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Abstract

We have used agent-based modeling as our numerical method to artificially simu-
late a dynamic real economy where agents are rational maximizers of an objective
function of Cobb-Douglas type. The economy is characterised by heterogeneous
agents, acting out of local or imperfect information, monopolistic competition,
perfect product differentiation, allowance for increasing returns to scale tech-
nology and trade in disequilibrium. An algorithm for economic activity in each
period is devised and a general purpose open source agent-based model is devel-
oped which allows for counterfactual inquiries, testing out treatments, analysing
causality of various economic processes, outcomes and studying emergent prop-
erties. 10,000 simulations, with 10 firms and 80 consumers are run with varying
parameters and the results show that from only a few initial conditions the econ-
omy reaches equilibrium while in most of the other cases it remains in perpetual
disequilibrium. It also shows that from a few initial conditions the economy
reaches a disaster where all the consumer wealth falls to zero or only a single pro-
ducer remains. Furthermore, from some initial conditions, an ideal economy with
high wage rate, high consumer utility and no unemployment is also reached. It
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was also observed that starting from an equal endowment of wealth in consumers
and in producers, inequality emerged in the economy. In majority of the cases
most of the firms(6-7) shut down because they were not profitable enough and
only a few firms remained. Our results highlight that all these varying outcomes
are possible for a decentralized market economy with rational optimizing agents.

Keywords: Agent Based Modeling, Artificial Economy, Network Economics, Dynamic
Economic Model, Disequilibrium Economics

1 Introduction

An economy is a complex system with heterogeneous agents acting for their own
personal objective. Firms are maximising profit and consumers are maximising utility.
Dependence of each agent’s action on that of others and feedback mechanism through
price signalling give rise to complexity.

When production functions with increasing returns to scale are introduced, it ceases
to be convex and the global maximum is no longer necessarily a stationary point and
according to Arrow-Debreu theorem, production with such functions does not neces-
sitate the existence of a market equilibrium. [1] In addition, when agents don’t have
global information about market demand curves, the only way to reach market clear-
ing prices is through classical tatonnement. However, Sonnenschein-Mantel-Debreu
theorem rules out the necessity of such a process to reach an equilibrium, even if it
exists. [2] Hence, in this model trade has been allowed for in disequilibrium.

The aggregation of capital has been a source of controversy in Capital Theory. [3]
The approach in this model has been to treat each non-labour input as a separate
parameter in the production function of a firm in order to avoid aggregation. Also,
each firm is assumed to produce a unique, perfectly differentiated good. From the set
of all available products, each agent consumes a subset of it and all other goods which
are not in the subset, do not affect their objective function. All objective functions are
taken to be of Cobb-Douglas type, however the coefficient of elasticities, the inputs
and the number of inputs are all allowed to vary from agent to agent.

With all the products being unique and perfectly differentiated, all the producers
are monopolies. However as substitutability is allowed for in a cobb-douglas produc-
tion function, demanders respond to price changes and hence there exists monopolistic
competition. An important point to be mentioned however is that though products
have been assumed to be heterogeneous, labour has been considered to be homoge-
neous. Also, as already mentioned, agents do not have global information and hence
are acting out of local knowledge. With the dynamic nature of the model, agents have
to plan a priori, for example, target an output before actually purchasing the inputs
necessary to do so. In all such cases, owing to lack of perfect information, agents are
working out of naive expectations. That is to say, for all variables whose value at time
t + 1 is not deterministically known to an agent at time t, their best guess for the
value at t+ 1 is the value at t. [4]
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Analytical closed form solutions for the time paths of production, consumption,
prices and the various economic variables for all the agents, with such a high amount
of complexity, may not exist or even if it does would be extremely tedious to find.
A numerical approach with Agent-Based Modeling(ABM) has thus been taken. In
the ABM approach, artificial agents are programmed to act according to the rules
elaborated in the next section which gives rise to an artificial economy. The economy
thus constructed is sensitively dependent on initial conditions which are externally
provided by the user. The Artificial Economy(ies) thus simulated can be observed and
various macroeconomic variables of interest can be studied. Counterfactuals can be
tested by creating ceteris paribus conditions against any treatment and causal analysis
can be performed. [5] [6]

A general-purpose ABM has been created for the real economy and 10,000 simula-
tions with varying initial conditions were run on the model thus created. The results
from these simulations show that only from some small pockets of initial conditions
the model eventually reaches equilibrium. A few typical cases have been discussed in
more detail and some general observations are laid down in the results section.

