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Chapter 1

Introduction





1.1 Land markets and public policy

The organisation of human social and economic life is constrained by time as well as
space. The spatial component does not only pose limitationsin the form of distances,
but can also offer possibilities for development as a resultof favourable location
characteristics. Some of the characteristics of a locationare dictated by natural cir-
cumstances such as climate, altitude, and the presence of water and natural resources.
Others result from human activity: agriculture, cities, roads, and ports. There often
exists a clear dependency between the two parts, though sometimes human activity
seems to overrule nature. With sufficient cultivation, agriculture can be situated in
areas that do not have a favourable soil; some major cities are vulnerable to earth-
quakes or lie below sea level.

A relatively recent concern in many regions of the world is the protection of na-
ture against any form of human use. This can apply to the conservation of specific
animal or plant species to avoid extinction, or to the protection of entire habitats and
even ecosystems. Indirect benefits from protection are often related to climate change
issues and deforestation. Forests can secure CO2 absorption. Refraining from certain
types of agriculture can reduce the emission of CO2 and other green house gasses
such as methane. Besides these indirect benefits, the presence of nature is generally
also considered to contribute to an overall ‘quality of life’. Many people like the view
of a landscape that is not dominated by housing or industry. And even if the view it-
self is not enjoyed frequently, there exists—at least in countries and regions with a
high population density—a concern about the conservation ofopen space, as land
that is simply not used as a built environment. In these areas, where undeveloped
land has become a scarce resource mainly for its quality as open space, governments
impose restrictions upon development by means of zoning. Instead of prohibiting
people to enter certain areas, governments might introducenational parks as a means
of protecting areas against resource exploitation, while simultaneously allowing for
recreational and educational use. This combination can be applied especially for the
protection of open space, because part of recreational use might be enjoying wide
views, even if they concern agricultural land rather than a natural reserve. Although
the amount of protected areas and the degree of protection may vary across countries
and continents, particularly in smaller densely populatedregions (Western Europe
and especially the Netherlands), finding the right balance between land use and pro-
tection has become a major concern in public policy (Centraal Planbureau, 1999;
Ministerie van VROM, 2000, 2001). National governments canrespond withland
use planning, sometimes combined with regional development programmes. Land-
scape planning might be an issue at a regional level, with theimage of the landscape
being protected under the UNESCO Heritage programme. Some regions define their
competitive advantages not only in terms of economic and social structure but also
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Introduction

Figure 1.1: Open space as an excavation near Enschede (NL)

by the presence of natural amenities, in order to attract economic activity or to keep
it within their borders. At the local level, municipalitiesoften take care of the legis-
lation for—or in the Netherlands frequently even the supply of—residential housing,
industrial sites, recreational parks, and green belts. By incorporating conditions in
contracts when selling land to third parties, local governments acting as private own-
ers can implement environmental policy goals for specific sites or industries. In most
countries a substantial part of the total area of land is privately owned. The own-
ership of a parcel might change in these countries by tradingthe land on a private
market. As a consequence, public policy with respect to landuse—often labelled
land policy—also needs to address theland market. Marking the position of a gov-
ernment relative to a market is an important topic ineconomics of the public sector.
The traditional approaches in this sub-discipline of economics rely heavily on the
neoclassical general equilibrium framework and itsWelfare Theorems. These theo-
rems suggest that under specified conditions an allocation of goods by a market is to
be preferred over a central allocation by the state. Exceptions apply to goods that do
not allow for the isolation of individual consumption, the so-calledpublic goodsand
goods that induceexternal effects. Whether the Welfare Theorems can be applied to
the allocation of land and whether they can serve as a basis for land policy are the
main questions to be addressed in this thesis.

Recent literature in spatial economics follows earlier observations by economic
theorists, showing that the neoclassical framework is unsuitable for explaining the
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Figure 1.2: Environmentalists’ action concerning the conservation of open space near Leiden
(NL)

formation of agglomerations. Because a theory of agglomeration formation is in-
dispensable in a welfare assessment of land policy, it is likely to be necessary to
first redefine the concept of welfare—orwell-being—in a spatial context. Once the
concept ofspatial welfareis clarified, it might serve as the basis in the assessment
of sustainableland use planning. The concept of spatial welfare can therefore be
considered as a first step in thetransitiontoward sustainable land policies.

1.2 Spatial welfare

Many changes of land use types are irreversible, at least forsome years or decades.
In addition, locations themselves are always geographically unique, and are rarely
isolated. The concern about anoptimal—or at least ‘right’, however that is de-
fined—land use type is closely tied to thevalue that people can assign to a par-
ticular parcel. This value does not need to be expressed in monetary terms directly.
Following microeconomic theory, a market price is rather the monetary valuation
of the trade-off people experience in consuming more of one good at the expense
of another. If the trade-off is derived from some measure designating the level of
well-being, the meaning of the word value is related to this level of well-being first
and the market prices second. In that case, instead of ‘value’ the termsocial valueis
occasionally used in economic literature. The optimality of a market allocation then
depends on the correspondence between social value and market price.

Adopting this usage of the term value, the social value of land can be thought of
as a combination of two other values:
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Introduction

1. The value of the land itself,

2. The value of the land use type, or the good on the land.

In the case of commercial use of land, the market price often refers to the second
value, while it is actually combined with the first. The priceof a new house, for ex-
ample, is usually higher than the total costs of building it.Price minus the building
costs represent the value of the land on which the house is built. Whether the market
price of land corresponds exactly to its social value depends on how well the land
market operates in economic theoretic terms. This question(the main research ques-
tion in this study) will be addressed in more detail in section 1.3. The social value
of protected areas is usually not made explicit by a market price, perhaps with the
exception of privately owned parks for which an entrance feeis charged for visitors.
In most cases the value of the protected area concerns the second value (the land use
type) for example the ecosystem it is part of. Sometimes, thevalue of a protected
area of land might also be expressed as the potential market price the land would
yield in case of development, determined—in turn—by the market value of the land
use type, for example residential housing.

In commercial and non-commercial use, or even ‘non-use’—forexample in the
case ofopen space—, the value of land can be derived in principle from ademand
for land. The demand for land with a commercial land use type can be translated
directly to location choices of consumers and producers. If—in a first assessment—it
is assumed that all existing houses, offices, plants, etc. are in use in the sense that
demand equals supply and no vacancy exists, the corresponding land use type is
fully determined by the demand that follows the location choices of all consumers
and producers. In reality, however, the situation is often far more complex. Houses
can be vacant in one district of a town, while there is a shortage in another. Some
regions still have plants and other facilities within theirborders that belong to a type
of industry that has moved to another region; often another continent. Finally, some
natural areas are under constant pressure of expanding cities, where the support for
environmental protection groups reveals a demand for nature instead of housing in
at least some parts of society. Demand for and supply of land and the accompanying
land use type do not match in many situations. Before discussing the division of
roles between public policy and the land market in equating demand and supply with
respect to both market and social value, more specific characteristics of land as a
good in economic theory will be discussed.

1.2.1 Space as an economic good

People are usually not indifferent when choosing locations, for example if they con-
sider buying a house. As a result, there exists some degree ofmonopoly for owners
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selling or hiring out land. In line with the discussions above, the monopoly often
rather applies to the specific characteristics of the land, such as the type of house
built on it. Extending the example of buying a house, although two houses can be
very different, people usually buy only one. Different houses are similar goods, but
individual consumers have a preference for certain characteristics of the house or
its location. Therefore, housing can be considered adifferentiatedgood. The land
market—and thereby the housing market—could therefore be best defined as an
oligopolisticmarket. Competition exists, but land owners are likely to enforce some
degree of market power, depending on the demand for relatively scarce characteris-
tics.

Development of land could be considered as the production of, for example,
residential space. If a city expands, it does so usually by building new districts and
thereby increasing its total surface area. Only in larger cities is the supply of space
significantly increased in the centre by means of high-rise buildings. Extending the
borders of residential and industrial areas comes at the loss of undeveloped land
as nature or open space. Societal concern about the preservation of undeveloped
land can also be interpreted as the demand for anon-market good. This demand
can in turn be translated to a value or a contribution to social welfare or level of
well-being. Tools for assessing these values have been developed for—or are at least
predominantly applied in—environmental economics, such ashedonic pricingand
thecontingent valuation method. Although the latter can be adopted for estimating
the existence value of, for example, a nature reserve, it does not directly assign a
value per square meter to the land itself that can be comparedto market price. Al-
ternatively, undeveloped land could be considered the mainproduction factor—as a
natural resource—in the production of developed land, but this perspective would
not do justice to the social value of nature. Even if the scarcity of land was addressed
similarly to other natural resources such as oil or coal, a forest also contributes to
welfare by its current presence, not only by its future use asan input factor.

These examples indicate that the value of land is a relatively difficult concept to
deal with in economics. On one hand it is a differentiated good, enforcing questions
with respect to market power on the side of land owners, whileon the other the valu-
ation of undeveloped land—as a non-market good—cannot readily assess the mutual
exclusiveness in the choice between use and non-use for the same parcel of land. The
issue of comparing the use and non-use value of land is furthermore complicated by
the fact that its market price not only reflects the use value of the quantity of land,
but to some degree also the value of characteristics—or thequality—of the parcel.

13



Introduction

1.2.2 Agglomerations and external effects

Groups of people living in the same area might induce considerable social and eco-
nomic impacts at a local level. These impacts are again part of the environment of
other people. This aspect of land use highlights the need forgreat care in defining
land use policy options from yet another perspective. In economic theoretical terms,
the direct impact people have on others can be characterisedas the presence ofex-
ternal effects. External effects play an important role in welfare analyses, because a
perfectly competitive market can be shown to achieve an efficient allocation of goods
only in theabsenceof external effects. In other words, from a theoretical perspective,
any deviation from these conditions will result in either anunder- or over-supply of
the good under consideration, in this case land.

One of the consequences of the dominant position of the neoclassical framework
in current microeconomic theory is that the presence of agglomerations is relatively
difficult to account for. Many plausible explanations for the existence of cities are
based on positive external effects, as an agglomerative force. In a somewhat simpli-
fied elaboration of this argument one could suggest that cities exist because people
like to live close to each other. Although this may hardly count as a sound explana-
tion, its relevance lies primarily in the implication that in neoclassical economics an
agglomeration would never be considered optimal. And as faras the optimal solution
is to be achieved, strict neoclassical economics ultimately can not explain the exis-
tence of agglomerations (Koopmans, 1957; Koopmans and Beckmann, 1957; Fujita
and Thisse, 2002).

Similar arguments can be developed for land use in a broader context. Decisions
on changing land use types, such as the conversion from agricultural to residential,
do not only affect the level of well-being of the land owners or the people that will
live in the new houses, but also other residents by altering the view of the landscape,
traffic congestion or the introduction of a nearby shopping centre. Many of these
effects are not allocated directly by markets and count therefore, likewise, as external
effects. These types of external effects are usually accommodated in a neoclassical
framework by pointing out that a government should intervene where markets fail.
From the perspective of public sector economics, land use planning and monitoring
the performance of land markets are therefore tasks that belong in the portfolio of
a government, securing a fair distribution of welfare amongits citizens. Whereas
this second type of externalities can be assessed in terms ofoptimality using the
neoclassical framework (Coase, 1960), the welfare effectsof their interactions with
agglomeration externalities are more difficult to interpret. More specific research
questions regarding this issue are introduced and discussed in section 1.6.
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1.2.3 Welfare in spatial equilibrium

From the perspective of public policy, land use planning would ideally be guided by
a framework that would allow policy makers to compare different kinds of land use
options using a single criterion. This criterion would incorporate economic, social
and environmental effects of land use planning and allow policy makers to evaluate
them using a single indicator. The search for a single indicator for policy evaluation
is not uncommon in economic theory, as the decision between competing projects is
often guided by acost-benefit analysis(CBA). If the benefits from the non-market
goods described in the previous sub-section are included inthe CBA, the indicator
should reflect the type of information required. Stated differently, this type of frame-
work—as a foundation for a model or tool—should facilitate theuser in conducting
aspatial social cost-benefit analysis.

In principle, a combination of different sub-disciplines of economics might be a
suitable starting point for developing such a framework. Ifeconomics is considered
to study the allocation of goods in the first place and the institutions that perform the
allocation in the second, the type of goods need not to be limited to those traded on a
market. Various types of non-market goods might be includedto cover environmental
and social aspects of amenities and agglomeration externalities. Furthermore, if it is
possible to derive an indicator that combines the various effects from land use as
a spatial welfare measure, its optimal development over time might also serve as
a proxy to the notion of sustainable land use. In resource economics and optimal
growth theory, sustainable development is defined as the fair distribution of a societal
welfare level over generations (M̈aler, 1974; Dasgupta and M̈aler, 2000). Following
this tradition, a framework that employs a spatial societalwelfare concept could in
principle be extended to assess the dynamics of land use patterns. How the fairness of
this distribution to successive generations can be assessed will need to be elaborated
further, but the starting point would be a ‘spatial social welfare function’.

In addition to the fairness of the distribution of welfare between generations, the
equity aspectsof a spatial welfare distribution can be assessed for a static solution of
an allocation problem1. Especially because prices on a land market partly reflect the
value of local characteristics, a tendency might occur in a region toward the exclusion
of certain income groups from enjoying a socially—or politically—desirable level of
environmental quality. If for example, from a theoretical point of view the negative
side effects of air pollution are efficiently compensated bylow housing prices, it can
nevertheless be unacceptable for a society to confront onlylow income groups with
this problem.

1 As will be argued in chapter 3, from a modelling perspective the word stationary is prefer-
able over static in many situations. Here, ‘static’ refers to the solution in which time does not play
a role.
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Introduction

1.3 Behavioural models

A cost-benefit analysis or a welfare analysis in general, relies on the comparison of
the welfare levels in two or more different situations. If one is the current situation,
the other situation or situations, will necessarily be counter-factual and a model is
needed for exploring possible welfare levels and comparingthem. Although this ob-
servation might seem rather obvious at first glance, it highlights the fact that even if
prediction is not the main goal of a CBA, a formalisation of the future behaviour of
relevant variables is still needed. The formalisation can range from an ad hoc extrap-
olation of the development of global market prices or economic growth, to a detailed
model of individual consumer behaviour. Especially with models that contain as-
sumptions about the behaviour of humans, as individuals or in aggregate, the results
of a CBA require a careful interpretation.

The costs in a CBA can often be related to market prices. In many cases the
behavioural model enters the CBA primarily in the estimation of thebenefits. Ben-
efits—or the improvement in welfare—can be expressed in a monetary value, either
as the willingness to pay (WTP) or willingness to accept (WTA).The type of be-
havioural model applied in this context is essentially usedfor estimating thedemand
for a good—in most cases a public good (see 1.2.3)—in a counter-factual situation.
A simple and practical example could concern the estimationof the benefits people
experience from extending existing infrastructure with a new bridge. The bridge does
not yet exist, hence the situation in which the bridge has been built is counter-factual.
A behavioural model is needed to derive an estimation of the number of people that
will use the bridge, once it is constructed. In an analysis similar to the way the de-
mand for a normal market good depends on its price, the demandfor a public work
such as a bridge can be thought to depend on a (virtual) price,its value, using the
same behavioural model. As long as a demand curve can be inverted, there exists a
one-to-one correspondence between demand and price, or value, and vice versa.

In traditional approaches to CBA the evaluation of alternatives is usually based
on an essentially neoclassical behavioural model for estimating benefits. This also
applies to cases where non-market goods would be taken into account, as in environ-
mental economics, following the tradition of M̈aler (1974). Neoclassical here refers
in a strict sense to the framework of Arrow and Debreu (1954) of which the condi-
tions, in terms of the behaviour of economic agents, have been summarised as four
axioms, or postulates, by Koopmans (1957, p. 53):

1. Non-increasing returns to scale for each producer,

2. A convex and representable preference ordering for each consumer,

3. Absence of interactions between any two production processes,
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4. Independence of any man’s preference structure from any production process
and from any other man’s choice.

If people accept prices as given under these conditions, it can be shown that
the allocation of goods isPareto efficient, meaning that ‘nobody can be better off
without making somebody else worse off’ (Stiglitz, 2000, p.57). This result is often
restated as: Under the conditions stated above, perfectly competitive markets secure
an optimal allocation of goods. As discussed in section 1.2,land policy is nearly al-
ways confronted with both positive and negative external effects, which implies the
violation of one or more of the conditions above. From a public policy perspective,
the framework needed for defining a spatial welfare level as the main indicator in
spatially explicit social cost-benefit analysis cannot rely on the neoclassical frame-
work for defining the counter-factual spatial equilibrium.The main reason is that a
spatial welfare function will need to accommodate agglomeration externalities, even
though the presence of externalities would suggest an inefficient allocation of land
in the neoclassical framework.

1.3.1 Space in economic theory

Until recently, mainstream economics was essentially non-spatial. More precisely,
in the neoclassical framework the locations where production and consumption take
place are not specified. It can even be shown that in general itis not possible to
extend the behavioural assumptions underlying the neoclassical framework without
affecting the efficiency of allocation in competitive markets (Koopmans and Beck-
mann, 1957). The requirement that direct interdependencies between agents—other
than those mediated by prices—are absent, reflected in postulate 3 and 4 cited above,
is especially problematic in a spatial context. For example, most people tend to live
in cities at least partly because of the opportunity to interact socially—and not only
economically—with other people. Alternatively, if interaction is limited to market
interactionsproduct differentiationis required, which would violate postulate 1 (be
discussed in chapter 4). The dominant position of the neoclassical framework within
economic theory and its focus on perfect competition has letspatial economics de-
velop in relative isolation from mainstream economics. Nearly the only connection
between spatial and neoclassical economics was established by theories that can be
traced back to the work of von Thünen (1826) at the beginning of the 19th cen-
tury. These theories are generally limited to explaining land use patterns in a highly
stylised way and presume the existence of a city centre instead of explaining its
emergence. Other spatially explicit assessments of socio-economic topics between
the 1950’s and the 1990’s were largely the domain of social geography, economic
geography, and regional science.
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Introduction

Although it remains speculative, the isolation of spatial economics from main-
stream economics, combined with the lack of spatially explicit assessments in neo-
classical economics, might explain why some researchers have explored more or
less radical—ornon-economic2 —alternatives to the neoclassical frameworks for
explaining land use changes and other spatial phenomena such as the emergence of
agglomerations (Haag, 1989; Allen, 1997; Nijkamp and Reggiani, 1998). The al-
ternatives often include theories and methods that can be identified with so-called
complex systemsand range from neural networks to cellular automata and agent-
based models. Although some of the research on complex systems already began in
the 1950’s and earlier, these concepts became very popular in the 1980’s and 1990’s.
It is likely that with the exception of the economic interpretation of the concepts re-
lated to complexity in evolutionary and ecological economics, many of the original
theories had no direct socio-economic theoretical content. Most concepts were ap-
plied in, or were at least inspired by, theoretical physics and mathematical biology. In
this respect, they can offer a metaphorical explanation forthe occurrence of spatial
patterns but a comparison with behavioural and normative economic interpretations
of the neoclassical framework is difficult. Applications toa public policy domain are
often limited to straightforward prediction of for example, land use patterns, without
a welfare—or comparable normative—interpretation.

The sharp distinction between mainstream economics and itsradical counter-
parts seems to disappear in several developments that beginin the 1970s and crys-
tallise in several publications that appeared mostly in thesecond half of the 1990s
(see also Manski (2000) for a synthesis of several developments in economic the-
ory). One development was related to the application of the Dixit-Stiglitz frame-
work (Dixit and Stiglitz, 1977) of product differentiationto a two-region model by
Krugman (1991) that lead to the establishment of the New Economic Geography
(Fujita et al., 1999), for which—as some people argue—the nameNew Geographi-
cal Economics might be more appropriate. A development witha broader scope is
sometimes labelled New Social Economics (Durlauf and Young, 2001), but is better
known by the references to the specific topic ofsocialor non-market interactions. In
the context of spatial economics, these are often identifiedas neighbourhood effects
(Durlauf, 2004). Both developments have at least part of their origin in game the-
ory (von Neumann and Morgenstern, 1944) and its relation with dynamical systems
in Evolutionary Game Theory (Weibull, 1995). In models where stochastic terms
are added, the relation between discrete choice models (McFadden, 1973) and sta-
tistical physics can be explored (Durlauf, 1997; Brock, 1997). Evolutionary game
theory provides a basis for the formalisation of interacting agents against the back-
ground of the mathematical analysis of complex systems thatcharacterises many of

2 See also Anas et al. (1998) for on overview of both economic and non-economic models
concerning urban spatial structure.
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the proposed alternatives to the neoclassical framework mentioned above. Statisti-
cal physics offers an analogy between individual agents andparticles, while discrete
choice models have a clear behavioural interpretation at the individual level. Finally,
because a welfare analysis is possible for discrete choice models (Small and Rosen,
1981), this relation facilitates the interpretation of thephysics-inspired alternatives
in terms of traditional economics.

In accordance with the limitations discussed above, these models depart from
nearly all the postulates of the Arrow-Debreu framework. This is perhaps most clear
for postulates 3 and 4, in case non-market interactions are allowed for. Furthermore,
the notion of increasing returns to scale is implied by product differentiation, because
producers cannot afford to specialise while selling their products at marginal cost
of production. It is unlikely that the clear separation of roles between market and
state can be sustained if the neoclassical conditions are not met. Therefore a new
welfare economic assessment is needed. Baldwin et al. (2003) present an example of
investigating the welfare implications of the New EconomicGeography frameworks,
with a focus on regional economic development. This thesis focuses on the welfare
assessment of land use patterns at the local level. With respect to the convergence
of traditional and alternative frameworks, possible contributions of complex systems
theories to this welfare analysis will also be explored.

Following a more general development in public policy, somenational govern-
ments—including the Dutch—explore the possibilities of introducing more market
forces and less regulation in the land market. This raises questions about the opti-
mality of the resulting outcome. In the next subsection, this development is placed in
a broader perspective of the reliance of market forces in thedevelopment of policy
instruments.

1.3.2 Economic institutions

Most of the debates in the 20th century on economics and the division of tasks be-
tween market and state, concern the conditions for a price ofa good to contain all
information relevant for consumption and production decisions by all agents in an
economy. Economic theory suggests that a market will securethe optimal alloca-
tion of a good if individuals make decisions only on the basisof these prices. In
simplified terms, the role of the state here is twofold. It needs to make sure some
goods that a market cannot supply, because no prices can be charged individually
that would cover the costs, are supplied by the state itself;the so-calledpublic goods.
It also needs to prevent private parties from achieving monopolistic positions, charg-
ing prices much higher than the actual costs for producing the goods. An additional
third task is related to the first two. If production or consumption affect the level of
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well-being by means other than price, the government has to design some kind of
taxation system, making sure that the effects are translated into costs. An example of
this type of regulation is the polluter pays-principle.

Questions were raised in the political arena beginning in the 1980s about the
state performing tasks itself that might be dealt with better by a market. Following
the conceptualisation above, the state would be a monopolist in this respect, over-
charging and wasting tax money. For the allocation of some goods, such as telecom-
munication, energy supply, and public transport, quasi-markets were designed where
private suppliers could operate under supervision of the state. In this way, the supplier
would be able to charge prices that—due to competition—would be nearly equal to
production costs as in a competitive market. The state wouldsecure the public good
quality of the supplied good, especially in cases where due to the lack of profit po-
tentials the goods would otherwise not be supplied at all. Anexample of the latter is
the subsidy for privatised public transport in rural areas.

More recently, the extent to which many countries in the 1990s adopted market-
based approaches for the public sector is under debate. Thisissue primarily con-
cerns the evaluation of the application of economic theory.At the beginning of the
21st century top American economists such as Joseph Stiglitz and Paul Krugman
reviewed the ‘roaring nineties’ (Stiglitz, 2003). They concluded that the nearly un-
limited belief in Adam Smiths Invisible Hand—or a certain interpretation of it—that
guided the policies of privatisation in that decade, causeddamage to many countries
(Stiglitz, 2002, 2003; Krugman, 2003). The main argument isthat conditions for
markets to work were simply not met in reality (Stiglitz, 2003, p. 284):

‘Underlying the views in favour of a minimalist government was a simplistic ide-
ology, one I referred to earlier as “market fundamentalism”, which said that by
and large markets by themselves are both stable and efficient. I call it an ideology
because it is a matter of faith: it rests on no acceptable economic theory, and is con-
tradicted by a host of experiences (it would be true, for instance, if therewere perfect
information, perfect competition, complete markets, etc.—conditions that are simply
not true in the most advanced of countries).’

This observation holds in general, but is expected to be particularly relevant in a
spatial context. The criticism of Stiglitz and other economists is therefore directed at
the debate ‘market vs. state’ as a whole, instead of taking positions in it. As Stiglitz
(2003, p. 305) states:

‘The debate over the role of the government has, in recent decades,been broadened
and enriched. There is clearly a need for collective action, but government is not the
only way by which we act collectively.’

Since the neoclassical optimal division of responsibilities between state and market
depends on the validity of the postulates stated on page 16 section 1.3, the need for
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a different institutional arrangement arises in situations where one or more of the
axioms cannot be applied. In a relatively abstract sense, this need also seems to be
reflected in the redefinition of the role of the government in political science. This
redefinition is often referred to as a transition from government togovernance. As
discussed above, often the axioms are inherently impossible to maintain in a spa-
tially explicit economic setting. The reasons are primarily theoretical and only a few
exceptions exist. In this sense, land use planning is a suitable topic for investigating
a possibly more differentiated role for government.

1.4 Complexity

For several reasons, the difficulties of a positive interpretation of neoclassical eco-
nomics are the subject of many debates within and outside theeconomics literature.
Often perceived as problematic are for example, the assumedlevel of rationality and
the lack of altruistic behaviour. However, if agglomerations are accounted for ac-
cording to the recent literature in spatial economics, evenmarket prices that would
emerge in a system with self-interested, rational actors will not result in an efficient
allocation of land due to the presence of external effects. If external effects are ac-
cepted as an existing direct influence of agents on other agents not only a departure
from perfect competition can be marked clearly. With the external effects relabelled
asinteractions, this departure also marks the transition from a linear to a non-linear
system that can be interpreted in a strictly formal way. As Koopmans (1957) showed,
the conditions allow for a ‘linear activity analysis’ (Koopmans, 1957, p.67–68), or
the use oflinear algebraas the main tool for microeconomic analysis. This use is
mainly characterised by the possibility to aggregate simply by means ofaddition.
Mathematical tools for analysing interactions will have torely on the ability of han-
dling non-linear—orcomplex—systems. Often numerical computation—orsimula-
tion—facilitates a qualitative assessment of the overall behaviour of these systems.
Nearly all the developments in traditional economics mentioned in section 1.3.1, re-
sulting in the use of tools that were previously part of the radial alternatives, are
related to the research oncomplex dynamical systems(Anderson and Arrow, 1988;
Arthur et al., 1997; Blume and Durlauf, 2006).

