sectors, the assumption is that all physicatalaigi consumed in a single
period, so the numeraire good produced in petib@s to equal all consumption plus
the physical capital used at time- 1.

Taken together, these equations and the values of the atsgtavided in [4] pro-
vide a rather standard economic model.



2.2 The agent-based model

As described in [1, 6, 8], it is possible to generate agesetlanodels from equation-
based models, by equipping individuals with processeatiade decisions in line with
the equations. For this model, the decisions faced by amithdil are:

1. How much education to purchédse
2. What proportion of wages to save.

The first of these is, in essence, an investment decisiorend@®), for a given level
of ability, the more education that an individual purchagbe greater their produc-
tivity. All other things being equal—and in particular, therformance of the other
individuals in the economy—this greater productivity wilkt into greater production
of numeraire goods, and, once the cost of education is phigrefter utility for the in-
dividual. Because (2) captures diminishing returns, aividdal who spends too much
on education will not recoup their investment. The secoraisitan is the same deci-
sion faced by anyone who has considered their own retiremeotv much of one’s
lifetime earnings, minus cost of living and any debts acdated, should be saved for
retirement rather than spent while one is working.

In addition to these decisions, there are decisions facéldebgconomy as a whole.
In the current version of the model, these decisions arenthkea single agent, repre-
senting the government. These are:

1. What proportion of numeraire production should be turmed physical invest-
ment.

2. What proportion of the physical investment should be ptatihe numeraire sector
rather than the education sector.

3. How to allocate workforce between the education and naireesectors.

The first of these decisions can be considered as the efféataion—some money is
taken out of the income pool and is distributed by the govemm

The second decision determines how much of this taxationvested in education
rather than into the production of numeraire goods—thisipies/thek’;* and K7 in (4)
and (5). Since this investment amortises over a single tieneg—which is reasonable
given that each time period represents a third of a lifetionepproximately 25 years
given average life expectancy in the United States—it neele tenewed in every time
period. With this second decision under the control of soergral authority, the model
looks like a command economy. A topic for future work is th@lexation of a more
capitalistic model, in which firms compete for individual@stors and use that capital
to provide physical investment for the numeraire sectodeMaaving the government
to deal with education investment.

Allowing the government to determine directly what propmrtof workers to place
in each sector also looks like something one would expechtbifi a command econ-
omy. However, all governments exercise some control oveeds like this through
their actions—in most economies the government has a layge $iae organization of

4 Since every unit of education that an indivudual undergoes musalnefor from its later
wages, it seems appropriate to think of choices about education asheaper



the education sector and can encourage people to work irdtiheaton sector by, for
example, spending money raised through taxation to inerdaswages of education
workers. We have implemented a number of ways in which eattesk decisions can
be made. These are explored in the next section, which ales gi description of the
experiments we have run.

3 Experiments

The experiments that we will describe here were intendedptoee the properties of
the model described in the previous section, examininghdretur agent-based version
could run successfully. That is, whether the decision-mgkinctions with which we
had equipped the model were sulfficient to create a healthyoeep and to approximate
the behaviors of real economies. Before we explain how tperxents were run, we
need to say what the decision functions are.

In our current implementation, individuals only have oneisi®n to make because
the proportion of wages that are saved is kept fixed. The idedisey have to take, then,
is how much educatiop, to purchase, and the implementation provides two ways for
individuals to do this:

1. Randomlyey is drawn from a normal distribution with meds and standard de-
viation 2.1. This is the distribution used in [3, 8], and was originalken from
recent US census data.

2. Maximum utility: e4 is chosen by:

.
eq = argmaz, (wt -a- e Pi_1 Ty e) (6)
Y

As described above, the government has to decide:

1. pry,x: the proportion of numeraire production to be used as physigestment in
the next period;

2. pry..: the proportion of physical investment to be put into thecadion sector; and

3. prp,: the proportion of the working population to move into theieation sector.

Our implementation provides several ways that each of tHesesions can be made,
as a basis for comparison between Laitner’s model and theriexental versions we
explored. In each case, we used Laitner’s settings and alsoted one or two other
settings for exploration. Our values were chosen to fit withie scale of the selected
parameters and so that the overall model would not collapseugh experimentation
we found that certain combinations of parameter settingddvwcause the simulation to
produce invalid results).
There are three ways to decidepn, j:

1. Constant proportionr, j is set t00.4.

2. Self adjustment: if numeraire production exceeds dentlaewlpr,, ; is decreased
by 5%, otherwisepr, j, is increased by %.

