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Abstract While it has been well acknowledged by economists for a long time
that competition is not just about price, the conventional quantity-based eco-
nomic models have di�culties integrating price competition and quality com-
petition into a coherent framework. In this paper, motivated by Herbert Si-
mon’s view of near decomposability or modularity, we propose a quality-based
economic model called the modular economy. In this modular economy, quality
is manifested by the evolutionary design of more sophisticated and customized
products that can satisfy consumers’ satisfaction to a higher degree. Two es-
sential features of the modular economy are founded through the agent-based
simulation of a duopolistic competition. First, market competition tends to be
self-annihilating; the competition will eventually end up with a dominant or
a monopoly firm (conglomerate). Second, the high-markup firm has a better
chance to be the only survivor than its low-markup competitor. We analyze
these features through the complex cyclical dynamics of prices, profits, divi-
dends, investment, working capital, and quality.
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1 Introduction

While price competition plays an essential role in economic analysis, it is well-
known that in an economy where products are heterogeneous and dynamically
evolving, competition among firms is not restricted to price [14]. Non-price
competition or quality competition in various forms is prevalent in the mod-
ern service-based economy.We are, of course, aware that non-price competition
is regarded as a typical form of behavior in the oligopolistic or monopolistic
industries. However, this study distinguishes itself from the conventional liter-
ature in terms of its foundation. We believe that a fundamental understand-
ing of the nature of non-price competition requires quality-oriented modeling,
which, unfortunately, cannot be trivialized as an extension of quantity-oriented
modeling or be built upon the same foundation.

Inspired by Herbert Simon’s work on near decomposability or modularity
[12]1, Chen and Chie have proposed a foundation suitable for quality-oriented
modeling, which they call themodular economy [5–7]. This modular foundation
brings us a new perspective of industrial dynamics that is not confined to the
familiar structure-behavior-performance paradigm [11,3]. The rest of the paper
is organized as follows. We first provide a primer on the modular economy
and agent-based modular economy (Section 2), followed by an agent-based
modular economy of non-price competition (Section 3). Simulation designs are
presented in Section 3.5, followed by the simulation results and their analysis
(Section 4). Finally, Section 5 gives the concluding remarks.

2 A Primer on the Modular Economy

In their series of early studies [5–7], Chen and Chie introduced a non-standard
approach to modeling economic dynamics, which, however, still keeps the es-
sential ingredients of the conventional economic model, such as preferences,
utility, production, and technology. They called this approach the modularity
approach, and the economic model built upon modularity the modular econ-
omy. Modularity refers to a structural relationship between a system as a
whole and the constituent components which can function as independent en-
tities. It is a key to harnessing a possibly unbounded complex system. Herbert
Simon [12] is probably one of the most influential pioneers, who inspired many
follow-up works appearing in various scientific disciplines [2].

1 Simon may never have used the term modularity, while his notion of near decompos-
ability was frequently renamed modularity in the literature [8], and Simon did not seem
to object to this di!erent name [2]. Of course, one has to pay particular attention to the
fine di!erence between the two. In particular, modules, as manifested in many concrete ap-
plications, may be viewed as only parts of near-decomposable systems. They serve as the
elementary units, which are fully decomposable and fully encapsulated and upon which near
decomposable (weakly-interacting) systems can be built.
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2.1 From Quantity to Quality

The mainstream economic model is very much quantity-oriented, probably in-
spired by the experience of the early Industrial Revolution. In this framework,
all economic activities are measured in terms of quantity. With this strong
quantity orientation, it is not an exaggeration to say that economic analy-
sis, by and large, is nothing but an application of mathematical real analysis.
Under this mathematical formulation, each economic entity (commodity, pro-
duction) is simply a number in a real space, and the entire economy is well
embedded by an infinite-dimensional space of real numbers.

Nevertheless, the modern economy has evolved to a stage which is very
di!erent from our early experience of the Industrial Revolution. The service
industry has replaced manufacturing industry and has become the largest com-
ponent in many countries’ gross domestic product. Values are no longer man-
ifested in tangible forms, but rather in intangible forms, such as goodwill,
reputation, trust and intellectual property rights. It is questionable whether
the quantity-based model can still be applicable for modeling the production,
consumption, and competition behavior under this service economy which ex-
periences incessant service innovations.

When innovations in their various forms become rules rather than excep-
tions, one may realize that the quantity-based economy, without giving eco-
nomic entities an explicit modeling of their inner nature and constitution as
well as outer forms (size and shapes), may shed little light on the inner process
of economic change. For us, the missing essential ingredient in the quantity-
based economy is modularity. Without this element, none of the models of
major economic entities, such as production, commodities and preferences,
make any explicit reference to structure, not to mention the possible hierar-
chical relations connecting di!erent commodities and di!erent preferences (or
quality of life). Furthermore, without this hierarchical structure, it is di"cult
to concretize economic changes into a developmental process crossing di!erent
levels of life quality.

2.2 Modularity in Economics and the Modular Economy

Chen and Chie [5] first gave a modular representation of preferences and pro-
duction, and defined themodular economy. A modular economy is the economy
in which both production and preferences can be represented by a hierarchical
modular structure. There are some discussions of this property, also called the
twin assumptions, in the literature. Related discussions for the former, modu-
lar production, had already begun since the pioneering work of Herbert Simon
[12], whereas the discussions on the latter, modular preference (modularity in
mind or brain), only began recently.2

2 For example, see [4] for the study of the modularity of mind or the mind as a near
decomposable system, and see [13] for the use of modularity in mapping the brain.
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Fig. 1 Increasing Marginal Utility in the Dimension of Quality

A sequence of hierarchical trees, from left to right, represents a sequence of commodities (in
a hierarchical modular structure) which matches a consumer preference (also in the modular
representation) exactly up to level 4, level 5, ..., all the way up to level 9. The utility that
the consumer has from these commodities is a power function of the satisfaction level, l. For
example, the one shown in the above figure has a base of 4, i.e., 4l!1. The synergy e!ect
and the increasing marginal utility are then manifested through this power function.