While the word ‘linear’ in neoclassical microeconomics is essentially related
to aggregation, the analysis is usually based on static equilibrium solutions. Using
concepts from complex dynamical systems theories does not only require an inter-
pretation of any non-linearities in the system, but also of its dynamics. As it appears,
accounting for the dynamics is most effectively combined with addressing the topic
of rationality.
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1.4.1 Computer simulation

Perhaps one of the clearest manifestations of merging neoclassical and alternative
approaches, in economics in general, is reflected in the sub-discipline of agent-
based computational economics (ACE). Agent-based computational economics can
be characterised as a ‘constructive’ (Tesfatsion, 2006) or‘generative’ (Epstein, 2006)
approach to economic theory. Instead of relying on mathematical proofs by means of
explanation, ACE requires that observed regularities can be reproduced by means of
simulation. Epstein and Axtell (1996, p. 20) suggest that ifthis requirement would be
adopted in the social sciences, eventually the question ‘Can you explain it?’ might be
replaced by the question ‘Can you grow it?’ Although methodological issues will be
discussed in more detail in the next chapter, the concept of a‘generative’ approach
will serve throughout this thesis as a guideline for developing a framework in which
the notion of spatial welfare can be defined. One interestingaspect ofgenerative
social scienceis the relation it establishes betweencomputational methods(Judd,
1998) and what is sometimes calledsocial simulation(Gilbert and Troitzsch, 2005).

Using a computer for solving equations is a well-established practise in many
disciplines. Especially for models that cannot be solved analytically, computer sim-
ulations are often the only means for gaining insight into system behaviour and pro-
ducing numerical results. ACE and the generative approach take the additional step
of requiring that the numerical simulation corresponds to models of individual be-
haviour. In a neoclassical framework, due to the First Welfare Theorem, the outcome
following the direct optimisation of social welfare by a benevolent social planner is
theoretically equivalent to the result of all the decisionsmade by individuals in a
competitive market. The key characteristic attributed to amarket often identified as
Adam Smith’s Invisible Hand, is that individuals only act inpursuit of maximising
personal welfare, without the intention of maximising the welfare of the society as
a whole. The assumption that an optimal allocation will emerge from a market has
a weak justification. Most frequently, it is assumed that individuals deal fully ratio-
nally with complete information and therefore the optimisation of a welfare function
is considered identical to the market outcome. This assumption is commonly applied
in traditional applied economics approaches such as computable general equilibrium
modelling.

Attempts to replicate market equilibrium by simulating individual decisions show
conflicting results. Apart from the difficulties in the behavioural interpretation of the
assumptions regarding the decisions made by individual actors in traditional mod-
els, the presence of interactions suggests that a market price in a land market does
not necessarily reflect a socially optimal outcome. This situation is not uncommon
in neoclassical economics, as long as market imperfectionsare concerned. How-
ever, since market imperfections are defined in the neoclassical framework on the
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basis of the same postulates of individual behaviour that cannot be sustained in spa-
tial economics, in this thesis the behavioural context of the formation of apparently
non-optimal prices in a spatial context will be emphasised.Computer simulations in
general are expected to be a valuable tool in this respect.

1.4.2 Policy relevance

Land policy can be defined as the regulation of the land market(Ministerie van
VROM, 2001). If, however, land use planning decisions cannot be guided by the
traditional division of roles between government and market, policy instruments for
achieving a socially optimal land use configuration are not clearly defined. In that
case atransition is needed to an institutional framework that can accommodate a
notion of spatial welfare, together with a theoretical framework in which policy in-
struments can be evaluated. The research questions will primarily be devoted to the
theoretical framework. Nevertheless, based on the considerations of subsection 1.3,
this theoretical framework is expected to offer suggestions for policy instruments and
the accompanying institutional context. This institutional context might be identified
with the concept ofgovernance. In this thesis, however, its contrast with neoclassi-
cal economics is interpreted in stricter economics theoretic terms than is common
in parts of the political science literature. Instead of confronting the theory on the
efficiency of market allocation with the reality of policy implementation (see for ex-
ample Bressers and Huitema, 1999), the economic-theoretical justification of adopt-
ing economic instruments in policy making will be examined.If a market allocation
is not a priori efficient, because of the presence of externaleffects, the role of the
state—or government—will consist of more tasks than the elimination of these ef-
fects. As far as ‘governance’ refers to more hybrid institutional arrangements than
the dichotomous classification of market and state, taking into account interactions
can be considered a starting point for a possible economic theoretical formalisation
of stakeholder participation and collective action.

In a similar contrast with neoclassical microeconomics, the ‘complexity’ of the
policy context can be identified with non-linearity in a strict correspondence with the
mathematics of the framework, instead of a more metaphorical reference to a multi-
actor environment. Allowing for interdependent individual preferences is likely to
result in self-organising dynamics at the aggregate level of populations3 possibly
with multiple equilibria. These aspects of complex systemsare especially relevant in
regulatory policies for example, because of the possible discrepancies between the
intended effect at the individual level and the final effect due to unintended response
at the system level. Examining policy instruments in the dynamic context of a self-

3 Early examples of these phenomena can be found in Schelling (1978).
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organising market economy offers the possibility of exploring how a government can
deal with complexity.

1.5 Aim

This thesis studies the effect of land policy on social welfare, taking into account
the presence of market and non-market interactions that introduces various degrees
of complexity in the land use system. For this purpose a modelwill be developed
based on the Alonso model of urban economics (Alonso, 1964).The original model,
however, will be adapted to allow for an evolutionary approach to the formation of
land use patterns. Furthermore, the evolutionary variant is more general than the
original Alonso model, as it can accommodate several types of external effects.

1.6 Research design and research questions

Traditional economics of the public sector in a non-spatialcontext applies a norma-
tive framework on which instruments are based to achieve an optimal level of social
welfare. A projection of a similar concept regarding spatial planning would naturally
employ a notion of socially optimal land use. The policy taskfor a government could
be defined as finding a balance between various functions or land use types, taking
into account use and non-use of land. The first concerns urbanisation and infrastruc-
ture, the latter can be intended to preserve future use or biodiversity. Intervention
by a government would in traditional public sector economics depend on the public
good nature of for example, open space. However, a public good in the neoclassical
framework is only defined against the background of a market with perfect compe-
tition. If the neoclassical postulates for individual behaviour cannot be applied in a
spatial context, socially optimal land use should probablybe defined beyond the tra-
ditional distinction between public and private goods. In that case, a new reference
needs to be designed to evaluate the effects of policy instruments.

1.6.1 Research questions

The First Theorem of Welfare Economics states that, if neoclassical behaviour ap-
plies, a decentralised allocation is Pareto-efficient. This theorem is often projected on
a competitive market. It suggests that if goods are allocated by means of prices and
supply equals demand, ‘nobody can be better off, without making somebody else
worse off’ (Stiglitz, 2000, p. 57). When translating this theorem to a land market,
two types of considerations must be taken. The first type is related to the observa-

24



tion, referred to in section 1.2, that in many cases the neoclassical framework can not
be applied in a spatially explicit context, because of economic theoretical reasons.
The second type of considerations is more traditional. Froma public sector economic
perspective, a welfare economic assessment of a land marketdeals not only with the
efficient allocation of land, but also with the allocation ofits characteristics. In a
first approximation, these characteristics could be interpreted as the local (environ-
mental) quality and would therefore comply to the definitionof a local public good,
because they count as exogenously given for market parties,but do affect their level
of well-being. This aspect is most apparent in public amenities, such as city lights
and trees in streets. If, in a first assessment, the quality ofa location would indeed be
considered a local public good, two goods would be traded simultaneously on a land
market:

1. land, as a market good and,

2. quality, as a local public good.

From a public policy point of view, an ideal welfare measure would address both
aspects simultaneously. In this stylised case, public policy is confronted with two
aspects of a socially optimal allocation of land:

1. securing optimal allocation of land by markets and,

2. securing an optimal distribution of local public goods, or amenities.

The presence of amenities, however, has an impact on the price of land. Their value,
or at least part of it, is said to becapitalised in the price for land and the effect
of capitalisation on the efficiency of the allocation of landneeds to be taken into
account.

In addition, it might be argued that the role of the government goes further than
securing an efficient allocation of land with its amenities.Open space can also be
considered an amenity. As a public good, it would typically be under-supplied by
markets and the state would be called to intervene. The protection of open space
could in this perspective be interpreted as the direct supply by the government of a
good that contributes to the well-being of all consumers, but which cannot be allo-
cated efficiently by markets. However, in terms of land use open space is an alter-
native use to other land use types, such as residential space. Even if open space is
interpreted analogously to a natural capital stock, this ‘non-use’ type competes with
other land use types. Therefore, a third aspect of a sociallyoptimal allocation of land
will be added:

3. securing an optimal allocation of land without immediatesocial-economic use,
designated for habitat protection or open space as a public good.
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These theoretical considerations lead to the first researchquestion:

Question I

How can traditional public sector economic concepts concerning a sociallyoptimal
outcome such as efficiency, optimality, and equity be translated to land markets?

In section 1.4, also the observation was made that in recent developments in spatial
economics and in the development of interaction-based approaches in economics in
general, aspects fromcomplex systems theoryseem to be combined with more tradi-
tional normative economic—nearly neoclassical—interpretations. Given the special
role these methods have in spatial economics, by representing externalities, this role
will be articulated for the land market in the second research question:

Question II

What is the role of complex systems theories in the formation of land prices and how
does it correspond to, or differ from, price formation in neoclassical markets for
consumer goods?

As noted in section 1.4.1 especially thegenerativeapproach of agent-based com-
putational economics is expected to be beneficial in answering this question. The
identification of a market outcome with a generative approach facilitates defining the
role of governments and designing policy instruments. Whiletraditional optimisation
methods can be used to calculate the optimal welfare level that can theoretically be
achieved, the impact of policy instruments at the level of individuals can be explored
and verified by using agent-based simulation models.

The third and final research question aims at the translationof the answer to the
previous question to practical policy recommendations. Inpublic sector economics,
the normative quality of the neoclassical framework servesas an ideal benchmark.
This commonly introduces concepts such as market failure and government fail-
ure. However, if a socially optimal outcome and market dynamics need to be re-
defined for land markets, in principle, actual policy makingshould be empirically
validated against this new benchmark. Besides, possible policy instruments for im-
proving ‘spatial welfare’ will need to be defined relative toit. This is a question
regarding the possibilities for operationalisation and istherefore—although consid-
ered as a precondition for a transition toward sustainable land use—relatively modest
in its ambition:

Question III

To what extent can the spatial equivalents of welfare economic concepts be applied
in policymaking, concerning land use planning?
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This question focuses in particular on the expected departure from the traditional
dichotomy market-state and the possibilities for governance structures that might
contribute to a future transition to sustainable land use planning. Suggestions and
directions for the development of new policy instruments are expected.

1.7 Structure

The structure of this thesis is as follows. Chapter 2 is devoted to a methodological
overview of two ways to model the behaviour of humans. The first is methodological
individualism, the second concerns systems approaches. Moreover, it is shown how
mathematical biology can offer a conceptual basis for integrating the two approaches.
In chapter 3, two types of complexity are selected that are relevant for this thesis.
The first is derived from non-linear dynamical systems. The second type concerns
computationalcomplexity. Both types of complexity will be related to the issue of
interactions and aggregation against the background of thelinear activity model in
neoclassical economics. In chapter 4, the interpretation of both types of complexity
and their relation with neoclassical economics from chapter 3 is clarified with the
help of a simple two-agent, two-goods exchange economy model.

The literature on spatial economics is reviewed in chapter 5, with special atten-
tion for land use, welfare and complexity. These issues return in chapter 6, where
the two-agent model of chapter 4 is used to generalise the Alonso model of urban
economics as a population game. The model from chapter 6 is applied in chapter
7 for welfare analyses concerning land use, with a focus on the welfare effects
of open space. In chapter 8, the generalised Alonso model is converted to a full-
fledged multi-agent system (MAS), especially designed to incorporated models of
discrete choice with interactions. With this type of MAS, labelled Multi-Agent Dis-
crete Choice Model (MADCM), more specific simulation runs are conducted, that
explore the effects of a wide range of external effects, pathdependency and imperfect
information. Chapter 9 presents a summary and conclusions.
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Chapter 2

Methodology





2.1 Introduction

In section 1.3 the observation was made that any framework for conducting a wel-
fare analysis is likely to contain assumptions about the behaviour of humans. This
chapter first explores the methodological issues of modelling human behaviour at the
relatively high abstraction level of the differences between individual-based versus
systems perspectives. Following the ideas developed earlier in essays by Koopmans
(1957) and Epstein (2006) it will be argued that formal frameworks in the social
sciences—with the exception of statistics—are essentially deductive, as they can be
read as the implications derived from a set of axioms, orpostulates. Furthermore,
using a deductive framework in the social sciences is usually constrained by the fact
that, unlike in physics, implications derived from postulates do not necessarily have
a one-to-one correspondence with empirical observations.This marks an important
difference with the natural sciences, highlighted by the possibility in the social sci-
ences of choosing one of several formal frameworks. Therefore, a criterion is needed
for judging the explanatory value of a model.

An attractive criterion based on computer simulations was introduced inagent-
based modellingand more specifically inagent-based computational economicsby
Epstein and Axtell (1996) (see also Epstein, 2006). Assumptions concerning the be-
haviour of individuals are specified in several types of formal models. If these as-
sumptions are translated tobehavioural rulesin a computer simulation model, the
possibility of replicatinga stylised version of an observed phenomenon with that
model might be considered as a way of understanding it. This approach is contrasted
with a mathematical proof of the existence of a solution to a given problem. An
existence proof requires additional assumptions about howhuman beings would be
able to find the solution. Furthermore, if a simulation modelis able to replicate the
occurrence of an observed non-optimal situation, the behavioural rules in the model
might offer a starting point for improvement, for example bymeans of public pol-
icy. The role of computer simulation methods in both individual-based and system
approaches are discussed in section 2.6.

A third methodological topic will be discussed in a separatechapter, chapter 3.
It concerns the role ofcomplexityin formal models. Especially the issue ofnon-
linearity in relation to neoclassical economics raises issues that directly affect the
research questions in section 1.6 centred on welfare economics. It was noted that the
neoclassical framework relies on very stringent behavioural assumptions, while in
relatively recent developments in economic theory models of imperfect competition
are employed, adopting elements similar to those from frameworks that previously
had been introduced as more or less radical alternatives to neoclassical economics.
A more detailed discussion on the application of these models in spatial economics
will be postponed until chapter 6.
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2.2 Behavioural models in the social sciences

The use of models in the social sciences naturally focuses onmodelling human be-
haviour. There appears to exist a variety of frameworks for this task and the re-
searcher needs to make a choice. Up to the extent that in the social sciences any
modelling framework represents a certain theory of human behaviour, different the-
ories can apparently be applied for modelling the same phenomenon. This situation
characterises the social sciences in general and marks a major difference between the
social and the natural sciences in connecting models and theories. In the latter, there
exists a close correspondence to an accepted theory and a formalisation that can be
used for modelling specific cases.

An often used heuristic definition of a model expresses its interpretation in terms
of a simplified representation of the real world, or at least of elements from it. Be-
cause the selection of the elements might be considered an act of simplification, the
definition ‘simplified representation of reality’ is sufficient for the discussion in this
section. A model describes the relation between the selected elements. In the natural
sciences, this description is nearly always expressed in mathematics. Mathematics
as the main tool for modelling also distinguishes the natural sciences; the social
sciences allow for less rigid descriptions in a natural language or loosely sketched
schemes to be called models as well. Nevertheless, in some disciplines in the social
sciences, mathematical models have been developed that adopt a similar approach as
the models in the natural sciences. Occasionally, in some parts of the social sciences
the claim is stated thatcomputer modelsrepresent an alternative to mathematical
models. This claim will be discussed in section 2.6.

If the set of models is restricted to mathematical models, the question arises
of how a collection of mathematical equations might represent reality. This is eas-
ier to answer for the natural than for the social sciences. Especially in the field of
applied physics and engineering, the laws that govern the conservation of momen-
tum—Newton’sLaws of Motion—, the conservation of mass and the conservation of
energy are the basic ingredients for any model. For example the basic set of equa-
tions in fluid dynamics, the Navier-Stokes equations, from which many models are
derived—ranging from engineering applications to fundamental research—, can be
considered a reformulation of basic conservation laws. These conservation laws can
be thought of as regularities that can be confirmed empirically. They can be ex-
pressed efficiently in mathematical equations that containvariables that correspond
to measurable quantities, such as velocity, pressure and mass. In this sense, most
engineering models could essentially be considered a restatement of conservation
laws. This observation has severe implications for the heuristic definition referred to
above. If the conservation laws themselves need no empirical testing, any mathemat-
ical model based on these laws essentially represents elements of the real world—at
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least in a way that is sufficient for practical purposes, suchas building a bridge or
plane.

Simplification in the natural and engineering sciences often means a reduction
of variables, laws, or dimensions, if convenient. In many applications a model of
a fluid is still applicable if it is assumed that the fluid is incompressible and two-
dimensional. A model of an incompressible flow can largely dowithout consider-
ations about the conservation of energy, which then simplifies the model. A two-
dimensional flow might be considered as a cross-section, where variation in the di-
rection perpendicular to the cross-section can be neglected in a first approximation.
Forces on the wing of a plane can in this way be calculated at first in only two di-
mensions, which would correspond to a model of a wing with an infinite length.
Although the simplification in an engineering model above all concerns leaving out
some variables, laws or dimensions, the laws themselves arenot considered simpli-
fications of reality in the first place. Of course, the conservation of momentum—as a
restatement of Newtonian physics—itself is a simplification, as relativity theory and
quantum physics show. However, if the model is used for a description in an envi-
ronment where Newton’s laws can be applied, it is likely to contain nothing more
than a restatement of these laws. For a model of a brick that isthrown from a tower,
Newtonian physics is still accurate enough.

There exists no equivalent to the conservation laws in the social sciences; there
are no ‘Fundamental Laws of Human Behaviour’. Perhaps the closest social science
ever approached the natural sciences from a methodologicalperspective is contained
in the formalisation of the homo economicus, orrational actor. Unfortunately, the
success of the rational actor model in representing realityis rather limited. Empiri-
cal results from experimental economics strongly suggeststhat people often behave
differently—especially in situations derived from game theory—than what the the-
ory would predict. A popular example in this context is the Prisoner’s Dilemma and
related games. In that respect, the heuristic definition of amodel above seems more
accurate in the social sciences, because the rational actorcan be considered a sim-
plified representation of a human being. Although the validity of the model is often
empirically refuted, there does not exist an equivalently general model that yields
better results, perhaps only for special cases. This observation, however, is consis-
tent again with the absence of laws in social science, thoughthere is some regularity
in human behaviour and models might help in understanding them. Regularities can
be observed and measured by using statistical methods. Quantification follows in
terms of probabilities and frequencies, but statistics does not specify any behavioural
rules. If, as in econometrics, probabilities are used for estimating the parameters of
a behavioural model, the methodology of the natural sciences seems to be approxi-
mated as close as possible. However, a quantification of a ‘goodness of fit’ is usually
needed to verify the validity of the assumptions of the behavioural model. The need
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for this type of test shows that a social scientist is still confronted with a multitude of
models. As a consequence, unlike many natural scientists, the social scientist needs
criteria for deciding which model provides the ‘best’ explanation for an observed
phenomenon.

The procedure of working backward to theory from observed regularities is
calledinductionin the philosophy of science and in methodology. It applies mostly
to statistical and econometric methods. The methodological assessment of estimating
parameters in a specified model, as in econometrics, is primarily concerned with the
issue of identification (Koopmans, 1949; Manski, 1995; Hoover, 2006). Although
a theoretical model might distinguish between two or more effects, it is not always
possible to assign parameters to these effects in an unambiguous way using data
from observations. Two people might, for example, live in the same neighbourhood
because they both like the area characteristics independently, or because both happen
to belong to the only income group that can afford buying a house there, or because
they prefer to live close to each other. If the only observations consist of personal
characteristics, location characteristics, and the location choice, it depends on the
specification of the location choice decision whether the model can distinguish be-
tween the three possible explanations mentioned above. Theneed for criteria is also
present when the researcher tries to explain a phenomenon for which he does not
use numerical data, but observed stylised facts. Examples of this type of modelling
approach can be found in urban economics, where the existence of cities might be
interpreted as a stylised fact and an explanation is sought in the economic behaviour
of individual agents.

Although an explanation or a theory constructed in this way can resemble a
law of natural science, its validity is nearly always less universal in the social sci-
ences. The explanatory value lies foremost indeductionand depends entirely on the
assumptions from which the conclusions can be derived. Whereas with induction
theory is derived from observation, with deduction theory is derived only from rea-
soning and logic. The assumptions therefore have the statusof axioms or postulates
for which no explanations are given in the theory. As a consequence, criteria other
than strict empirical verification apply for evaluating a deductive theory. In general, a
theory is considered to give a good explanation if a minimal number of more or less
simple postulates are sufficient to explain relatively complex phenomena. The three
laws of Newtonian physics have a similar status, but since observations always fol-
low the implications that can be derived from these laws by deduction, criteria for an
evaluation of these laws as postulates are obsolete. A theoretical model in the social
sciences will need different criteria with regards to the plausibility of a suggested
explanation for an observed phenomenon.

Deductive systems can be formalised by means of mathematical logic. In this
sense, mathematical economics—and the use of mathematical models in economic
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theory in general—can be regarded as the formalisation of deductive reasoning. A
prominent example is the Arrow-Debreu framework of generalequilibrium (Arrow
and Debreu, 1954; Debreu, 1959). It is often criticised by both economists and non-
economists for its unrealistic assumptions concerning human behaviour. It serves
nevertheless as an important reference and benchmark for other frameworks. This
applies to economic theory, but also to other social sciences, for example sociology
(Coleman, 1990). The common characteristics of theories related to the neoclassical
framework can be identified primarily with the Arrow-Debreuframework of general
equilibrium:

• the rational actor and,

• methodological individualism.

To organise the discussion of neoclassical economics and its alternatives, follow-
ing Gintis (2000, p. 43), the label ‘neoclassical’ will be reserved exclusively for the
Walrasian general equilibrium model. In many proposed alternatives, specific ele-
ments deviate from the neoclassical assumptions in order topropose a contrasting
framework that is intended to yield more realistic results.Frameworks that change
elements concerning rationality, while keeping anindividual-basedperspective, in
general present a less radical alternative than frameworksthat start from asystem
perspective. Both will be discussed in the following sections.

2.3 Individual-based methods

In the neoclassical general equilibrium model, agents are assumed to make decisions
concerning their consumption only on the basis of market prices. This decision is
rational in the sense that the agent chooses the consumptionbundle he or she prefers
over all other bundles. Although this preference structureis usually formalised by a
utility function, the decision might alternatively be stated as a set of decision rules.
Rather than the decision rules themselves, information about the various options the
agent is supposed to have and her ability to process information usually pose the
actual problem for the modeller. Concerns about the assumedlevel of rationality
often apply to problems about information, instead of the ability to make decisions.
In the following chapters the convention will be adopted that agents are rational
in the sense that in principle they can distinguish the best option out of a limited
set, based on either subjective beliefs or public information. Because the decision
rules express subjective preferences, this notion of rationality is nearly meaningless.
The only assumption necessary is that an agent is able to rankthe options herself
according to her own preferences. If she happens to prefer classical music over rock
music, she will choose classical music. The issue of information availability and
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the ability of process information are more complicated. For the moment, only the
minimal assumption will be made that the agent has a system ofbeliefs sufficient for
making decisions. A stronger assumption might for example require that the agent’s
belief system results in a consistent ranking of options. Apart from the behavioural
assumptions, the decision problem of the consumer in neoclassical economics is
limited to that of consumption, with information flows reduced to market prices.

A much broader set of decision problems is addressed ingame theory. Again,
regardless of the behavioural assumptions made in some branches of game theory,
the decisions agents make in game theoretical models are related to strategic inter-
action. Many types of interaction between human beings—and also between ani-
mals—can be thought of as ‘strategic’ at some relatively general level. As long as
at least two agents need to make a decision and their preference structures are in-
terdependent—meaning that the individual ranking of options by one agent depends
on the choice the other agent is expected to make—, there exists a case of strategic
interaction. This loose definition of strategic interaction therefore includes nearly ev-
ery type of human interaction, as long as choices are characterised by dependency
and coordination. It allows for cooperation, but does not assume it beforehand. In
non-cooperative game theoryself-interested behaviour is assumed. Picking a date
for an evening among friends could be considered as problem that might be cast in
the game theoretic setting. The preference of one agent for aspecific evening clearly
depends on the evening they are expected to choose.

Game theory is studied and applied in sociology, political science, mathematics,
biology, and economics. Within economics it is studied in more general settings
than just markets. Because game theory itself covers such a broad set of interaction
types, the subset of interactions that involve markets can therefore be thought of as
‘economic’ in a stricter sense (Vega-Redondo, 2003). Usually, markets where agents
can strategically exercise power are contrasted with competitive markets. Markets
are considered competitive if the agents consider prices asgiven. In this sense, the
framework of neoclassical economics primarily addresses non-strategic behaviour.
Markets in which a certain number of, or all, agents can strategically influence the
market prices are either not covered in neoclassical economics or are treated as an
exception. This has two implications for the classificationof theories within social
science in general. First, markets that allow for strategicinteraction by means of
direct influence of market price formation—such as oligopolies—can be addressed
in a different framework, usually that of game theory. The second implication is
that any other form of interdependency complementing a competitive market can be
labelled non-market interactions, since by definition in a competitive market agents
base their decisions on the market prices as the only source of information. The
contribution of non-market, or social interactions, can also be studied in a game
theoretical framework.
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The distinction between market interactions and strategicor non-market inter-
actions is important with respect to the beliefs agents are required to have regarding
their environment. Prices can be observed and interpreted by agents with relatively
simple cognitive capabilities. In case of strategic interaction, agents will need to have
a belief regarding the belief of their opponent. Information on the belief of an oppo-
nent is far more difficult to obtain than information on prices. Furthermore, for two
agents to reach an agreement, their beliefs regarding the belief of the other agents
will need to be consistent. As a consequence, one agent will need to assume that the
other agent knows that the first agent knows that she knows, etc. This consistency as-
pect of rationality in game theory may be considered as most problematic. As far as
rationality would only refer to the ability of an agent to decide what is best according
to his own beliefs, it can be interpreted as a minimal requirement for the behaviour of
any agent. For purely pragmatic reasons, it seems problematic to assume that agents
choose options they do not consider as the best. This is not toargue that in reality
people never act irrationally, even if the definition of rational behaviour would be
restricted to making the subjectively best choice. Instead, a model of consistently
irrational behaviour would lead to a paradox, unless the decisions are made purely
randomly. And a model of purely random behaviour would have little relevance for
research and policy applications.

