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Chapter 6: The Market
This Chapter focuses on the decisions of firms and demonstrates how agent-based
modelling can easily accommodate the dynamic and interactive nature of markets.
We present three models. The first is based on Cournot’s classic model of duopoly
and its Nash equilibrium, but introduces the possibility of inaccurate information.
The second model is based on small shops in the real world that do not have the
benefit of perfect foresight that is granted to firms operating under perfect
competition and illustrates the dynamics of survival. The final model reflects
business in the digital world, where there is no limit on capacity.

Key words: costs, Cournot duopoly, digital information, industry size, monopoly, Nash
equilibrium, perfect competition, uncertainty,
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Introduction
In the previous Chapter we examined an exchange economy in which the overall supply was
determined outside the model and showed how people could trade to improve welfare. This
focussed on the setting of prices, given the quantity supplied. Here we shift attention to
quantities supplied and so we introduce firms that determine how much they supply and what
prices they charge.
To maximise its profit, a firm will produce until the cost of producing an extra unit – its
marginal cost, including the costs of capital – equals the amount it will earn from that extra
unit, its marginal revenue. By definition, the marginal revenue will be the price of that unit.
So we have the rule that a firm will increase the quantity it supplies until its marginal cost
equals the price it can charge. Why should a firm produce something that costs more to
produce than it can be sold for? At this point, economic profit is, by definition, zero. (Of
course, this definition of profit is not the same as used in company financial accounts.) For
details of this analysis, see a basic economics textbook on firms such as Varian (2010) or
Begg et al. (2011).

As in Chapter 5, we start with a very simple model to tease out the processes involved. We
then move on to look at two more realistic models, one based on shops and one based on the
digital world.

Cournot-Nash model
Introduction
Antoine Augustin Cournot (1801-1877) was a French mathematician who developed a model
of competition focussing on quantities supplied. The simplest version takes just two firms
producing identical goods – a duopoly – operating with constant marginal costs in a market
with a linear demand curve. Each firm decides how much to produce according to its belief
about what the other firm will produce. This decision is encapsulated in its ‘reaction
function’, an equation that relates its own output to its belief about the output of the other
firm. Plotting this function produces a reaction curve.
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John Forbes Nash was awarded the Nobel Memorial Prize in Economic Sciences in 1994 for
his work on game theory and his story was the basis of the 2001 film, A Beautiful Mind. A
Nash equilibrium is reached when each firm correctly anticipates the output of its rival and
neither firm wants to make further adjustment. (A Nash equilibrium may be Pareto optimal
but it is often not as both firms may be better off is they co-operated, assuming that was
permissible!) This equilibrium occurs at the point at which the reaction curves intersect. The
mathematics are set out in Box 6.1. The top panel of Box 6.2 gives examples of reaction
functions and a Nash equilibrium, based on the mathematics shown in Box 6.1
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Box 6.1: Cournot model and Nash equilibrium.
There are two firms: Red and Blue.
Inverse demand function expresses price as a function of quantity:
𝑃 = 𝑎 − 𝑏𝑄 = 𝑎 − 𝑏 (𝑄𝑅 + 𝑄𝐵 )
(1)
Where
𝑃 = price
𝑄= total output, 𝑄𝑅 = output of the Red firm; 𝑄𝐵 = output of the Blue firm and
𝑎 and 𝑏 constants
From (1) the revenue of Red: 𝑅𝑅 = 𝑃𝑄𝑅 = (𝑎 − 𝑏 (𝑄𝑅 + 𝑄𝐵 )) 𝑄𝑅
Thus 𝑅𝑅 = = 𝑎𝑄𝑅 − 𝑏𝑄𝑅 𝑄𝐵 − 𝑏𝑄𝑅2

(2)

So from (2) marginal revenue MR for Red =

𝑑𝑅𝑅
𝑑𝑄𝑅

= 𝑎 − 𝑏𝑄𝐵 − 2𝑏𝑄𝑅

Marginal cost MC for Red is assumed to be = 𝐶𝑅

(4)

For profit maximisation MR = MC: thus 𝑎 − 𝑏𝑄𝐵 − 2𝑏𝑄𝑅 = 𝐶𝑅

(5)

Rearranging gives the reaction function for Red: 𝑄𝑅 =

𝑎−𝐶𝑅
2𝑏

−

𝑄𝐵
2

𝑄𝐵 =

𝑎−𝐶𝐵
2𝑏

−

𝑄𝑅
2

Similarly for Blue:

(3)

(6)
(7)

The Nash equilibrium is given by solving equations (6) and (7) simultaneously to give
𝐶𝑅

𝑄𝑅 =

2𝑏

𝑄𝐵

−

2

=

𝑎−𝐶𝑅
2𝑏

−

1 𝑎−𝐶𝐵
2

(

2𝑏

−

𝑄𝑅
2

)

Which re-arranging gives:
𝑄𝑅 =

𝑎

𝐶𝐵

3𝑏 2

2

2

( +

− 𝑐𝑅 )

(8)

Thus if costs are equal 𝐶𝑅 = 𝐶𝐵 = 𝐶 : the Nash equilibrium is given by
𝑎−𝐶

𝑄𝑅 = 𝑄𝐵 = ( 3𝑏 )

(9)

Based on Begg et al (2011, pp.211-212) and Varian (2010, p510).
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Box 6.2: Cournot duopoly: example of reaction functions and Nash equilibrium.
The inverse demand function is

𝐏 = 𝟏 𝟓𝟎𝟎 − 𝟏𝟎𝑸
Where P = price and Q = the total quantity produced: a = 𝟏 𝟓𝟎𝟎 and b = 𝟏𝟎
Reaction functions

200

The Red firm’s reaction function is given by
equation (6) in Box 6.1.