Despite their plausibility, how to represent preference and production by
a modular structure also presents challenges to economists. A solution to the
representation problem has been proposed by Chen and Chie [5]. They used
the context-free grammar, borrowed from computation theory or the theory of
formal language, to give both preference and production a hierarchical modular
representation, which is manifested as a hierarchical tree (see Figure 1).3 To

3 The representation of the preference and the production (commodity) space can be con-
structed using the theory of formal languages, for example, the Backus-Nauer form (BNF) of
grammars, which was invented by John Backus (1924-2007). The class of languages described
by the BNF, including recursively defined non-terminals, is equivalent to the context-free
languages (Chomsky’s type-2 languages). The well-known Chomsky hierarchy of languages,
established by Noam Chomsky, has four types of languages. From the languages generated by
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make this construct operational in the usual economic sense, they reconsidered
what a well-behaved preference is and proposed one essential condition for a
well-behaved preference, which is the synergy condition. Basically, it says that,
in a modular economy, the value of a commodity is not given in a vacuum,
but in the context (the hierarchical tree) in which the commodity is placed.
The synergy condition goes against our understanding of marginal utility:
while marginal utility is decreasing in quantity, it can be increasing in quality
(Figure 1). The high value-added commodity, as a distinguishing feature of
the service economy, can then be regarded as a natural consequence of this
well-behaved preference.

The operation of modular production requires few alignments; however,
the cost is no longer just a function of quantity but also of the sophistication
(quality) of the product. In fact, in the spirit of computation theory, the mod-
ular production implies a notion of product complexity, and cost is assumed
to be a positive function of product complexity. In addition, given the modu-
lar production, the firm’s decision is not just limited to quantity, but is also
extended to product diversity, specialization and sophistication (quality). A
firm in this extended decision space behaves more like a conglomerate. Con-
sequently, it has a further impact on the way in which we think of industry,
market structure, and, after all, competition.

The agent-based modular economy is then simply a multi-agent version
of the modular economy, meaning many consumers, many firms and many
investors, etc., and the economic phenomena are emergent properties of the
interactions of these consumers, firms and investors, as illustrated in Figure
2. These economic agents are generally heterogeneous in their preferences,
in their strategies, and in their investment guidelines. In addition, economic
agents are assumed to be adaptive in their preferences, strategies and invest-
ment rules. For example, firms are driven to search for better products in
terms of matching consumers’ preferences with higher and higher hierarchies,
through research and development. The firm’s adaptive competitive process
can be modeled through genetic programming (GP) [9], since GP is developed
to conduct various biologically-inspired alterations (innovations) of products
when all products are represented by the context-free grammar.4

the very restricted grammars to those generated by the unrestricted grammars, they are the
regular languages (generated by the regular grammars), the context-free languages (by the
context-free grammars), the context-sensitive languages (the context-sensitive grammars),
and the recursively enumerable languages (the unrestricted grammars). The one generated
by the more restricted grammars is a proper subset of the one generated by the less re-
stricted grammars. In addition, based on the languages that can be accepted or recognized,
there is also a corresponding hierarchy of automata: the finite state automata (accepting
the regular languages), the pushdown automata (the context-free languages), the linear
bounded automata (the context-sensitive languages), and the Turing machines (the recur-
sive enumerable languages). In other words, the commodities and the preferences operated
in this paper are those which can be accepted by the pushdown automata. We can certainly
consider higher classes as a future direction for research. For the details of these technical
backgrounds, the interested reader is referred to [10].

4 For the use of genetic programming to evolve products in the modular economy, the
interested reader is referred to [6].
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Fig. 2 The Modular Economy

3 An Agent-Based Modular Model of Duopolistic Competition

3.1 An Overview

Before getting into the operational details of each agent (firm, consumer, and
investor), we first give an overview of the flow of the model. The dynamics of
the model can be regarded as a cycle as shown clockwisely in Figure 3. Each
trading day, date t, starts with consumers entering the market (Section 3.3).
Each trading day is composed of a number of trading rounds. Each consumer
enters the market in each trading round following a sequence which is randomly
determined. In each round, consumers shop around the market to obtain the
commodity which can satisfy them most in terms of the consumer’s surplus
given their budget constraints. Having gone through all these rounds of the
market day, they then leave with a basket of commodities, which, conditional
on their budget constraints, is in a sense satisficing. The sales and profits
of each product and their totals for each firm are then determined by the
consumer’s choices (Section 3.2). Based on the profits gained and the firm’s
dividend policy, each firm pays dividends to its investors (Sections 3.2 and 3.4).
After receiving the profit statistics and the dividends, the investors will make
their portfolio decisions and invest in each firm (Section 3.4). The investment
and the retained earnings become the firms’ working capital on which all
operating budgets are based. The firms will then make their resource-allocation
decisions and distribute the working capital to inventory adjustment and R&D.
The R&D will lead to some novel designs of products, which with the inventory
will result in a new set of products. Based on the firm’s marketing policy, this
new set of products will be post-priced and will then be sold to the market for
the next trading day. Then the clock ticks, and trading day t+ 1 starts.
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Fig. 3 An Overview of the Market Cycle

In this specific demonstration, the market scale is characterized by 100 consumers (house-
holds) and 2 firms.