The modelling has been done in Python with the MESA module being used
extensively. [7]

2 The Model

2.1 The Economy as a Network

The Economy is a connected directed graph G of agents as nodes and an edge (a, b),
a, b ∈ V (G) means that a sells to b. For any particular node y ∈ V (G) it’s providers
are all those producers who sell to y, defined formally as the set ρ(y) = {x ∈ V (G) :
(x, y) ∈ X(G)}. It must be noted that V (G) and X(G) refer to the vertex set and
edge set respectively of a graph G. The out-neighbourhood of a node y is the set of
all nodes w such that (y, w) ∈ X(G).

2.2 The General Structure

Agents are classified into consumers and producers. Producers produce a unique differ-
entiated good by using other such goods from its providers and labour from consumers
as its input. The objective of a producer is to maximise their profit function.

The consumers buy goods from their providers. Such goods are positively valued
by the consumers and so is leisure and income for the next period. The consumers are
maximising their utility function.

At time t = 0, all agents are endowed with equal wealth W0, all producers have
inventory stock of their goods exactly equal to the demand they will face at t = 1.
All initial commodity prices, wage rate, production function and utility functions are
set exogenously. In addition, a matrix S is exogenously given where each element sij
denotes the jth consumer’s share of ith firm, 0 ≤ sij ≤ 1 and

∑nc

j=1 sij = 1, where(nc

is the number of consumers in the economy). At the end of each period the firm i
keeps a fraction of its profit and adds it to its wealth and redistributes the rest to the
consumers. The fraction thus described will be called profit reinvestment ratio(PRR),
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0 ≤ PRR ≤ 1. In the model constructed, PRR is set initially and is the same for
all producers. Hence the profit income of an agent j from a firm i at a time t will
be given as Vjt = sij(1 − PRR)πit. Apart from the variables thus mentioned, the
adjustment factors of each agent and that of the economy is also set (to be explained).
All these parameters which are exogenously assigned at time t = 0, will be called
initial conditions.

At each time period the agents act as follows and in the order in which they are
mentioned.

Algorithm 1 Agent action procedure for each period

1: The agents gather information about the prices of the products of their providers.
2: They calculate their demand for goods(either as input for production or for con-

sumption) and labour(applicable only for producers), leisure and income for the
next period. .

3: All the agents send their demands to their respective providers.
4: The producers sell their demanders goods from their inventory.
5: Labour supply and labour demand of the whole demand is calculated and is bought

and sold at an aggregate level, with a wage rate being the same across the economy.
6: After step 5, all trade for that period has been completed. The agents calculate

their costs and the producers produce the goods for the next periods and augment
that to the inventory. If the producer’s inventory falls to zero, then that producer
is marked for removal.

7: Each individual producer calculates the excess demand and changes their com-
modity price in the direction of the excess demand.

8: The aggregate excess labour demand is calculated and the wage rate is changed
in the direction of the excess demand.

9: Each individual firm, if it has made profit in that period, redistributes (1−PRR)
amount of it among its shareholders. If the firm has been marked for removal, its
PRR is set to 0.

10: Each consumer calculates their own utility and income earned in this period and
adds it to their stock of wealth.

11: All demanders of a firm marked for removal have a choice to either remove the shut-
down firm from their provider set or replace it with one of the available producers
not already in their provider set. This decision is assumed to be stochastic and
each agent has a probability of 0.5 of choosing either of the two outcomes. This
choice is however only there when there exists possible candidates for the outgoing
firm to be replaced by. In either case, the output elasticities of the producers
are renormalized and multiplied with the degree of homogeneity, which remains
unchanged throughout. If there is no producer left in the economy, the model
program halts.

12: If any consumer is left with no provider, their utility function parameters and
provider set is regenerated.

13: The shut-down firms are removed from the economy and start the next period.

4



2.3 The Producer and the Production Function

The production function of a producer y is given as follows.