180

𝑄𝑅 =

140

160
Blue's output

𝑎 − 𝐶𝑅 𝑄𝐵
−
2𝑏
2

Assuming 𝐶𝑅 = 𝐶𝐵 = 0, then with
a = 𝟏 𝟓𝟎𝟎 and b = 𝟏𝟎
𝑄𝑅 =

1 500−0
2 ×10

−

𝑄𝐵
2

= 75 −

Red

𝑄𝐵

Blue

120
100
80
60
40

2

20
0

And similarly the Blue firm’s reaction function is

𝑄𝐵 = 75 −

0

𝑄𝑅

50

100

150

200

Red's output

2

These are shown on the right.
Nash equilibrium
The Nash equilibrium is at the intersection of the two curves, where both firms produce 50 units.
Assuming the marginal costs of both firms are zero, then from equation (9) in Box 6.1, the
equilibrium position is given by:

𝑄𝑅 = 𝑄𝐵 =

𝑎

3𝑏

=

1 500
30

= 50

Thus each firm produces 50 units, giving a total of 100. Using the inverse demand function, the price
is 500:

P = 1 500 − 10Q = 1 500 − (10 × 100) = 500
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A simple dynamics system, suggested by Varian (2010, pp.510-511), is that each firm adjusts
its output according to what it observes the other firm is producing and each firm assumes the
other will produce the same in the next period as it did in the last. An example of how this
works is shown in Box 6.3.

Because both firms are adjusting simultaneously this is cumbersome to work through by hand
and so Varian (2011, p.511) chooses to ‘generally ignore the question of how the equilibrium
is reached and focus only on the issue of how the firms behave in the equilibrium’. However,
using an agent-based model, analysis of the dynamics holds no difficulties as will now be
shown.
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Box 6.3: Example of dynamics in the Cournot-Nash model.
The inverse demand function is
𝐏 = 𝟏 𝟓𝟎𝟎 − 𝟏𝟎𝑸
Where P = price and Q = total output.
Costs are set to zero and so from equations (6) and (7) in Box 6.1, the reaction functions are:
𝑄𝐵𝐸
𝑄𝑅 = 75 −
2
𝑄𝑅𝐸
𝑄𝐵 = 75 −
2
Where 𝑄𝑅 and 𝑄𝐵 are the quantities produced and 𝑄𝑅𝐸 and 𝑄𝐵𝐸 are the expected quantities
produced.
If initially each firm believes the other will produce 100 units i.e. 𝑄𝑅𝐸 = 𝑄𝐵𝐸 = 100 ,
then each produces 25, as illustrated in the diagram below.

140
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Blue's output

120

Blue

Red's initial
position

100
80

Nash
equilibrium

60

Blue's initial
position

40
20
0
20

40

60

80
Red's output

So the next round, they both assume the other will
produce 25 units and each produces (75 – 25/2) =
62.5 units. And so on until after 10 rounds, the firms
reach a Nash equilibrium with each producing 50
units, giving a total output of 100 as illustrated in
the left hand diagram (and Box 6.2).
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0
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The agent-based model
The model has just two agents, the Red firm and the Blue firm. The user selects the
parameters of the inverse demand function and the costs of each firm. This determines each
firm’s initial position on their respective reaction curves. The firms then follow the same
process as just described: each firm assumes that the other will produce the same as it did in
the last trading round. If both firms expect the other to produce at the Nash equilibrium level
(of 50 units), then, output will remain at that level. But if they assume the other will produce
100 units (as in the example above), it takes 10 rounds before the total output settles at the
equilibrium level. This is the same result as produced by hand and is illustrated in the top pair
of figures in Box 6.4.

But this all assumes that each firm does actually know how much the other produced. It is,
however, easy to introduce imperfect information into the agent-based model. It can be
assumed that each firm can only guess what the other firm is producing. If the error is
assumed to be 1 percent, then instead of knowing exactly what its rival is producing, the firm
assumes it is somewhere between 99 percent and 101 per cent of the actual output. In this
case, total output will fluctuate around the equilibrium level as shown in the middle pair of
figures in Box 6.4. If the error is 10 per cent, then the fluctuation is more obvious, as shown
in the bottom pair of figures.
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Box 6.4: Examples of the dynamics of Cournot duopolies.
Indirect demand function: P = 1 500 − 10𝑄
Initial conditions:
Initial conditions:
- Red expects Blue to produce 50 units
Red expects Blue to produce 100 units
- Blue expects Red to produce 50
Blue expects Red to produce 100
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Box 6.4 shows only examples based on single runs. But these results are typical: Table 6.1
shows the standard deviation of total output averaged over 100 runs. The top row shows that
if the two models start at the Nash equilibrium, there will be no change in total output over
100 runs. That is how it should be. The rest of the table illustrates the importance of the initial
conditions and error in the information. The further the initial conditions from the Nash
equilibrium and the greater the error, the greater the volatility in output.
Thus an agent-based model derived from Cournot’s classic work can be used to explore the
dynamics of duopoly. Furthermore, this very simple dynamic model show how lack of
information may cause oscillations in output.

Although the simple examples used here for illustration have not taken into account
differences in costs, the model, Chapter 6 – Cournot-Nash, allows these to be investigated. It
is also possible to build in more sophisticated reaction functions. The model is described in
Appendix A6.1.
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Table 6.1: Results: variation in total output.
100 runs.
Based on indirect demand function: 𝐏 = 𝟏 𝟓𝟎𝟎 − 𝟏𝟎𝑸
Starts at Nash equilibrium
Red expects Blue to produce
Blue expects Red to produce

Error
0
+/-1%
+/-10%

Standard deviation of total output
over
First 10
Last 10
100
rounds
rounds
rounds
0
0
0
0.50
0.48
0.50
2.48
2.43
2.45

Starts away from Nash equilibrium
Red expects Blue to produce
Blue expects Red to produce

Error
0
+/-1%
+/-10%

50
50

100
100

Standard deviation of total output
over
First 10
Last 10
100
rounds
rounds
rounds
9.43
0
2.89
9.58
0.51
2.97
9.92
2.50
3.85
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Market model
Introduction
In economics textbooks, discussion of markets starts with the model of perfect competition.
The key characteristics of perfect competition are:


Perfect information and foresight. There is no uncertainty. It is only under this
condition that firms can be sure of maximising their profits.