At first, the restricted notion of rationality in the above sense seems more com-
patible with market interactions than with strategic interactions. Market prices can
be assumed to be publicly available, which leads to a simplerbelief representation
than if beliefs had to represent the beliefs of others. Unfortunately, this conclusion
cannot be drawn so easily because the process of price formation does in princi-
ple still suggest some kind of strategic interaction, such as bargaining. In neoclassi-
cal economics, it is often implicitly assumed that an external metaphorical institu-
tion—called the Walrasian Auctioneer—will determine marketprices. This assump-
tion is problematic in several respects. It transfers the information about all relevant
beliefs from the agents to the Auctioneer. Additionally, assuming an external institu-
tion seems at odds with the suggestion that a neoclassical market is a representation
of Adam Smith’s ‘Invisible Hand’. Smith wrote in his ‘Wealthof Nations’ (Smith,
1999, p. 32):

‘He generally, indeed, neither intends to promote the public interest, nor knows how
he is promoting it. By preferring the support of domestic to that of foreign industry,
he intends only his own security; and by directing that industry in such a manner as
its produce may be of the greatest value, he intends only his own gain, andhe is in
this, as in many other cases, led by an invisible hand to promote and end which was
no part of his intention.’

Besides debates on the positive interpretation of the assumptions of the neoclassical
behavioural model, its normative use is also a subject of criticism. The normative
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use of neoclassical economics can largely be identified withthe political, ideologi-
cal, adagio of ‘more market and less state’. However, this discourse appears to take
place mainly within the economic discipline itself. The reason is most likely the
rather technical nature of the discussion. Nevertheless, its policy implications can be
far-reaching. The First Theorem of Welfare Economics states that if the conditions of
neoclassical behaviour apply, a competitive market will yield a Pareto efficient allo-
cation of goods. It suggests that if goods are allocated by means of prices and supply
equals demand, ‘nobody can be better off, without making somebody else worse off’
(Stiglitz, 2000, p. 57). At first, this result may be considered a mathematical proof
of the existence of Adam Smith’s Invisible Hand. However, since the neoclassical
framework does not define the process that will lead to the optimal allocation, its
normative claim cannot be entirely separated from its positive interpretation.

The lack of a process description in the neoclassical framework highlights the
problematic position of a third characteristic of the neoclassical and related frame-
works frequently discussed in scientific debates, that is,

• the focus on equilibrium solutions.

If the set of prices that correspond to an optimal allocationis interpreted as asta-
tionaryequilibrium, the Invisible Hand seems to refer to notions ofadaptive systems
and self-organisationrather than astatic equilibrium. These concepts are usually
identified withsystem theoriesand are the subject of the next section.

2.4 System theories

Taking the individual as the main element or building block of a modelling frame-
work is not the only way of constructing a model in the social sciences. The element
of choice referred to in the introduction of this chapter, allows the researcher to opt
for methodological holism, or asystems approach, instead of methodological indi-
vidualism, or theindividual-based approachused in neoclassical microeconomics.
In a more general sense, this issue concerns the question of whether social phenom-
ena are modelled at the aggregate or the individual level. Macroeconomics can often
be considered a systems approach, as far as micro-foundations are not accounted for.
However, in this chapter the term ‘systems approaches’ is reserved for a specific type
of models.

When looking at the mathematical modelling practise, it appears that the word
‘systems approach’ is usually reserved for systems of differential (and sometimes
difference) equations. Especially in some fields of social science, the concept of
‘System Dynamics’ (Forrester, 1961) seems dominant as the systems approach. Sys-
tem Dynamics can be considered a subset of the all the elements in the more general
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mathematical theory on dynamical systems. As such, the concept of a system seems
void of any meaning, because mathematics only deals with numbers and logic. The
subset used in System Dynamics, however, can approximatelybe specified as the
dynamical systems found incontrol theory. Control theory mainly has its applica-
tions in electrical and mechanical engineering. A very important concept in control
theory isinformation feedback. For a device to keep temperature a prescribed level,
heating or cooling can be done more accurately if it depends explicitly on the current
temperature. Although this example might seem rather obvious, the mathematical
formalisation of the accuracy is relatively new. Most of itswork was done during
World War II, applied to radar systems and ground to air missile systems. A lack of
accuracy is often described in terms of overshoot and oscillating behaviour. These
terms became rather popular is some social scientific fields after the publication of
the work by the Club of Rome (‘Limits to Growth’, Meadows et al., 1972) based
on the Systems Dynamics approach developed by Forrester (1961). More elaborate
translations from control theory to social science can be found in Cybernetics, start-
ing with the work by Wiener (1965). Both Forrester and Wienerthemselves were
involved as engineers in the research and development for missile guidance systems
during World War II. A systems approach is also influential insome fields of so-
ciology, following a more qualitative interpretation by Luhmann (1984). Finally, a
systems approach as an interdisciplinary science was founded by Von Bertalanffy in
1951 as the General Systems Theory (von Bertalanffy, 1973).

The characterisation and interpretation of a systems approach remains difficult,
even if the systems of differential equations are restricted to systems that bare some
resemblance to the description based in control theory. Theset of systems of differen-
tial equations that contain feedback loops can be made arbitrary large, but any notion
of interdependence essentially reflects a feedback loop. The main difficulty with the
interpretation of a systems approach in the social sciencesis therefore neither its de-
scriptive accuracy nor its lack of it; rather, it still does not supply the researcher with
a theory of the behaviour—analogous to ‘motion’—of humans. Itdoes not even pro-
vide a theory on the behaviour of systems as other entities oraggregates of human
beings. Systems theory is not a theory in the usual sense. That is not really a surprise;
it was already mentioned that the theory of dynamical systems is a mathematical the-
ory; it only deals with reasoning not with behaviour. The mere formalisation in terms
of differential equations does not address the issue of aggregation.

A second difficulty is philosophical rather than methodological. Any description
of the behaviour of a system without explicit reference to the elements out of which
it is constructed raises questions about the intentions of the system as an entity. Even
a relatively mild assumption concerning the presence of a negative feedback can
be interpreted as a teleological necessity of attaining an equilibrium state. This is
probably best illustrated by the Gaia metaphor, introducedby Lovelock (1979). The
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suggestion that Earth itself is an organism is very vulnerable to the attack that it is
unscientific to suggest that the Earth acts purposefully.

Notwithstanding the difficult interpretation of a systems approach as a general
theory, the results from research oncomplex systems—as far as it is restricted to the
mathematical theory of connected dynamical systems—have had implications for
other theories as well. The combination of feedback mechanisms and non-linear dif-
ferential equations gives rise to several complex phenomena. Especially the notion
of self-organisationhas attracted the attention of disciplines that try to explain reg-
ularities difficult or impossible to account for with linearmodels (Strogatz, 1996).
A system perspective is able to accommodate many features ofthe so-calledcom-
plex systems theory. On the other hand, complexity is occasionally identified with
interacting individuals, which does not exclude an individual-based approach, or
methodological individualism. While some success has been achieved in the oper-
ationalisation of non-linear systems in explaining regularities in physics, the most
successful discipline in this respect is arguably biology.Perhaps because biology
also deals with behaviour, some economists seem to follow ideas first developed in
mathematical biologyfor introducing elements from complex dynamical systems in
economic theory.

2.5 Mathematical biology and game theory

The previous subsections showed that system approaches canin principle address
the complexity of the behaviour at the system level as a result of the feedback mech-
anisms between its subsystems. However, the complexity that results reflects only
the properties of the mathematical description, while assigning behaviour at a sys-
tem—or aggregate—level is difficult to separate from a teleological interpretation.
Individual-based approaches on the other hand generally suffer from the problematic
interpretation of mutually consistent beliefs of interacting agents.

A closer inspection of the fields where applications of a systems approach have
been very successful, mathematical biology (Murray, 1990)and mathematical ecol-
ogy (May, 1974), might resolve this issue at least partly. While a mathematical model
of an ecosystem has some properties at an aggregate level, such as stability, these are
usually the result of the well-specified interaction between several species. A famous
example is the predator-prey cycle that can be characterised as a special type of os-
cillator, while the interpretation of the birth and death rates of the predator and the
prey population can—in principle—be translated to individual members of both pop-
ulations. The cyclic behaviour was independently formalised by Lotka and Volterra
(May, 1974).

Lewontin (1961) was one of the biologists that introduced game theory for
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analysing population genetic theory, extending the seminal work on the statistical
approach to population genetics by Fisher (1930). Maynard Smith (1974) and Taylor
and Jonker (1978) applied equilibrium concepts from game theory to the analysis of
conflict between behavioural types within a population. Instead of the direct interac-
tion that consists of eating and being eaten in the Lotka-Volterra system, the models
by Maynard Smith (1974) and Taylor and Jonker (1978) were based on the evo-
lutionary advantage of adopting a certain behavioural strategy. A popular example
contains the behavioural types ‘hawk’ and ‘dove’, not the species, but aggressive and
peaceful behaviour. Behavioural types can be mutually exclusive or can coexists, de-
pending on the distribution of the evolutionary advantages. Although some games of
this type can show oscillating behaviour, the majority converge to a stationary equi-
librium that can be interpreted as equilibrium infractionsof the population, similar
to equilibrium in (mixed) strategies between two interacting agents in economics.
Within both biology and economics, the analysis of these types of models is referred
to as evolutionary game theory (EGT) (Hofbauer and Sigmund,1988; Weibull, 1995;
Hofbauer and Sigmund, 1998).

The formal interpretation of the equilibrium concepts in evolutionary game the-
ory will be addressed in the next chapter. First, the attractiveness of population games
at a more conceptual level is stressed, as it seems to suggesta solution for the both
the system interpretation of complex dynamical systems andthe interpretation of in-
dividual beliefs in decision making. On one hand, dynamicalsystems in evolutionary
game theory have a clear reference to individuals in a population. The interpretation
of a fraction of a population only has a strict mathematical justification in the as-
sumption that the population is very large, but as an approximation this interpretation
is often valid more generally. The notion of evolution, on the other hand, offers an
interesting alternative to the consistent belief systems of interacting agents. Admit-
tedly, this notion is relatively abstract, but for example the evolution of institutions
and conventions might be interpreted as the result of a repeated game (Young, 1998),
where people have adjusted their strategies over time. Whether people in a country
drive on the right or left-hand side of the road is not important; most important is the
agreement on one of the two sides. Although, the agreement can be interpreted in
terms of strategic interactions, the problem of consistency in the beliefs of all agents
on the road is delegated to legislation that has evolved overtime. It is therefore only
rational for the individual agent to obey the current convention and no extreme cog-
nitive capabilities will need to be assumed.
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2.6 Simulation methods

The word ‘simulation’ carries several meanings in relationto modelling. A common
element is the reliance on a computer for model implementation. The more conserva-
tive meaning follows physics and engineering where simulation is often identical to
numerical computation. Given the extensive use of differential equations in the nat-
ural and engineering sciences, often both simulation and numerical computation can
read as synonyms for numerical integration of mathematicalmodels of dynamical
systems. The use of a computer becomes necessary if the system of equation cannot
be solved analytically, deriving a closed form solution with pencil and paper. In the
natural sciences analytical solutions are often preferred, as they suggest a more pre-
cise solution. Analytical solutions are also usually preferred in economics, though
for a slightly different reason. In economic theory an analytical solution conforms to
a deductive proof, whereas a numerical solution can only represent a special case.

A different approach to numerical integration is presentedby Monte Carlosim-
ulation or integration methods (Judd, 1998), often appliedin econometrics. Simu-
lation in econometrics has a slightly different meaning. There, it mainly concerns
the estimation of the mean of a variable, relying on integration of this variable times
a probability density, by calculating the average value on the basis of a very large
number of draws from the probability density distribution.Simulation—by means of
direct integration—in case of a dynamical system, usually concerns the reconstruc-
tion of a position or volume of an entity, given a descriptionof its velocity or growth
rate, using small but finite approximations for infinitesimal small quantities in the
analytical equivalents.

Since systems of non-linear differential equations can notbe solved analytically
in general, with only a few exceptions, numerical integration of these systems is nec-
essary for understanding their behaviour. A qualitative first impression of the overall
behaviour of non-linear systems can often be supported by analytical solutions for
(local) linearisations, especially concerning stability. However, a full account of the
behaviour can only be given by solving the equations numerically. The integration of
2D and 3D visualisation in the graphical user interface (GUI) further facilitates the
interpretation of the results. If a dynamical system is integrated over time, while the
results are presented graphically and instantaneously at every calculation step, the
computer approaches a virtual laboratory where experiments can be conducted.

Models based on dynamical systems are less common in economics than in
physics. Instead, many economic models are based on a maximisation problem. Nu-
merical maximisation can hardly be called simulation, since the algorithm is of-
ten designed to solve a problem without making any referenceto a behavioural
model. An exception can be found in the relatively recent development of genetic
algorithms. Although the behavioural model is rather an abstract implementation
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of mutation and selection, it presents an approach closer tosimulation, at least at
the level of genes. Similar to evolutionary algorithms and even more strongly re-
lated to evolutionary game theory is a specific modelling approach in which models
are formalised only in computer code. Once the decisions is made to model system
phenomena only through a representation of the behaviour atthe individual level,
a next step might consists of taking advantage of an object-oriented computer lan-
guage. This approach adopts concepts also applied in computer science (Weiss, 1999;
Wooldridge, 2002). Although these so-calledagent-based modelscan in principle be
programmed in a procedural language as well—executing one command or function
after another—the main benefit of an object-oriented (OO) language comes espe-
cially with the concept ofencapsulation.

In any OO language the focus is on objects in which data are stored. These
data are often called attributes. If a data-object represents an employee, one of his
attributes could be his wage. The concept of encapsulation only refers to the possi-
bility for the programmer to store the attribute in the object so that it is ‘hidden’, so
that it forces the programmer to adopt the discipline of defining functions—or ‘meth-
ods’—for accessing the attributes. The methods are interesting for modelling human
behaviour, because they relate information to communication. In this way, agents
will only reveal their information when asked to do so explicitly. If two agents meet,
they might be able to ‘ask’ for information to each other. Theinformation received
can be stored in an attribute, which might be interpreted as ‘belief’. Through a rather
elaborate procedure, a dialogue between two agents, discussing their wages might be
formalised as follows:

1. Agent A asks agent B to reveal her wage,

2. Agent B retrieves her wage level from the information onlyshe has access to,

3. Agent B reveals her wage to agent A,

4. Agent A stores the information he receives from agent B in his ‘belief system’.

Presented in this way, the benefits from this modelling approach are not immedi-
ately apparent. Instead of offering a more efficient way to modelling, it even seems to
pose additional restrictions. However, in terms of a behavioural interpretation, these
restrictions offer a transparent way of dealing with the problem of consistent beliefs
in game theory. Beliefs can only become consistent in a more convincing way if
they can be reconstructed with an elementary communicationprotocol. Agents can
only become aware of the information other agents posses if they are able to ‘ask in
person’.

The idea of convincingly reconstructing a certain result lies at the heart of Agent-
based Computational Economics (ACE). Epstein (1999, 2006)even explores the im-
plication of posing it as a requirement:
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‘If you didn’t grow it, you didn’t explain it.’

Interestingly, similar considerations have been discussed within the context of us-
ing computational methods in economic in general, not only restricted to its agent-
based variant by Judd (1998). Judd (1998, p. 13) takes a more or less defensive
position when arguing that numerical results might serve asa solution good enough
for decision-makers that are likely not to be interested in the proof of a theorem:

‘Most end-users will agree that the patterns produced by such computations are
likely to represent general truths and tendencies, and so form a reasonable guide
until a conclusive theorem comes along.’

The reference to a theorem shows that Judd interprets computational results as an
approximation to the deduction of a theorem, in line with Koopman’s (Koopmans,
1957) interpretation of neoclassical economics as an axiomatic theory. Axelrod and
Tesfatsion (2006, p. 1650) expand this theme when it concerns agent-based compu-
tational economics:

‘Simulation in general, and ABM in particular, is a third way of doing science inad-
dition to deduction and induction. Scientists use deduction to derive theorems from
assumptions, and induction to find patterns in empirical data. Simulation, like de-
duction, starts with a set of explicit assumptions. But unlike deduction, simulation
does not prove theorems with generality. Instead, simulation generates data suitable
for analysis by induction. Nevertheless, unlike typical induction, the simulated data
come from a rigorously specified set of assumptions regarding an actual or proposed
system of interest rather than direct measurements of the real world. Consequently,
simulation differs from standard deduction and induction in both its implementa-
tion and its goals. Simulation permits increased understanding of systems through
controlled computational experiments.’

Agent-based modelling also enables the modeller to addressexplicitly the position of
complex systems relative to individual-based approaches,based on the aggregation
of and the interactions between agents. As Epstein and Axtell (1996, p.16) write:

‘Our point of departure in agent-based modelling is the individual: We give agents
rules of behaviour and then spin the system forward in time and see what macro-
scopic social structures emerge. This approach contrasts sharply withthe high ag-
gregate perspective of macroeconomics, sociology, and certain subfields of political
science, in which social aggregates like classes and states are posited abinitio. To
that extend our work can be accurately characterised as “methodological individu-
alist.” However, we depart company with certain members of the individualist camp
insofar as we believe that the collective structures, or “institutions,” that emerge can
have feedback effects in the agent population, altering the behaviour of individuals.
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Agent-based modelling allows us to study the interactions between individuals and
institutions.’

Different interpretations of the use of computer models in social sciences and policy
applications exist. According to one interpretation, a computer model is considered
primarily the implementation of an algorithm for numerically solving a model repre-
sented by mathematical equations. According to another interpretation, agent-based
modelling is different from building mathematical models (Gilbert and Troitzsch,
2005). Following the position taken by Epstein (2006) this distinction will be chal-
lenged in the next chapter, in the sense that there does not exist a computer model
that cannot be represented by mathematical equations as well.

2.7 Conclusions

In this chapter, a general overview is presented of the two main methodological ap-
proaches applied in the social sciences. The first is the systems approach, the second
the individual-based approach. Both are introduced after highlighting the contrast be-
tween the natural and the social sciences. The possibility for a researcher to choose
a specific methodology when building a model in the social sciences is identified
with the absence of general laws. This absence especially has implications for the
deductive nature of model building in general. Deductive models in the natural and
engineering sciences most frequently can be considered restatements of fundamen-
tal conservation laws, for example, the conservation of mass of energy. In an applied
model these laws themselves are not verified. As a result, theaxiomatic nature of the
fundamental laws use can be accepted universally by the researchers in the discipline.

Deductive models in the social sciences rely on axioms as explicit assump-
tions or postulates. As a consequence, the use of these models always consists of
a thought experiment. In this respect, microeconomics adopts an individual-based
approach, based on certain postulates. Although these postulates are problematic in
several cases, in this thesis the formulation of postulatesat the level of individu-
als is preferred over assumptions regarding the behaviour at the level of aggregates
or systems. A systems approach frequently relies on mathematical control theory.
From a methodological point of view, this can often be interpreted as a teleological
perspective on the behaviour of the system, as if the stationary equilibrium of the
system would be reached purposefully by the system. Nevertheless, the mathematics
of complex dynamical systems can offer the possibility to assess self-organisation at
the system level, if the behaviour of the aggregate can be related to the behaviour
of interacting individuals. Examples of this approach can be found in mathematical
biology, especially in evolutionary game theory (EGT).

Finally, an assessment of the behaviour of complex dynamical systems usually
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requires the use of numerical methods, due to non-linearities. Given the preferred in-
terpretation of the system’s behaviour as the result of the interactions of individuals,
the computational method chosen could make the behaviour ofindividuals explicit.
In this respect, the relation between simulation and computation might be closer than
is sometimes claimed in the literature on the use of simulation in the social sciences.
An interesting approach is suggested in the discipline of agent-based computational
economics (ACE), where some researchers propose to replacea mathematical proof
by a credible simulation run.
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Chapter 3

Complexity and evolutionary game theory





3.1 Introduction

In the relevant literature, there is no easily distinguished comprehensive ‘complex-
ity theory’. If one defines acomplexity science, it would deal with elements from
other theories, especially from mathematics and computer science. Examples of ap-
plications can be found in physics, biology and disciplinesthat use mathematics
extensively in modelling exercises. Complexity in mathematics most often refers to
dynamical systems and is used there as a collective term for phenomena that occur in
models with certain characteristics, covered more specifically in sub-branches such
as catastrophe theory and chaos theory (Arnold et al., 1994;Strogatz, 1996) for ex-
ample. This type of complexity will hereafter be referred toascomplex dynamical
systems. Section 3.2 will be devoted to it. Two characteristics of complex systems
frequently referred to areemergenceandself-organisation. As discussed in chapter
2, both characteristics can be identified with the occurrence of structure and the for-
mation of patterns at an aggregate level. They have their origin however, in simple
rules at the level of individual elements.

In section 3.3 it will be shown how mathematical biology—and especiallyevolu-
tionary game theory—inspired economists in linking concepts from individual-based
approaches to concepts from complex dynamical systems. In chapter 2, the relation
between individuals and systems in mathematical biology was stressed. In this chap-
ter, the focus is rather on the rules from which an elementarynotion ofcoordination
can be shown to emerge. The key concept at the individual level that governs coordi-
nation as an evolutionary process level is the so-calledbest response, which will be
discussed in section 3.4. Especially relevant for agent-based modelling is the theory
that deals withcomputational complexitythat will be discussed in section 3.5. Com-
putational complexity addresses the theoretical results about the possibility of—and
time needed for—solving mathematical problems mechanically. A brief introduc-
tion will be presented on how both complex dynamical systemsand computational
complexity can be positioned relative to the neoclassical general equilibrium frame-
work of microeconomics in section 3.6. Finally, in section 3.7 the conclusions of this
chapter will be summarised.

3.2 Complex dynamical systems

The main characteristics of complex dynamical systems at the aggregate level are
non-linearity and interdependence. Many models that can be considered complex
consist of sets of ordinary differential equations. However, related sets ofpartial
differential equations, ordinary and partialdifferenceequations, as well as particle
systems can be shown to possess similar notions of complexity. Self-organisation in
a complex dynamical system can primarily be identified with the presence of afeed-
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back mechanism, as formalised in control theory. If a variable in the model denotes
thestateof the system, a feedback mechanism uses this state variableagain as input
for determining the new state the next time step. For example, a thermostat uses the
current temperature as input for keeping the temperature ata required level. If input
of the state variables follows after a nonlinear transformation, a nonlinear feedback
mechanism is present in the system. Finally, the sign of the input has a major influ-
ence on the behaviour of the system. In general, a negative feedback stabilises the
system while a positive feedback destabilises it.

The same caveat that applies to systems theories—as discussed in section 2.4
—applies to ‘complex dynamical systems’. Theories on complex dynamical systems
cannot be isolated from the discipline in which they are applied. It is not difficult
to find an engineering ‘artifact’ that complies with the formalisation of control the-
ory. A popular example is a mass-spring oscillator with damping (Andronov et al.,
1966). Some forced mass-spring oscillators can be shown to exhibit truly ‘chaotic’
behaviour and would thereby comply with the characteristics of a ‘complex system’,
in the strict sense of the mathematical theory on dynamical systems. The position of
the mass, the mass itself, gravity, and the interplay between the velocity of the driving
force and the velocity and acceleration of the mass togetherallow for the formulation
of a mathematical model that accurately explains the seemingly random—but actu-
ally chaotic—orbits of the mass. The ‘complexity’ that accounts for the behaviour of
the forced mass-spring oscillator still conforms to Newton’s Laws of Motion.

3.2.1 Canonical example of chaos

Perhaps the most popular example of complex behaviour is represented by the dis-
crete version of the logistic growth model (adapted from May, 1976). The devel-
opment of the size of a population,y, might be stated as the relative growth. This
relative growth might—in turn—depend only on a netgrowth rateτ :

ẏ

y
= τ (3.2.1)

The net growth rate can be thought of as the sum of a birth and death rate respec-
tively:

τ = β − δ (3.2.2)

If both β andδ are constants, the model is linear, since the equation can alternatively
be written aṡy = (β − δ) y and they enters as a linear term on the right-hand side of
the equation. A non-linear term can be introduced by making one rate or both rates,
dependent on the current population size. A well-known example contains a death
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rate defined as

δ (y) = β
y

K
. (3.2.3)

With this definition of the death rate, the population size follows a logistic growth:

ẏ = βy
(
1−

y

K

)
. (3.2.4)

The logistic growth model is a simple non-linear model. It reaches an equilibrium
population size ifẏ = 0. If the initial population is larger than zero, the equilibrium
population size is given byy = K, whereK is the carrying capacity. Written as a
difference instead of a differential equation, the model can already show real chaotic
behaviour for a certain parameter value1. The difference equation can be written as

yt+1 − yt

∆t
= βyt

(
1−

yt

K

)
. (3.2.5)

With β′ = 1 + β∆t andK ′ = K(1 + β∆t)/β∆t, this expression can be rewritten
again as

yt+1 = β′yt

(
1−

yt

K ′

)
. (3.2.6)

For K ′ = 1 andβ′ = 4, chaotic orbits emerge as is shown in figure 3.1. This ex-
ample illustrates how a relatively simple non-linear feedback mechanism can result
in complex behaviour. For later reference, it is interesting to note that it is actually
a negativefeedback that induces chaotic behaviour instead of stability. The chaotic
orbit is in fact a special variant of an ‘equilibrium’ solution, although it is not a fixed
point. In chaos theory, the chaotic orbit is called astrange attractor.

3.3 Evolutionary game theory

Mathematical models in theoretical biology offer a source of inspiration for other
disciplines, including economics. One interesting aspectof mathematical biology is
the way it deals with the relation between individuals and systems. Models of ecosys-
tems refer implicitly or explicitly to the behaviour of individual animals and plants,
while the result of the interaction between these individuals can be represented at the
system level. A well-known example is the Lotka-Volterra system, or predator-prey
model2. In mathematical terms, the system is directly related to the logistic growth

1 Incidentally, the difference equation that corresponds to a difference equation (3.2.4)can
also be interpreted as an elementary algorithm for numerical integration (Press et al., 2002).