We also summarize in Section 5.1 what has not been considered in the
specific model, while these excluded elements may be added later when such
needs are there.

3.1.1 Trading Institution

The trading institution is a posted-price menu system. There is neither bar-
gaining nor an auction being considered as the possible trading protocol in
this paper. All commodities produced at the end of the last market day that
become available at the beginning of this market day will be listed in the
menu. Consumers shop around and decide their priorities with the menu (see
also Section 3.3.1). If the commodity which a consumer is interested in has
been sold out, he will move down along his priority list and replace it with the
next a!ordable one; he will constantly shop until all his a!ordable commodi-
ties are run out or the market is closed. For all orders, whether satisfied or
not, the firm can sum all of them and derive the aggregate demand for each
commodity, denoted by di,t; of course, only when the demand is less than the
supply xi,t!1, can all consumers be satisfied. Nonetheless, based on di,t, the
firm can re-adjust its production plan (see more on Section 3.2.1).
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3.2 Firms

In the typical setting of a perfectly competitive economy, where products sold
in the market are homogeneous, price is the only key factor that distinguishes
between winners and losers. Firms with cost advantages survive. This is the
typical lesson taught in rather static economic theory. In a more practical and
dynamic business world, firms can compete for consumers’ interests via various
strategies. In addition to pricing, they can resort to product di!erentiation,
branding, customer relationship management, cost control, and innovation.
These strategies, in a simpler version, can be roughly categorized into produc-
tion (including R&D), marketing, and finance. In what follows, Sections 3.2.1
and 3.2.3 will detail the first two dimensions of the firms, whereas Section 3.2.2
will give the details of the last.

It is worth mentioning that firms have to compete not only in the prod-
uct market, but also in the capital market. Firms seek to have good market
performance by introducing favorable products into the market so that they
can attract more capital injections from investors. Given that consumer pref-
erences are di"cult to delineate, the high market performance would not be
possible without the continuous involvement of R&D, which in turn requires
more funding resources. Hence, Sections 3.2.1, 3.2.3 and 3.2.2, are closely tied
together.

3.2.1 Production and Sales

Commodity Initialization Just one unit of each commodity, based upon the
time when it was initially generated (discovered) randomly (by R&D), was
produced. Since the development of a new product is a trial-and-error process,
this setting allows firms to use their limited working capital to have a larger
exploration of the diversity of the commodities.

Production In each period t, a firm’s production is constrained by its total
working capital at that point (Kt). Working capital is first used to replenish
what has been sold and to make up (to a certain degree) for excess demand
experienced in the current trading period. Such a process is known as the in-
ventory adjustment. The speed of inventory adjustment is based on the given
inventory adjustment rate (!). After making such an inventory adjustment, a
firm will allocate the residual working capital to develop new products through
R&D to explore consumer preferences at a higher level. The extent of the resid-
ual capital devoted to R&D, "RD, will determine the scale of the exploration.
Although R&D can lead to a greater variety of firms’ products, it can be risky
since new products can fail badly. Putting these items together, the production
activities of a firm can be represented by the correspondence (1).

F : (Kt,!, "RD) ! {xi,t}, i = 1, ..., Nt; t = 0, 1, ..., T " 1, (1)

Here, Nt is the number of di!erent products supplied by the firm at time t,
and xi,t is the quantity of the ith product.
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Marketing and Sales Pricing or the markup rate is part of a firm’s marketing
strategy. This markup rate coupled with the production on the current trading
day will together determine the sales of the next period, which is represented
by expression (2).

M : (#, xi,t) ! {si,t+1}, i = 1, ..., Nt; t = 1, ..., T " 1; si,t+1 # xi,t. (2)

In this paper, the markup rate (#) is considered to be a constant applied over
the entire set of products and throughout the whole simulation horizon; hence,
we do not have to use the more specific notation, #i,t. The real sales of product
i at time t is denoted by si,t, which is to be distinguished from the monetary
sales, denoted by Si,t .

Given the triplet (!, "RD, #), the production, marketing, and resource allo-
cation of the firm can be described as follows. For each market day t, the firm
will be begin by replenishing the goods sold on the last market day, t"1. Based
on the inventory policy (!), the re-production of each existing commodity will
be based upon the excess demand for each good. More specifically,

xi,t = xi,t!1 + !(di,t " xi,t!1), i = 1, 2, ..., Nt!1, (3)

where di,t is the quantity of commodity i demanded on market day t.5 We
assume that all commodities are perishable, so Equation (3) is not just about
the desirable inventory level but also the desirable production level. Of course,
whether the firm is actually able to have enough capacity to fulfill its all
planned production depends on its working capital Kt. The firm is, therefore,
assumed to fulfill its planned production up to its capacity limit, and it will
produce xi,t sequentially, from 1, 2, ..., up to the largest i" (1 # i" # Nt!1)
such that

Kt "
!

i#i!

Ci(xi,t) $ 0, (4)

where Ci refers to the total cost of producing xi,t; Ci(0) = 0 for all i. By the
constraint (4),

xi,t =

"
xi,t, if i # i",
0, if i > i".