Qyt = AyL
β
yt

η∏
i=1

Qαi
xit (1)

Where Qyt is the quantity produced by the producer y at time t. Ay is the techno-
logical constant of y, Lyt is the labour used in time t for production. β is the output
elasticity of labour, η is the number of providers of y and Qxit is the quantity of prod-
uct of the provider xi ∈ ρ(y) at time t used in the production. αi is the output elasticity
of the good produced by xi and β is the output elasticity of labour. ∀i, 0 < αi, β < 1,
or in other words, all inputs have diminishing marginal product. The degree of homo-
geneity is a scalar κ such that for any homogeneous production function, f , κ = k′

k
when ∀k > 1, f(kx) = k′f(x).

In a Cobb Douglas production function, the degree of homogeneity is the sum of all
the output elasticity coefficients. Hence in our case it is κ =

∑η
i=1 αi+β. A production

function has increasing, decreasing or constant returns to scale if κ > 1, κ < 1 or κ = 1
respectively.

Qxit is the minimum of the quantity supplied by the provider xi to y and the
quantity demanded by y from xi at time t. IfDt(y) is defined as the out-neighbourhood
of S at any time t, the market demand of any producer y is the sum of all the individual
demands from its out-neighbours, dit ∈ Dt(y). If the individual demand of an agent
dit for the good produced by y is given as qdiyt and the market demand for y at time
t is given as Qd

yt, then

Qd
yt =

∑
dit∈Dt(y)

qdiyt (2)

The quantity supplied by any firm y at time t, denoted by Qs
yt is given by

Qs
yt = Iyt (3)

Where Iyt is the inventory stock of the product of y at time t. It is updated by the
relation

Iy(t+1) = Qs
y(t+1) = Qs

yt −min({Qs
yt, Q

d
yt}) +Qyt (4)

At every time period, for any particular producer y if Qd
yt > Qs

yt, then every

individual agent di who demanded from y gets (
Qs

yt

Qd
yt
)qdiyt of the good.

The cost function of any agent y is the linear combination of the quantity purchased
with their respective prices as weights.

Cyt = ωtLyt +

η∑
i=1

Pxitqxit (5)

Where xi ∈ ρ(y), ω is the wage rate, L is the amount of labour purchased by y at t.
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The profit earned at period t is given as

πyt = Ryt − Cyt (6)

Where Ryt is the revenue earned at period t.

Ryt = Ptmin({Qs
yt, Q

d
yt}) ⇒ Ryt = Ptmin({Iyt, Qd

yt}) (7)

The decision of how much to produce and how much of inputs to demand requires
some attention. It is obtained from maximising the profit function given as.

π(Qyt) = R(Qyt)− C(Qyt) (8)

Notice that even though the good is produced at time t, it might get sold at any time
in the future, moreover the price in the future is not known a priori to y. It is assumed
that y believes that it the whole amount, Qyt that will be sold at time t+1 and also,
exhibiting naive expectations, y believes that Py(t+1) = Pyt. It also assumes that its
demand for inputs will be met fully in the current time period. The demand for input
from provider xi by y at time t is given as qyxit. Then,

π(qyx1t, qyx2t, . . . , qyxηt, Lyt) = PytAyL
β
yt

∏
xi∈ρ(y)

qαi
yxit −

∑
xi∈ρ(y)

Pxitqyxit − ωLyt (9)

Let Wyt be the wealth of the producer y at t. Then the budget constraint is given
as

C(Qyt) =
∑

xi∈ρ(y)

Pxitqyxit + ωLyt ≤ Wyt (10)

Wyt is updated by the rule
Wy(t+1) = Wyt + πyt (11)

2.4 The Consumer and the Utility Function

For any particular consumer y, having utility elasticities of consumption as αi for the
particular good produced by the provider xi, βi is the utility elasticity of leisure and
γ is the utility elasticity of income earned at time t. qyxit is the quantity demanded
by y at time t from the provider xi. V is the profit income of the consumer y. T is
the total available time for y at any time period, to be divided between labour and
leisure. Hence if Ls

yt is the labour offered by y at time t, then leisure = T − Ls
yt if all

the labour its offering is used up in some production.
Wealth of y at any time t is given as Wyt and is updated by the rule

Wy(t+1) = Wyt + ωtLyt + Vyt (12)

Note that ωLyt + Vyt is the income earned by y at t where . It must be mentioned
again that as was in the case of producers, consumers have naive expectations about
their profit income and expect all their demands to be completely fulfilled.
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U(qyx1t, qyx2t, . . . , qyxηt, L
s
yt) = (ωtL

s
yt + Vyt)