All firms produce identical products.



There are no barriers to entry. This means that the returns to scale must be constant or
falling: there can be no increasing returns to scale. (So in the long run, average costs
must be constant or rising.)



There are a large number of firms, so no single firm can affect the price. A firm can
sell all that it wishes to produce at the given price.



The only decision a firm has to make is how much to produce.

It is difficult to find a market that meets all these conditions. The stock market is often cited
as an example. Because at any one time the total supply of stocks potentially available to
trade is given, it is arguably more like the exchange system discussed in the last Chapter. The
market for agricultural products, with many small farmers, is probably closer to perfect
competition, although farmers do not enjoy perfect foresight! However, the perfect
competition model can best be regarded as a kind of ideal against which to measure the
performance of real markets.

The key problem with the perfect competition model is in the first assumption: perfect
foresight. In that model it is assumed that firms maximise profits and consumers maximise
utility. In reality, firms can only try to maximise profits and consumers try to maximise their
utility. (See, for example, Nelson & Winter, 1982.) They may not succeed because things
may not turn out as expected. Businesses have to operate under considerably uncertainty.


Firms may not know what their competitors charge and certainly will not know what
their competitors will charge in the future.



Firms have imperfect information about their own current costs due to accounts being
produced with a time lag.



Firms will not know what their future costs will be unless they have fixed contracts
with suppliers.
12
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Firms have little knowledge about their industry’s demand curve or even their own
demand curve, so they will not know how much they can sell.

Of course, experience, good management accounts and market research will provide
information about what has happened in the past, but a firm can never know what will happen
in the future. There is always uncertainty.

This section presents a simple, yet more realistic model, inspired by the work of Nelson &
Winter (1982) and Cyert &March (1963/1992). In particular, we draw on Cyert & March’s
description of a department store (1963/1992, Chapter 6). There are two types of agents:
shops and consumers. Shops decide how much to supply and all the shops together comprise
the industry. Consumers buy from the shops. Together, consumers and shops comprise the
market.

Consumers
The main focus of this Chapter is on firms so we model consumers in a very simple, yet
arguably, realistic way. Back in 1888, Jevons observed that
We cannot usually observe any precise and continuous variation in the wants and deeds
of an individual, because the action of extraneous motives, or what would seem to be
caprice, overwhelms minute tendencies. As I have already remarked, a single individual
does not vary his consumption of sugar, butter, or eggs from week to week by
infinitesimal amounts, according to each small change in the price. He probably
continues his ordinary consumption until accident directs his attention to a rise in price,
and he then, perhaps, discontinues the use of the articles altogether for a time. But the
aggregate, or what is the same, the average consumption, of a large community will be
found to vary continuously or nearly so. The most minute tendencies make themselves
apparent in a wide average. Thus, our laws of Economics will be theoretically true in
the case of individuals, and practically true in the case of large aggregates.
(Jevons, 1888, Chapter IV, 20)
In 1962, Becker returned to this point, arguing that individual rationality is not required to
produce market rationality and that ‘no preference system or utility function’ is needed
(Becker, 1962). At one extreme households may respond to changes in opportunities, such as
a price rise, quite impulsively or simply continue to spend as before but ‘the fundamental
theorem of traditional theory - that demand curves are negatively inclined largely results from
the change in opportunities alone and is largely independent of the decision rule’ (Becker,
1962). In effect, he argued that consumers simply react to budget constraints.
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Following this analysis, and because we want to focus on suppliers, we have adopted a very
simple model of consumers. Each consumer is allocated a ‘willingness-to-pay’ (WTP). Each
round, the consumer seeks the cheapest shop that has the required item for sale and if the
price asked is less than or equal to the consumer’s willingness-to-pay, the consumers buys.
Each consumer buys only once each round. An example of the resulting aggregate demand
curve is shown in Figure 6.1. Consumers do not change from one trading round to the next.

Figure 6.1: Shops: Example of aggregate demand.
Assumptions
1 000 consumers
Each consumer is allocated a willingness-to-pay between 5 and 15, uniformly distributed.
Each consumer buys once in the trading round.
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Shops
Like all firms, the shops have some costs that can only be changed in the longer term, for
example by moving to smaller premises, and costs that vary directly with each unit of output.
A large shop with the strategy of selling large quantities cheaply in a low rent area will have a
different cost structure from one that aims to sell small quantities in an expensive area. But
the shop must cover its costs in order to survive. For simplicity, in this model:


The capacity of each shop and its capacity unit costs are allocated initially and
together they determine the shop’s fixed costs.



Variable costs are the cost per unit of buying in the goods to be sold.

The price each shop charges is determined by its variable costs plus a markup to cover its
fixed costs. Drawing on the analysis provided by Nelson & Winter (1982, pp.144-146) it can
be shown that for economic profit to be zero the product of the markup and the utilisation
rate must equal the cost per unit of capacity divided by the variable cost. The mathematics are
given in Box 6.5.