(5)

If i" = Nt!1, then all planned production will be realized.
In addition to the existing commodities i = 1, ..., Nt!1; in each period of

time, the firm will also allocate a share of its working capital in R&D so as to
develop new products. By the R&D policy ("RD), let

KR&D
t = (Kt "

Nt"1!

i=1

Ci(xi,t))% "RD. (6)

5 In this model, the unit of commodity can only be an integer, and cannot be fractional;
therefore, what Equation (3) actually does is to round o! xi,t if it is fractional. Once this
fine adjustment becomes clear, we shall not further complicate the notation, and shall use
xi,t throughout the paper.
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The firm will then useKR&D
t to produce a series of new products, each initially

with one unit, also sequentially up to a maximum number $Nt!1, such that

KR&D
t "

!

i#!Nt"1

Ci(xi,t) $ 0. (7)

The number of commodities produced by the firm is now updated to Nt, where
Nt = Nt!1 +$Nt!1. The firm then sells {xi,t} (i = 1, 2, ..., Nt) in the market
on the next market day t+ 1, and, by the marketing policy (#), acquires the
monetary sales Si,t+1 on the next market day for each commodity i (i = 1 to
Nt),

Si,t+1 = si,t+1 % [(1 + #)% ci(xi,t)], si,t+1 = min{xi,t, di,t+1}, (8)

where si,t+1 is the quantity of the product i sold on market day t + 1 and
ci(xi,t) is the average cost of producing xi,t.

3.2.2 Working Capital

The di!erence between total sales and total costs gives the profits earned by
the firm in period t. Alternatively,

%t+1 =
Nt!

i=1

Si,t+1 "
Nt!

i=1

Ci(xi,t), (9)

The profit will then be distributed to the firm’s investors as dividends (Dt),
based on their investment share and based on the firm’s dividend (or retained
earnings) policy, i.e.,

Dt+1 = max{0, REt + %t+1 "REmin}, (10)

whereREmin is the minimum retained earnings that the firm would like to keep
for the cushion purpose, and REt is the retained earnings carried over from
the last period (period t), which is the undistributed earnings after taking into
account production, R&D, and dividends. After receiving the dividends, the
investors can decide their re-investment in the firm, based on its performance
(see Section 3.4). Denote the total investment that the firm receives from the
investors at time t+ 1 by It+1. The dynamics of the working capital is given
in Equation (11).

Kt+1 = (Kt "
Nt!

i=1

Ci(xi,t)) +
Nt!

i=1

Si,t+1 "Dt+1 + It+1

= REt +
Nt!

i=1

Si,t+1 "Dt+1 + It+1 (11)

By Equation (10), ifDt+1 is positive, then we have forKt+1 at least a minimum
of REmin. Table 1 gives the full cycle of one market day.
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global-variable [ t T ]

firms-own-variable [
currentCapital
ratioRD
markupRate
commodities

]

consumers-own-variables [
currentBudget
preference

]

investors-own-variables [
currentEndowment
currentDividend

]

t = 0
ask investors [ invest one-of Firms(currentEndowment) ]
ask firms [

updateCapital(currentCapital)
initialCommodities(currentCapital) ]

ask consumers [
search&shopCommodities(preference, currentBudget) ]

ask firms [ calculateProfit updateCapital(currentCapital) ]

for t = 1 to T
ask firms [

updateCapital(currentCapital)
foreach commodity [ updateInventory(currentCapital) ]
innovateCommodities(currentCapital ! ratioRD)
foreach commodity [ markupPrice(commodities, markupRate) ]

]
ask consumers [

search&shopCommodities(preference, currentBudget)
]

ask firms [
calculateProfit
distributeDividend(investors)

]
ask investors [

evaluateFirms(currentDividend)
reInvestment(currentEndowment)

]
next t

Table 1 Pseudo Code of the One Cycle of the Market Day

3.2.3 R&D

R&D is the sole source of new products and is implemented by genetic pro-
gramming. Since all products are represented by parse trees, their generation
and alteration can be operated through genetic programming using the stan-
dard operators, including random initialization, crossover and mutation, as
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Population of 
Products

Parent1 Parent2Selection

….

Finding their common
subtrees with depth 2

Enclose these subtrees into
ADTs and extend the ADT base

ADT base

CrossoverMutation

Node Mutationoffspring1 offspring2

New Products

Fig. 4 Genetic programming as an engine for R&D.

shown in Figure 4. Genetic programming starts with some primitives, divided
into the terminal set and the function set, which in our application corresponds
to the set of raw materials and the set of processors. The function set is fixed,
but the terminal set is adapted with the market dynamics. New terminals (new
modules) are founded through pattern searching, which is basically in order
to identify the common part (the common subtree) of the successful products.
These terminals, also called the automated defined terminals, will then be used
in the genetic alteration (mutation) of the existing product.

3.3 The Consumers

3.3.1 Search

On each trading day, each consumer will enter the market in an order which
is determined randomly. Each consumer then will decide what to place in his
basket through search (shopping). How extensively they will search depends
on a parameter search intensity ("s), which is exogenously assigned to each
consumer. The search intensity then determines the fraction of sellers which
the consumer can reach. For example, if search intensity is 50%, then the
consumer can reach half of the sellers in the market. If there are two sellers,
then the consumer can visit one of the two.