β(T − Ls
yt)

γ
∏

xi∈ρ(y)

qαi
yxit (13)

Note that Vyt is unknown at the stage where the consumer is finding the optimal
bundle, hence his best guess for Vyt = Vy(t−1). The optimal bundle is obtained by
maximising the above function subject to the budget constraint∑

xi∈ρ(y)

Pxitqyxit ≤ Wyt (14)

2.5 The Optimization Problem

The optimization problem for each agent is analytically solved and the solution is fed
into the model as a “black-box” for the computer. In other words, the computer is
not doing the optimization through some numerically constrained global optimization
algorithm but rather the solution is already provided as a hard-coded rule.

The aim of the following paragraphs are to arrive at these optimal maximizers
and also to conclude upon the nature of a critical point without checking the signs
of the principal leading minors of the hessian matrix explicitly. These reduce the
computational load of the program allowing us to have a more efficient algorithm.

Before the solution is presented the following proposition needs to be proved.
Theorem 1. The function

f : Rn+ 7→ R+, f(x) = PA

n∏
i=1

xαi
i

is explicitly quasiconcave. P,A are positive constants and 0 ≤ αi ≤ 1.

Proof (by contradiction). Case I : f(y) > 0, f(x) = 0

f(x) = 0 ⇔ ∃i, xi = 0
Andf(y) > 0 ⇔ ∀i, xi > 0

Consider w
.
= θx+ (1− θ)y, θ ∈ (0, 1]

⇔ ∀i, wi = θxi + (1− θ)yi > 0
⇔ f(w) > 0
⇒ f(w) > f(x)

Case II : f(y) > 0, f(x) > 0

Let us assume that f(y) > f(x) and ∇f(x) · (y− x) = 0
Note that f is quasiconcave.

Consider∇f(y) · ∇f(x)
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= f(y)f(x)


...
αi

yi

...

 ·


...
αi

xi

...

 = f(y)f(x)
∑n

i=1
α2

i

xiyi
> 0

Now letv ∈ Rn+v
.
= y− λ∇f(y)

such thatf(v) = f(x), λ > 0

Consider∇f(x) · (v− x) = ∇f(x) · (v− y) +∇f(x) · (y− x)
= −λ∇f(y) · ∇f(x) < 0

However by quasiconcavity of f,∇f(x) · (v− x) ≥ 0
Hence, a contradiction.

It is known that when
∑n

i=1 αi ≤ 1, f is a continuous differentiable concave func-
tion. Hence, if it has a stationary point, it is the global maximum. The global maximum
for any continuous differentiable function must be either a stationary point or a point
in its boundary. So if f doesn’t have a stationary point in the constraint set, then the
global maximum must lie on the boundary.

For
∑n

i=1 αi > 1 however, a stationary point is not necessarily even a local
maximum. So the global maximum must lie at the boundary.

We will first work with the case
∑n

i=1 αi ≤ 1. Consider the function f : Rn+ 7→
R, f(x) = PA

∏n
i=1 x

αi
i −

∑n
i=1 Pixi, Pi > 0. This function is also concave as it is

the linear combination of two concave functions. The solution to the unconstrained
maximisation problem,

max
x1,x2,...,xi

PA

n∏
i=1

xαi
i −

n∑
i=1

Pixi (15)

is given by the matrix equation
(α1 − 1) . . . αi . . . αn

...
. . .

...
...

...
α1 . . . (αi − 1) . . . αn

...
...

...
. . .

...
α1 . . . αi . . . (αn − 1)




log(x1)

...
log(xi)

...
log(xn)

 =



log( P1

α1PA )
...

log( Pi

αiPA )
...

log( Pn

αnPA )


(16)

For the constrained case, the maximisation problem

max
x1,x2,...,xi

PA

n∏
i=1

xαi
i −

n∑
i=1

Pixi

s.t.

n∑
i=1

Pixi = W

(17)

is the same as
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max
x1,x2,...,xi

PA

n∏
i=1

xαi
i

s.t.

n∑
i=1

Pixi = W

(18)

The solution for which is

x∗
i =

αiW

Pi

∑n
i=1 αi

(19)

For the case of
∑n

i=1 αi > 1 however, no interior local maxima exists, and therefore
the global maximum must exist at the boundary. We use the known result that for
an explicitly quasiconcave function as an objective function and a convex set as the
constrained domain, a critical point attained by constrained maximisation is a maxima
and in this case that is the global maximum. [8]

Observe that for any producer, its maximisation problem is exactly of the form we
have been discussing. Hence, the following algorithm finds out the global maximum
for any producer.