The basic assumption is that the mark-up (noted by Cyert & March and still in common use)
is 33 per cent. (Close to the figure used in our village shop!) For example, if the variable cost
is 7.5, the price will be 10; if the unit capacity costs are 2.5, the shop will break even if it
stocks and sells 100 units:
Costs = 7.5 x 100 + 250 = 1 000
Revenue = 100 x 10 = 1 000

But if the shop stocks 100 units and does not sell them, it will not cover its costs and will
make a loss.
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Box 6.5: A shop’s assumed costs and prices, and profit.
Firms’ costs
Variable costs = sQ
Where
s = variable cost
Q = quantity
Fixed costs =  K
Where
 = cost per unit of capacity
K = capacity
Total costs for a shop:
𝐶 = 𝑠𝑄 + ∅𝐾

(1)

Price charged by shop

𝑃 = ( 1 + 𝑚 )𝑠

(2)

Where m = markup
Quantity supplied by shop

Q = 𝑢𝐾

(3)
Where 𝑢 = utilisation rate and 0 ≤ 𝑢 ≤ 1
Revenue for each shop is:
𝑅 = 𝑃𝑄 = (1 + 𝑚)𝑠𝑄

(4)

Marginal revenue and marginal costs
𝑑𝐶

From (1) and (3), marginal costs
= 𝑠𝑄 + ∅𝑢
𝑑𝑃
This could be regarded as a long-term marginal cost.
𝑑𝑅

From (4), marginal revenue 𝑑𝑄 = ( 1 + 𝑚 )𝑠

For marginal revenue to equal marginal cost: 𝑠𝑄 + ∅𝑢 = (1 + 𝑚)𝑠
Which re-arranging gives: ∅ = 𝑚𝑠𝑢
Profit
The firm’s profit
𝜋 = revenue – costs = PQ – C
Substituting (1), (3) and (4) and re-arranging:
𝜋 = (1 + 𝑚 )𝑠 𝑄 − (𝑠𝑄 + ∅𝐾) = (𝑚𝑠𝑢 − ∅) 𝐾
So if 𝐾 ≠ 0 , 𝜋 = 0 when 𝑚𝑠𝑢 = ∅
i.e. profit is zero when the cost per unit of capacity equals the product of the markup, the variable
cost and the utilisation rate. This is the point at which marginal revenue = marginal cost.
Put the other way round, for profit to be zero:
𝑚𝑢 =

∅

𝑠
Thus if utilisation is 100%, then the markup is the ratio of cost per unit of capacity to the variable
cost. If utilisation is less than 100%, then the markup must be greater.
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Each shop will supply nothing below its price but can only supply up to the limit set by its
capacity. This means that each shop’s supply curve is vertical up to its price, horizontal at its
price and then vertical once it has sold all its stock. This contrasts with the usual textbook
assumption that the higher the price, the more a firm will supply. However, when all the
shops’ supply curves are added together, the industry supply curve will look like those
usually seen in the textbooks. A simple example is shown in Box 6.6; of course, with more
shops, the industry supply curve would be much smoother!
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Box 6.6: Example: shops and industry supply curves.
Data for individual shops
based on the analysis in Box 6.3.
Shop 1
Shop 2
Shop 3
Cheap,
Small
bulk
expensive
Capacity
K
150
100
80
Unit capacity
cost
2.0
2.5
3.0

Variable
s
6
7.5
8
Markup
m
0.333
0.333
0.395
Price
P
8
10
11
Utilisation rate
u
1
1
0.95
Supply
Q
150
100
76
Profit
0
0
0

* Assuming the quantity supplied is all sold.
Shops’ supply curves
Industry supply curve
Each shop only provides a certain quantity (Q) at or Adding together the supply curves of the three
above its price (P).
shops gives a conventional industry supply
curve in which the quantity supplied rises with
price.

14

14

12

12

10

10

8

8

Price

Price

At a price of 8, only Shop 1 is supplying; at a
price of 10, Shops 1 and 2 are both supplying
and at 12, all three are supplying

6

Shop 1
Shop 2
Shop 3

4

6
4
2

2
0

0
50

100
Quantity
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200

100

200
Quantity
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The time steps are quarters and the model incorporates both short term and long term
dynamics.
In the long term – defined as every four quarters or year – shops change their capacity and the
extent to which that capacity is used – the utilisation rate – according to their profit over the
last year.


If it has made a cumulative loss over the last four quarters, the shop closes.



If it has made a cumulative positive profit (i.e. non-zero) over the last four quarters:
o If it is operating at less than full capacity (i.e. its utilisation rate is less than
100 per cent) it increases its utilisation rate
o If it is operating at full capacity, it increases its capacity.

At the end of every other quarter (i.e. the other three out of four) each shop may alter its
utilisation, price and variable cost on the basis of its sales.


If it has sold all its stock and its utilisation rate is less than 100 per cent, it increases
its utilisation rate.



If it has failed to sell all its stock, it reduces its stocks for the next period, and its
utilisation rate is recalculated accordingly. It also adjusts its price in line with its
competitors, adjusting its mark-up and its variable costs if necessary. (If there are no
competitors, it reduces its price anyway.)

For simplicity, the shops do not hold stocks from period to period.

Thus shops can go out of business because they make a loss. However, new shops open. The
UK’s Office for National Statistics (ONS) reported that in 2011 the birth rate of retail
companies was 10 per cent, the same as the death rate. The model assumes that the total
number of shops remains the same. Thus if any shops die, new shops are created, using the
same capacity formulation as initially. Furthermore, the ONS reported that only about half of
businesses ‘born’ in 2006 survived for five years.

We created three scenarios:


‘Perfect’: all the shops have the same costs, with prices set to enable them to break
even; and consumers and shops check the prices of all shops. This is therefore similar
to the textbook perfect competition.
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‘Real-full search’: the costs and the mark-ups vary between shops, and thus so do
prices; consequently shops supply different quantities.



‘Real-limited search’: this is the same as the second scenario except that on average
consumers and shops check the prices of only half the shops.