2 For a rigorous discussion of this model see May (1974).
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Figure 3.1: Chaos in a discrete logistic growth model.

model just mentioned. A prey population of sizex is assumed to have a constant
birth rate,α. Unlike in the logistic growth model, the death rate does notdepend on
the size of the own population, but on the size of predator population,y, multiplied
by a coefficientβ:

ẋ

x
= α− βy. (3.3.1)

On the other hand, the predator population is assumed to havea growth rate that
depends on the size of the prey population. Since no natural enemies exist for the
predator population, the death rate is assumed to be constant. The dynamics of the
predator population can therefore be represented by

ẏ

y
= γx− δ. (3.3.2)

Solving this systems results in an oscillating behaviour ofboth population sizes.
From a conceptual point of view, the interpretation at the individual level of

the Lotka-Volterra model is limited. The population size isrepresented by a scalar
value, while the dynamics are assumed to be continuous. Furthermore, birth and
death rates are not suitable for a behavioural interpretation in terms ofdecisions
made by individuals. A related model is thereplicator dynamicsfrom evolutionary
game theory (Hofbauer and Sigmund, 1988; Weibull, 1995; Hofbauer and Sigmund,
1998; Vega-Redondo, 2003). This model explores thestrategic interactionbetween
populations of the same species. A population of fixed sizeN is divided into two
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subpopulations,n1 andn2, (n1 + n2 = N). Instead of defining a growth rate for the
population size, a growth rate for the fraction,xi = ni/N with i = 1, 2, is defined
according to

ẋi

xi
= fi − f̄ . (3.3.3)

Here,fi denotes thefitnessof the subpopulationi and f̄ is themean fitnesswith
f̄ = x1f1 + x2f2. The fitness is defined similarly to the birth and death rates in the
Lotka-Volterra model, since it depends on the current sizesof sub-populations:

fi = aiixi + aijxj . (3.3.4)

The replicator dynamics can for this two-subpopulations model can be represented
by

ẋi = xi [(Ax)i − x ·Ax] , (3.3.5)

with

A =

[
a11 a12

a21 a22

]
. (3.3.6)

This matrix plays a central role in the next section. It is equivalent to a pay-off matrix
in game theory. It enables the identification of fitness with utility and the replicator
dynamics can be interpreted in terms of abest responsein game theory, discussed in
more detail in section 3.4. Similar to the logistic growth model, the values ofx for
which ẋ = 0, or fi = x ·Ax are of special interest. In classical game theory, a refer-
ence is usually made to two players. Each player is assumed tochoose a strategy that
is a best response to the strategy chosen by the opponent. Evolutionary game theory
most frequently deals with a population of agents. The individual agents are assumed
to choose a strategy that is a best response to the strategy all other individuals in the
population choose. Instead of a rational choice, however, aprocess of natural selec-
tion is assumed. Natural selection here means that a strategy that proves not to be
a best response to the choices of the population will not survive. In an evolutionary
context, the question of whether a strategy will survive is considered subordinate to
the question of whether individuals playing a certain strategy caninvadean existing
population. The connotation of an invasion in genetics originates in the concept of
a mutation. An Evolutionary Stable Strategy(ESS) can be interpreted as a best re-
sponse at the population level to which a ‘mutant’ playing a different strategy has
no chance of surviving. Following Weibull (1995, p. 36), thecondition for a mixed
strategy,x, to be an ESS can be formalised as

u [x, ǫy + (1− ǫ)x] > u [y, ǫy + (1− ǫ)x] , (3.3.7)
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with ǫ sufficiently small. Here,u (x,y) = xAy, with A the payoff matrix as in
(3.3.6). The condition (3.3.7) states that a population playing strategyx is resistant
against a small group playingy, since the fitness is still higher than if the whole
population playedy. Also following Weibull (1995, p. 36), it can be concluded that
an ESS is also an optimal strategy against itself. If there was a strategyy that would
do better thanx does againstx, it would in any event do better than a strategyx

that is already ‘flawed’ by a fractionǫ playingy. In that case, according to (3.3.7),x

would not be an ESS. Hence, an ESS is an optimal strategy against itself.
In the dynamics of (3.3.5) the notion of resistance is captured in the dynamic sta-

bility of the equilibrium solutionẋj = 0. It can be thought of as a possible example
of a dynamics that enforces the strict inequality,>, in (3.3.7). Once in equilibrium,
any mutant strategy will yield a lower fitness than the average and the mutant frac-
tion will decline over time. Its dynamics are analogous to that of a pendulum for
example. After any perturbation,ǫ, that is small enough it will return to its equilib-
rium state. Therefore, the replicator dynamics can be interpreted as a system with a
stabilising negative feedback mechanism. Furthermore, itconforms to a basic notion
of self-organisation, as the equilibrium results from a process that involves inter-
acting individuals. With respect to the two-agent model developed in chapter 4 and
the population model in chapter 6, the ESS is especially interesting, because it is
a refinementof the Nash equilibrium concept of classical game theory that is dis-
cussed in the next section. It therefore also allows for a normative interpretation of
the equilibrium solution.

3.4 Best response and multiple equilibria

The concept of theNash equilibriumis central to the normative interpretation of how
strategic interaction between agents in game theory3 is formalised. A Nash equilib-
rium can be defined more or less informally as a ‘best responseto a best response’.
Although the classical interpretation requires rather unrealistic cognitive capacities
from the agents, concepts from evolutionary game theory andlearning algorithms
in computer science allow for bounded rational interpretation. In the light of com-
plexity, the concept of the Nash equilibrium is interestingbecause a game might
have multiple Nash equilibria. A dynamical system with multiple equilibria can be
considered a more ‘advanced’ complex system. If the equilibrium of a deterministic
dynamical system is unique, it will always mark the end pointof a process regardless
of the initial conditions. Multiple equilibra potentiallyintroducepath dependency. If
the number of equilibria is dependent on a parameter,bifurcationsoccur for every
value of this parameter at which the number of equilibria changes.

3 The references made to game theory in this thesis all concern non-cooperative games.
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First, the concept of a best response will be formalised in a simple game4. A
game played by two agents is defined by the strategies and the payoffs agents receive
when playing the strategies. The payoffs can be representedby two matrices. For

Agent 2
Strategy I Strategy II

Agent 1 Strategy I (a11,b11) (a12,b21)
Strategy II (a21,b12) (a22,b22)

Table 3.1: Two-agent game in normal form.

agent1 the payoff matrix is given by

A =

[
a11 a12

a21 a22

]
(3.4.1)

Based on this matrix, an expected payoff—or expected utility5—can be defined as
a function of theprobability that the opponent plays one of his strategies. Withx2

as the probability that agent2 plays his first strategy, the expected payoffs for the
respective strategies of agent1 are given by

v11 = x2a11 + (1− x2) a12 (3.4.2a)

v12 = x2a21 + (1− x2) a22. (3.4.2b)

The decision of which strategy to choose can be expressed by means of arule, as

if (v11 > v12) then x1 = 1,

if (v11 6 v12) then x1 = 0. (3.4.3)

In case the expected utility of strategyI is higher than that of strategyII , the agent is
supposed to opt for strategyI.

The decision rule (3.4.3) is basically abest responseto the belief agent1 has,
concerning the strategy agent2 will play. This belief is expressed as the probability
x2. Agent1 can also decide to play both strategies with a certain probability x1 for
playing strategyI. To determine the best response tox2, a rational agent would first
calculate the value ofx2 for which v11 = v12. If agent2 plays exactly this strategy,

4 In this thesis, only games represented in the so-called normal form will be referred to.
This representation corresponds in classical (non-evolutionary) game theory to simultaneous
moves by the agents playing the game.

5 The concept of expected utility was introduced by von Neumann and Morgenstern (1944).
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agent1 would be indifferent between playing strategyI or strategyII . This value can
easily be calculated from (3.4.2) and yields

x̂2 =
(a12 − a22)

(a12 − a22)− (a11 − a21)
. (3.4.4)

From (3.4.4) it can be learnt that only the differences between certain parameter
pairs are important in determining the best response. This allows for a simplification
of the payoff matrixA. With a1 ≡ a11 − a21 anda2 ≡ a22 − a12 the matrix can be
represented by

Ã =

[
a1 0
0 a2

]
. (3.4.5)

The matrixÃ in combination with (3.4.2) can be used for the identification of four
types of best responses for a 2 by 2 payoff matrix. Using (3.4.5), the value for which
the agent is indifferent between playing strategyI or II , (3.4.4) can be rewritten as

x̂2 =
a2

a1 + a2
. (3.4.6)

Depending on the signs ofa1 anda2, it can be determined whether0 < x̂2 < 1 and
whetherv11 > v12 in casex2 6= x̂2. The four types of best responses are presented
in in table 3.2.

1 a1 > 0 a2 > 0 x1 = 0 if x2 < x̂2 x1 = 1 if x2 > x̂2

2 a1 > 0 a2 < 0 x1 = 1
3 a1 < 0 a2 > 0 x1 = 0
4 a1 < 0 a2 < 0 x1 = 1 if x2 < x̂2 x1 = 0 if x2 > x̂2

Table 3.2: Four types of best response.

3.4.1 Coordination and lock-in

The first case is of special interest. For the game with the following payoff matrix:

Ã =

[
3 0
0 2

]
, (3.4.7)

the corresponding best response function that reflects the rule of (3.4.3), is plotted in
figure 3.2 withx̂2 = 0.4. Agent1 is supposed to play strategyII in casex2 < x̂2 and
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strategyI if x2 > x̂2. If it assumed that the agents are identical, the payoff matrix for
the other agent,B, would be identical to the payoff matrix of the first agent:B = A.
This denotes asymmetricalgame. Nash equilibria can be represented graphically by
plotting the best responses for both agents in one figure. This is done in figure 3.3.
Using (3.4.6), and withx = x1 = x2, the Nash equilibria are found to bex = 0,
x = 0.4 andx = 1. The relation with the replicator dynamics can now be intro-
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Figure 3.2: Best response for(3.4.7).

duced as follows. According to the definitions, the fitness inthe replicator dynamics
is identical to the expected utility in classical game theory. The replicator dynam-
ics introduces a notion of dynamic stability to the game theoretical interpretation.
Because

f1 − f = f1 − xf1 − (1− x) f2

= (1− x) (f1 − f2) , (3.4.8)

it follows that

ẋ = x (1− x) (f1 − f2) = 0, (3.4.9)

has three solutions. It is to be noted that forx ∈ (0, 1, ), bothx and(1− x) on the
right-hand side have a positive value. The sign of the disequilibrium dynamics is
therefore determined byf1− f2. The dynamics will evolve in the direction in favour
of strategy1 if f1 > f2 and in favour of strategys if f1 < f2. In section 3.3, it
was proven that an ESS is a best strategy against itself. It can therefore be concluded
that every ESS is also a Nash equilibrium, since an ESS is a best response to a best
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Figure 3.3: Nash equilibrium (best response to best response).

response in a symmetric game. However, not every Nash equilibrium is an ESS, as
can be seen forx = 0.4 in the example above. Although, this strategy mix is a Nash
equilibrium, it is not evolutionary stable. A mutation,ǫ, would enforce a situation in
whichf1 6= f2, and the dynamics would evolve in favour of one of the two strategies,
depending on the sign ofǫ.

A game with a payoff matrix of type1 in table 3.2 for both agents is an example
of a coordination game. With respect to complexity, the evolutionary game theoret-
ical interpretation of the coordination game is of special interest because the two
Nash equilibria in pure strategies are evolutionary stable, whereas the Nash equilib-
rium in mixed strategies is not. At the level of the population, this implies that either
the entire population plays strategyI or strategyII . With a deterministic evolution-
ary development as reflected in the replicator dynamics, thestarting point determines
which solution is the equilibrium solution. Since both evolutionary stable strategies
are Nash equilibria, both solutions are optimal for theindividual agent with respect
to the strategies of the other agents. However, the payoff matrix in (3.4.7) serves as
an illustration of the possibility that one solution can be better than the other at the
aggregatelevel. In (3.4.7), strategyI is said to bePareto dominantto strategyII . If
the population plays strategyII , everyone could in theory be made better off without
making anyone worse-off, if all agents would switch collectively to strategyI. In
terms of evolutionary economics, strategyII would represent alock-inat the level of
a society. Especially in the context of an evolutionary selection mechanism that has
possibly lead to this equilibrium, this interpretation might be considered a powerful
metaphor. It integrates insights from complex dynamical systems with a traditional
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normative interpretation.
Finally, with respect to abifurcationfrom one equilibrium to multiple equilibria,

the following variant of (3.4.5), witha = a1 = a2, is important:

Ã =

[
a 0
0 a

]
. (3.4.10)

Table 3.2 now reduces to table 3.3. The parametera now serves as abifurcation

1 a > 0 x = 0 if x < x̂2 x = 1 if x > x̂

2 a < 0 x = x̂

Table 3.3: Two types of best response for(3.4.10).

parameter. Depending on its sign, the system has either one or two ESS. In the
context of a population game this interpretation is relatively abstract. In chapter 4 a
similar construction will be discussed concerning networkexternalities.

3.4.2 Smoothed best response

Primarily for the reference in chapter 4, the best response for an expected utility with
an additional stochastic term will be introduced here. It isdiscussed in Fudenberg
and Levine (1998, p. 101–133) in the context oflearning in games. The main reason
for referring to it in this chapter, is the possibility of defining acontinuousfunction
that can approximate the discrete choice between two options. A continuous best
response function is helpful in making the translation fromdynamical systems as
systems of differential equations to individual agents in an agent-based model, and
back. It also facilitates the interpretation of a best response in terms ofprobabilities
in a stochastic environment.

Starting with (3.4.3) an error term will be added on both sides of the equation:

if (v11 + µε11 > v12 + µε12) then x1 = 1,

if (v11 + µε11 6 v12 + µε12) then x1 = 0. (3.4.11)

Assuming that the difference between the error terms has alogisticdistribution6, the
cumulative probability density function approximates thebest response curve, as is
illustrated in figure 3.4. This smoothed best response,x1, can be expressed as

6 For a more detailed discussion on this issue see chapter 4.
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Figure 3.4: Logistic distribution and best response.

x1 =
exp

[
v11(x2)−v12(x2)

µ

]

exp
[

v11(x2)−v12(x2)
µ

]
+ 1

. (3.4.12)

Using this definition, a Nash equilibrium can be approximated as a smoothed best
response to a smoothed best response, as illustrated by figures 3.5 and 3.6. Due to
the stochastic term, this best response actually concerns aprobability. Therefore the
term ‘best responsecorrespondence’ is frequently used for this variant.

3.5 Computational Complexity

In computer science, complexity theory deals withcomputabilityand is also called
computational complexity(Sedgewick and Flajolet, 1996). It refers to a classification
of algorithms by their capability and speed for solving problems. The definition of
‘complexity’ in this context is different from its use in dynamical systems. Some
overlap may occur because systems of non-linear equations frequently can only
be solved using computer algorithms. However, algorithms for solving differential
equations usually only involve numerical integration, while fundamental questions
regarding computability are related to existence proofs. The use of the terminology
derived from computational complexity in disciplines other than computer science
is less common than the use of terminology from complex dynamical systems, with
the exception of Operations Research (Simon, 1996).

Computational complexity classifies algorithms accordingto the length of time
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Figure 3.5: Smoothed best response.
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Figure 3.6: Nash equilibrium in smoothed best responses.
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needed for accomplishing their tasks. Time can be expressedin the number of opera-
tions required. The theory deals primarily with the limits on the number of operations
needed, as the size of the problem goes to infinity. Illustrative examples can be found
in sorting algorithms in which the size is determined by the number of elements to
be sorted. For sorting a list of book titles alphabetically,different approaches exist.
A search algorithm that sorts by the method of ‘divide and conquer’—where the list
is split first in two halves, the relevant half is split in two quarters of the original list
etc.—is faster than a method that checks every single element, starting from the first.

Related to the complexity of the algorithm is the possibility to solve a given
problem at all. If a problem can be solved, the complexity of the problem might be
identified with the complexity of the algorithm that has the best performance. If it
is not clear beforehand whether a given problem can be solved, a strict definition
of what an algorithm does, is needed. Put differently, a definition of computation
is required for the formalisation and generalisation of algorithms. This definition of
computation, in turn, allows for a strict definition of the computability of a given
problem. According to this theory if a problem cannot be computed, it cannot be
solved.

The concept of computability originates in the fundamentalresearch on the log-
ical foundations of mathematics at the beginning of the20th century. Computation
was defined as a task that might be performed by a limited set ofoperations and
served as a formalisation of a deductive proof in mathematics. The computation was
thought to be implemented mechanically in the theoretical concept of aTuring ma-
chine. Implementation in real machines has eventually led to the development of
the modern computer. The so-calledassembly languagewhich allows programmers
to write programmes almost directly in machine code is essentially still based on
the three basic operations Turing proposed for the universal variant of his machine.
Since machine code defines the operations at the lowest levelof any computer, Tur-
ing’s definition of computation is relevant for any type of computer model, including
agent-based models.

The original scientific ambition of expressing all mathematical propositions in
a computable fashion has failed. Gödel’s famous Incompleteness Theorems showed
that in every axiomatic theory it will be possible to expresspropositions that cannot
be proven in the mechanical way described above. The first theorem states that no
formal theory iscomplete, meaning that it is always possible to formulate a statement
that is true, but cannot be proven within the theory. The proof of this theorem relies
on computability, in the sense that attempts to prove the true statement fails because
they all result in a contradiction. The equivalence to a contradiction in computation
is an algorithm that does not stop. Gödel’s second theorem states that every formal
theory contains a statement of this type of contradiction, claiming that the theory is
consistent. Since it is a contradiction, the theory itself is inconsistent if and only if
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it contains a statement that claims its own consistency. Thecanonical type of this
contradiction is similar to a paradox in ordinary language,such as the story of the
Cretan (Epimenides) who claimed that all Cretans are liars.

The tools developed for definingcomputabilityhighlight the similarity with
other deductive systems that use equations. If individualsare represented asobjects
in computer code, a model description will concern an algorithm rather than a set
of equations. The degree to which a group of autonomous agents can solve a prob-
lem successfully as a collective is still bound by the limitsimposed by the hardware
of computers. Since theoretical results on computability inspired the construction of
computers, behavioural theories implemented in an agent-based model are directly
related to theories on artificial intelligence and algorithms. It was argued in section
2.6, with a reference to Epstein (2006), that agent-based models are not fundamen-
tally distinct from models represented by sets of equations. First of all it has to be
noted that the type of equations Epstein refers to is rather specific. Given this special
type, the argument runs as follows:

• Every Turing Machine can be represented by apartial recursive function,

• Every computer operates as auniversal7 Turing Machine,

• Hence, every computer model can be represented by a system of partial recur-
sive functions.

The termrecursionrefers—more or less informally—to the composition of an object
by elements of the same type as the object itself. If presented visually, it is some-
times—and especially in The Netherlands—referred to as theDroste effect, after the
image of a nurse on a box of cacao from the Dutch brand ‘Droste’. The nurse holds
in her hands a box, with an image of nurse, holding in her hands..., etc. Another
example is the name of a part of theopen source movementin software develop-
ment: GNU. It is an abbreviation forGNU is Not Unix; defining the meaning of the
letter G recursively. A recursive function in mathematics and computer science is
strictly defined only in terms of a Turing Machine and computability. Therefore a
short overview of the concept of a Turing Machine is presented next.

3.5.1 Turing Machine

The description presented here is adapted from Crossley et al. (1972, p. 31–44). A
Turing Machine should be thought of as areading headthat scans a tape. The tape
consists of squares with symbols. Some squares can be empty.In the theory, the tape

7 See footnote 8.
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can be infinitely long. The reading head is capable of performing the following three
tasks:

1. change the scanned symbol,

2. move the tape one square to the left,

3. move the tape one square to the right.

The task the reading head performs depends on itsstate. After it has performed a
task, its state might change. A basic instruction for the machine can therefore be
represented byfour variables:

1. the current state,

2. the current symbol on the scanned square,

3. the changed symbol, or the direction of moving the tape on square (L or R),

4. the next state.

The reading head recognises instructions by combinations of the first two symbols:
current state and current symbol. If there is no instructionthat matches the current
combination of state and symbol, the machine stops. If the state is denoted byqi, an
empty square by� and if all symbols are based on the number1, possibly altered by
a ’ , all instructions can be composed by an alphabet consistingof only six symbols:
q, �, 1, ’ , L andR.

Now the definition can be stated: A functionφ(n) is apartial recursive function
if there exists a Turing MachineM that starts with a number ofn symbols ‘1’ on
the right-hand side of the reading head and stops with a number of φ(n) symbols.
Because the Turing Machine might not be defined for everyn, the adjectivepartial is
added to this definition of arecursive function. As an example of a partial recursive
function and the associated Turing Machine, Crossley et al.(1972, p. 36) present
the functionφ(n) = 2n. For any givenn, this function should basically copy all
symbols. It is assumed that when the machine starts, the reading head is positioned
above the empty square, left to the first ‘1’ of the set to be copied:

H

� 1 1 1 1 � � � � � � �

In order to let the ‘programme’ start, the first instruction is

(q0,�, R, q0) . (3.5.1)

This instruction positions the reading head just above firstsquare with a ‘1’ on it:
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H

� 1 1 1 1 � � � � � � �

The second instruction is

(q0, 1, 1′, q1) . (3.5.2)

The reading head changes the first ‘1’ in a ‘1′’:

H

� 1′ 1 1 1 � � � � � � �

It then searches for an empty square on the right-hand side ofthe ‘1′’ that was just
created. If it finds an empty square, it skips one square and writes a new ‘1’ on the
next empty square. After that, the state is switched toq3. The instructions are

(q1, 1
′, R, q1) ,

(q1, 1, R, q1) ,

(q1,�, R, q2) ,

(q2,�, 1, q3) . (3.5.3)

The result on the tape is

H

� 1′ 1 1 1 � 1 � � � � �

After that it goes back, searching for the ‘1′’ on the left-hand side. It moves one
additional square to the right again in case it has found it, and switches to stateq4:

(q3, 1, L, q3) ,

(q3,�, L, q3) ,

(q3, 1
′, R, q4) . (3.5.4)

On the tape, the result is

H

� 1′ 1 1 1 � 1 � � � � �

From stateq4 it can switch toq0 again for copying the next ‘1’:

(q4, 1, 1, q0) . (3.5.5)

Finally, an instruction is needed for finishing the procedure. The procedure should
stop if alln symbols of the original set are marked. This is the case if themachine is
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1 q0 � R q0

2 q0 1 1′ q1

3 q1 � R q2

4 q1 1 R q1

5 q1 1′ R q1

6 q2 � 1 q3

7 q3 � L q3

8 q3 1 L q3

9 q3 1′ R q4

10 q4 � L q5

11 q5 1 L q5

12 q5 1′ 1 q5

Table 3.4: Instructions needed for representingφ(n) = 2n.

in stateq4, but the reading head is above the empty square that was left between the
original set and its copy. If it is above the empty square, it moves one square to the
left; the last symbol of the original set:

(q4,�, L, q5) . (3.5.6)

If in stateq5, all marks on the symbols of the original set should be removed:

(q5, 1
′, 1, q5) ,

(q5, 1, L, q5) . (3.5.7)

This procedure continues until the reading head is positioned left of the first symbol
of the original set, since it has no instruction that matchesthe combinationq5 and�.
Left to the reading head, there is now a number of2n symbols ‘1’.

H

� 1 1 1 1 � 1 1 1 1 � �

The relevance of this example of a Turing Machine with regards to the discussion
on complexity lies in the observation that the functionφ(n) = 2n can be represented
by amechanical procedurethat employs afinite number of instructions. In this case
12 instructions are sufficient. They are summarised in table3.4. The instructions in
turn, are constructed with a finite number of elements; thealphabetas it was referred
to above. In principle, the finiteness of both instructions and alphabet allows in prin-
ciple for a translation of all components of a Turing Machineto new alphabet—or
coding system—that consists only of ‘1”s and ‘0”s. The construction of the central
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processing unit (CPU) of a digital computer is based on this principle, withmachine
codeas the most elemental language, translated from assembly language.

Even if an agent-based model is coded using an object-oriented language, as
discussed in section 2.6, acompilertranslates the programming code of the language
to machine code. Agent-based models are therefore eventually processed by a CPU
at the level of basic instructions inspired by a Turing Machine8. Because a partial
recursive function can be represented by a Turing Machine, an agent-based model
might alternatively be represented by a system of partial recursive functions. This
system will probably be less illuminating than the organisation of the behavioural
rules in a computer programme written in an object-orientedlanguage. Nevertheless,
the equivalence implies that there is no fundamental distinction between an agent-
based model and a model expressed in mathematical equations.

3.6 Neoclassical Economics and complexity

After the overview of complexity issues in general, an shortintroduction on the role
insights from complex dynamical systems and computationalcomplexity might play
in an assessment of neoclassical economics is given. First of all, the linearity in the
neoclassical framework refers tolinear spaces, rather than linear equations (Koop-
mans, 1957). As before, ‘neoclassical economics’ here refers to the Walrasian gen-
eral equilibrium framework in the formalisation by Arrow and Debreu (1954) (see
also Debreu, 1959). The main benefit a researcher gains from alinear activity model
is the possibility todecomposethe behaviour of an aggregate model into the sep-
arate contributions of the elements. Together, these contributions result in the be-
haviour of the aggregate system, simply by means ofaddition. The linear spaces
in the neoclassical general equilibrium model concern thecommodity setsfor con-
sumers and producers. If the commodity sets for two consumers are defined within
a linear space, the sum of the commodity bundles chosen by theconsumers repre-
sents the total amount of commodities chosen. Rationality implies that a consumer
chooses apreferredbundles from the set of possible bundles. If the preferred bun-
dles of the agents areindependentof each other, the basic condition for the First
Welfare Theorem is already fulfilled. This follows from the possibility for each con-
sumer to maximise his utility by choosing the most preferredbundle. As a result,
the total demand for the commodities will contain the optimal demand for each in-
dividual agent. It immediately follows that if the preference structure of one agent
depends on the decision another agent makes, total demand following independent

8 A computer is actually a ‘Universal Turing Machine’. This is a conceptual generalisation,
based on the idea that the tape for a Universal Turing Machine could start with the basic set
of instructions for some Turing Machine—for example, the instructions of table 3.4. This set
enables the Universal Turing Machine to replicate the results of any Turing Machine.
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utility maximisation will be different from total demand resulting from maximisa-
tion under interaction. Results from the mathematical theories on non-linear systems
therefore have a clear interpretation in economics. Non-linearity arises ifnon-market
interactionsare added to a model of a market equilibrium. Non-market interactions
can therefore be considered an example of extending the neoclassical general equi-
librium model with elements from complexity theory.