If the sum of elasticities is less than or equal to one: Find an unconstrained global
maximising bundle If the cost of the bundle is less than the budget available: Optimal
bundle found Else if the cost of the bundle is more than the budget available: Find
the constrained maximising bundle. Optimal bundle found. Else if sum of elasticities
is more than one: Find the constrained maximising bundle. Optimal bundle found.

In the case of consumers, the maximisation problem does not have any interior
critical point, hence the maximum is found at the boundary. Hence the optimal bundle
is found through constrained optimization, i.e, by exhausting the budget.

Note that the optimization problem is the same as 18 with
xn+1, xn+2, αn+1, αn+2 = (ωLyt + Vyt), (T − Lyt), β, γ respectively. So the objective
function remains of similar form, a new constraint equation however is added on top
of the budget constraint equation.

xn+1 + ωxn+2 = ωtT + Vyt (20)

Hence the constraint equation is still a hyperplane, formed by the intersection of
a hyperplane and a plane, and is a convex set.

Therefore the consumer’s optimal choice of their utility maximising bundle is sim-
ply the critical point of the constrained optimisation problem, and is given by the
following.

q∗yxit =
αiWt

Pi(
∑n

i=1 αi + β + γ)
(21)

Ls
yt

∗ =
ωtβT − γVt

ωt(β + γ)
(22)

2.6 Price and Wage Rate Adjustment

Each period after trade has taken place in both the goods market and the labour
market, producers produce and add it to their inventory stock. For any particular
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producer y, the demand faced at time t is Qd
yt. The price for period t+ 1 is set in the

period t and it is set by the adjustment rule:

Py(t+1) = Pyt + σy(Q
d
y(t+1) −Qs

y(t+1)) (23)

Where σy > 0 is the price adjustment factor or the rate of adjustment. However at
time t, Qd

y(t+1) is not known, so the best guess for the producer is Qd
yt. So the above

equation becomes:
Py(t+1) = Pyt + σy(Q

d
yt −Qs

y(t+1)) (24)

If however the adjustment causes the price to be non-positive, then σy is reduced
by 10% and then readjusted with the new value of σy, and the process is repeated
until Py(t+1) > 0

By almost the exact same way, the wage rate is adjusted with two differences.
Firstly, the wage rate being a global parameter, is adjusted by the economy. Secondly
the labour supplied at time t + 1 is not known at time t. Hence the wage rate is
updated by the following rule.

ωy(t+1) = ωyt +Σ(Ld
t − Ls

t ) (25)

Where Σ is the wage adjustment factor.

2.7 Detection of Equilibrium

The prices for all the goods and services are constant over time iff the supply and
demand are equal for all markets. We say that the economy has reached a general
equilibrium. Consider the two cases, one where the marginal change of a dynamic
variables with time is zero and the other when the net marginal change of a dynamic
variable with time is zero, we term both these cases as equilibrium. In other words, in
all such cases where the dynamic variables show periodic predictable properties with
its mean value having zero marginal change with time, we have considered them as
equilibrium cases.

To this end, we have checked whether all the sequences of 100-period rolling average
of prices converge to zero. Rolling average is taken to smooth out oscillations and a
tolerance of 10−3 is taken for marginal changes. In the algorithm described below, the
sequence pit is obtained by first taking the 100 period rolling average of the actual
prices, then taking the absolute value of its first difference.

The value of ϵ in the following algorithm is 10−3. As the sequences are finite, it is
ensured that at least the last 100 consecutive elements of the sequence are below the
tolerance limit. Leaving these alterations necessary for a computational treatment, the
rest of the procedure described is the formal definition of convergence in an algorithmic
form.

The algorithm used to check for equilibrium in a model which ran for 1000 time
periods is as follows.