Without losing generality, consider now that the ith consumer enters the
market. He visits a number of firms determined by his search intensity. For all
firms which he visits, he examines all commodities in the menu (Section 3.1.1)
and calculates the consumer’s surplus for each commodity, i.e., the di!erence
between the highest willingness to pay and the actual price paid. The highest
willingness to pay is measured by the utility that the consumer will have by
consuming the product (the algorithm is to be detailed in Section 3.3.2). Based
on that, he ranks the commodities from the one with the highest consumer’s
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Fig. 5 Preference Matching

The tree in the upper left panel refers to the modular structure of the consumer’s preference,
and the tree in the lower left panel refers to the modular structure of the product to be
evaluated by the respective consumer. By following the module matching algorithm, the first
largest module matched is dark-printed and the second largest one is dotted-printed. After
these two, there is no further match down to the end. Hence, the utility that the consumer
can gain from this product is the sum of these two modules, i.e., 20 (=42 + 41). The right
part of the figure gives a list of all modules used to constitute the preference (upper right)
and the product (lower right). Various possible modules are arranged by the depth (level),
from the highest (the most sophisticated) to the lowest (the most primitive).

surplus to that with the lowest, and then picks those with the highest surplus
subject to his budget a!ordability. He then leaves the market, and the j+1th
consumer enters the market, and repeats the same procedure. This process
continues until all consumers have entered the market, and then this shopping
round is over, and the next shopping round begins. After a number of consec-
utive shopping rounds, a market day is over, and the calendar then moves to
the next market day.

3.3.2 Preference Matching

From the above, the computation of the consumer’s surplus and hence the
ranking of alternatives requires a matching between the modules of consumer’s
preferences and the modules of commodities. A module matching algorithm is
proposed to tackle this issue. The module algorithm applied in our modular
economy is satisfied by the following two principles, namely, maximum match-
ing and double-counting avoidance. The former simply indicates that we start
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the match with the largest module (the deepest hierarchical tree), then the
second, then the third, and so on until there is no further match. The lat-
ter simply says that any part of the module which has already been matched
should not be involved in the subsequent matches. In this way, the module
algorithm can be compatible with the quality-based economy associated with
the increasing marginal utility in quality. An illustration of using this match
algorithm is shown in Figure 5. In this example, the exemplar consumer has
two modules of his preference being matched, which leads to a total utility of
20. Equating the cost of the product to its product complexity or the number
of nodes, the cost of the product is 9, and, let us say that if the posted price is
10, by considering a 11% markup, the consumer’s surplus for this production
is then 10 (=20-10).

3.4 The Investors

In each period of time (on each trading day), each investor will decide in which
firm to invest and will invest in one firm and one only. This discrete choice
decision is made as follows. We consider two kinds of investment behavior.
The first kind involves the zero-intelligence investor, who basically throws a
fair coin to decide in which firm to invest. The second kind is the myopic
best-response investor, who decides in which firm to invest in a stochastic
manner. The probability is proportional to the rate of return for each firm in
the previous period.6 Each investor will behave by following these two modes
of behavior stochastically. The chance to behave randomly is parameterized
by pZI and the chance to behave more rationally, therefore, is 1 " pZI . This
simple design is mainly to relate investment motives to profits and treat the
mixture of all other motives as noisy behavior. There are, of course, a lot of
variations in this design, and we will not fully exploit other possibilities in this
paper, but leave them to subsequent studies.7

The size of the investment depends on the investors’ total available en-
dowment accumulated up to the last period, Bt!1, starting from an initial
endowment B0. This endowment will be divided into two parts, that for in-
vestment and that simply for hoarding or for future investment. In this article,
we consider a fixed proportion between the two, and let the parameter & be
the proportion for investment, and hence 1" & for hoarding.

We also calibrate an investment upper ceiling for each investor. This ceiling
is set to avoid the overproduction of the current economy. The overproduc-
tion can happen because the number of consumers is exogenously fixed in
this economy, which inevitably leads to an upper bound for the total fea-
sible expenditures. Of course, this artificial constraint can be removed in a

6 This linear probability rule can be applied to the cases when both firms have either
positive or negative rates of return. However, when one firm has a positive return and one
firm has a negative return, we assume that the myopic best-response investor will only be
interested in the firm with positive returns.

7 For example, we are thinking how this model can be applied to the study of the behavior
of the venture capital industry in light of the empirical data.
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Table 2 The Parameter Settings

Parameter Type (Variable) Range Value
Producer

Number of Firms Integer (Np) [1, "] 2
Initial Working Capital Integer (K0) [0, "] 100!B(Ni, 0.5)
Inventory Adjustment Rate Real (!) [0, 1] 80%
Markup Rate Real (") [0, "] (1) 10% (2) 15%
R&D Rate Real (#RD) [0, 1] 1%
Retained Earnings Integer (REmin) [0, "] 500

Consumer
Number of Consumers Integer (Nc) [1, "] 100
Consumer Income per Period Integer (I) [1, "] 10,000
Search Intensity Real (#s) [0, 1] 100%

Investor
Number of Investors Integer (Ni) [1, "] 100
Initial Budget Integer (B0) [1, "] 1,000
Probability of ZI Strategy Real (pZI ) [0, 1] 20%
Reinvestment Ratio Real ($) [0, 1] 80%
Investment Ceiling Integer [0, "] 2000

Time Schedule
Number of Rounds per Trading Day Integer (R) [1, "] 5
Number of Trading Days Integer (T ) [1, "] 5,000

Note: (1), (2) are the parameters for low- and high-markup firms, respectively.
B(n, p) is the Binomial Distribution with n trials and success probability p.

general equilibrium model where investors and consumers are given a one-to-
one correspondence and a higher accumulated endowment naturally leads to
higher purchasing power. Nevertheless, a general equilibrium approach to the
modular economy is more demanding and hence only a partial-equilibrium ap-
proximation is made in this paper. We will come back to this point in Section
5.1.