3. Z policy: The policy that [4] uses for this decision.



Laitner’s Z policy first computes an intermediate variaBjavhich describes a relation-
ship between physical investmeiit and capital valué{,, then the policy computes an
estimate ofH, ., from the education students have received at ttraed their abil-
ity, and then computes the physical investm&it ; from the estimate o] ;. These
computations are the following:

Ky
Zy = N H, (7)
L1 =0 (Z)° (8)

_(a-(1-7) 1-p =
= (5= ) ©)
E=B-1)-1-7)+1 (10)
Kipy = Z{p - AT Hi (11)
P = 2t (12)
n

The implementation includes two methods for chooging:

1. Constant proportiorry, . is set to0.1.
2. Self adjustment: if education production exceeds demand. is decreased by
5%, otherwisepry, . is increased by %.

and there are two methods implemented for chooging:

1. Constant proportiorry, . is set to0.1.
2. Self adjustment: if education production exceeds deridwetpr, . is decreased
by 5%, otherwisepry, . is increased by %.

We ran experiments for each combination of these 24 decmiechanisms, as illus-
trated in table 1.

4 Results

The results of these experiments, which were run over 108 piemiods, or just over 30
generations, are given in Figures 3 and 4, which show, fdn eaonomy:

— The average utility of individuals.

— The total earnings of all individuals in the economy, alorithwheir savings for
retirement, and the unpaid debt for their education.

— The education that is produced, per individual in the econ@tong with the aver-
age demand for education.

— The number of numeraire goods that are produced, per indiVid the economy,
along with the average demand. Demand is measured by thenawfogoods and
individual chooses to consume, an amount that may not bifedt§the economy
does not produce enough.

— The wage rates, broken down across the numeraire and eatusatitors.
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Fig. 3. Experimental run number 10, an example of a healthy economy.

Legend:(b) The solid line shows total earnings. The dashed line shows total savihg dotted

line shows debt due to education. (c) and (d) The solid line shows actdugtion. The dashed
line shows demand. (e) The dashed line shows wages in the educatimm Bke solid line shows
wages in the numeraire sector. (f) The solid line shows the number &ewoin the numeraire
sector who are bankrupt. The dashed line shows the correspondimigendor the education
sector. The dotted line shows the number of individuals who cannatiafiacconsume.
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Fig. 4. Experiment run number 18, an example of an unhealthy economy.

Legend:(b) The solid line shows total earnings. The dashed line shows total savihg dotted

line shows debt due to education. (c) and (d) The solid line shows actdgtion. The dashed
line shows demand. (e) The dashed line shows wages in the educatimm ke solid line shows
wages in the numeraire sector. (f) The solid line shows the number ddewgom the numeraire
sector who are bankrupt. The dashed line shows the correspondinigendor the education
sector. The dotted line shows the number of individuals who cannataficconsume.



Table 1. Policy combinations used in experiments.

Two runs are highlighted and discussed in Section 4. Run 10 is an exahgple o
healthy economy. Run 18 is an example of an unhealthy economy.

runj  prak PTk,e PTh,e €d
1 z Constant| Constant| Random
2| Constant| Constant| Constant| Random
3| Self adjust Constant| Constant| Random
4 Z Self Adjust Constant| Random
5| Constant|Self Adjust Constant| Random
6
7
8

Self adjust Self Adjust Constant| Random

Z Constant| Constant | Max utility
Constant| Constant| Constant|Max utility
9| Self adjust Constant| Constant | Max utility
10 Z Self Adjust| Constant |Max utility
11} Constant|Self Adjust] Constant|Max utility
12| Self adjust Self Adjust Constant | Max utility
13 Z Constant | Self Adjustf Random
14| Constant| Constant|Self Adjust Random
15| Self adjust Constant | Self Adjustf Random
16 Z Self Adjust| Self Adjustf Random
17| Constant|Self Adjust| Self Adjust Random
18|Self adjust Self Adjust|Self Adjust| Random
19 z Constant | Self Adjust| Max utility
20| Constant| Constant |Self Adjust Max utility
21| Self adjust Constant | Self Adjust Max utility
22 Z Self Adjust| Self Adjust| Max utility
23| Constant| Self Adjust| Self Adjust Max utility
24| Self adjust Self Adjust Self Adjust Max utility

— The number of individuals who cannot generate enough wagasgtheir lifetime
to pay for their education and their consumption as a workesa retiree, broken
down across the numeraire and education sectors.

By all these measures, the economy in Figure 3 (experimamtalumber 10) is healthy.
The overall utility of individuals grows over time, as do veag(which reflect produc-
tion). Education production flucuates over time, but fitslwéth demand—note that
when demand exceeds supply, then individuals only recepmportion of the edu-
cation they want, and the surplus demand is spread acrogofh#ation. Numeraire
production grows over time. Wages in the numeraire sectoaw gteadily over time, as
do those in the education sector, but these latter are discted by spikes in demand.
Finally, no individuals go bankrupt.