It must also be mentioned that the wage rate sequence is checked for equilibrium
in a similar manner.
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Algorithm 2 Algorithm for detecting equilibrium

1: Initialize an empty list l
2: for each i in producers do
3: for t in [500, 900) do
4: if ∀x ∈ {pit, pi(t+1), . . . , pi1000}(x < ϵ) then
5: l.push(True)
6: break
7: end if
8: end for
9: l.push(False)

10: end for
11: if ∀y ∈ l(y==True) then
12: return ”Equilibrium”
13: else
14: return ”Disequilibrium”
15: end if

3 Results

In this section, we tabulate and illustrate the results obtained from running the
ABM thus constructed. 10,000 simulations are run using parallel computing to obtain
the results. The parameters are either chosen exactly or drawn randomly from a
distribution as follows.

Table 1: Exogenously given initial conditions

Parameter Name Value/Distribution Parameter Name Value/Distribution

No. of producers(Pn) 10 Initial producer wealth 1,000,000
No. of consumers(Cn) 80 Initial consumer wealth 1,000
Wage rate adjustment factor 0.0005 Price adjustment factor 0.3
Rate of technological change 10 Time period 365
Profit reinvestment ratio 0.9 Initial wage rate 30
Initial prices Uniform(0,100) Return to scale of producers |Normal(0.9,0.6)|
No. of shareholders of a firm 1 Uniform(1,Cn) Share in a firm(if shareholder)2 Uniform(0,1)
C-D function elasticities3 Uniform(0,1) No. of providers4 Uniform(1,Pn)

1Shareholders sampled uniformly from the list of consumers.
2Renormalized such that sum of the shares of all the stakeholders of a company is 1.
3C-D: Cobb-Douglas. Renormalized such that sum of the elasticities is the return to scale.
4Providers sampled uniformly from the list of producers.

Each of the individual simulation is run with the above parameters as exogenously
given conditions. The values are sampled from the distribution and the set of all such
sampled variables for a particular simulation is generated by the seeds s1 and s2. s1
generates initial prices, return to scale of producers, no. of shareholders of a firm,
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share in a firm(if shareholders) and the shareholders of a firm. s2 generates the Cobb-
Douglas function elasticities, number of providers and the providers. In other words,
s2 generates the graph properties of the network economy and s1 generates the rest
of the initital conditions.

The model is run for 1000 time periods if it is not halted by a termination condi-
tion. There are two termination conditions. One is when there remains only a single
producer in the economy and the other is when the consumer wealth falls to zero. In
both the cases, economic activities as envisioned in this model fails to take place or
becomes meaningless in such conditions. Hence the model terminates in these cases.

All the possible outcomes of a model run are therefore either that it reaches one
of the termination conditions or it runs for 1000 time periods ultimately reaching
equilibrium or staying in a perpetual disequilibrium. The results are tabulated in table
2.

We see that only 314 cases lead to equilibrium out of 10,000. Mostly the model
stays in perpetual disequilibrium or halts due to a terminal condition. In all the four
cases we see around 6 to 7 firms getting shut on average. In all the cases there exists
inequality among both producers and consumers. This is noteworthy as we begin from
a perfectly equal wealth endowment among all producers and all consumers. We also
observe that equilibrium cases has the lowest average leisure proportion among all
the other cases. It is also noteworthy that total utility is higher in equilibrium cases
than the disequilibrium ones, however is the highest in the single producer case. Some
illustrative examples are given for each of equilibrium and disequilibrium cases. The
cases of single producer and consumer wealth going to zero has not been illustrated as
the authors deemed these cases redundant. Curious readers however can inspect these
cases themselves through the materials linked in the appendix.

3.1 Equilibrium

In this subsection we elaborate upon some of the typical equilibrium run cases
observed. The first case to be illustrated has been generated by s1 = 78 and s2 = 178.

The initial graph of the network economy is given as follows.
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Fig. 1: Model state with s1 = 78, s2 = 178 at t = 0

This is the economy visualised as a network graph with the larger nodes represent-
ing the producers and the smaller ones the consumer. The colours of nodes denote the
amount of wealth they have. The legend on the right helps get an idea of the value.