The initial values chosen, shown in Box 6.7, are based on the mathematics of Box 6.5. In the
case of the ‘perfect’ scenario, the values are set at the level to give an economic profit of
zero; and for the ‘real’ scenarios, the mean shop would have zero economic profit (i.e. if the
values were set at the means shown in Box 6.7) To make other assumptions would mean that
the dynamic process would take a long time to settle and indeed may never settle. This is a
problem with dynamic models, be they agent-based or any other type.
Box 6.7: Summary of shop model scenarios.
Consumers
1 000 consumers
Willingness-to-pay set randomly between 5 and 15.
Shops
Capacity, utilisation and costs
Mean capacity: demand at price = 10 divided by number of shops (set by the modeller)
Mean utilisation rate: 100%
Mean capacity unit cost: 2.5
Mean variable cost 7.5
For ‘real’ scenarios, all normal distributed with standard deviation set to 10% of the mean
Adjustments
Utilisation rate increase: 10%
Capacity increase 10%

Results

First, we compared the three scenarios with 10 shops. The top row of Figure 6.2 shows that
the quantity sold stays constant under the ‘perfect’ scenario but is lower when firms are
heterogeneous (‘Real-full search’). If search is limited to about half the shops, then sales are
lower still. So the model is consistent with the view that the further away the market is from
perfect competition, the lower is the output.
The bottom row of Figure 6.2 shows that even under the ‘perfect’ scenario, there is some
turnover among the shops: only six out of the 10 survive five years, which is in line with the
20
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ONS report. With heterogeneous shops, the survival rate is slightly lower: half survive the
five years. But if search is restricted, the survival rate is still lower with three remaining after
five years.
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Figure 6.2: Shop model results: quantities sold and number of shops surviving, by time:
industry size 10.
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The model reproduces the classic result that sales are higher when there is more competition:
Figure 6.3 shows that in the longer run, the more shops, the higher are sales.
Figure 6.3: Shop model results: varying the industry size.
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Digital world model
Introduction
Neoclassical economics assume constant or falling returns to scale. This was natural in a
world of manufacturing and agriculture. As production expands, people use less good
resources, such as poorer quality land. However, ‘…the parts of the economy that are
knowledge-based…are largely subject to increasing returns’ (Arthur, 1990). This means that
if all inputs are, say, doubled, output more than doubles. And if the market for inputs meets
certain conditions, long-run average costs will fall.
For a firm producing digital information – such as software, e-books or music – the capital
costs are sunk: they were used to produce the digital content and cannot be redeployed to
another activity as can, for example, a field or a factory. For a firm distributing digital
information over the internet, the constraints on supply are very different compared to, for
example, a bookshop or record store on the high street or in the local mall. There are no
stocks to be bought in to be resold. There may be premises to rent for the few staff needed but
these can be in low cost areas rather than in prime retail sites. Fixed costs, such as internet
access, servers and website maintenance can be expanded easily if demand rises so capacity
is not limited by, for example, space to stack books. (For more discussion, see, for example,
Shapiro & Varian (1999, pp.20-24).) This is clearly a very different situation from the shops
examined in the previous section, which faced capacity limits and had a very different cost
structure.

Prices in the digital market will reflect what consumers are willing to pay (WTP). As Shapiro
& Varian (1999, pp.22-23) said: ‘markets for information will not, and cannot, look like
textbook-perfect competitive markets in which there are many suppliers offering similar
products, each lacking the ability to influence prices’. The traditional model of supply
therefore breaks down. In this section, we present a model of a market for a digital product
Sellers
We take a simple extreme and assume that there are online sellers with no capacity
constraints and no fixed costs. Indeed, for simplicity, it is assumed there are no costs at all.
Although it would be more realistic to assume some low costs, this would add considerably to
the length and complexity of the coding.
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Instead of basing prices on costs, sellers are initially allocated a price based on a normal
distribution with a chosen mean and standard deviation. They trade at these prices for the first
round.

Sellers that fail to trade, leave the business. Those sellers that have traded look at the prices
charged by others and adjust their own prices. Each seller looks at the price charged by
another seller, selected at random if there are more than two sellers. If the competitor’s price
is lower, the seller matches that price and may undercut it. If the competitor’s price is the
same or higher, the seller reduces his price by a price reduction factor. There are three
elements to this:


price-matching: a pair of sellers compare prices and the one with the higher price
adopts the lower price. This alone will not allow prices to fall by more than the lowest
initial price.



price-cutting: having price-matched, the higher priced seller undercuts the competitor



‘price reduction factor’: whether there is price-matching or price-cutting or not, sellers
reduce their prices. This is because the sellers have to keep reducing prices in order to
win customers in successive rounds, since consumers buy only once.

Examples – based on single runs – are shown in Box 6.8.
Consumers
For consumers, we again simply assume that each has a willingness-to-pay (WTP), but this
time it is distributed normally around a chosen mean with a chosen standard deviation. This
gives a downward-sloping aggregate demand curve and, depending on the values chosen,
some consumers will not buy even when the price is zero. Each consumer buys only once
during the run (as in the technology adoption models discussed in Chapter 4). (In the shops
model, the consumers bought each round.)
In the shops model – above – consumers bought from the cheapest seller. If that assumption
were made in this model, and all the products were identical, the result would be trivial in
that all the consumers would simply buy from the cheapest seller as the sellers have no
capacity constraints. Instead, it is assumed that consumers buy from a seller selected at
random. If the seller’s asking price is less than or equal to the consumer’s WTP, the
consumer buys.
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Box 6.8: Price adjustment examples.
Undercutting only
 Undercutting = 10%
 Price reduction factor= 0%

Price reduction factor only
 Undercutting = 0%
 Price reduction factor= 10%
Round
Seller 1 Seller 2
1
312
281
2
281
253
3
253
228
4
228
205