As noted in chapter 1, parallel to the dominance of neoclassical economics in
the 1950s and 1960s,game theorycomplemented the economist’s tools for assessing
a wider set of markets, oligopoly for example, by modelling strategic interactions.
But in the 1990’s,evolutionary game theory(Weibull, 1995) in particular gave rise to
the development of approaches in which pure strategic considerations were replaced
by the emergence of informal institutions, or conventions.A key feature of these
approaches is the redefinition of strategic interaction associal context. It offers a
natural way to complement, rather than replace, the Arrow-Debreu framework. Fol-
lowing the more recent literature on game theory (see for example Gintis, 2000), the
concept of a game has a very general interpretation. Basically any situation in which
different agents have the same or different interests and inwhich some form of de-
pendency exists can be formalised as a game. A Nash equilibrium corresponds in that
case to any formal or informal agreement. By definition of a Nash equilibrium this
agreement reflects the best option for the individual agent,given the best options of
all other agents. Combined with a ‘short-sighted’ variant of bounded rationality—or
myopic utility improvement—, stylised versions of civilisations were constructed, in
which people still act in their own interest, but together spontaneously establish cer-
tain rules of collective behaviour, such as driving on the right (or left) hand side of
the road or eating with knife and fork (Young, 1998). These are examples of the evo-
lutionary approaches to the coordination game discussed insection 3.4. Translated
to the level of a society, this agreement can be a formal or an informal institution
(Young, 1998). An example of formal institution is alaw, while an example of an
informal institution is usually related to traditional rules of conduct. The distinction
is not always very strict. If a law is enforced on agents with democratic legitimacy,
in principle consensus exists among all agents. Whether traffic drives on the left-
or the right-hand side of the road, for example, depends on a country’s history. If
one side has become part of a national law, this still reflectsthe general consensus
that the roads are most safe if everybody cooperates with this societal agreement.
Reintroduction of price considerations in this social context established the field of
the (New) Social Economics (Becker and Murphy, 2000; Durlauf and Young, 2001),
where economists try to integrate concepts similar to thosefrom mathematical soci-
ology (Coleman, 1990) into an economic-theoretical analysis.

As discussed in section 3.4, the interpretation of a coordination game in terms
of a population game offers a powerful metaphor of a more advanced type of a com-
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plex dynamical system due to the presence of multiple equilibria. But even in the case
of a unique equilibrium and market interactions only, the notion of self-organisation
can possibly contribute to an extension of the neoclassicalframework. Adam Smith’s
Invisible Handcan be considered an example of self-organisation. However, the neo-
classical framework contains only a formalisation of the idea that, if all information
about a product is contained in its price, a price vector exists that supports an effi-
cient allocation of goods. It does not describe the process in which the optimal price
vector emerges. Chapter 4 is devoted to this discussion.

The concept ofcomputabilityfrom computational complexity provides the pos-
sibility of extending the discussion on the selection of theneoclassical market equi-
librium. Although a market equilibrium might be computed byan optimisation al-
gorithm, the credibility of the existence of the optimal equilibrium in reality can be
made dependent on the behavioural interpretation of this algorithm. A computer sim-
ulation model can assist in the formalisation of what is ‘decentral’ in a decentralised
allocation. The agents acting in their self-interest—corresponding to Adam Smith’s
original interpretation of the Indivisible Hand—can be modelled as autonomous self-
interested agents, as in Epstein and Axtell (1996). The possibility of replicating
a neoclassical market equilibrium is then a benchmark for a special kind of com-
putability with additional conditions. This discussion was introduced in section 2.6
as one of the research topics in agent-based computational economics, and will be
extended in chapter 4.

3.7 Conclusions

Two types of complexity are discussed in this chapter: complex dynamical systems
and computational complexity. The first is shown to be relatively general. It can be
considered a branch of mathematics and control theory and problems arise with the
interpretation as an independent theory. These problems are similar to those related to
systems approaches in general, discussed in section 2.4. Mathematical biology pro-
vides not only examples of integrating individual- with systems-based approaches;
it can also provide an interpretation of dependency and non-linearity with respect
to individual behaviour. Especially evolutionary game theory offers a framework in
which key characteristics of complex dynamical systems—such as self-organisation,
multiple equilibria, bifurcations and path dependency—canbe related to the more
traditional normative concept of a Nash equilibrium.

Computational complexity provides a precise definition of computability. Its in-
terpretation as a series of mechanical operations can be related directly to the hard-
ware of computers. This interpretation plays an important role in the argument that
computer models are not essentially different from deductive models represented
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by mathematical equations. It also offers suggestions for the identification of com-
putability with a behavioural interpretation of agent-based models.

Both notions of complexity can be related to the neoclassical framework of mi-
croeconomics. The non-linearity of complex dynamical systems can be contrasted
with the neoclassical linear activity model and used to define a basis for comple-
menting neoclassical market interactions with non-marketinteractions. Even in the
absence of non-market interactions, the notion of self-organisation seems to cor-
respond to the process that is implicitly assumed to result in the optimal market
equilibrium. Finally, this notion of self-organisation can be given an computational
interpretation, using an agent-based algorithm indicatedabove.

3.8 Appendix

In this appendix derivations for both the discrete and continuous versions of the repli-
cator dynamics are given. These derivations have their origin in biology, especially in
genetics (Fisher, 1930). Alternative derivations that correspond to behavioural rules
for agents will be presented in chapter 6.

3.8.1 Discrete

The derivation of the discrete version of the replicator dynamics presented below is
based on Hofbauer and Sigmund (1988).

Given a population of sizeN , the fraction of the subspeciesi is given by (with∑
ni = N )

xi (t) =
ni (t)

N (t)
. (3.8.1)

The size of next generation of the subspeciesi, resulting from a meeting with sub-
speciesj is given by

nij (t + 1) = ni (t)xj (t) aij . (3.8.2)

The probabilityxj denotes the probability of a member ofi meeting a memberj and
aij is the reproduction rate (in new members ofi per current member ofi). The total
number of members ofi in the next generation is therefore given by

ni (t + 1) = N (t)
∑

j

xi (t) xj (t) aij . (3.8.3)
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The size of the total population follows from the summation over all sub-populations:

N (t + 1) =
∑

i

ni (t + 1) = N (t)
∑

i

∑

j

xi (t)xj (t) aij . (3.8.4)

Next,fitnessis defined as the total reproduction rate per subspecies

fi (t) =
∑

j

xj (t) aij . (3.8.5)

The size of the new subspecies then reads

ni (t + 1) = ni (t) fi (t) . (3.8.6)

And the fraction in the new generation as

xi (t + 1) =
ni (t + 1)

N (t + 1)
=

xi (t) fi (t)∑
j xj (t) fj (t)

= xi (t)
fi (t)

f (t)
. (3.8.7)

This expression maintains that the relative growth of fraction in the new generation
depends on the fitness (reproduction rate) of the previous generation, relative to the
average fitness level.

3.8.2 Continuous

The continuous case is adapted from Yazar (2006). With the definition of differential
(instead of difference) equation

ẋi (t) = lim
∆↓0

xi (t + ∆)− xi (t)

∆
, (3.8.8)

it is assumed that only the ‘fraction’α of the fraction takes part in reproduction
during interval∆:

xi (t + ∆) =
α∆xi (t) fi (t) + (1− α∆) xi (t)∑
j α∆xj (t) fj (t) + (1− α∆) xj (t)

. (3.8.9)

Note that the denominator can be rewritten as
∑

j
α∆xj (t) fj (t) + (1− α∆) xj (t)

= α∆
∑

j
xj (t) fj (t) + (1− α∆)

∑
j
xj (t)

= α∆f (t) + (1− α∆) . (3.8.10)
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It follows that

ẋi (t) = lim
∆↓0

1

∆

{
α∆xi (t) fi (t) + (1− α∆) xi (t)− xi (t)

[
α∆f (t) + (1− α∆)

]

α∆f (t) + (1− α∆)

}

= lim
∆↓0

α∆xi (t)

∆

{
fi (t)− f (t)

α∆f (t) + (1− α∆)

}
. (3.8.11)

And finally

ẋi = αxi

(
fi − f

)
. (3.8.12)

This is the replicator dynamics as introduced in section 3.3.
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Chapter 4

Pareto efficiency and best response

dynamics





4.1 Introduction

This chapter discusses the efficiency of a market allocationin the neoclassical frame-
work, together with an evolutionary approach to the computation of the market equi-
librium. An alternative interpretation of a neoclassical two-agent, two-commodity
exchange economy based on the themes and elements collectedin chapter 3 will
also be developed.

Under well-specified conditions, in the neoclassical framework the equilibrium
of demand and supply corresponds to Pareto efficient allocation. The framework,
however, does not specify the process of price setting. A competitive market is char-
acterised by price taking behaviour for all agents involved, which essentially implies
that an outside institution determines the prices at which markets clear. In the lit-
erature, special attention is devoted to the search of a two person bargaining game
that results in the same prices. The intuition behind this search is clear. Not in the
least do policy interpretations of competitive markets often appeal to theemergence
of equilibrium prices. In terms of complex dynamical systems, one might argue that
both economists and policy makers frequently refer to a market as aself-organising
systemeven though this aspect appears to be rather problematic from a modelling
point of view. In the most basic setting a decentralised allocation of goods should
therefore ideally support the interpretation of only two independent agents reaching
an agreement over the price of a good.

The approach followed in this chapter is different from mostof the existing liter-
ature on bargaining games. To the knowledge of the author, there exists no previous
literature on the approach presented here. It starts from the correspondence between
utility functions with a constant elasticity of substitution (CES) and the logit model
in discrete choice literature as presented in Anderson et al. (1992). Unlike the dis-
cussion in Anderson et al. (1992) however, the immediate focus will not be on a
representative consumer and differentiated goods. Standard textbook examples of a
two-agent exchange economy often use a simple utility specification for illustration,
such as a Cobb-Douglas function. Because the Cobb-Douglas function has a CES
equal to one, this basic example of a general equilibrium model can also be trans-
lated to a discrete choice problem. A discrete choice formulation has three benefits
in terms of a behavioural interpretation:

1. the agents’ choices can be interpreted as simple rule-based decisions,

2. the discrete set of choices can be assigned pay-offs that resemble those in game
theory,

3. if the pay-offs depend only on the negotiated prices, bargaining can be iden-
tified as a strategic market interaction using a different interpretation of the
original preference structures.
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It is to be noted in advance that the game-theoretical interpretation above is distinct
from what is usually called thebargaining gamein economics (Nash, 1950; Rubin-
stein, 1982), although the type of negotiation suggested bears some similarities with
Yildiz (2003). The Nash equilibria in the model developed inthis chapter are rather a
reinterpretation of the traditional market equilibrium interms ofbest responseswith
a negotiated market price as a means for interaction. Two goals can be achieved by
identifying the neoclassical market equilibrium with a Nash equilibrium, :

1. the theories on evolutionary approaches to game theory—especially those of
learning in games—can be translated directly to thecomputationof an market
equilibrium,

2. the interpretation of a Nash equilibrium can be sustainedto allocations that are
inefficient in the neoclassical framework.

The second goal will play an important role in the assessmentof externalities as
non-market interactions.

This chapter follows a stepwise approach to the developmentof an agent-based
computational bargaining model. Section 4.2 discusses theefficiency of the market
allocation following the traditional approach. In section4.3 the CES utility function
will be interpreted in terms of a best response to a given price. This best response is
integrated in a dynamics which involves an institution setting disequilibrium prices
in section 4.4. The institution is removed in section 4.5. Insections 4.6 and 4.7
external effects and product differentiation will be introduced briefly for this two-
agent model. Conclusions are drawn in section 4.8.

4.2 Market efficiency

The First Theorem of Welfare Economics implies that, under certain conditions, if
goods are allocated by competitive markets there exists a unique set of prices en-
suring an optimal level of well-being for all agents. In a competitive economy it is
assumed that all agents are price takers, meaning that no agent can individually influ-
ence the prices of goods sold in the markets. The optimality of the level of well-being
is characterised asPareto efficient, meaning that no agent ’... can be made better off
without someone being made worse off...’ (Stiglitz, 2000, p. 57). Following Bowles
(2004), this theorem can be interpreted with some scepticism. By means of a sort
of reverse engineering, it can be shown that the condition of price taking behaviour
might be interpreted as a mechanism that forces the agents tohave identical marginal
rates of substitution (MRS). In the neoclassical general equilibrium model the MRS
is identical to the market price. And since it can be shown that agents having the
same MRS already implies Pareto efficiency, it is the assumption that agents face
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the same price which effectively enforces the efficiency. This observation does not
dismiss the first welfare theorem as a normative result. Rather, it shows that Pareto
efficiency can be achieved independent from how market prices are established1.

4.2.1 Equal marginal rates of substitution

The following assessment is adapted from Bowles (2004, p. 205–232). Given an
economy with two agents and two goods, a Pareto efficient allocation can be defined
as the market equilibrium in which agent1 tries to solve the following problem:

max
s1,z1

u1 (s1, z1)

s.t. u2 (s2, z2) = u∗2

s1 + s2 = s̃

z1 + z2 = z̃. (4.2.1)

It is similar to an ordinary optimisation problem in which anagent tries to maximise
utility given a budget constraint. Instead of a budget constraint, the agent now faces
three constraints. The first constraint in (4.2.1), is the level of utility of agent2 that
needs to be remained fixed for Pareto efficiency2. The second and third constraint
reflect the total availability—and thereby the total consumption—of the goodss and
z.

Combining all three constraints, the utility function for agent 2 can be writ-
ten as a function of the consumption of agent 1:u2 (s̃− s1, z̃ − z1) = u∗2. If it
is furthermore assumed that this function can be inverted3, the quantityz1 can be
written as a function of the variables1 and the constantsu∗2, s̃ and z̃: z1 = z̃ −
z2 (s̃− s1; z̃, u∗2) = z1 (s1). Maximisation of utility in the problem of (4.2.1) can
now be addressed with only a first-order condition (using thechain rule):

∂u1

∂s1
+

∂u1

∂z1

dz1

ds1
= 0. (4.2.2)

Using the definition of themarginal rate of substitution(MRS) (Simon and Blume,

1 The fact that the neoclassical framework does not specify the process of price setting has
inspired in the 20th century economists like Lerner (1946) to explore the efficiency of centrally
planned economies.

2 The equality sign in the first constraint in (4.2.1)should actually be a ≤, but for simplicity
it assumed here that the constraint is binding.

3 The conditions for inversion correspond to the conditions for a convex preference order-
ing; the second postulate quoted as formulated by Koopmans (1957) in section 1.3.
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1994, p. 348), it follows from (4.2.2) that

MRS1 ≡ −
∂u1/∂s1

∂u1/∂z1
=

dz1

ds1
. (4.2.3)

Solely based on the second and third constraint of (4.2.1), the following relations can
be derived:

dz1

ds1
=

d

ds1
(z∗ − z2) = −

dz2

ds1
, (4.2.4)

and finally

dz2

ds2
=

dz2

ds1

ds1

ds2
=

dz2

ds1

d

ds2
(s̃− s1) = −

dz2

ds1
=

dz1

ds1
. (4.2.5)

From (4.2.5) it follows that the marginal rates of substitutions are identical. The
MRS reflects the marginal amount of one good an agent is willing to exchange for
another, while keeping the same level of utility. This meaning is, however, of minor
importance in this section. More important is that in the standard utility maximisation
problem,

max
s1,z1

u1 (s1, z1)

s.t. y1 = pss1 + pzz1, (4.2.6)

the budget constraint allows for the same type of substitutions as the constraints in
(4.2.1), allowing the quantityz1 to be written as a function ofs1. Therefore

MRS1 =
dz1

ds1
= −

d

ds1

(
y1 − pss1

pz

)
= −

ps

pz
= −p. (4.2.7)

The MRS is identical to the negative price ratio for the individual agent. Price taking
behaviour, as the fundamental characteristic of a competitive market, is captured in
the budget constraint of (4.2.6), where it is assumed that the agent maximises utility
at given prices. If all agents optimise their utility at the same given prices, all agents
will have the same marginal rate of substitution. And all agents having the same
marginal rate of substitution follows from the condition that the equilibrium must be
Pareto efficient according to the solution to problem (4.2.1).

4.2.2 Linear spaces

The role of linear algebra in the efficiency of the allocationin the neoclassical frame-
work discussed in chapter 3 will highlighted using the standard problem of (4.2.6).
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In microeconomic theory, an agent faces a decision problem that in its simplest rep-
resentation concerns the choice between two goods. Rather than just choosing the
goods, the agent has to decide how to spend her income, or how to divide her in-
come over the two goods. Following the tradition in urban economics, the standard
problem will be cast in the example of a single agent who decides how to spend her
incomey over residential space or housing,s, and all other goods,z, the composite
good or consumption bundle:

y = z + ps. (4.2.8)

The price for space, the rent, amounts top Euro per month. The price for all other
goods is difficult to establish. Instead,z is measured in Euros itself, representing all
the money spent on all other goods (see also Varian, 2003). The price ratio of (4.2.7)
can therefore be read as the price fors. The choice of how much the consumer
prefers to spend on each good is derived here in a less generalapproach than that
usually found in economics textbooks. Instead of defining the consumption space in
two dimensions, the budget constraint will be substituted from the start, as in section
4.2.1. As a result, the consumption space is one-dimensional4. If it is assumed that
the agent does not save any money, the amount of all other goods she buys follows
directly from the budget constraint:

z = y − ps. (4.2.9)

Therefore, the choice reduces to the question of how much space,s, the agent prefers
to rent every month.

In theory the agent could decide to spend all her money on either housing space,
or to spend everything on all other goods. In practise, she will try to find a balance.
Finding a balance might be thought of as finding a preferred point, s∗, on the line[
0, y

p

]
. A criterion is needed that reflects the way the agent expresses what amount

of housing space she prefers. A simple—and often criticised—way of representing
the decision rule the agent adopts is introducing a functionu of s over the interval[
0, y

p

]
. The fact that agenti for example prefers the amountsi,2 over the amount

si,1,

si,2 ≻ si,1, (4.2.10)

is then represented by

u (si,2) > u (si,1) . (4.2.11)

4 Although this approach does not justice to the subtleties of general equilibrium analysis,
it serves here only as an illustration of the role of linear algebra in the efficiency of the market
equilibrium in neoclassical economics.
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The optimal amount of space, from the perspective of the individual agent, can be
expressed as the amounts∗i,j she prefers over all other amountsk. In mathematical
terms:

u
(
s∗i,j
)

> u (si,k) s∗i,j , si,k ∈ [0, y/p] s∗i,j 6= si,k. (4.2.12)

For the optimal amount,s∗i,j , to be unique, the original utility function,u, needs to
beconvexin s andz. With z already substituted for from the budget constraint, this
condition is equivalent to the requirement that utilityu is a concavefunction in s.
One possible specification ofu that fulfils the requirement is

u = sz. (4.2.13)

With z substituted from the budget constraint, it follows that

u = s (y − ps) = −ps2 + sy (4.2.14)

This is simple hyperbolic equation that reaches its maximumexactly in the middle:
s∗ = y

2p . A more general specification is

u = sβz1−β . (4.2.15)

In the literature, this expression is known as theCobb-Douglasutility function. With
the expression forz substituted in the last equation, a general specification for u (s)
is derived:

u (s) = sβ (y − ps)
1−β

. (4.2.16)

An example of this curve is plotted in figure 4.1. The more common approach is
illustrated in figure 4.2. In figure 4.2 the utility curve touches the budget constraint.
Since the slope of the budget constraint expressed asz(s) in (4.2.9) is equal to−p,
this figure illustrates the maximisation of utility and the equivalence of the MRS and
the negative price as in (4.2.7). For two identical agents, the market equilibrium is
presented in anEdgeworth boxin figure 4.3. In figure 4.3 the basic intuition behind
the First Welfare Theorem and the conjunction with the postulates formulated by
Koopmans (1957), cited on page 16, is presented for an idealised symmetric case.
Convexity guarantees strict separation of the consumptionspaces of the two agents.
The separation line in figure 4.3 is identical to the budget constraint for both agents.
As discussed in section 4.2.1, at the point where the agents maximise their utility the
slope—and by consequence the MRS—is the same. With a price on the budget curve
for both agents that corresponds to this point, the agents are independently able to
maximise their utility.
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Figure 4.1: Cobb-Douglas function (β = 0.6, y = 1.0 andp = 0.5).
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Figure 4.2: Same Cobb-Douglas function as in figure 4.1, presented in the usual way.
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Figure 4.3: Two Cobb-Douglas functions and budget curves (β = 0.5, y = 2 andp = 1.0).

4.2.3 Benchmark exchange economy

An analytical solution for a simple specification for a two-agent, two-good model
will be presented in the final part of this section, adapted from Varian (2003, p. 93–
94). It serves to clarify the role of the Walrasian Auctioneer who sets the market
clearing prices. Additionally, it will serve as a benchmarkfor the computational
agent-based models developed in sections 4.4 and 4.5. The neoclassical general equi-
librium model also includes production, but here an exchange economy is assumed.
Consider an agent,i, facing the following problem:

max
si,zi

ui s.t. yi = pssi + pzzi. (4.2.17)

It is assumed that the agent has a preference structure that conforms to a Cobb-
Douglas utility function,

ui = u (si, zi;βi) = s
βi

i z
1−βi

i . (4.2.18)

Using the approach sketched in section 4.2.2, maximisationof the utility function
can be performed by substituting the budget constraint first. The demand for land
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follows from a simple first order condition

dui

dsi
=

d

dsi

[
s

βi

i

(
yi − pssi

pz

)1−βi

]
(4.2.19)

= s
βi−1
i

(
yi − pssi

pz

)−β [
βi

(
yi − pssi

pz

)
−

ps

pz
(1− βi) si

]
= 0.

The demand for land is

si =
βiyi

ps
, (4.2.20)

and the demand for all other goods equals

zi =
(1− βi) yi

pz
. (4.2.21)

The income of the agents results from only selling a part of their initial endowments
in the two goods to each other at market prices.

yi = psωs,i + pzωz,i. (4.2.22)

The vector for the distribution of endowments can be writtenas

ωi = (ωs,i, ωz,i) , (4.2.23)

with ωs,1 + ωs,2 = A andωz,1 + ωz,2 = 1. The endowment vector for agent1 will
be specified as

ω1 = {wsA, 1− wz} . (4.2.24)

For agent2 the vector is

ω2 = {(1− ws) A,wz} . (4.2.25)

Here, the parametersws and wz control the distribution between the two agents.
Based on the demand function (4.2.20), total consumption atmarket prices will need
to be equal to the sum of the initial endowments for both goods. This role of assump-
tion from a mathematical perspective is clear though its behavioural interpretation is
not, as will be discussed in subsequent sections.

For land, the following equation will need to be solved:

s1 + s2 =
β1y1 + β2y2

ps
(4.2.26)

=
β1wsAps + β1 (1− wz) pz + β2 (1− ws) Aps + β2wzpz

ps
= A.
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The resulting equilibrium price is

p∗ =
p∗s
p∗z

=
β1 (1− wz) + β2wz

A [1− β1wsA− β2 (1− ws)]
. (4.2.27)

With (4.2.27) as the solution for (4.2.26), the main behavioural interpretation lacking
might be referred to as the question of who sets the equilibrium prices. By means of
ad hocexplanation, an external institution could be introduced.This institution is
often referred to as the metaphorical ‘Walrasian Auctioneer’ in economic theory,
named after the French economist Léon Walras (1834-1910).

This example serves as an illustration of the main difficultywith the assumption
of the neoclassical framework to be addressed in the following sections. Although
utility maximisation might be regarded as a less than ideal assumption for modelling
human behaviour, it can be regarded as a stylised formalisation of an agent having
well-defined preferences. The main concern with market clearing—that is, solving
for the equilibrium prices in 4.2.26—is that it has no behavioural connotation. In or-
der to be able to address the issue of market clearing, first analternative interpretation
of utility maximisation will be introduced in the next section.

4.3 CES utility and best response

In this section it will be shown that the neoclassical economic behavioural assump-
tion of utility maximisation can alternatively be interpreted as a strategic decision
concerning the allocation of the budget directly. This interpretation is restricted to
a specific class of utility functions, but this class is very general and covers many
cases. It allows for the direct use of the indirect utility function, although in an alter-
native, stochastic interpretation. The main benefit of thisinterpretation is, however,
not the possibility to use the indirect utility function without referring to the max-
imisation of the direct utility function first.Rather, it allows for an identification of
the strategic element in the budget allocation problem directly with a best response
correspondence in game theory, discussed in chapter 3. This theme will be devel-
oped further in chapter 6, because the best response correspondence is fundamental
in the evolutionary approach to the concept of a Nash equilibrium that will be used
to characterise the spatial equilibrium resulting from thelocation choices in a pop-
ulation consisting of many agents. First the relation between the traditional market
equilibrium and the related type of Nash equilibrium in an exchange economy with
only two agents will be explored in this chapter.

The reference problem will be the standard maximisation of autility function
as in 4.2. The utility function is assumed to have aconstant elasticity of substitution
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(CES) specification over two goods,

u (s, z) = [βsρ + (1− β) zρ]
1/ρ

. (4.3.1)

A CES function can be considered a generalisation of the Cobb-Douglas function,
as will be shown in section 4.3.1. The budget constraint is given by (4.2.8). Using
standard solution techniques, the demand for space can be shown to be

s =
βσp−σ

βσp1−σ + (1− β)
σ y, (4.3.2)

with σ = 1/(1− ρ) as theelasticity of substitution. Following Anderson et al.
(1992), the elasticity of substitution will be shown to be related to the variance of
the error term of a random utility model (RUM) in thelogit specification of a dis-
crete choice model (McFadden, 1973, 1984). In this chapter this relation will not be
employed in a model of product differentiation and oligopoly immediately, as in the
examples presented by Anderson et al.. Instead, the relation between the interpre-
tation of a RUM in a smoothed best response correspondence inlearning in games
(Fudenberg and Levine, 1998, p. 107-119) and the ordinary CES function for two
goods (4.3.1) will be investigated. Although the discussion can be applied to any
context with two goods, the example started in section 4.2 referring to land will be
continued here.

4.3.1 Preference structure

The alternative problem formulation that will be shown to yield identical results as
(4.2.6) with (4.3.1) deals with a stochastic decision problem for one agent. First, the
budget constraint can be written as

y = x (ps) + (1− x) z. (4.3.3)

The agent has to decide what fraction,x, of budgety to spend on residential space, or
housing. The set of stochastic problems that corresponds tomaximisation of (4.3.1)
for all values ofσ is based on the following non-stochastic decision:

if

(
as

az
> p

)
then x = 1,

if

(
as

az
6 p

)
then x = 0. (4.3.4)

In the condition,
as

az
> p, (4.3.5)
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the ratio ofas andaz is the main factor in a basic preference structure. If the initial
preference for space,as, relative to the initial preference for all the other goods,az,
exceeds the price for housing,p, the agent chooses to spend his entire budget on
housing. Using (4.3.4) has the advantage that the behavioural model of the agent
is reduced to arule-baseddecision. Whereas a rule-based system is often used for
implementing an agent-based model, here it serves first as the minimal basis of an
elementary theoretical model of human behaviour. In this basic form—without a
stochastic component—, the decision rule can generate only two demand functions.
If x = 1, it would follow thats = y/p , while if x = 0, the entire budget would be
spent on all other goods than housing and thereforez = y ands = 0. In terms of the
discussion on utility maximisation in section 4.2.2, only the extremes of the interval[
0, y

p

]
can be chosen by the agent.