After 1000 time periods only two producers remain. The resultant network graph
is given in figure 2

Fig. 2: Model state at with s1 = 78, s2 = 178 t = 1000

The evolution of various economic variables are illustrated in figure 3.
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(a) Evolution of wealth (b) Evolution of gini coefficient

(c) No. of producers/ shut firms (d) Evolution of total utility

(e) Evolution of total utility (f) Evolution of aggregate leisure proportion

(g) Evolution of excess labour demand

Fig. 3: Model with s1 = 78, s2 = 178

We can see that all the economic variables converges to a certain value. Also note
that the total utility and wage rate of the economy has gone up significantly from its
initial value. Furthermore, leisure proportion is quite low, signifying high employment
in the economy. The excess labour demand curve is also converging to zero hence there
is no involuntary employment as well.

It needs to be pointed out especially that the case just described is an ideal nor-
matively desirable case. In fact in models with s1 = 30, s2 = 11 and s1 = 78, s2 = 157
we end up in equilibrium with 6 and 9 producers and while keeping all the desirable
properties of the above one as well.
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It must however be pointed out that not all equilibrium cases have these desirable
properties. One such example is generated by s1 = 47, s2 = 121.

The network graphs of the economy is given in figure 4 and 5. We can see that
after 1000 time periods only two producers remain.

Fig. 4: Model state with s1 = 47, s2 = 121 at t = 0

Fig. 5: Model state with s1 = 47, s2 = 121 at t = 1000

The economic variables evolve as in figure 6
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(a) Evolution of wealth (b) Evolution of gini coefficient

(c) No. of producers/ shut firms (d) Evolution of total utility

(e) Evolution of total utility (f) Evolution of aggregate leisure proportion

(g) Evolution of excess labour demand (h) Evolution of rate of adjustment of wage

Fig. 6: Model with s1 = 47, s2 = 121

Notice how in this case the total utility level has floored. Notice also that the
wage rate and the utility function seem to move together. At time period 1000
aggregate leisure proportion is 99.999999 and the aggregate excess labour demand is
1.406763e+04 implying that there is heavy unemployment. However, this simulation
run passes the convergence test as the rate of adjustment of wage has fallen almost to
zero and for this reason the changes in the wage rate is almost negligible and similarly
for all other prices.

This is made possible by the fact that even with non-zero amount of excess demand
the price(wage) adjustment factor can fall to zero. The price adjustment factor is
reduced to 0.9 of its previous value every time it tries to adjust to a negative price.
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As we see in figure 6g, the high spikes in the excess labour demand forces the wage
rate adjustment factor to plummet to near zero levels. However there is no mechanism
for the adjustment factor to increase. By design, it is a weakly decreasing function
of time. This is done to ensure that the adjustment factor does not over-correct the
prices near possible equilibrium values.

The modeler has to therefore ensure explicitly the excess demand is also satis-
factorily low for a run marked as equilibrium to get the aforementioned desirable
properties.

3.2 Disequilibrium

In this subsection we illustrate a typical model in disequilibrium. The seeds of the
example model will be s1 = 25, s2 = 112. The model ends up with 3 producers at the
end of 1000 time periods as shown by figure 7 and 8.

Fig. 7: Model state with s1 = 25, s2 = 112 at t = 0

The evolution of the economic variables are shown in figure 9.
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Fig. 8: Model state with s1 = 47, s2 = 112 at t = 1000

(a) Evolution of wealth (b) Evolution of gini coefficient

(c) No. of producers/ shut firms (d) Evolution of total utility

(e) Evolution of total utility (f) Evolution of aggregate leisure proportion

(g) Evolution of excess labour demand (h) Evolution of rate of adjustment of wage

Fig. 9: Model with s1 = 25, s2 = 112
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We see that the economy is in perpetual disequilibrium. The wage rate curve is
characterized by steep rises and then gradual reverting back to near zero levels. We
also see that phases of high wage rates are accompanied by near 100 leisure proportion.
This is because when the wage rates get too high, firms move to less labour intensive
methods and hence there is no adequate demand for labour. It is also noteworthy that
the utility curve keeps decreasing from its initial values.

The above simulation run paints rather a grim picture for the cases of disequilib-
rium. However, one interesting case, generated by seeds s1 = 78, s2 = 122, yields a
situation where the economy is in disequilibrium yet has all the desirable properties
of model seed s1 = 78, s2 = 178.