Seller 2

Price

250
200
150
100
50
0
0

5

10 15 20 25 30 35 40
Round

350
300
Seller 1

250

Seller 2

200
150
100

Round 2: Seller 2 lower: Seller 1 matches
price. Seller 2 reduces by 10%: 281 x 0.9 = 253
Round 3: Seller 2 lower: Seller 1 matches
price. Seller 2 reduces by 10%: 253 x 0.9 = 228
Round 4: Seller 2 lower: Seller 1 matches
price. Seller 2 reduces by 10%: 228 x 0.9 = 205

50
0
0

5

10

15

20

25

30

35

40

Round

350
300
Seller 1

250
Price

Undercutting and price reduction factors
 Undercutting = 10%
 Price reduction factor= 10%
Because price reduction and undercut factors
are the same, prices converge.
Round
Seller 1 Seller 2
1
298
334
2
268
268
3
241
241
4
217
217
Round 2: Seller 2 higher: matches Seller 1 and
reduces by 10%: 298 x 0.9 =268. But Seller 2
also reduces by 10%: 298 x 0.9 = 268.
Round 3: Both reduce by 10%: 268 x 0.9 =
241.

Seller 1

300

Price

Round
Seller 1 Seller 2
1
324
320
2
288
320
3
288
259
4
233
259
Round 2: Seller 2 lower: Seller 1 matches and
undercuts by 10%: 320 x 0.9 = 288
Round 3: Seller 1 lower: Seller 2 matches and
undercuts by 10%: 288 x 0.9 = 259
Round 4: Seller 2 lower: Seller 1 matches and
undercuts by 10%: 259 x 0.9 = 233

350

Seller 2

200
150
100
50
0
0

5

10 15 20 25 30 35 40
Round

26

Agent-based Modelling in Economics: Hamill & Gilbert (2015)

Results

We have looked at the effect of the number of sellers, the initial starting price and the price
reduction strategies on the total revenue of all the sellers and the proportion of consumers
who buy. As in this simple model there are no costs, maximising revenue is the same as
maximising profit; and as consumers buy only once, the proportion who buy is the adoption
rate. Despite its simplicity, there are many scenarios that could be examined with the model.
In the examples chosen, it is assumed that the mean consumer’s WTP is 100 with a standard
deviation of 100, which implies that at most 84 per cent of the consumers will buy. Sellers
supply as much as is demanded at their price, so that each seller’s supply curve is horizontal.
This means it does not make sense to sum the individual supply curves as in the shops
example in Box 6.6 because in this case supply depends on demand and there is no constraint
on the quantity supplied by each seller. So instead the supply curve for the lowest and highest
priced sellers are shown. This is illustrated in Figure 6.4.
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Figure 6.4: Digital world results: example of supply and demand curves.
Assumptions
Demand: normal distribution: mean WTP = 100, standard deviation = 100
Supply: mean initial price = 300, standard deviation =10% of mean. No. of sellers = 10
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Supply: max price
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100
50
0
0
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400
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800

1000
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The top panel of Box 6.9 shows that, given the assumptions made, undercutting alone does
not maximise either the sellers’ revenue or the consumers’ adoption. Furthermore, there is
considerable uncertainty: the coefficient of variation is very high at around one third. In
contrast, the price reduction factor produces much higher revenue and adoption with much
greater certainty: the coefficient of variation is about 2 per cent. It also shows that having
more firms in the market does not result in higher revenue or adoption (and the model
suggests that in fact the reverse might be the case). This apparently perverse result seems to
arise because there are no capacity constraints: one seller can supply as much as ten!

The bottom panel of Box 6.9 shows how sellers are rewarded for starting by pricing high.
This is an application of classic economics textbook result for discriminating monopolists,
who charge different consumers different prices. (See for instance Begg et al. (2011, pp.190191).) In this case, the sellers are discriminating between the early and late adopters, the early
adopters being charged more.
28

Agent-based Modelling in Economics: Hamill & Gilbert (2015)

Box 6.9: Digital World model results: revenue and adoption rate.
100 runs
Common assumptions
1 000 consumers with mean WTP = 100
Standard deviation of initial price = 10% of mean
50 rounds of trading
Impact of pricing strategies
Additional assumptions: initial mean price = 300

Sellers

1

10% undercut
No price reduction

10% price reduction
No undercut

Revenue Adoption
%

Revenue Adoption
%

Not applicable

102 403
2 716

82.4
1.6

Mean
Standard deviation
Both
10% undercut
10% price reduction
Revenue Adoption
%
Not applicable

2

92 467
24 502

72.9
20.7

100 453
3 015

82.6
1.5

101 904
2 744

82.3
1.5

5

83 865
24 526

62.0
25.8

99 437
2 276

82.4
1.5

101 273
2 808

82.4
1.4

99 661
2 625

82.7
1.1

100 886
2 743

82.3
1.5

10

87 142
63.9
17 471
21.1
Impact of the initial price
Sellers

1

2

5

10

Initial mean price
100
300
0% undercut, 10% price reduction
Revenue
67 875 102 403
Adoption %
82.6
82.4
10% undercut, 10% price reduction
Revenue
67 269
101 904
Adoption %
82.5
82.3
10% undercut, 10% price reduction
Revenue
66 955 101 273
Adoption %
82.5
82.4
10% undercut, 10% price reduction
Revenue
66 556 100 886
Adoption %
82.5
82.3
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In the shop model, we looked at the birth and death rate of the shops. In this model, there is
no replacement of sellers that fail but we can look at how many sellers there are at a given
round and how long the sellers survive. With undercutting of 10 per cent and a price
reduction factor of 10 percent:


Starting with 10 sellers and an initial mean price of 100, after 10 rounds of trading,
there is an 84 per cent probability that there are between four and six sellers left in the
market. If the initial mean price is 300, there is an 82 per cent probability that there
will be between six and nine. This is illustrated in the top pair of graphs in Figure 6.5.