To introduce a more general, stochastic problem a parameterν will be added5.
The general condition, of which (4.3.5) is a special case, can be stated as

νµass > (1− ν)
µ

azz, (4.3.6)

with ν ∈ [1, 0] from a uniform distribution andµ as a parameter controlling the
‘amplitude’ of the stochastic weights for the preference factorsas andaz. Fors and
z in (4.3.6) the extreme cases,s = y/p andz = y can be substituted. Because the
income term,y, would appear on both sides of (4.3.6), it does not play a rolein the
decision. Witha ≡ as/az the condition (4.3.6) reduces to

eµεa > p, (4.3.7)

with

eε ≡

(
ν

1− ν

)
. (4.3.8)

The term (4.3.8) marks the only difference between (4.3.5) and (4.3.6). It also cap-
tures the stochastic weighting factors in one new factor,ν, with a well-known distri-
bution. From the definition (4.3.8) follows the cumulative probability distribution for
ε. Based on the draws from the uniform distribution forν, the cumulative distribution
for ε—as the probability thatν has a certain value —can be written:

ν = F (ε) =
eε

eε + 1
. (4.3.9)

5 The introduction of ν is more of less arbitrary at this stage, except for the possibility
of controlling the impact of the weights with a single parameter. The justification will follow in
section 4.3.4.
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This is known as thelogistic distribution. A more general justification of the use of
the logistic distribution will be given in section 4.3.4, since the ad hoc introduction
of ν in (4.3.6) might seem arbitrary at this point. For now, it mainly facilitates a focus
on the relation between the elasticity of substitution and the variance of the logistic
distribution. In figure 4.4, the functionF (ε) from (4.3.9) is plotted, together with
the logistic transformation of several random draws forν. The fractionx will now
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Figure 4.4: Logistic distribution and logistic transformation of draws from a uniform distribu-
tion.

be defined as theprobability that the agent will spend his entire budget on housing.
Taking the logarithms of (4.3.7) results in

ln a− ln p + µε > 0. (4.3.10)

Next, an evaluation function is defined6 that will have a similar role as the implication
x = 1 in decision rule (4.3.4). The evaluation functionI (•) has a value of1 if the
condition within the brackets istrue and a value of0 if it is false. It can therefore
be considered the formalisation of the decision rule (4.3.4). Evaluation of (4.3.10),
together with the probability densityf (ε), based on (4.3.9), results in theprobability
that the condition is ‘true’ (x = 1 in (4.3.4)) as theexpected value, or the mean, of
I (•):

x =

∞∫

−∞

I

(
ε > −

ln a− ln p

µ

)
f (ε) dε. (4.3.11)

6 The introduction of the evaluation function and the derivation of (4.3.12)are based on
Train (2003).
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Performing the integration in (4.3.11) results in

x =

∞∫

− ln a−ln p
µ

f (ε) dε = 1−
exp [− (ln a− ln p)/µ]

exp [− (ln a− ln p)/µ] + 1

=
exp [(ln a− ln p)/µ]

exp [(ln a− ln p)/µ] + 1

=
(a/p)

1/µ

(a/p)
1/µ

+ 1

=
(as/p)

1/µ

(as/p)
1/µ

+ a
1/µ
z

. (4.3.12)

The probability is now expressed as a function of the preference factors,as andaz,
and the price of housing,p.

Only a redefinition of the constants is needed:1/µ ≡ σ − 1, β ≡ a
(σ−1)/σ
s and

(1− β) ≡ a
(σ−1)/σ
z . Using these new constants, the probability can be rewritten as

x =
βσp1−σ

βσp1−σ + (1− β)
σ . (4.3.13)

Finally, using (4.3.3), the demand for space is given bys = xy
p , or

s =
βσp1−σ

βσp1−σ + (1− β)
σ

y

p
, (4.3.14)

which is identical to (4.3.2).
As in Anderson et al. (1992), the elasticity of substitutionσ is shown to be re-

lated to the ‘amplitude’ or varianceµ of the stochastic termε. Here, it is also shown
that the more or less heuristically defined preference factors,as andaz, in the con-
dition (4.3.6) are related to the parameterβ in the equivalent CES utility function.
It can therefore be concluded that a rule-based decision with these factors and the
pricep in the condition (4.3.10) results in a demand for housing, (4.3.14), through
the ‘strategy’,x, expressed in (4.3.13), without solving a traditional constrained op-
timisation problem. In figures 4.5 and 4.6 the probability and the demand functions
respectively, are plotted withσ = 0.3 andβ/(1− β) = 0.5.

4.3.2 Probability as time average

Using the stochastic interpretation of the decision made bythe agent means that
the notion of afraction of the income spent on housing is replaced by theproba-
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Figure 4.5: Probability cf.(4.3.13).
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Figure 4.6: Demand cf.(4.3.14).
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bility that the entire income will be spent on housing. For use in a regular economic
decision problem, the original interpretation—referring to a fraction—is usually pre-
ferred. The apparent discrepancy between the two interpretations ofx vanishes if the
probability is interpreted as the theoretical ideal value of the meanbased on a finite
number of draws forε. In this interpretation the income is divided intoT parts. If,
for example, it is assumed thaty is the agent’s monthly income,T would refer to the
number of spendings in a month. For each part, the agent decides whether or not to
spend it on housing. The decision is based on the ratio of the initial preference fac-
tors, weighted by a stochastic term,eµε, as in (4.3.7). The value of this term can be
interpreted as unknown to the modeller, but known to the agent (see Fudenberg and
Levine, 1998, p. 106). If the values of the each weight factorare known to the agent,
the stochastic element would be transferred to the ‘circumstances’ at timet that can
make housing more or less important than all other goods. Thecircumstances refer
to all factors other than the price that might have an influence on the decision of
spending an amount of money equal toy/T on housing.

Splitting the income intoT parts and adding up all the parts spent on housing is
equivalent to calculating the average amount of money spenton housing timesT . In
this way, the value of

x̂ =
1

T

T∑

t=1

I

(
ln a− ln p

µ
> −εt

)
, (4.3.15)

would serve as an approximation to (4.3.11). Combining all considerations above,
the part of the income that is spent—or will be spent—on housingcan be represented
by

pŝ = x̂y =
y

T

T∑

t=1

I

[(
νt

1− νt

) ρ
1−ρ
(

β

1− β

) 1
ρ

> p

]
. (4.3.16)

The demand̂s will be a close approximation of the demand in (4.3.14) ifT is large.
Both demand functions will be identical ifT →∞.

Although this interpretation is relatively abstract, it isimportant to remember
that the behaviour of the agent was essentially reduced to a single decision. If the
fraction of the income spent on housing is reinterpreted as the average amount of
money an agent—or household—spends on housing every month, itis clear that this
decision will result from some process, strict bookkeepingor experience.

4.3.3 Special cases of CES

Since expenses for housing are separated from expenses on all other goods, the am-
plitude or variance of the stochastic term can also be interpreted as the stability with
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which the agent can sustain his preference for housing with respect to its market
price. This interpretation relates the original concept ofelasticity of substitution,σ,
in a natural way to the notion of randomness, expressed inµ. By definition the fol-
lowing relations hold

µ =
1− ρ

ρ
=

1

σ − 1
. (4.3.17)

This allows for an interpretation of the variance,µ, of the stochastic termε in at least
two of the three special cases of the CES utility function (compare with Varian, 1992,
p. 19). All three cases are summarised in table 4.1. The role of µ is in the first case

1 σ ↓ 0 ρ → −∞ µ → −1 perfect complements
2 σ → 1 ρ → 0 µ →∞ Cobb-Douglas
3 σ →∞ ρ → 1 µ → 0 perfect substitutes

Table 4.1: Special cases of CES functions.

less intuitive than in the other two. From (4.3.17) it follows thatσ = 0 if µ = −1. An
elasticity of substitution equal to zero implies that the goods cannot be substituted.
The relative preference for one good over the other, expressed in factorβ, plays no
role and both goods are always bought together. Specifically, the demand for housing
will be equal tos = y/(1− p), while the demand for the composite good is given
by z = 1/(1− p). Both demands therefore depend on the price for housing in the
same way. This is consistent with the intuitive idea of perfect complementarity, but
the interpretation ofµ = −1 does not add much to this insight.

In the second and third case, Cobb-Douglas and perfect substitutability, the vari-
anceµ does have a clear interpretation. These cases represent twoextremes values
of the variance. Starting with the third case, ifµ = 0 the stochastic term disappears
in the condition (4.3.10). As a result, the two goods, housing and the consumption
bundle, are only evaluated on the basis of preference factors and the price. The cir-
cumstances identified with the stochastic term have no impact on the decision. It
suggests that both goods play an identical role in the consumption pattern of the
agent and that they therefore can be treated as perfect substitutes when the prefer-
ence factors,as andaz in (4.3.5), are identical.

The second case results in a fraction of the income on which the price has no
impact, as can be concluded from (4.3.13) ifσ = 1. Total expenses on land will al-
ways be equal to a fractionβ of the income. In terms of the variance of the stochastic
terms, especially in (4.3.10),µ →∞ reflects a situation of total randomness, where
the circumstances completely overrule the impact of the price. This characteristic
stresses the position of the Cobb-Douglas utility functionas a highly stylised case.
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The more general cases where the value ofµ lies somewhere between0 and∞
represent situations in which circumstances play a limitedor larger role. In addition
to the alternative interpretation of utility maximisationas a sequence of rule-based
decisions, the elasticity of substitutions can therefore be reinterpreted as an indicator
for the impact of all factors other than the price in these decisions.

4.3.4 Indirect utility

For the addition of the stochastic termν to the condition (4.3.6) of the decision rule
no clear interpretation has yet been given. As was noted in section 4.3.3, the main
focus there was on the role of the variance,µ, rather than on the origin of the error
term,ε. The error term with a logistic distribution can be interpreted as the difference
between two other error terms. Using the definitionε ≡ εs − εz, condition 4.3.6 can
be rewritten as

asse
µεs > azzeµεz . (4.3.18)

Instead of expression (4.3.10), the main condition in the decision rule—after taking
logarithms on both sides of (4.3.18)—can be written as

ln vs + µεs > ln vz + µεz. (4.3.19)

If the random termsεs andεz have adouble exponential distribution, it is ensured
that the difference between the two still has a logistic distribution (see Appendix).
With as ≡ β1/ρ andaz ≡ (1− β)

1/ρ as before, the following definitions result for
(4.3.19):

ln vs ≡ ln y +
1

ρ
lnβ − ln p, (4.3.20a)

ln vz ≡ ln y +
1

ρ
ln (1− β) . (4.3.20b)

The choice based on the condition (4.3.19) can now be reinterpreted as finding the
good,s or z, that yields the maximum value of the two elements of (4.3.20). This
might be expressed as

q = arg max
s,z

{
ln v1/µ

s + εs, ln v1/µ
z + εz

}
, (4.3.21)

followed byx = 1 if q = ps andq = z if x = 0. This notation is rather cumbersome
and does not give any new information. However, (4.3.20) does contain additional
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information. Theexpected value of the maximumis (see Appendix)

ln v ≡ E
[
max

{
ln v1/µ

s + εs, ln v1/µ
z + εz

}]

= µ ln
[
exp

(
ln v1/µ

s

)
+ exp

(
ln v1/µ

s

)]
. (4.3.22)

According to this definition, the value ofv corresponds exactly to theindirect utility
function that belongs to the original maximisation problem of (4.2.6) with a CES
utility specification according to (4.3.1):

v = y
[
βσp1−σ + (1− β)

σ]1/(σ−1)
. (4.3.23)

This section proves that the expected level of utility for the interpretation derived in
this chapter is identical to the indirect utility function that belongs to (4.3.1).

Due to the direct relation with the alternative formulationfor the elements in the
condition (4.3.18), the use of the indirect utility function is consistent with a rule-
based interpretation of the individual agent’s decision. In this sense, the traditional
indirect utility can be used without an appeal to the maximisation of the direct utility
as a behavioural assumption. This indirect utility function will be used for welfare
analyses in later chapters.

4.3.5 Best response and CES

Although the decision of what fraction of the income to spendon housing was al-
ready referred to as a ‘strategy’, a real strategy demands interdependent decision-
making, in shortinteraction. Conforming to the neoclassical tradition, a strict sep-
aration can now be made between market and non-market interactions. Market in-
teractions are mediated through prices. Before addressingwho will determine the
prices, the following assumption will be made concerning the price for housing:

pA = x1y1 + x2y2. (4.3.24)

This expresses the value of land as the product of price per surface area and the total
surface area available on the left-hand side. On the right-hand side are the fraction
of the income spent on land times the income for agent1 and2 respectively. To fo-
cus the discussion on the strategic interaction between theagents, the existence of
an institution similar to the Walrasian Auctioneer might beassumed at this stage.
The main difference with the traditional auctioneer is the validity of (4.3.24) as a
disequilibrium price. Given the total amount of money offered for land, the price is
calculated as the value per surface area unit. The task of theauctioneer reduces to
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collecting all bids and dividing the sum of the bids by the total amount of land avail-
able. This price will then be quoted by the auctioneer. A moredetailed discussion on
this myopic auctioneerappears in section 4.4.

For finding a best response to any quoted price, the current strategy of agent1
will be rewritten as

x1 =
βσ1

1 p1−σ1

βσ1
1 p1−σ1 + (1− β1)

σ1
=

βσ1
1

βσ1
1 + (1− β1)

σ1 pσ1−1
. (4.3.25)

This expression can be used for solving for the price to whichx1 would be the best
response:

p =

(
β1

1− β1

) σ1
σ1−1

(
1

x1
− 1

) 1
σ1−1

. (4.3.26)

Combining (4.3.24) and (4.3.26) results in

x2 =
1

y2

[
A

(
β1

1− β1

) σ1
σ1−1

(
1

x1
− 1

) 1
σ1−1

− x1y1

]
. (4.3.27)

The interpretation of (4.3.27) requires additional explanation. It is the strategy played
by agent2 to which the best response would be strategyx1, played by agent1. Stated
differently, (4.3.27) is the ‘implicit’ best responsex1 to strategyx2 and should actu-
ally be inverted. Unfortunately, due to its functional form, an analytical expression
for x1 as a function ofx2 cannot be obtained and (4.3.27) will need to be solved nu-
merically7. Nevertheless, the function can be plotted followed by an inversion of the
axes to gain at least a qualitative interpretation. This approach is followed in figure
4.7. The plot shows that the best responsex1 is increasing monotonically inx2 the
give parameters. If it is assumed that both agents are identical, the Nash equilibrium
can be obtained at least graphically by finding the intersection of both best response
curves. This is done in the second plot (figure 4.8). The second plot can be inter-
preted in exactly the same way as the best response plots in game theory, discussed
in chapter 3. Section 4.5 will show that this Nash equilibrium corresponds to market
clearing demands. Therefore, by using the interpretation of a CES utility function as
introduced in this chapter, a Nash equilibrium in fractionsof income spent on a good
is defined that corresponds to the neoclassical market equilibrium.

4.4 The myopic auctioneer

The price setting institution that quotes the disequilibrium prices based on current
bids was labelled ‘myopic auctioneer’ in the previous section. Unlike the auction-

7 The solution might be found using the bisection method (Press et al., 2002).
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Figure 4.7: Best response.
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Figure 4.8: Nash equilibrium (best response to a best response).
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eer in the traditional neoclassical framework, the myopic auctioneer need not have
any knowledge about the preference structures of the agentsinvolved in order to
calculate the equilibrium prices that clear the markets. Instead, he canmechanically
calculate the price at the current time step, based on assumed revealed bids from the
two agents. Although this still might be considered a ratherstylised description of
real-world price formation, it does not require extreme cognitive capabilities of all
parties involved. The process can be thought of as metaphor for trial and error. In
this sense, it abstracts from a possible dynamics that eventually leads to astationary
equilibrium. It can be considered as an example ofevolutionary dynamics, although
a similar concept is known in neoclassical economics astatônnement process. The
traditional tat̂onnement process is based on raising prices in case of excessdemand
and lowering prices in case of excess supply. Since total supply is fixed in an ex-
change economy, the simple discrete dynamics for the myopicauctioneer based on
(4.3.24) can be written as

pt =
xt−1

1 y1 + xt−1
2 y2

A
= pt−1 st−1

1 + st−1
2

A
. (4.4.1)

The equilibrium price is reached ifpt = pt−1 = p∗. In that case, from (4.4.1) it
follows that

p∗ (A− s∗1 − s∗2) = 0, (4.4.2)

which is known asWalras’ Law, formally stating that the value of excess demand is
equal to zero (Varian, 1992, p. 317). Ifp∗ > 0, (4.4.2) expresses that the market is
cleared,s∗1 + s∗2 = A, or that there is an equilibrium between supply and demand.

4.4.1 Chaotic dynamics

Once dynamics are introduced, the question arises of whether the process converges
to the equilibrium described above. Computational experiments with two agents with
a demand function (4.3.14) introduced in section 4.3 together with a myopic auction-
eer show the possibility of the existence of a chaotic time series for certain parameter
values, much in spirit with the logistic equation discussedin chapter 3. This result
bears similarities with related models used for finance (Brock and Hommes, 1997).

The nature of the chaotic time series can be illustrated in more detail by plotting
the attractor (Strogatz, 1996) next to the time series. This is done in figures 4.9-
4.13. Here, the demands from both agents are plotted for the iterations1001− 5000.
The first1000 are skipped to make sure that the dynamics reaches a stable pattern
in which combinations of demands cycle. The elasticity of substitution,σ, serves as
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Figure 4.9: Point attractor forw1 = w2 = 0.36, σ1 = σ2 = 1.0.
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Figure 4.10: Period doubling forw1 = w2 = 0.36, σ1 = σ2 = 7.0.
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Figure 4.11: Period four forw1 = w2 = 0.36, σ1 = σ2 = 10.0.
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Figure 4.12: Chaos and strange attractor forw1 = w2 = 0.36, σ1 = σ2 = 15.0.
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Figure 4.13: Period two again forw1 = w2 = 0.36, σ1 = σ2 = 18.0.

a bifurcation parameter. The number of combinations increases asσ increases and
a dotted line with increasing density emerges (figure 4.12).This line is a so-called
strange attractor. This strange attractor disappears again asσ is increased further
(figure 4.13).

With the elasticity of substitution as the bifurcation parameter, the model sug-
gests that the extent of volatility would increase as soon asthe agents start to con-
sider the two goods more and more as substitutes. Since a highvalue forσ implies
a value forµ—the variance of the error term in the condition of the rule-based deci-
sion—that approaches zero, this result corresponds to use ofan error term to smooth
the best response (see chapter 3). A reducing impact of ‘circumstances’ other than
the price, make the agents’ decisions very sensitive to price fluctuations. As a result
of this sensitivity, the fluctuations are sustained. Another part of the explanation for
the problem with convergence lies in the simultaneous reaction of both agents. This
excludes the possibility of some sort of bargaining.

4.5 Bargaining variant

In this section, two individual behavioural models will be combined in a relatively
simple bargaining model8. The main result is the possibility to show that the two
agents of section 4.4 can agree in principle upon a price without the mediation of
an auctioneer. Although the assumptions that need to be imposed on this bargaining

8 The model presented here was implemented by the author in the programming language
Python (version 2.5). Python combined the advantages of a scripting language (no compilation)
with object-orientation. It is therefore very convenient for building relative simple prototypes with
a limited number of agents.
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game may not be a very realistic description of a real bargaining process, the as-
sumptions regarding the agents’ level of rationality and access to information are not
very demanding. The bargaining model is inspired by the smoothed fictitious play
model presented in Fudenberg and Levine (1998, p. 28–36), inwhich agents form
a belief concerning the other agent’s preferred strategy. Fictitious play is both an
example of an elementaryreinforcement learningmodel in the literature on agent-
based modelling as well as a bridge between evolutionary game theoretical concepts
at the individual and the population level.

Imagine two agents bargaining over a piece of land of sizeA. A fractionws of
the land is owned by agent1. Agent1 furthermore owns a fraction of1 − ws of the
total sum of money. To make the example more concrete, it might be assumed that
the total sum is equal to a certain amount in some currency, but for convenience the
sum will be normalised to1. The second agent, agent2, owns a fraction1 − ws of
the land andwz of the money. Both agents would like to trade some part of their land
in return for money, or money for land. They expect to benefit from the trade if they
can agree upon a price per square meter and the amount of land they can trade. This
example is identical to the benchmark problem of section 4.2.3, where the agents
have a Cobb-Douglas utility function.

It will be assumed that each agent has a well-specified demandcurve si(p).
This means that agents can express the amount of land they consider optimal as a
function of the price per square meter. The way the agents determine the optimality
of the amount of land and how they express their demand is based on the best re-
sponse function, (4.3.25), that corresponds to a CES utility function in section 4.3.5.
If an agent proposes a price per square meter of land, he implicitly also proposes the
amount of land he prefers to buy by virtue of his demand curve.Therefore, every of-
fer can be expressed as a price-quantity pair. The product ofthe two is exactly equal
to the fraction of income the agent proposes to spend on land times his income.

The proposed part of his income one agent intends to spend on land will be
observed by the other agent. Given the pair of price and amount proposed by the first
agent, the second agent can determine the amount of land thatwould be left for him.
He is expected to buy this amount at the price proposed by the first agent. However,
if the combination of the amount left and the price proposed by the first agent does
not match the demand curve of the second agent, the latter will decline the offer. If
the second agent declines the offer, he will propose a new price. When determining
a new offer, the agent considers the total amount of money thefirst agent intended
to spend on land as given and fixed. Given this amount, the second agent calculates
the price for the remaining amount pair that would match his own demand curve and
will ‘clear the market’. If agent2 takes the amount of money agent1 intended to
spend on land as given, this amount can be expressed ash1, where by definition

h1 = p1s1 = x1y1. (4.5.1)
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Here, the index of the price indicates which agent made the price offer. Agent2 will
determine the pair of the price,p2, and the amount of land,s2, that will match both
his demand curve,s2 (p2), and the condition

p2A− x2y2 = h1. (4.5.2)

Next, agent 2 will propose the new price together with his preferred amount of land to
agent 1. Agent 1 will only accept the offer if the pair consisting ofp2 ands1 = A−s2

matches his demand curve (4.3.14). If agent 1 declines, he can propose again, now
taking the total amount of money agent 2 intended to spend on land as given using
(4.3.27). This process with alternate offers will be repeated until both agents propose
the same price and an agreement is reached.

Using the smoothed best-response function (4.3.27) derived in section 4.3.1 for
the fraction of income to be spent on land, the bargaining problem sketched above
can be interpreted as a best response dynamic, similar to reinforcement learning
where agents learn to play a Nash equilibrium in a repeated game. In accordance
with the previous analyses in this chapter, this Nash equilibrium corresponds to the
neoclassical market equilibrium, which reflects a Pareto-efficient allocation. For the
implementation of the procedure outlined above as anagent-based model, it should
be noted that the only information that needs to be communicated between the agents
consists only of the total amount of money the agent intends to spend on land,

hi = pisi = xiyi. (4.5.3)

While making explicit the componentspi andsi facilitates the interpretation as two
agents bargaining over a price, the components of the alternative interpretation of
hi—the fractionxi and the incomeyi—instead primarily serves a theoretical pur-
pose. It stresses the game theoretic quality of the interaction in determining the best
responsesxi. Furthermore, in this second interpretation it can be shownthat if an
agreement is reached the solution is equivalent to a Nash equilibrium in strategies
xi. Nevertheless, the agents do not need to reveal the level of income,yi; revealing
pi andsi is sufficient. The dynamics of the price for this bargaining model are plot-
ted in figures 4.14-4.16 for several parameter values. The oscillating price dynamics
give an indication of the presence of a negative feedback mechanism with damp-
ing, stressing the possibility of adopting a systems perspective on this agent-based
computational economic model. This is consistent with the methodological consider-
ations in chapter 2. The results of simulation runs with thisbargaining model can be
compared with both the analytical result from the traditional solution strategy in sec-
tion 4.2.3, which serves as a benchmark, and the simulation result from the myopic
auctioneer model in section 4.4.

For comparison with the analytical solution, in figure 4.16σ1 = σ2 = 1.0016 is
chosen as an approximation as close as possible toσ1 = σ2 = 1.0 (Cobb-Douglas)
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Figure 4.14: β1 = 0.75, β2 = 0.6, σ1 = 10.0, σ2 = 20.0, w1 = 0.3, w2 = 0.4.
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Figure 4.15: β1 = 0.75, β2 = 0.6, σ1 = σ2 = 30.0, w1 = 0.75, w2 = 0.8.
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Figure 4.16: β1 = 0.75, β2 = 0.6, σ1 = σ2 = 1.0016, w1 = w2 = 1.0.

in order to avoid numerical problems (division by zero in theexponents of (4.3.27))
in figure 4.16. From (4.2.7), withws = wz = 1.0, β1 = 0.75 andβ2 = 0.6, the
exact solution isp∗ = 2.4, while the numerical approximation from the simulation
givesp̂∗ = 2.39992074.

4.6 Product differentiation and network externalities

This section discusses the impact of network externalitieson the Pareto efficiency
in the traditional interpretation of the market equilibrium. Network externalities can
be considered an example of non-market interactions. It also includes a short in-
troduction on product differentiation and quality, because the presence of network
externalities is particularly interesting for a differentiated product. The issues intro-
duced in this section will return in chapters 6 and 7, where they will be discussed in
more detail. The issues presented here are included in this chapter to highlight their
relation with the basic notion of Pareto efficiency in the two-agent exchange econ-
omy and the game theoretical assessment of interaction discussed in chapter 3. It
will be shown that a model with network externalities in principle can have multiple
equilibria similar to the model of the coordination game presented in section 3.4.
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4.6.1 Network externalities and Pareto efficiency

For simplicity, the discussion will be limited to the case oftwo identical agents with
a Cobb-Douglas utility function. The utility function for agenti with a network ex-
ternality, expressed byxj , can be written as

ui = s
β
i z

1−β
i x

γ
j . (4.6.1)

The budget constraint is the same as before (given by (4.2.8)),

yi = psi + zi, (4.6.2)

and will be used again for defining the demandsj implicitly by the fraction of the
income,

xj =
psj

yj
, (4.6.3)

spent onsj at a given market pricep. The externality in (4.6.1) can be thought of
as the fraction of the income theotheragent spends ons. The choice ofx overs is
made for convenience, as will be shown below, but one can always be translated into
the other using (4.6.3). Substitution of (4.6.3) in (4.6.1)shows that the consumption
sj of agentj has an impact on the utility level of agenti.

Only equilibrium solutions will be calculated in this section, without explicit
reference to the evolutionary approach of section 4.5, though the results will apply
for that approach as well. Furthermore, since the agents areassumed to be identical,
in equilibriumxi = xj = x.

Elimination ofzi in (4.6.1) by using the budget constraint 4.6.2, followed bythe
maximisation of utility—with the externality taken as given—results in the following
first-order condition:

du

ds
= βsβ−1 (y − ps)

1−β
xγ − p (1− β) sβ (y − ps)

−β
xγ

= sβ−1 (y − ps)
−β

xγ [β (y − ps)− (1− β) ps] = 0. (4.6.4)

Solving results in

β (y − ps)− (1− β) ps = βy − ps = 0, (4.6.5)

or

ps = βy. (4.6.6)
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Therefore, the fraction is equal to a constant

x = β. (4.6.7)

This result is identical to that for a Cobb-Douglas utility function without an exter-
nality. The network externality does not affect the demand function, only the utility
level. Since the agents are not able to maximise their utility independently and ac-
cording to the postulates of neoclassical economics, the resulting allocation will be
inefficient. The interaction between the agents therefore has a market and a non-
market component.