3.5 Simulation Design

Table 2 summarizes the values of the parameters of the agent-based modular
economy. In this study, to make this di!erence sharp, the high-pricing firm is
associated with a markup rate of 15%, and the low-pricing firm is associated
with a markup rate of 10%. 100 runs of the simulation are conducted, and
each run lasts for 5,000 iterations (5,000 trading days). Each trading day is
composed of five trading rounds.

Simulations are run using the software ModularEcon, which is available
on the website of the open source codes for agent-based modeling,
http://www.openabm.org/model/3863/
The software is written using Java and is compiled through Borland J Builder
6. It is implementable under the DOS environment. Parameters are specified
in the file innvo.ini, whereas innvo.jar is the execution file. Various outputs
regarding households and firms are written in the Excel files. As a simulation
of the evolution of the economy, the modular economy is very computationally
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Fig. 6 The Market Share of the Low-Markup Firm (100 runs)

demanding. Depending on the given complexity of consumer preferences and
the endowment, it may take an Intel Core i5 4-core processor 10 hours for a
run with 5,000 market days.

To be specific on the question which we ask, in this study, we start with
the simplest situation, namely, a duopolistic competition in which one firm
adopts a high-markup strategy and the other firm adopts a low-markup strat-
egy. While we do not further di!erentiate their competition strategies in other
dimensions, the interdependence of various strategies may still cause the re-
sultant behavior of other dimensions to be di!erent. Since pricing is not the
whole of the decision framework, this agent-based modular economy, therefore,
provides us with a di!erent view to reflect upon nonprice competition: how
important is nonprice competition in such an economy? The general question
to be addressed in this research framework is: to what extent can or cannot
the economy accommodate the nonprice competition so that heterogeneous
products, advertising and R&D are all emergent properties associated with
di!erent degrees of price di!erentiation?

4 Simulation Results

4.1 A Macroscopic View

4.1.1 Market Share Dynamics

Would the high-markup firm necessarily be driven out by its low-markup com-
petitor, as normally suggested by the convenient price-competition argument?
Figure 6 gives the summary statistics of the market share8 acquired by the
low-markup firm over the 100 independent runs of our duopolistic competi-
tion model. Two summary statistics presented here are the mean, which is

8 Since the two firms di!er in terms of their products supplied, a comprehensive market
share covering all products sold is used here. Let mktLt represent the market share of the
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Table 3 Mean Performances of Firms for Other Production Criteria

Markup Setting Sales Profit Working Capital
High-Markup 21,722 372 46,777
(" = 15%) (19,539) (575) 41,428
Low-Markup 13,467 7 29,640
(" = 10%) (16,522) (430) 25,052
p-value 0.0007 0.0000 0.0003

From the second to the fourth columns is the average sales, profits and the working capital,
respectively. The average sales and profits are taken over the entire 5,000 periods for each
run and over 100 runs. The average working capital is simply the average of the final working
capital (K5,000) taken over 100 runs. Sales (St), profits (%t), and working capital (Kt) are
described in Section 3.2. The third and the fifth rows, i.e., values inside the parentheses, are
the respective standard deviations. The last row gives the p-value of the null that the mean
of the low-markup firm is higher than the mean of the high-markup firm.

light (blue) colored, and the median, which is dark (brown) colored. To make
the results easier to see, the 50% line, in which the two firms are tied, is
drawn in the middle as a contrast. With this contrast, we observe that the
low-markup firm’s market share (the mean, the light-colored line) decreases
slightly at the beginning and then becomes rather steady around 45%. This
result alone may be surprising enough for those who tend to rely on the simple
price-competition argument. In our case, not only did the high-markup firm
survive, but it seems to have performed slightly better than the low-markup
firm.

Nevertheless, the real surprise begins with the median line (the dark-
colored line). This line behaves very di!erently from the mean line (the light-
colored line), indicating that our sample based on the 100 runs is not that
bell shaped. Based on this median statistic, more than 50% of the low-markup
firms, when competing with the high-markup firms, did not even have a decent
share. Starting with 50%, the median then dropped quickly in the first few
hundred until about 10% firms were left, and fluctuated around there for the
rest of the time without seeing any chance of improving.

4.1.2 Investment, Profit and Competitive Advantages

The higher markup rate accompanied by a higher market share may indicate
that the high-markup firm also has a superior performance in terms of profits
and hence working capital. The question is how much superior it could be.
Table 3 gives the answer. The third column of Table 3 gives the average profits
of both firms. The average is taken over five hundred thousand periods, 5,000
(periods) % 100 (runs). This di!erence in size is quite remarkable: on average,
the profit earned by the high-markup firm is about 50 (372/7) times higher
than the profit earned by the low-markup firm. Even though we normalize
this absolute profit by the respective sales (the second column), the e!ective

low-markup firm in period t. mktLt =
SL
t

SH
t +SL

t

, t = 1, 2, ..., T, where SL
t (SH

t ) are the total

monetary sales of all products o!ered by the low-markup (high-markup) firm in period t.
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profit of the high-markup firm is still 32 times higher than that of the low
markup firm. This implies that many of the products sold by the low-markup
firms su!ered from losses, and its successful products were not well balanced
by these failures.

One possible explanation is that the low-markup firm did not invest enough
to develop high value-added products, and the customers of its lower value-
added products were eventually attracted away by its competitor’s discovery
of successful high value-added products, a feature of vertical competition in
this modular economy. The fourth column of Table 3 actually gives the end-
period working capital. On average, the high-markup firm can attract 50%
(46,777/29,640) more of the investment than the low-markup firm. This is
part of the cumulative process that good profits, based on our assumption of
the investors’ behavior (Section 3.4), will attract more investments which help
R&D and lead to the discovery of higher value-added products. Investment
and profitability then reinforce each other as positive cycles. However, not all
R&D will necessarily lead to fruitful outcomes, and some bad luck can put a
brake on these otherwise infinitely growing cycles. Maybe this “natural” law of
bad luck helps explain why the high-markup firm can only attract 50% more
investment than its competitors.