Again starting with 10 sellers and an initial mean price of 100, there is a 56 per cent
probability that trading will run for between 27 and 29 rounds. With an initial mean
price of 300, there is a 48 per cent probability that trading will last between 38 and 40
rounds. This is illustrated in the bottom pair of graphs in Figure 6.5.

Thus the higher the initial price, the larger the number of sellers that survive for longer. The
results illustrate why producers of digital products need to innovate by producing ‘upgrades’
to maintain their profits and sales!
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Figure 6.5: Digital World model results: life span of sellers.
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Discussion
Markets are interactively dynamic systems. Comparative static models, comparing conditions
at one point in time with those at another, can only provide a very limited view of the
operation of markets. In contrast, agent-based modelling can easily handle both dynamics and
interaction and can therefore provide much richer models. This Chapter has presented some
simple models of markets as examples.

The first model replicated the classical Cournot duoploy model: two firms interacted. Not
only was the model able to track the dynamics of the relationship between two firms, but it
was also able to show how the lack of exact information created oscillations in output. While
the dynamics were based on a very simple idea, the model could easily be extended to
accommodate more sophisticated behaviour.

The second model, based on shops, increased the number of suppliers, thus enabling more
interaction between them, and introduced consumers, with whom they all interacted. The
shops adjusted both their capacity and prices. Unprofitable shops went out of business and
were replaced by new ones, keeping the total number unchanged. The model could reproduce
the observed birth and death rate of British retailers (as the actual birth and death rates are
similar). The model could also replicate perfect competition and this was used as a baseline
against which to measure the performance of alternative market structures. The results of this
simple model were consistent with the view that the further away the market is from perfect
competition, the lower is the output. However, it also illustrated one of the problems with
agent-based modelling, or indeed, any dynamic model: how to set the initial values. If initial
values are set too far away from ‘reality’ then the model will take a long time to reach the
area of interest and may never reach it.

Finally, the digital world model was designed to highlight the differences between markets
for physical products and the markets for digital information. The former are characterised by
constant or falling returns to scale, while the latter are characterised by low costs and even
increasing returns to scale. It was assumed, for simplicity and contrast, that there were no
capacity constraints and that sellers adjusted their prices to gain market share. The analysis
suggested that price undercutting can produce very variable outcomes in terms of total
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industry revenue and consumers’ adoption. It also showed why sellers should start by pricing
high and the impact of the initial price on the life of the market for the product.

It is possible to make much more complicated agent-based models of markets. A classic
example is Kirman and Vriend’s (2001) model of the Marseille fish market. But the models
presented here have been kept deliberately simple in order to highlight the power of this
modelling approach in providing an understanding of interactive dynamics. The rest of this
book looks at specific markets, starting in the next Chapter with the labour market.
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Appendix to Chapter 6: How to do it
A6.1 The Cournot-Nash model

Formal description
Purpose: To replicate Cournot’s model of duopoly (as set out in Box 6.1).
Entities: There are just two agents, representing firms.
Stochastic processes: None if the firms know exactly how much the other firm produced. But
if they do not know exactly, their outputs are the result of a stochastic process.
Initialisation


Choose parameters of inverse demand function.



Choose the cost variables.



Choose whether the firms have accurate information or not and if not, how inaccurate
it is.



Choose the initial values of each firm’s belief about the other’s output: this can either
be generated randomly or by the modeller’s choice.



Choose the number of rounds of trading and the number of runs.

Output: The model records total output at each round and for each run, its standard deviation
is calculated for the first 10 rounds, the last 10 rounds and over all rounds. After all the runs
are completed, the average of these standard deviations is recorded. A set of plots is created
for the first run and the results for all the runs are recoded in a csv file.

The pseudo-code is in Box A6.1 and a screen shot in Figure A6.1. For the full code see the
website: Chapter 6 – Cournot-Nash Model.

Things to try using the Cournot-Nash model


There are two measures of the initial 'distance’ between the two firms. The first
measures the difference between expectations and total output. The second measures
the difference between total output and equilibrium output: What happens when the
firms start a long way apart?



What happens when there is a large difference in the firms’ costs?
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Advanced – requiring amending the program:


change the reaction functions.



Adapt to make the Stackelber model in which one firm leads and the other follows.
(See, for example, Varian (2010, pp.499-504) or Begg et al.(2011, pp. 214-215).)

Box A6.1: Pseudo-code for the Cournot-Nash model.
Create a world 250 x 250 with the origin at the bottom left corner.
Create two agents, representing two firms, Red and Blue.
Draw reaction curves
For each firm, take expected quantities from 0 to 250 and calculate the resulting output.
Taking the results as co-ordinates, colour the patches red or blue according to the firm.
Calculate the Nash equilibrium quantities (based on Box 6.1)
Place the firms at their initial position on their reaction curves.
Calculate the ‘distance’ between the firms as measured by
(1) the difference between actual outputs and beliefs and
(2) the ‘distance’ the firms are from the Nash equilibrium.
Calculate the quantity supplied for each firm in each round.
Move the agents along their reaction curves.
Collect data
Collect price and quantity data at the end of each round.
At the end of each run, calculate the standard deviation of output for the first 10 rounds, the
last 10 rounds and over all rounds.
At the end of all the runs, calculate the averages of these standard deviations.
For the first run, plot outputs and prices.
At the end of all runs, print data to a csv file.
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Figure A6.1: Screenshot for the Cournot-Nash model.
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A6.2 Shops model
Formal description
Purpose: The aim of the model is to reproduce a market based on shops as set out in Box 6.3.
Entities: There are two types of agents: consumers and shops.
Stochastic processes:


Consumers are located at random across the world and are allocated a ‘willingness-topay’.



Shops are also allocated at random across the world. For all the scenarios except
‘Perfect’, they are allocated costs and markups randomly, using a normal distribution
with a given mean and a standard deviation equal to 10 per cent of the mean.