The non-market interaction can be translated to the market interaction. As a
result, the value of the externality will beinternalised in the market price. This
idea represents the traditional neoclassical approach to external effects, by attempt-
ing to restore the Pareto efficient allocation, usually translated to a policy instru-
ment—often a tax—to be used by an intervening government. Exploiting the sym-
metry in this example, the amount the other agent consumes can thought of as iden-
tical to the consumption of the first:si = sj = s. Hence, the fraction of the income
can be substituted in the utility function:

u = sβz1−β

(
ps

y

)γ

= sβ+γ (y − ps)
1−β

(
p

y

)γ

. (4.6.8)

Optimisation implies

du

ds
= (β + γ) sβ+γ−1 (y − ps)

1−β

(
p

y

)γ

− p (1− β) sβ+γ (y − ps)
−β

(
p

y

)γ

= sβ+γ−1 (y − ps)
−β

(
p

y

)γ

[(β + γ) (y − ps)− (1− β) ps] = 0. (4.6.9)

Solving this first-order condition results in

(β + γ) (y − ps)− (1− β) ps = (β + γ) y − (γ + 1) ps = 0. (4.6.10)

And finally

ps =
(β + γ)

(γ + 1)
y. (4.6.11)

Or

x =
(β + γ)

(1 + γ)
. (4.6.12)
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Sinceβ < 1, it follows that forγ > 0

β <
(β + γ)

(1 + γ)
. (4.6.13)

This result shows that for the allocation to be efficient, forthe same price the de-
manded quantity per agent,s, should be higher. Alternatively, for the same amount
per agent,s, the agents ought to be willing to pay a lower price, in order to secure an
efficient allocation. In terms of the benchmark exchange economy problem presented
in section 4.2.3 the equilibrium quantities are known in advance to bes∗ = 1

2A and
z∗ = 1

2 , since the total amount for both goods will be split equally between the two
agents, again due to the symmetry assumption. Hence, the positive effect from inter-
nalisation on the (indirect) utility level results from a higher value for the externality,
according to the substitution of both values of (4.6.13) in (4.6.1). Therefore, in the
presence of network externalities, a Pareto improvement ispossible in theory.

Although this result conforms entirely to the neoclassicalconcept of an external
effect, the normative implications are likely to be limitedin real policy applications.
In terms of neoclassical welfare economics, the first agent benefits from the con-
sumption of the second, and vice versa. They experience a contribution to their level
of well-being that can not be directly related to the consumption of the good itself.
In principle, the agents pay a price that is too high for the good to be allocated ef-
ficiently, compared to the price they should pay per quantityaccording to the utility
they receive from consumption only. However, it might be argued that the additional
contribution to the level of well-being from the consumption by other agents of the
same type of good is anendogenous quality characteristicof the good as will be
argued in section 4.6.3.

4.6.2 Product differentiation and exogenous quality

As a prelude to chapter 6, a model similar to the one in section4.3 will be developed
that focuses on a market equilibrium fordifferentiatedgoods. Before, the agent made
a decision on how to divide her income between land and all other goods. Here, it
will be assumed that land is available in two different varieties. A common method
is the approach used by Dixit and Stiglitz (1977) which will be introduced here in a
simplified way. Starting with an ordinary Cobb-Douglas utility

u (s, z) = sαz1−α, (4.6.14)

the assumption that two varieties exist for goods is implemented throughnestingof
a second Cobb-Douglas utility for goods:

s = s
β
1 s

1−β
2 . (4.6.15)
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As a result, the utility for one agent is now a function of three goods:

u (s1, s2, z) = s
αβ
1 s

α(1−β)
2 z1−α. (4.6.16)

Similar to the indifference curves in section 4.2, an indifferencesurfacecan be dis-
tinguished in a three-dimensional plot. For a given utilitylevel s, the amount of the
numéraire,z, can be written as a function of the two varieties ofs, s1 ands2:

z (s1, s2;u) =

[
s

αβ
1 s

α(1−β)
2

u

] 1
α−1

. (4.6.17)

Convexity now concerns a volume rather than an area as illustrated in figure 4.17.
The Cobb-Douglas specification primarily has the benefit that the income is divided
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Figure 4.17: Convex volume in case of two varieties.

in fixed proportions over the goods. In this example, the amount of money spent
on all other goods isz = (1 − α)y. It is therefore possible to separate the second
decision—on how to divide the remainingαy overs1 ands2—from the first decision.
This can be illustrated graphically by adding a surface to the original plot, as in figure
4.18. The intersection of this surface and the indifferencesurface can be considered
an indifference curve for the two varieties ofs. This approach is especially appealing
if the Cobb-Douglas function of the second decision is replaced by a more general
CES function9. In addition, an alternative specification for this function will be used.
Instead of using coefficientsβ and(1− β) that depend on the individual preferences,
it will be assumed that these coefficients reflect aquality levelthat can be observed

9 Recall that a Cobb-Douglas function has a CES = 1.0.
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Figure 4.18: Convex volume with intersecting plane.

and that is independent from perception. The sub-utility function can be written as

u(s1, s2) = (aρ
1s

ρ
1 + a

ρ
2s

ρ
2)

1/ρ

= [(a1s1)
ρ

+ (a2s2)
ρ
]
1/ρ

. (4.6.18)

Using the same procedure as in section 4.3, this CES functioncan be translated to a
decision rule on what part of the remaining incomeαy on eithers1 or s2. Based on
an adaptation of (4.3.20), this decision concerns the utility levels

ln vs1
= ln (αy) + ln a1 − ln ps1

, (4.6.19a)

ln vs2
= ln (αy) + ln a2 − ln ps2

. (4.6.19b)

These equations can be inserted in a discrete choice model—oran equivalent deci-
sion rule—as well:

if

(
a1

a2
>

ps1

ps2

)
then x = α,

if

(
a1

a2
6

ps1

ps2

)
then x = 0. (4.6.20)

This choice, based on the trade-off between quality and price, can also be imple-
mented in a bargaining model in the same way as the original model in section 4.5.
The combination with the first decision, on what part of his income the agent prefers
to spend on the differentiated good, relative to the numéraire, will be discussed in
more detail in chapter 6.
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4.6.3 Product differentiation and endogenous quality

The final discussion concerns the combination of product differentiation and net-
work externalities. It will be presented here in a rather stylised way, to stress the
relation with the coordination game discussed in section 3.5. Introducing network
externalities in a model with product differentiation seems more intuitive than the
integration in the basic model, as in 4.6.1. Particularly the choice between similar
products might be guided by the number people that bought thesame type, brand or
colour. Witha1 = xγ anda2 = (1− x)

γ a network externality can be introduced in
(4.6.19), as

ln vs1
= ln (αy)− ln ps1

+ γ lnx, (4.6.21a)

ln vs2
= ln (αy)− ln ps2

+ γ ln (1− x) . (4.6.21b)

Assuming again that the two agents are identical, market clearing requiresps1
A =

2xαy andps2
A = 2 (1− x) αy. As a result, a stylised ‘best response’, based on the

network externalities only, can be written as

x =
[x/(1− x)]

(γ−1)/µ

[x/(1− x)]
(γ−1)/µ

+ 1
. (4.6.22)

The right-hand side of (4.6.22) is plotted in figure 4.19 forγ < 1. The ‘weight’ the
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Figure 4.19: ‘Best response’ cf.(4.6.22)with γ = 0.2 (γ < 1).

agent attaches to the network externality is a bifurcation parameter. If the weight of
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Figure 4.20: ‘Best response’ cf.(4.6.22)with γ = 1.2 (γ > 1).

the network externality is smaller that the weight of the price (equal to1 in (4.6.21)),
the equilibriumx = 1/2 is unique and stable. In principle, (4.6.22) would give riseto
multiple equilibria,x = 1 andx = 0, as in a coordination game forγ > 1, illustrated
by figure 4.20. This implies that in the presence of network externalities only, and
without quality differences between—or personal preferences for one of—the two
varieties, both agents will choose only one of the two varieties10.

4.7 Conclusions

This chapter discussed the problematic interpretation of the First Welfare Theorem.
It is appealing as a normative result of neoclassical microeconomics , but a process
description is lacking. A two-agent pure exchange economy served as an illustration
of this issue.

It was shown that behavioural assumptions underlying utility maximisation are
reinterpreted in terms of a best response, using the relation between a CES utility
function and the logit model from the discrete choice literature. Based on the dis-
crete choice formulation, the best response can be interpreted as a simple rule-based
decision, distorted by circumstances captured in a single stochastic term.

10 This extreme case, however, poses a problem for this particular, simple model. Because
of the logarithms in (4.6.21), the ‘solutions’, x = 1 and x = 0, cannot be handled. A slightly
more complicated definition of the endogenous quality levels, for example a1 = (1 + x)γ and
a2 = (2− x)γ , would solve this problem, while sustaining the qualitative result.
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The rule-based interpretation has the benefit over traditional utility maximisation
that the rational choice is reduced to a best response. It highlights the problematic
position of market clearing in the neoclassical model. Two possible solutions to this
issue are explored. First the presence of a myopic auctioneer was assumed, who
quotes disequilibrium prices. With a two-agent model, the convergence to the equi-
librium price was shown to be sensitive for chaotic behaviour of the price, for certain
values of the CES.

The second solution concerns a bargaining process based on reinforcement learn-
ing in games. Learning in games can be considered part of the literature on evolu-
tionary game theory. The bargaining model illustrates the possibility of arriving at
equilibrium prices and the corresponding neoclassical optimal allocation by means
of a market interaction between two agents using rule-baseddecisions and minimal
information. Although the approach has a few limitations, it shows that a bargaining
solution for emergent optimality is feasible in theory. Themodel will serve as a basis
for a population model in chapter 6.

4.8 Appendix

A few themes regarding the double exponential—or Type I extreme value—distribu-
tion are collected here. They concern the value of the mean, the expected utility, and
consistency with the logistic distribution. The derivations and proofs are adapted
from Anderson et al. (1992, p. 58–62) and Train (2003, p. 78–79).

4.8.1 Euler-Mascheroni constant

One possible occurrence of the Euler-Mascheroni constant,γ, results from the fol-
lowing integral that has no analytical solution

γ = −

∞∫

0

e−x ln (x)dx. (4.8.1)

Using the transformation

x = st

dx = sdt, (4.8.2)
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the constant (4.8.1) appears in

γ = −

∞∫

0

e−st ln (st)sdt = −s

∞∫

0

e−st [ln (s) + ln (t)]dt

= −s ln (s)

∞∫

0

e−stdt− s

∞∫

0

e−st ln (t)dt

= − ln (s)− s

∞∫

0

e−st ln (t)dt. (4.8.3)

Here, use was made of theLaplace transformof 1:

∞∫

0

e−stdt = −
1

s
e−st

∣∣∣∣
∞

0

=
1

s
. (4.8.4)

Finally, from (4.8.3) follows the Laplace transform of the natural logarithm, in which
the Euler-Mascheroni constant appears again:

∞∫

0

e−st ln (t)dt = −
ln (s) + γ

s
. (4.8.5)

Expression (4.8.5) will be used in section 4.8.3.
The value of the Euler-Mascheroni can be approximated asγ ≈ 0.577215665.

4.8.2 Type I extreme value

For the double exponential—or Type I extreme value—distribution, the distribution
and density are given by

F (ε) = e−e−ε

f (ε) = e−εe−e−ε

. (4.8.6)

In many cases, it is convenient to augment these definitions with a term that ensures
a value of0 for the mean. By definition, the mean is given by

m ≡

∞∫

−∞

xf (x) dx =

∞∫

−∞

xe−xe−e−x

dx. (4.8.7)
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Using the transformation

t = e−x

x = − ln t

dt = −exdx, (4.8.8)

together with (4.8.1), expression (4.8.7) can be rewrittenas

m =

0∫

∞

e−t ln tdt

= −

∞∫

0

e−t ln tdt = γ. (4.8.9)

Since the mean is equal to the Euler-Mascheroni constant, shifting the distribution
by this constant results in a distribution forε with a mean equal to0:

F (ε) = e−e−(ε+γ)

= e−ke−ε

, (4.8.10)

with k = e−γ . The effect of this shift is illustrated in figure 4.21. Instead of a maxi-
mum value for the density atε = 0, the adjusted distribution has two parts of equal
size on both sides of this point.
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Figure 4.21: Shift byγ to zero mean.
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4.8.3 Expected maximum utility

The choice can alternatively be interpreted as determiningthe maximum of the two
values on either side of the inequality in the condition

ln vs + µεs > ln vz + µεz, (4.8.11)

After dividing both sides of (4.8.11) byµ, the maximum value can be expressed as

ln ṽ

µ
= max

{
ln vs

µ
+ εs,

ln vz

µ
+ εz

}
. (4.8.12)

However, due to the stochastic terms in (4.8.12), only theexpected valueof the max-
imum value can be determined:

ln v = µE

[
ln ṽ

µ

]
. (4.8.13)

Because the stochastic terms have a probability distribution according to (4.8.6), the
distribution of the maximum value (4.8.13) can be written as

H (x) = F [x− (ln vs)/µ]F [x− (ln vz)/µ]

= e−ke−[x−(ln vs)/µ]

e−ke−[x−(ln vz)/µ]

= exp
{
−kLe−x

}
. (4.8.14)

Here,

L ≡
[
e(ln vs)/µ + e(ln vs)/µ

]
. (4.8.15)

The density that belongs to the distribution (4.8.14) is given by

h (x) = kLH (x) e−x. (4.8.16)

Using this density, the expected value (4.8.13) can be expressed as

E

[
ln ṽ

µ

]
=

∞∫

−∞

xh (x) dx

= kL

∞∫

−∞

xH (x) e−xdx. (4.8.17)
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With the transformation

t = e−x

x = − ln t

dt = −e−xdx, (4.8.18)

the expected value (4.8.13), using the definition (4.8.15),yields

E

[
ln ṽ

µ

]
= kL

0∫

∞

exp (−kLt) ln tdt

= −kL

∞∫

0

exp (−kLt) ln tdt

= γ + lnL− γ

= lnL

= ln
[
e(ln vs)/µ + e(ln vs)/µ

]
. (4.8.19)

Therefore, (4.8.15) can be stated as

ln v = µ ln
[
e(ln vs)/µ + e(ln vs)/µ

]
. (4.8.20)

And finally,

v =
[
v1/µ

s + v1/µ
z

]µ
. (4.8.21)

4.8.4 Logit from double extreme distribution

For the evaluation of the condition

ln vs + µεs > ln vz + µεz, (4.8.22)

the distribution (4.8.6), without adjustment for the Euler-Mascheroni constantγ, can
be used because the deviation from a mean of0 appears on both sides of (4.8.22). It
can be rewritten as

εz < εs + (ln vs − ln vz)/µ. (4.8.23)

If εs is given, the fraction of the income spent on housing can be derived from the
distribution ofεz:

xs|εs = F [εs + (ln vs − ln vz)/µ] . (4.8.24)
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However, sinceεs is a random variable itself, the fraction needs to be derivedas an
expected value, according to

xs =

∞∫

−∞

F [εs + (ln vs − ln vz)/µ]f (εs) dεs. (4.8.25)

Solving this expression, involves

xs =

∞∫

−∞

e−e−[εs+(ln vs−ln vz)/µ]

e−εse−e−εs

dεs

=

∞∫

−∞

exp
[
−e−[εs+(ln vs−ln vz)/µ] − e−εs

]
e−εsdεs

=

∞∫

−∞

exp
{
−e−εs

[
e−(ln vs−ln vz)/µ + 1

]}
e−εsdεs. (4.8.26)

Using the transformation

t ≡ e−εs

dt = −e−εsdεs, (4.8.27)

it follows that

xs = −

0∫

−∞

exp
{
−t
[
e−(ln vs−ln vz)/µ + 1

]}
dt

=

∞∫

0

exp
{
−t
[
e−(ln vs−ln vz)/µ + 1

]}
dt

=
exp

{
−t
[
e−(ln vs−ln vz)/µ + 1

]}

−
[
e−(ln vs−ln vz)/µ + 1

]
∣∣∣∣∣

∞

0

=
1

1 + e−(ln vs−ln vz)/µ
=

e(ln vs−ln vz)/µ

e(ln vs−ln vz)/µ + 1
. (4.8.28)
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With regards to the expected value (4.8.19), it is interesting to note that the expected
value appears as the denominator of (4.8.28):

xs =
e(ln vs)/µ

e(ln vs)/µ + e(ln vz)/µ

=
v
1/µ
s

v
1/µ
s + v

1/µ
z

. (4.8.29)

For comparison, the probability distribution and cumulative density for the double
exponential and logistic distribution are plotted together in figures 4.22 and 4.23.
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Figure 4.22: Probability distribution for logistic and double exponential (µ = 0.001).
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Figure 4.23: Cumulative density for logistic and double exponential (µ = 0.001).
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Chapter 5

Land use and welfare in economic theory





5.1 Introduction

Traditionally, the land market receives attention from various economic sub-disci-
plines. In each of these sub-disciplines the distinction between the land and the hous-
ing market is not always marked clearly. Land in urban economics is often considered
a consumption good, with a corresponding competitive market. For simplicity this
market is sometimes identified with the housing market, in which case it is typically
referred to as the rental market for location space. In environmental economics land
plays a role in property valuation, where the value of land isassessed in revealed
preference methods, especially inhedonic pricing; again often projected on housing.
In finance land is considered an asset—with extensions to realestate in general—,
competing with other investments in diversified risk portfolios or as a basis for a
credit loan (mortgage). These different interpretations highlight various aspects of
land in economics. Leaving the asset, orcapital, quality of land aside for the mo-
ment —primarily because of the complication of introducing time as yet another
dimension, besides space—the question arises as to which combination of elements
from spatial and environmental economics would serve policy interests concerning
land markets from the perspective of public sector economics.

Public sector economics is concerned with the maximisationof the level of well-
being—or (social) welfare—of all citizens in a given country,region or city. The
initial observation in comparing welfare assessments in urban and environmental
economics suggests that they accommodate different definitions ofwelfare. On one
side, the urban economics literature stresses the optimal allocation of land through
markets, while the environmental economics literature puts forward the public good
character of local (environmental)quality on the other side. From a public policy
point of view, an ideal welfare measure would address both aspects simultaneously.
If, in a first assessment, the quality of a location would indeed be considered a local
pure public good, exogenous to both consumer and producer (developer), two goods
would play a role simultaneously on a land market:

1. land, as a consumer good or production factor, as in the urban economics land
use tradition,

2. quality, as a local public good (amenity, environmental quality) inthe tradition
of environmental economics.

For this stylised case, public policy would be confronted with two aspects of a so-
cially optimal allocation of land in the neoclassical framework:

1. securing optimal allocation of land by markets,

2. supplying local public goods.
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If the quality is considered a characteristic of the land, both market and public good
can in principle be combined in one welfare measure, as both goods are consumed
simultaneously and contribute to the utility level of the individual agent. In this way,
the normative aspects of land policy could indeed be assessed with an essentially
neoclassical perspective. Land could in principle be allocated by a competitive mar-
ket, while the public good interpretation of the quality implies that the characteristics
of the land are fully exogenous for the consumer.

However, a complication arises in this case. The consumption of land can not be
separated from the consumption of the local quality. Thelocal public good property
of local quality implies that only people at the location experience a direct bene-
fit. As a result, the value of the quality affects the market price of land, due to the
competitionbetweenlocations. At least a part of the social value of the local quality
is said to becapitalisedin the land price. The capitalisation of the value of a public
good is addressed frequently in thepublic financeliterature. This especially concerns
the theoretical underpinnings of taxes on real estate property. If a local government
can influence the quality level because it is a public good, the local government will
need to finance the supply of a quality improvement by public money. However, part
of the benefit people experience from an increased supply of the local public good
will be offset by a rise in the market rent and the land owner will therefore benefit,
earning a higher income.

Chapter 1 stated that defining the goals of land policy becomes considerably
more complicated if external effects are to be accounted for. In the neoclassical per-
spective, external effects result in an inefficient allocation of goods that is inefficient.
The presence of positive external effects, however, needs to be assumed if the ex-
istence of agglomerations is explained by economic theory.Stated differently, only
a framework different from the neoclassical general equilibrium model can explain
why agglomerations are beneficial economically. The question of why agglomer-
ations emerge has recently attracted most attention withinregional economics, al-
though it is addressed in urban economics as well. A possibleexplanation for the
attention for agglomerations in regional economics lies inthe use of models ofim-
perfect competition. Regional economics is usually geographically explicit only up
to the level of regions, while urban economics focuses on cities. Research in regional
economics most often concerns the differences in development of indicators, such as
the gross regional product and the unemployment rate, between regions. Many re-
gional economists were already familiar with employing models of imperfect com-
petition in international trade and the difference betweencountries and regions is
primarily only an issue of scale. Topics such as the concentration of certain indus-
tries and competitive advantages can be studied at the levelof continents, countries,
or regions. If producers experience benefits in one region, this region might perform
better—in economic terms—than another that lacks these benefits. If benefits de-
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pend on the presence of other producers they can be identifiedwith agglomeration
externalities. The literature that deals with agglomeration externalities in regional
economics is often referred to as theNew Economic Geography(NEG) (Krugman,
1991; Fujita et al., 1999).

As discussed in the previous chapters, imperfect competition together with game
theory was the starting point for the adoption of complex systems methods in tradi-
tional economic theory in the 1990s. NEG models have many formal characteristics
in common with models of social interactions. Examples are the replicator dynam-
ics of evolutionary game theory in the NEG and the game theoreticinterpretation
of interaction-based methods in econometrics (Brock and Durlauf, 2001). The latter
has already found its way into environmental economics. Recently, hedonic pricing
methods have been extended by adopting location choice models for the valuation
of non-marginal changes in levels of local amenities (Timmins, 2003; Smith et al.,
2004; Bayer et al., 2005). These so-calledlocational sorting modelsare a good start-
ing point for defining a single framework for assessing optimal land use and local
quality. They adopt a type of location choice model that resembles the models in
urban economics, while the interpretation as an extension of hedonic pricing reveals
a connection with environmental economics. Furthermore, welfare assessments with
locational sorting models focus on the capitalisation of the value of public goods in
market prices for private property. This highlights a relation with the public finance
literature, discussed above.

In this chapter, the several contributions to spatial economics will be discussed
in more detail, grouped by the sub-disciplines of urban economics (5.2), public fi-
nance (5.3), environmental economics (5.5) and regional economics (5.4). Given
the relevance in this thesis of locational sorting models asa bridge between tra-
ditional economics—combining elements from all sub-disciplines discussed in this
chapter—and non-economic alternatives, they will be discussed separately in section
5.6. Conclusions will be drawn in section 5.7.

5.2 Urban economics

The origin of the urban economic tradition in land use modelsdates back to von
Thünen (1826) for agricultural land use and its mathematical formalisation by Laun-
hardt (1885). Von Tḧunen’s method was extended by Alonso (1964), Muth (1968)
and Mills (1972) for location choices of consumers and producers. These prototypes
of urban economic models have always been interpreted as part of the neoclassical
economic tradition, because they conform to the conditionsfor competitive markets.
The market equilibrium price for land is assumed to be identical to the maximumbid
rent of the individual agents. The bid rent represents the price aconsumer or pro-
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ducer is willing to pay as rent after travel or transport costs are subtracted from her
income. Travel or transport costs are the only connotation with geography, as they are
calculated based on the distance to an exogenously givenCentral Business District
(CBD), or market place. Traditional urban economics often assumes the existence of
a continuous featureless plain, apart from the presence of aCBD.

5.2.1 Population approaches

In the urban economic land use models the bid rents—as market equilibrium prices
—reflect a spatial equilibrium. The spatial equilibrium itself is defined in urban eco-
nomics as an equilibriumdistribution in densities of agents. Fujita (1989, p. 3–4)
explains the extensive use of population densities in urbaneconomics. In principle,
a location choice represents adiscrete choicefor the individual household, as it will
only buy or rent housing space of one sort at one location. Discrete choices violate
the neoclassical assumption that all goods are divisible. Divisibility of goods means
that a consumer can buy two goods in combinations of continuous quantities. If all
land is considered one divisible good and if it is divided over a population of agents,
the individual amount of land consumed per agent can be expressed as afraction of
the total amount of land. Equivalently, for any infinitesimally small piece of land,
individual land use can be derived from the fraction of the population living at that
location. It is assumed that the population size is large enough to permit the abstrac-
tion of a continuous population. The fraction of the population at a given location is
therefore equal to the local population density. The distribution of agents is in this
way similar to aprobability distribution, with the local population density equal to
theprobabilityof finding an agent at a given location. This analogy will be exploited
in the following chapters.

The population distribution in spatial equilibrium is Pareto optimal in the sense
that no individual agent is able to improve her utility by moving to another location,
without reducing the utility of other agents. For a population of identical agents,
this definition of a spatial equilibrium implies that every agent—regardless of loca-
tion—enjoys the same level of utility. Bid rents often implicitly assume a mechanism
in which agents establish their bids in strategic interaction on the basis of equalising
differences in utility. This mechanism suggests an analogywith the definition of util-
ity similar to game theoryand strategically price setting producers in an oligopoly.
In urban economics in the Alonso tradition consumers would seem to be involved in
strategic price setting by means of bid rents. This mechanism will be made explicit
in chapter 6. The more traditional interpretation of the spatial equilibrium is identical
to the common justification in neoclassical economics, relying on rational agents or
an institution—the Walrasian Auctioneer—to set market clearing prices.
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5.2.2 Limitations of the Von Thünen tradition

Although the prototype model sketched above of land use within or around a city
can yield some insights in land use patterns, it is not capable of explaining the exis-
tence of the CBD itself. This shortcoming of the models in theVon Thünen tradition
might be explained primarily by the relative dominant position of the neoclassical
framework within economic theory. The models have also often been criticised, be-
cause of other unrealistic assumptions, such as the stylised representation of a city
as a single line or a disk, but these assumptions are also grounded in the reference to
the neoclassical framework. The main benefit of this reference is the possibility of
extending the welfare theorems to the context of land use (Fujita and Thisse, 2002).

In the Arrow-Debreu model (Arrow and Debreu, 1954; Debreu, 1959), perfect
competition is the main condition under which the Theorems of Welfare Economics
can be applied. Perfect competition can be sustained in the traditional urban eco-
nomics models, at the price of failing to give an economic explanation for the ex-
istence of cities. For agglomerations to be economically beneficial, product differ-
entiation, specialisation and clustering need to be possible. Specialisation conflicts
with the neoclassical assumption of the absence of scale economies, while clustering
requires the presence of interactions in the shape of dependencies between utility
and/or production functions; violations of the postulatescited on page 16 as well.
The conclusion is that the emergence of cities cannot be explained under the neo-
classical conditions for markets with perfect competition.