4.1.3 Sales and Profits

To better understand the risk of R&D and hence the risk of investment, we
further look at the relationship between sales and profits. In a quality-based
economy, high sales normally come from the successful innovation of high-
valued products which beef up price per unit and then the total sales, too. If the
cost is assumed to increase linearly with quality (complexity, sophistication),
as we have assumed, then the profit function (of sales) for firms should have
a quadratic shape with a positive second-order term.9 To see whether this is
the case in our simulation, we first plot in Figure 7 the average sales and the
average profits of each single run, with the average being taken over the entire
5,000 periods of simulation. Hence there are a total of 100 points in each panel
of Figure 7. The plots suggest that the profits-sales relationship can be curve-
fitted by a quadratic function but with a negative second-order term, which
indicates that profits do not necessarily increase with sales.

A further examination of the negative second-order term unveils the nature
of the business failures in this modular economy. To take a closer look, we
expand the right panel, corresponding to the high-markup firm, of Figure 7 in
Figure 8. This expansion can help us quickly identify three areas, as indicated
by A, B and C. The first two are high sales areas, and the di!erence between
these two is that in area A high sales are also associated with high profits,
whereas in area B high sales failed to generate such profits. Firms in area
A correspond to a well-established position in the industry. First, the rival
firm had probably already been driven out and hence these firms survived as

9 See [5] for more details on these settings.
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Fig. 7 The Plot and the Curve-Fitting of the Sales and Profits: The Low-Markup Firm
(Left) and the High-Markup Firm (Right)
Each point in the plot above is the average sales and average profits of one single run, with
the average taken over the entire 5,000 periods of simulation. The dark curve is the quadratic
curve fitting the scattering points. The fitted regression and the R2 are given in the top of
the diagram.

the only supplier of most products, and, second, the R&D well supported by
investors’ confidence and investment successfully led to a set of high-value-
added products. Firms in area B are less lucky. They also discovered some
high-value-added products and possibly became the sole suppliers of many
products, but their net profits deteriorated due to many co-existing failures of
R&D projects.

Area C denotes those firms that were struggling badly. Many of them
were almost driven out by not being able to sell anything (very low sales) or
making profits on a few of them but su!ering losses on many others (negative
net profits). The limited working capital which they attracted can hardly help
them develop sophisticated quality products, which are also characterized by
low sales.

The above analysis applies well to the low-markup firm (left panel, Figure
7), which has these three very similar clusters as opposed to the high-markup
firm. The only major di!erence between the two is that the downward curva-
ture occurs much earlier and is stronger for the low-markup firms than for the
high-markup firms. This is again evidence that the low-markup firm has di"-
culties developing high value-added products, partially due to the low profits
earned and its being less attractive for investors.
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Fig. 8 The Three Clusters of Firms in the Sales-Profits Space: The High-Markup Case

Table 4 Regression of Consumers’ Satisfaction on Market Share

Mean Utility (Ui,t) Max Utility (Umax
i,t )

mktH 19.3884 23.8948
(p-value) (0.0000) (0.0000)
Constant 26.5513 45.4781
(p-value) (0.0000) (0.0000)

R2 0.115 0.096

4.1.4 Consumer’s Surplus

Leaving the competitive advantage of firms aside, we now turn to consumers
and inquire whether our consumers are better o! in this modular economy.
In this economy, we have 100 consumers with heterogeneous preferences. How
well have they been served by the duopolistic competition? One simple way to
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Fig. 9 The Results for the Low-Markup Firm (individual runs)

answer this question would be to examine how consumers’ satisfaction (realized
utility) is a!ected by the market share of the high-markup firm. Let Ul,i,t be
the satisfaction level of the lth consumer in the tth period in the ith simulation.
Here, we run a regression of the consumers’ satisfaction on the market share
of the high-markup firm (mktHi,t). We consider two dependent variables: the
mean satisfaction (Ūi,t) and the maximum satisfaction (Umax

i,t ), where

Ūi,t =

#100
l=1 Ul,i,t

100
, Umax

i,t = max{Ul,i,t}100l=1. (12)

We run the regression by pooling all 100 simulations together which provides
data with 500,000 observations (100 runs each lasting for 5,000 generations),
and the results are shown in Table 4. The result shows that consumers’ satis-
faction can be enhanced by the market share of the high-markup firm, although
the latter has only limited explanatory power.

4.2 A Microscopic View

4.2.1 Can Duopolistic Competition be Sustained?

The great discrepancy between the market shares in terms of the mean and
the median, as depicted in Figure 6, prompts us to take a careful look at each
individual run. A detailed examination based on individual runs suggests that
various complex market share dynamics exist, which cannot be well captured
by just two simple statistics. To e!ectively summarize various observed dy-
namic patterns, we categorize the 100 series into groups based on their essen-
tial features and only highlight these features through the few representatives
as demonstrated in Figure 9.