The model ends up with 2 producers as shown in figure

Fig. 10: Model state with s1 = 78, s2 = 122 at t = 0

The evolution of the economic variables are shown in figure 12.
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Fig. 11: Model state with s1 = 78, s2 = 122 at t = 1000

(a) Evolution of wealth (b) Evolution of gini coefficient

(c) No. of producers/ shut firms (d) Evolution of total utility

(e) Evolution of total utility (f) Evolution of aggregate leisure proportion

(g) Evolution of excess labour demand (h) Evolution of rate of adjustment of wage

Fig. 12: Model with s1 = 78, s2 = 122
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We see that all the economic variables are oscillating with approximately constant
amplitude and constant frequency. The utility level has gone up from the initial vales
and even though its oscillating the leisure proportion is noticeably low. Excess labour
demand is oscillating around zero level.

We get to see all the desirable macroeconomic properties and the prices(wage)
seem to have come to a predictable oscillating pattern. However, the amplitude of
these oscillations are too big for the rolling average transformation to smooth them
into a linear constant function. Hence these are classified as an equilibrium case.

4 Conclusion

We have created an agent-based model of the real economy with production and trade
networks, relaxing some of the assumptions of the neoclassical theory, like perfect
competition, capital aggregation, non-increasing returns to scale and homogeneous
products and agents.

The resultant model is a general-purpose open-source model which can be used for
studying emergent patterns and performing counterfactual analysis.

10,000 simulations with 10 producers and 80 consumers were run with the model
created and the following observations have been made.

• 314 runs of 10,000 lead to an equilibrium condition. This suggests that only small
pockets of appropriate initial conditions can lead to an equilibrium condition.

• Most of the simulations stayed in a perpetual disequilibrium. However, some of the
simulations resulted in consumer wealth falling to zero or only a single producer
remaining in the whole economy. This suggests that from certain initial conditions a
purely decentralized market structure with rational optimizing agents can also lead
to economic disasters.

• In all the cases, starting from an equal endowment of wealth, an arbitrary assignment
of trade and production relations, and elasticities leads to inequality in society.

• We see that in both equilibrium and disequilibrium, on average 6 to 7 firms were
shut down.

• In some of the equilibrium cases, there existed high total utility, wage rate and no
involuntary employment. These cases showed desirable normative properties a well
functioning economy would agreeably be characterised by.

• In some cases marked as equilibrium however, there existed non-zero excess demand,
however the rates of adjustment were so low in these simulation cases that the prices
and wage rate each converged to constant values. The aforementioned desirable
properties were generally not present in these cases.

• In some cases marked as disequilibrium, the economy reached a sort of stable state
where the economic parameters exhibited periodic oscillating behaviours with near-
constant amplitude and frequency. However the amplitudes were too big to smooth
the curves into a linear constant function by a rolling average transformation. Hence
these cases were marked as disequilibrium. However, these cases also showed to some
extent the desirable properties of some of the equilibrium cases.
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Supplementary information. The source code, accompanying files and the data
generated by this model is open source and is available in a public git repository linked
in the appendix. Economic researchers and developers are welcome to send in pull
requests for fixing potential bugs, features and refactors.

5 Discussion

In this section the authors discuss the scope for further development of this work. In
terms of the modelling the economy, there exists a few features which can be included
in future versions. These are listed as follows.

• The price(wage) adjustment rate can be modified so that it can try to offset for per-
sistent non zero excess demand. Cyclic rate of adjustment is a possible alternative.
[9]

• Agents can be modified to allow for a factor for labour efficiency, which would then
make the labour output of each agent heterogeneous.

• Asset markets can be introduced.
• Institutions like government and central banks can be introduced.
• Finite or infinite horizon forward looking utility functions can be introduced to
induce the agents to save their earnings.

• New entrants into the market can be allowed for and the population can be made
to grow(or shrink).

• The functional form used is of Cobb-Douglas type and other functional forms can
be introduced into the model.

• Instead of naive expectations, firms can have some sort of adaptive expectations
about future parameters. Also instead of rational optimization, artificial intelligence
algorithms can guide their decision making, to make it more ”human-like”.

The results obtained from these simulation runs can be further analysed. One
immediate further development would be to find a characterization of the initial con-
ditions which lead to equilibrium and another would be to find a characterization of
those firms which remain and those which close down.

In terms of performance, the authors acknowledge that Python may not be the best
programming language choice in future developments. However, the MESA module
has been chosen for its ease of use and code readability. Agents.jl module in Julia can
be an option for performance enhancement.[10]
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