Initialisation: Choose the scenario, the search range and the number of rounds of trading.
Output: Price, quantity, industry size and cumulative number of new shops are recorded at
rounds 4, 8 20, 28 and 40 (i.e. at the end of year 1, 2, 5, 7 and 10). For the first run, the results
for all rounds is plotted. All the results, including the plots, are sent to a csv file

The pseudo-code is in Box A6.2 and a screen shot in Figure A6.2. For the full code see the
website: Chapter6 – Shops.
Things to try using the shops model
Experiment with the options offered by the sliders. For example:


What happens when the capacity costs are very low compared to the variable costs?
(Change the meanCapapcityCosts and the meanVariableCosts.)



What

happens

when

capacity

can

be

expanded

quickly?

(Change

the

capacityincrease%)


What happens when the initial values are set far from the zero profit values? (Use the
formulae in Box 6.5 to calculate the zero profit values.)

Advanced: requiring programming:


Explore further the parameter space by changing the set variables such as the mean
and standard deviations of capacity, capacity and variable costs and utilisation rate.
(Change the adjustment process e.g. change the utilisationRateIncrease% or
the capacityIncrease%.)



use this program as the basis for other models of markets.
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Box A6.2: pseudo-code for shops model
Create a world 315 x 317 with wrap-around.
Create agents:
- Consumers: create 1 000 agents, representing consumers and allocate to each a ‘willingnessto-pay’ between 5 and 15
- Shops: create the number chosen by the modeller and calculate each shop’s capacity,
utilisation rate, supply, costs and prices (as set out in Box 6.5)
Draw demand and supply curves (taking no account of search limitations)
Take prices from 0 to 25 and calculate the resulting totals
- Count the number of consumers with a willingness-to-pay above or equal to the
price.
- Sum the output of the shops at each price.
Consumers buy from the cheapest shop within their search range.
After the trading round is complete, the shops make adjustments.
Every fourth round - to represent once a year:
- existing shops making a cumulative loss over the last 4 rounds die
- existing shops making a profit over the last 4 rounds
o and whose utilisation rate is less than 100%, increase their utilisation rate by 10%
o and whose utilisation rate is 100%, increase their capacity by the 10%
Replace any shops that have died with new shops.
Every other round:
- shops selling all their stock and operating below capacity, increase their utilisation rate
- shops not selling all their stock reduce their supply, prices (based on comparison with
competitors) and costs.
Collect data
Collect price and quantity data plus industry size and cumulative number of new shops at
the end of each round.
At the end of each run, collect data for rounds 4, 8, 20, 28 and 40. For the first run, plot data
for all rounds.
At the end of all the runs, calculate the averages and standard deviations and print data to a
csv file.
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Figure A6.2: Screenshot of the shops model.
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A6.3 Digital world model
Formal description
Purpose: The aim of the model is to highlight the difference between traditional markets and
those for digital information. In particular, there are no capacity constraints and, for
simplicity, no costs.
Entities: There are two types of agents: consumers and sellers.
Stochastic processes:


Consumers are located at random across the world and are allocated a ‘willingness-topay’ (WTP) randomly from a mean of 100 and given standard deviation.



Sellers are also distributed at random across the world and are allocated initial prices
randomly, using a normal distribution with a given mean and the standard deviation
set to 10 per cent of the mean.

Initialisation:


the number of sellers (maximum 10).



the mean of the initial mean price.



the price reduction % and undercut % per round: they can be zero.



the standard deviation of the consumers’ WTP.



the number of runs and rounds required.

Output: Plots of demand and supply, the number of sellers at different stages together with
prices and quantities. All the results, including the plots, are sent to a csv file

The pseudo-code is in Box A6.3 and a screen shot in Figure A.6.3. For the full code see the
website: Chapter 6 – Digital World.

Things to try using the digital world model
Experiment with the options offered by the sliders. For example:


What happens with a very different demand curve? (Change the standard deviation of
the consumers’ WTP.)



What happens when the initial mean price is set very high?

Advanced: requiring programming: amend the price adjustment rules.
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Box A6.3: pseudo-code for the digital world model.
Create a world 315 x 317 with wrap-around.
Create agents:
- Consumers: create 1 000 agents, representing consumers and allocate to each a ‘willingnessto-pay’ randomly on the basis of a normal distribution with mean of 100 and standard
deviation set by the modeller.
- Sellers: create the number chosen by the modeller and allocate each an initial price on the
basis of a mean set by the modeller and a standard deviation equal to 10 per cent of that
mean.
Draw demand and supply curves at start:
Take prices from 0 to 25 and calculate the resulting totals
- Count the number of consumers with a willingness-to-pay above or equal to the
price.
- As the supply curves are horizontal, show two: one for the seller with the lowest
price and one for the seller with the highest price..
Consumers select a seller at random and buy if its price is equal or lower than its willingness-to-pay.
After the trading round is complete, the sellers adjustment their prices by
- price-matching: a pair of sellers compare prices and the one with the higher price adopts the
lower price.
- price-cutting: having price-matched, the higher priced seller undercuts the competitor
- ‘price reduction factor’: whether there is price-matching or price-cutting or not, sellers
reduce their prices.
(See Box 6.8.)
Collect data
The initial demand and supply curve are drawn at the start and for the first run, the prices at
reach round are displayed
Total industry revenue is cumulated over the run.
At the end of rounds 1, 10,25 and 50, data on the number of sellers, average prices and
adoption rate are collected.
The round at which trading ceases is also recorded for each run.
At the end of all the runs, the average price and adoption rate at rounds 1, 10, 25 and 50 are
recorded. Graphs are plotted and all data is sent to a csv file.
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Figure A6.3: Screenshot of the digital world model.
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