First of all, it is the emergence of the monopolist out of our initially
duopolistic competition, which is a result not easily seen from the summary
statistics as in Figure 6. In 87 out of the 100 runs, we see the result that either
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the low-markup firm was completely driven out by the high-markup firm (Fig-
ure 9-a) or the other way round (Figure 9-b). 50 out of these 87 runs belong
to the former, whereas the remaining 37 runs belong to the latter. Therefore,
while we start with a duopolistic competition, it is more likely that the indus-
try will end up with only one surviving firm or one gigantic firm, instead of
sustaining the given competition.10

Secondly, duopolistic competition did remain for the other 13 runs. These
can be further divided into two types, one with severe competition for most
of the time and one with a rather stable division of market share. The former
is demonstrated by Figures 9-c and 9-d, where one firm has been constantly
threatened by its competitor with market share not only characterized by
sizeable jumps, but also characterized by frequently fatal attacks. The latter
is illustrated by Figure 9-e where two firms co-exist and divide the market in
a relatively stable manner for a prolonged period of time. This stable duopoly
case is rare and occurs only three times out of our 100 runs.

4.2.2 When do the Prices Matter?

The analysis carried out up to this point has clearly indicated the competi-
tive advantages coming from a high-markup rate, and shows that “high-price,
high-quality” can be a dynamically winning strategy. However, this lesson,
as already shown in Figure 2, should be viewed with caution since it has a
probabilistic nature that involves a degree of risk or uncertainty. In the initial
stage of the duopolistic competition when the high markup firm has not suc-
cessfully developed its high value-added product, it might compete with the
low-markup firm with almost the same set of products. This initial situation
can be very unfavorable for the high-markup firm, given that our consumers
have perfect knowledge of the price distribution as set in Table 2. This hap-
pens in a number of our runs. To get an idea, only four are shown in Figure
10. All the four sample runs show that the high-markup firms were almost
driven out before the 1,000 trading days. These four cases have been particu-
larly chosen to demonstrate that even in the early stage the high-markup firms
already had some chances to be threatening enough for the low-markup firms,
but they were not lucky enough to successfully stand on a high plateau and
were eventually caught up by the lower markup firms which developed similar
products and regained their market share.

5 Concluding Remarks

We present an agent-based modular economic model which can better corre-
spond to the era of the quality-based economy, a service economy experiencing

10 Of course, wee can never be so sure about whether the monopoly outcome is an equi-
librium or what Ken Binmore has called the hanging valley (hanging glacier) for which the
instability is hard to observe in a limited period of time [1].
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Fig. 10 Disadvantageous Early Competition: The Market Share of the Low Markup Firm

incessant service innovation. The suggested modular economy reveals a num-
ber of interesting features. First, its market share dynamics has the tendency
to move toward the winner-takes-all kind of “equilibrium”. Alternatively put,
the competition process turns out to be self-annihilating. Second, based on
our simulation, the high-markup firm has a higher chance of being selected
as the winner than the low-markup firm. Hence, a broad interpretation of the
law of one price is not sustained. In this modular economy, the high-markup
rate can be a viable marketing strategy. Third, the market share dynamics is
filled with jumps, discontinuities, instability and catastrophic changes. Hence,
regardless of the pricing strategy, the business risk inherent in this modular
economy is high, and what can be worse is that to develop an early-warning
system can be practically di"cult, if not infeasible.11

The above observations can, of course, be more carefully examined in a
further study. Here, we sketch some possible directions in which to go. First,
in this study, the di!erence between the high-markup firm and the low-markup
firm consists of only a five-percent di!erence, namely, 15% vs. 10%. It is based
on this specific parameter setting that the non-price competition matters and
the high markup can be a viable strategy. Consequently, it is then important to
know how far we can go along these lines by allowing for a more distant markup
rate. In other words, what is the bound for the non-price competition? This
question is important because it may help us gain insights into the sustainable
empirical price distribution in an oligopolistic industry.

Second, up to this point, it is very di"cult to see the competition being
sustained in this modular economy. 80% of our runs end up with a monopoly
industry where only one firm (one conglomerate) survives. One would, there-
fore, like to see whether this “iron law of monopoly” would remain if we were
to start with an oligopolistic industry with more than two conglomerates, i.e.,
to inquire whether the number of firms matters in our simulation. One imme-
diate follow-up is to take the duopolistic competition as the benchmark, and
to see whether the three-firm competition will have an equal probability of
getting the monopoly outcome.

11 See also [7] for similar results.
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Third, the current operation of the markup rate is very simple; it is just
a fixed uniform rate applied to all the products that the firm produces. It is
possible to have di!erent mark-up rates for di!erent products, some high and
some low, but this flexibility has not been explored in the current study. In
addition, it is possible to make the mark-up rate endogenously evolve as a com-
petitive strategy. Again, we can then take the current version of a fixed uniform
markup rate as the benchmark to see whether the “iron” law of monopoly is
indeed iron when a more flexible markup rate policy is adopted. This may
help us to see why oligopolistic competition can be sustained for a long time
in some industries, such as Coca Cola and Pepsi.

5.1 Extensions

The modular economy introduced above can certainly be extended by con-
sidering many more interesting behavioral aspects of consumers, investors
and firms. For example, each consumer can make his decisions independently
based on his search only. One can certainly make these decisions more sociable
through social networks and word of mouth. The behavior of investors can also
be more sociable by allowing for some degree of herding. Despite these great
varieties, for us, the greatest challenge for the current stage of the model is that
the current model is not close in a stronger sense of being a general equilibrium
model or in a weak sense of being consistent in all balance sheets. It is true
that most agent-based economic models started with a partial-equilibrium set-
ting and did not check the consistency of balance sheets. Recent agent-based
modeling has, however, paid attention to this development. In the future, it
is expected to endogenize the purchasing power of the consumers by equating
their income to the received dividends.
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