In contrast, the economy in Figure 4 (experimental run nurdBg is dramatically
unhealthy. Once we get past the start-up effects, whichesponsible, for example, for
the same modest jump in average utility in both Figure 3 anabde(that Figure 3 (a)
and Figure 4 (a) are on rather different scales), utilitena long slump, total earnings



are static while debt mounts, demand for education comgigteutstrips supply by a
factor of around 3, average wages have a downward trend, feerdahout six gener-
ations (20 time periods) become insufficient to support thelespopulation—indeed
after around 15 generations (40-50 time periods) the embipeilation cannot meet its
needs. The only apparent bright spot is that numeraire ptamuexceeds demand, but
this is because individuals do not have enough money to comsuny of the goods—at
the end, production is 40 times less than that in the heaftbg@my.

5 Discussion

The results in the previous section are taken from only tvagles of the 24 outlined
in Section 3, but they are typical. To back up this claim, Fégb gives the average
production of numeraire good and the demand for that gooitfwhk a useful measure
of economic health) against the demand and supply of edurctdr 10 of the models.
The results are presented in pairs, so Figure 5 (a) and (e)rgimeraire production
and education production for one model, Figure 5 (b) andddjHe next model, and
so on. The broad trends shown in Figures 3 and 4 are repeatieelse other models—
the results in Figures 3 and 4 are those in Figure 5 (f) and ft)Rgure 5 (n) and
(p) respectively. All of the other runs have results that ifaio the same two broad
classes—not only are all healthy economies healthy in exéotl same way, but all
unhealthy economies are unhealthy in the same way.

The question, of course, is “why do the failing economielfaand it seems to us
that the reason for the failure is clear from Figure 5. All #@nomies that fail have
a consistently unmet demand for education. Over time, ihendes lack the ability to
educate the workforce, productivity falls, there is no bdsri capital investment, and
so demand for education remains unmet.

Of course, this feedback effect is written into the equatiased model, so it is no
great surprise that it surfaces in the agent-based modtdeth we would be worried
if it did not. However, note that in all the economies, evea shiccessful ones, the de-
mand for education initially outstrips supply. It is thosseromies responding to this
mismatch by pumping resources into education and thus ggpetlucation produc-
tion, that manage to bootstrap themselves out of the irstighlus demand for educa-
tion (which will, of course, limit the productivity of the @gdation sector since future
educators themselves will be less productive if their elanalemands are not met).
Interestingly, all the economies in Figure 5 that fail arereamies that use the self-
adjustment mechanism to set investment. This mechanisnuch more short-term
than the others, cutting investment at the first suggestiahgroduction exceeds de-
mand. It is tempting to interpret the failure of this apptoét the models depicted as
a failure for short-termism in economic policy, but we needun more experiments
before we can be confident in making any judgement on this.



numeraire production education production

(€) r[m 1 (b) ;un 5

(e) run 6 ()] rljn 10

(k) rl;n 11 0] rL:n 15

0] ru; 11

(m) run 17 (n) run 18 (o) run 17 (p) run 18

(WMW’X YaS\/AR SRS S/ AR R
(s) run 21 (t) run 23

(g@)run21 () run 23

Fig. 5. Relationship between the education produced by the economy and thectiwadof the
numeraire good for representative experiments.

Legend:In all graphs, demand is given by a dotted line, supply by a solid line. Tidéwe
columns give the numeraire production, the right two columns the edugatémluction. (a) and
(c) are taken from the same economy, as are (b) and (d), and so on.

Successful economies are those in which the demand for educatiort snohéhe numeraire
production increases over time (e.g., runs 1, 5, 10, 11, 17 andvB@&)eas in failed economies,
numeraire production decreases and the demand for education fadleotbecause no one has
any money with which to pay for schooling (e.g., runs 6, 15, 18 and 21)



6 Summary

This paper has described the creation of an agent-based ofateeconomy from an
equation-based model, and the results of some experinmtatslied to establish the be-
havior of the model under a range of conditions. These exygris have shown that the
model tightly couples investment in education to productind, through production,
to the overall health of the economy.

Our next step with this model is to extend it towards the pobealuation tool
that we described in the introduction. To do this, we firstiggye combining it with
the model described in [3], converted to an agent-based Inabaleg the lines already
achieved by Tangt al. [8], to give us a mechanism that individuals use to determine
their level of education that is a good fit for real data. Withttdone, we want to couple
in models like that in [7] which relate policy changes in edliman, like class size, to the
quality of education that is provided.
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