The existence of a CBD is occasionally justified by the assumption that a com-
posite public good is supplied there. The composite good canbe interpreted as a
bundle of facilities a local government supplies or subsidises, for example coun-
ters for legal and administrative services at a town hall or museums and theatres. In
principle, the distance to the CBDitself1 could be considered an amenity (see also
Scotchmer, 1986, p. 68, footnote 8). One additional benefit of interpreting the dis-
tance to the CBD as the characteristic of a location and replacing it by a local quality
is the possibility to deviate from the rather restrictive linear relationship between
quality and distance. As a result there is no strict necessity to represent a city with
a one-dimensional line or a two-dimensional disk. Though, exogenous local qual-
ity levels allow for a neoclassical welfare analysis, they still fail to account for an
endogenous CBD.

While models of increasing returns to scale have gained popularity, especially in
regional economics, a few models in urban economics assume the existence of a pro-
duction facility at the location of the CBD that operates with increasing returns (one
example is Abdel-Rahman and Fujita, 1990). These models aretypically interpreted
as representations of ‘factory towns’ (Fujita and Thisse, 2002, p. 94) and reflect a

1 The shorter the distance to the CBD, the higher the local quality.
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type of city that mainly emerged during the Industrialisation in the second half of the
19th century.

Beckmann (1976) explains the existence of the CBD in a variant of the Alonso
model as the result ofsocial interactions. Instead of accounting for the cost of trans-
portation to the CBD, transportation costs are based on the average distance to all
other agents. Social interactions are therefore introduced as a highly stylised way
of representing frequent visits. It implies that agents visit all other agents and that
they do not combine visits in one trip. Nevertheless, the model illustrates how non-
market interactions in combination with the traditional concept of a bid rent can give
rise to emergent agglomerations. In a similar spirit, the assumption that the nearby
presence of other producers has a positive impact on the production function of all
producers might also account for the existence of a CBD, as shown by Lucas (2001)
and Lucas and Rossi-Hansberg (2002). While the explanatory power of non-market
effects might seem to be limited in theories on the emergenceof agglomerations,
they can play an important role as one element in a larger explanation, together with
market effects. Stating that cities exist because people prefer to live close to each
other does not reveal much. With social interactions as the main centripetalforce
and the price of housing as acentrifugalforce, however, the structure of a city can be
partly explained as the balance between the two. In the centre of the city, proximity
to all other inhabitants is greater than in the suburbs. Because in principle people
would prefer to live at a central place, housing prices in thecentre are higher while
the larger average distance to all other inhabitants in the suburbs is compensated for
by lower housing prices. Furthermore, since housing pricesare higher in the city
centre, people demand less space there per person than closer to the city’s border. As
a result, the population density declines as the distance tothe centre increases.

5.3 Public finance

Most analyses of the relation between the supply of local public goods and the im-
pact on social welfare can be found in the public finance literature that takes the
ideas of Tiebout (1956) as a starting point. Tiebout proposed to interpret a special
kind of spatial equilibrium where a population is distributed over a given number
of municipalities, as equivalent to a market equilibrium. The size of the population
in a municipality would correspond to the demand for the locally supplied public
good, determining in equilibrium its aggregate price as themunicipal expenditure.
Tiebout does not refer to capitalisation of the value of the public good in property
prices directly, but Oates (1969) suggests testing Tiebout’s hypothesis by examining
differences in property tax, where this tax could be considered as the entry price of
a municipality. According to Oates, property values must behigher in municipalities
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with a high level of public goods supplied. If people accept higher taxes for financ-
ing this supply, the net benefit for property owners has to be positive and Tiebout’s
conceptualisation would be correct.

5.3.1 Capitalisation

A part of the following research in this tradition focuses onestimating net benefits
by measuring changes in rent (Lind, 1973). Starrett (1981) extends Lind’s analysis of
capitalisation. He also notices that capitalised rent counts as a benefit to the owner,
but as a cost for the tenant. Although Starrett does not referto Alonso (1964), his
approach resembles the urban economic tradition of linkinglocation choices to a
trade-off between rent and travel cost, since the price a consumer pays for enjoying
the public good can be related to expenses on both. As in Arnott and Stiglitz (1979),
capitalisation can be linked to the Alonso model if it is assumed that the CBD itself
is a public good, or the unique location where a public good issupplied. Because
the local population density in the Alonso model is usually related to the inverse of
space per person, the analysis of Scotchmer (1986) is especially worth mentioning
in this respect. She makes a distinction betweenshort-run and long-run benefits
of environmental improvement. The difference between the two is that the long-
run benefits take into account changes in the distribution ofthe population, or the
population density. This can also be thought of as a difference betweenpartial and
generalequilibrium analysis in terms of locational equilibrium models (Smith et al.,
2004) and the related locational sorting models that will bediscussed in section
5.6. The article by Scotchmer is also interesting because ofits use of expenditure
function in the welfare analysis. This makes her analysis conceptually related to the
environmental economics tradition of Mäler (1974) for the valuation of non-market
goods. Scotchmer, however, only relates the willingness topay (WTP) for a marginal
change in the location characteristics to an Alonso type of bid rent. This definition
of WTP is therefore slightly different from the WTP usually applied in valuation
methods, as will be discussed in section 7.2.

In the Tiebout model, the number of inhabitants of each municipality is endoge-
nous. The spatial equilibrium in the sense of Tiebout, applied to several municipal-
ities, would then imply the same level of welfare in every municipality. In urban
economics the size of one city—in terms of total land use—is often assumed to be
endogenous, while keeping the number of inhabitants fixed2. In both cases, the cap-
italised value of public goods supplied in a municipality orcity is only reflected in
the land price, or rent. Theoretically, it can be proven thatthe supplied public goods

2 A model of one city with fixed land use and an endogenous population size is referred to
as an open city in urban economics literature.
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could be financed completely by a property tax that equals thenet rent; no further tax
would be necessary (see for example Fujita and Thisse, 2002,p. 138). This neoclas-
sical result is usually identified historically with the ideas of Henry George (Arnott
and Stiglitz, 1979).

5.4 Environmental economics

The literature until recently showed little coverage of thespatial dimension in en-
vironmental economics, where land use would at first sight bean obvious research
topic (Bockstael, 1996; van der Veen and Otter, 2001). One binding element for land
prices in both environmental and spatial economics is the concept of abid rent. In
urban economics this concept plays a central role in land usemodelling, as discussed
in section 5.2. But housing prices have also been used extensively in environmental
economics for a long time. In that respect, the perspective on land use in environ-
mental economics seems to have been dominated by the theoretic underpinnings of
hedonic pricing by Rosen (1974). Rosen proposed a perfectlycompetitive market for
the characteristics of consumer goods making use of a bid rent concept, thereby re-
ferring to Alonso (Rosen, 1974, p. 38), but using the more conceptual ‘characteristics
space’ rather than geographical space. Hedonic pricing hasa special position in the
context of methods applied in environmental economics in general—not restricted
to land use. It is one of the few valuation methods with an explicit reference to mar-
ket prices. Many other methods deal exclusively with the valuation of pure public
goods. Starting with M̈aler (1974), environmental economics has developed a the-
oretical basis for incorporating public goods and externaleffects—more generally,
non-market goods—in an essentially neoclassical framework.

5.4.1 Valuation

In broad terms, non-market goods can be thought of as all goods that affect well-
being, but which are not traded on a market. Environmental quality for example is
assumed to be consumed, but there is no market for it. This allows for a clear separa-
tion in the analysis of the maximisation of welfare from the allocation mechanism. If
people only consumed goods that are traded on markets, the price mechanism under
perfect competition would secure an optimal allocation andthereby yield a maxi-
mum level of social well-being. If markets supplied environmental quality, it would
typically lead to an under-supply, by familiar arguments that apply for public goods.
From a welfare economics point of view, the state therefore is obliged to intervene
in the allocation, either by regulation or by taking care of supply itself. When deter-
mining the optimal amount of public goods the government should supply to achieve
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a maximum level of social well-being, the government shouldideally be able to esti-
mate a demand curve in which the demand for quality is a function of a virtual price.
Because public goods lack a market for achieving an efficientallocation, different
criteria have been developed. Mäler (1974) proposed a concept of shadow or virtual
prices, for public goods that is consistent with a standard definition of expenditure
minimisation. The problem of expenditure minimisation is the dual problem of utility
maximisation. It concerns the minimal income needed for achieving a given level of
utility at given prices. The focus on expenditure minimisation in environmental eco-
nomics can be explained by the goal of finding a monetary measure for welfare. To
maintain the same level of welfare, while changing the supply of non-market goods,
a minimal amount of virtual money that is needed can be accounted for as compen-
sation in terms of income. If this compensation is negative,it is called a ‘willingness
to pay’ (WTP). A positive compensation is a ‘willingness to accept’ (WTA). Both
can be interpreted as amonetary measurefor a change in the level of well-being, or
welfare (Hanemann, 1999).

Valuation methods can be divided into revealed preference and stated preference
methods. Revealed preference methods are based on the neoclassical behavioural
model, with public goods included in the preference structure of the individual agent.
For the consumption of the public good to be traceable in economic behaviour, a re-
lation with a market-based choice must exist. Hedonic pricing is an example of a
revealed preference method. When there is no such relation, aresearcher must resort
to creating an artificial market by means of a survey, where choices are recorded di-
rectly. The most often applied stated preference method is thecontingent valuation
method(CVM) (Hanemann, 1984). It can be regarded as the most rigorous imple-
mentation concerning the valuation of pure public goods if used for estimating the
existence valueof a public good. Both methods can play a role with respect to the
land market. The contribution of the environmental qualityof a parcel to the level
of well-being of a consumer can be estimated with a revealed preference method,
as it is assumed that will influence location choices. The value of a protected area
might be estimated with a stated preference method, especially if people care about
the presence of the area, even without using it actively for recreation. The prefer-
ence structure assumed in CVM is also essentially neoclassical, for example in the
assumption that the marginal utility of the public good decreases if the amount of the
public good provided increases.

The demand for environmental quality, however, cannot immediately be com-
pared with the demand for a market good since the derivation is different. In the case
of a market good, a marginal change of its price has an effect on the demand for
that good that can be understood as the combination of two first order effects. For a
marginallydecreasingprice, these are

1. a marginal increase in the demanded quantitywhile keeping the level of utility
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constantbecause the good has become more attractive than other goodsas a
result of a lower price; thesubstitution effect,

2. a marginal decrease in demanded quantity induced by the possibility of buy-
ing larger quantities of other goods because more income is availablewhen
keeping the current demand for the first good at a constant level; the income
effect,

If both effects are taken into account, the demand function will represent a so-called
Marshallian demand. If aHicksian demand is to be derived, the second effect is
omitted. For a normal market good both effects play a role andan ordinary demand
for a market good is therefore a Marshallian demand. Becausedemand for environ-
mental quality is derived from the minimisation of expenditure while keeping the
level of utility constant in environmental economics, thisdemand concerns a Hick-
sian demand.

5.4.2 Price and quality

The introduction to this chapter argued that the value of land might be considered
a combination of land as a market good and quality as a local public good. Quality
can be interpreted as either a characteristic of a good or as apublic good itself. Since
quality is beyond the consumer’s choice set, it is an exogenous factor and there is no
formal basis for a distinction from a public good; the two canbe regarded as synony-
mous. Some public goods are consumed only in combination with a market good. In
that case the value of the public good can—in principle—be derived from empirical
data on the consumption of the market good. This amounts to reconstructing a com-
pensated (Hicksian) demand curve for the public good on the basis of an observed,
uncompensated (Marshallian) demand curve for the private good. This problem was
referred to above in section 5.4.1 and is relevant in the context of land markets.

One condition that allows for the reconstruction of a Hicksian consumer surplus
(WTP) for a change in the level of the public good requires thatthe private good
should be aweak complementto it public good (Haab and McConnell, 2002, p. 10).
A complementary good is one that is only consumed together with some other good.
‘Weakness’ refers to the possibility of refraining from consumption of the comple-
ment. A theoretical quality level where the market price of the market good—as the
weak complement—is so high that the demand for the weak complement goes to
zero should exist. This is called thechoke priceand implies that the private good
must benon-essential. If demand for the market good goes to zero, the demand for
the public good reduces to zero as well. This is a condition for the possibility of
estimating the value of an increase of the quality level. Increasing the quality level,
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as an exogenous impact on the level of well-being of the consumer, would otherwise
always yield some benefit. Popular examples are found in the recreational use of the
environment. A trip to the forest for example, involves the consumption of gas for
the car, among other expenses. A family can decide to stay at home, thereby spend-
ing no money on gasoline for the forest trip. If the market price of gasoline rises, the
family is less likely to go to the forest. The frequency will approximate zero if the
price is so high that a trip to the forest is not important enough to use the car.

The exploitation of weak complementarity in the valuation of public goods in-
volves various limitations, additional conditions and technical complications (Willig,
1978; Small and Rosen, 1981; Vartia, 1983; Bockstael and McConnell, 1993). The
main difficulty is posed by the need to perform two translations consistently:

1. the welfare effect of a quality change needs to be translated to an equivalent
price change, and

2. an observed change in Marshallian consumer surplus needsto be translated to
a change in Hicksian consumer surplus.

The second translation is well-known (Willig, 1976), but anadditional condition is
needed in relation with the first, known as theWillig condition(Willig, 1978; Smith
and Banzhaf, 2004). Roughly stated, the Willig condition maintains that the first
translation should be independent of the income of the consumer. More precisely,
the marginal rate of substitution between the quality and the price of the weak com-
plement should be independent of income (Smith and Banzhaf,2004).

It is important to note that the need for isolating a Hicksiansurplus for qual-
ity changes is less relevant regarding land prices. Due to the effect ofcapitalisation
discussed in section 5.3.1, it is rather a measure for the part of the value of quality
changes that is not capitalised in the market price for land that is needed. This type
of measure will be discussed in section 5.6. It is nevertheless appealing, to consider
land prices in terms of weak complementarity. The environmental quality of a parcel
of land could be interpreted as a locally available public good and as a weak com-
plement to the land, which is—as a private good—traded on a market. An example
of dealing with quality is represented by therepackaging model, usually ascribed
to Fisher and Shell (1972). Their canonical example (Fisherand Shell, 1972, p. 26)
concerns a box that initially contains ten widgets. If the same box—sold at the same
price—contained twenty widgets, the ‘quality improvement’of a box would equal
half the price of the initial packaging. This example will beused in the models pre-
sented in the next chapters. The repackaging model conformsto the Willig Condi-
tion, but as indicated above, recovering the change in Hicksian consumer surplus is
unnecessary if welfare effects from capitalisation are addressed.
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5.4.3 Hedonic pricing

The method in which capitalisation is addressed explicitlyis the well-established
method ofhedonic pricing(Rosen, 1974). Here a regression is performed on the
price of a property as a function of various characteristics. When applied to housing,
a change in the price of a house—due a change in some characteristics—could be in-
terpreted as a monetary measure for the benefit of the change.If only the function for
the price is available, the welfare analysis is usually restricted to marginal changes
in the level of the public good. In line with the discussion above, the level of local
environmental quality could be considered a characteristic. Based on the regression
a marginal change in the quality level would be reflected in a marginal change of the
price. The marginal change of the price can be considered themarginal value of the
marginal quality change. Any analysis that goes beyond the valuation of marginal
changes requires in addition to the specification of the price function a behavioural
model from which a demand for the public good can be derived.

The behavioural underpinnings of hedonic pricing are supplied by Rosen (1974).
Rosen (1974) defines the market price of the property good as a—possibly non-
linear—function of separate prices for all characteristics. In this way, hedonic pric-
ing implicitly assumes that separate markets for characteristics exist. As far as these
characteristics are determined by producers, Rosen (1974)is able to show that—under
regular neoclassical conditions—hedonic pricing can be interpreted in terms of mar-
kets with perfect competition for characteristics. In a slightly different approach,
Scotchmer (1986) derives an expression for abid rent in hedonic pricing by adopting
a reduced expenditure function, consisting of all expenditures except those for hous-
ing. The use of an expenditure function, with its implicit reference to compensation,
makes her analysis conceptually related to the environmental economics tradition of
Mäler (1974) for the valuation of non-market goods, discussed above. Analogous to
the derivation of a Hicksian willingness to pay, a bid rent can be defined on the basis
of the expenditure needed to attain (or maintain) a given level of utility. Based on this
approach, a trade-off between WTP for the change in quality and a bid rent—as the
market price in urban economics—is expected, when the utility level is kept fixed.
While Rosen (1974) refers to a bid rent in character space, thebid rent Scotchmer
(1986) applies can be identified directly with the one employed in traditional urban
economics.

Scotchmer (1986) furthermore shows that the behavioural equations that are con-
sistent with hedonic pricing can not be identified in general. This is essentially a
negative result. If several behavioural assumptions are consistent with one and the
same price function, there is no way of unambiguously deriving a demand function
for the characteristics. More recent approaches in hedonicpricing follow a differ-
ent approach. There, concepts from industrial organisation are adopted based on the
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analogy between product differentiation and discrete choice (Anderson et al., 1992;
Berry et al., 1995). The general approach can be considered as a simultaneous es-
timation of demand and supply for differentiated goods. Especially interesting for
the context of hedonic pricing is the fact that prices are endogenous in this model.
It allows for the estimation of the value for non-marginal changes of characteristics.
This feature will be discussed in more detail in section 5.6.

5.5 Regional economics

Recent advances in spatial economics—usually gathered under the headingNew
Economic Geography(NEG) (Krugman, 1991; Fujita et al., 1999)—show how mod-
els of imperfect competition might help explain the emergence of agglomerations
in a general equilibrium framework. Due to its stringent assumptions, the traditional
neoclassical general equilibrium model (Arrow and Debreu,1954) is incapable of
giving a spatially explicit representation of location choices of firms. Koopmans
(1957) stresses the need for models that can handleindivisibilities. In section 5.2
the population approach used in urban economics was mentioned as a modelling so-
lution for avoiding the need to take into account the indivisibility of location choices.
This solution can be helpful if the main consumption decision concerns residential
space, but regional economics focuses on the location whereproduction takes place.
Ordinary consumption goods will need to be considered indivisibles, because they
need to be at least distinct in their location of production.In short, similar goods need
to be differentiated. Goods can be differentiated by brand,colour, or other character-
istics. It also has to be assumed that consumers are able to distinguish varieties and
have a preference structure in which some varieties are preferred over others. This
implies that goods cannot be perfect substitutes, even if they have a similar, if not
identical use. Koopmans (1957) furthermore argues that a preference for variety on
the side of the consumer, requiresincreasing returns to scaleon the production side
of the economy. According to the first postulate on page 16, increasing returns are in
conflict with the neoclassical general equilibrium model.

With increasing returns to scale, for producers there exists the possibility to sell
their products on a market for a price that lies above the marginal cost of production.
Because the individual consumer is assumed to prefer a certain variety over others,
there is a ‘price threshold’ before he will switch to anothervariety. In short, people
are assumed to be willing to pay slightly more for their preferred brand than for a
competing one. As a result, the producer of the preferred brand can benefit from
scale economies.

If it is assumed that the marginal costs of production were constant, the total
profit for the producer would increase with the amount of products sold. However,
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it is often more realistic to assume that making a product distinct requires an invest-
ment that reflects specialisation of the producer. In that case, the profit per product
times the volume of production is needed to cover this initial investment. This is im-
portant for a more general discussion on welfare economics.A producer might need
to charge a market price higher than the cost per product in order to be able to cover,
for example, the costs of research and development. In strict neoclassical terms this
would be inefficient, as the producer exploits increasing returns to scale. However, if
the consumer is willing to pay the market price for an innovative product, rewarding
the producer for her R&D investments, the ‘inefficient’ allocation does not imply a
disadvantage for the consumer (see also Romer, 1990 and Grossman and Helpman,
1991).

With respect to regional economics, at least part of the preference for variety
of the consumers can be used to cover transportation costs. Conceptually, it can be
thought of as a minimal condition for export. In the standardArrow-Debreu model
transportation costs would be reduced to zero, effectivelyeliminating the notion of
distance. As a consequence, a spatially explicit interpretation of the neoclassical
framework would result implicitly in an autarky where, as the owners of the firms,
consumers produce only for their own consumption.

5.5.1 Product differentiation and imperfect competition

In the most popular NEG model—the core-periphery model (Krugman, 1991; Fu-
jita et al., 1999)—the Dixit-Stiglitz-Spence model (Dixit and Stiglitz, 1977; Spence,
1976) ofmonopolistic competitionis assumed to be the only market type. This type
resembles a market with perfect competition in the assumption that competition be-
tween producers forces them to accept a maximum profit that equals zero. It also
resembles a market of oligopoly in the possibility to earn a net profit. Both assump-
tions can be reconciled by the additional assumption that the net profit is invested
entirely infixedcosts of production. These fixed costs can be interpreted as the ini-
tial investment that is independent of the produces volume.It serves as a proxy for
specialisation, as an investment in equipment needed for producing a good that can
be distinguished from all other goods in the market. In principle less stylised vari-
ants of imperfect competition can be applied as well, such asBertrand of Cournot
oligopoly (Fujita et al., 1999, p. 52). In these market typesproducers are engaged in
strategic price setting or strategic quantity setting, respectively. Strategic interaction
between producers, though, would call forgame theoryto analyse the market equilib-
rium. This would complicate the analysis of the emergence ofclusters. Monopolistic
competition is sufficient for clustering, as it allows forproduct differentiationunder
minimal conditions. In this sense it is product differentiation rather than increasing
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returns that is at the heart of the NEG. However, product differentiation is not pos-
sible without increasing returns to scale. If producers canspecialise, they can also
account for transport costs. As a result, they can be locatedin a region other than
the region where the goods they produce are consumed. In other words, by adding
transport costs, the concept of import and export can be introduced in a general equi-
librium model. Producers can choose the location that wouldmaximise their profits,
given the difference in volume of the goods they produce between the home market
and the export markets. In the basic core-periphery model, locations are abstracted
to two regions and therefore only one export market exists.

If the production side is characterised by product differentiation, the resulting
imperfect competition will need to correspond to the preferences of the consumers.
On the side of the consumers in the NEG, a utility function—also based on the Dixit-
Stiglitz-Spence model—is assumed that reflects a preferencefor variety. If the pro-
ducer specialises, his products will only be sold if consumers distinguish between
the goods of various producers. In the Arrow-Debreu model, consumers consider the
same products from different producers asperfect substitutes. They have a prefer-
ence for certain goods and are indifferent to the producers that make them. However,
people often have a favourite brand or shop. These preferences result in an elemen-
tary type of ‘niche’ for the producers. In the core-periphery model, these niches are
just sufficient enough to generate a net profit for the producers that enables them
to cover their fixed costs and transport costs. The preference for variety at the side
of consumer is not without limitations, though. If the differences in prices between
competing goods become too large, the consumer will opt for the good that was ini-
tially less preferred, because the difference in his utility level will be compensated
by the lower price.

If the utility function of the consumer is interpreted as theutility function of a
representativeconsumer, representing the average of an entire population, the sin-
gle preference structure reflects a preference for differentiated goods. It contains a
parameter that denotes the ‘level of differentiation’ indicating how different the rep-
resentative consumer prefers the goods to be. There are two possible interpretations
of this parameter. One interpretation considers the representative consumer as the
‘average consumer’ that prefers several goods that are similar, but different. In the
second interpretation, the preference for variety would refer to the heterogeneity of
the individual preferences within a population. Durable goods especially, are bought
infrequently and an individual might have a strongidiosyncraticcomponent in their
preference structure for them. This component is made explicit in the interpretation
of the multinomial logit model for a discrete choice as a model of product differen-
tiation in Anderson et al. (1992).
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5.5.2 Interactions and externalities

Once differentiation of products is allowed for in a modelling framework, it might
in addition be assumed that the preferences of the consumersconcerning product
varieties are not entirely independent. Examples of this can easily be found in the
real world, especially in the form of consumption externalities. The preference for
a specific brand of clothes for example, might depend primarily on quality, but for
many people it is also important whether the brand is fashionable or not. With a pop-
ular brand of clothes, part of the level of well-being to which wearing these clothes
contributes depends on how many people are wearing clothes from the same brand.
This is an example of a positive consumption externality, also known asnetwork
externality, discussed in chapter 4.

The core-periphery model of the NEG contains a more elaborate type of exter-
nality. In the model manufactured goods are differentiatedwhile agricultural prod-
ucts are assumed to be perfect substitutes. The manufactured goods can be produced
in two regions. The labour force for these types of goods is the only production factor
and is assumed to be mobile. Workers, however, do not commutebetween regions.
They are assumed to work in the region where they live. Because the labour force
is the only production factor, the location choice of the workers as consumers also
determines the location choice of the manufacturing industry, or the producers. Al-
though in principle the number of varieties is endogenous, the specification of the
model for monopolistic competition implies that in equilibrium the number is fixed.
It is assumed that each variety is produced by a single firm andconsequently, the
number of firms is also fixed. With only two regions in total, the location choices in
the model can be described by thefractionof firms located in one of the regions; the
remaining fraction will be located in the other. Both manufactured and agricultural
products from both regions can be consumed in either region,but bear transport costs
only if produced in another region. For convenience, transport costs are defined by
assuming that shipped goods can be considered ‘icebergs’, meaning that the costs
can be expressed as the fraction of the volume that ‘melts’ during transport. This
fraction links the consumption and production of the two regions and is thereby the
basis for the external effects.

Positive externalities can arise in the region where most individual members of
the labour force—and thereby the firms—choose to locate. The strength of the ex-
ternalities depends on the transport costs, because the consumption in a region can
be formalised as a mix between imported goods and goods produced in the own
region. Firms prefer to be located in the region with the largest home market, be-
cause in that region the market prices bear no transport costs, market prices will be
lower, and demand will be higher. Consumers prefer to locatein the region with the
largest number of firms, because there they can earn a higher real wage. The real
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wage is the nominal wage divided by theprice indexin that region. Prices are lower
in the region with products that are not imported. The firm canafford to pay a higher
nominal wage there due to the economies of scale. The higher real wage for the con-
sumers is aforward linkage, while the home market benefit for the producers repre-
sents abackward linkage. The combination results in a special type of positive feed-
back—orself-reinforcing—mechanism, similar to the coordination game in section
3.4. In the model, the dynamics of this mechanism are captured in anevolutionary
process—formalised as the replicator dynamics, also discussed in chapter 3—that
determines the rise in population density per region as a function of the difference in
real wages between the two regions. In the case of relativelyhigh transport costs, the
export market will be small and the two regions will operate nearly independently.
If transport costs decrease, the volume of exported produces will increase. As a re-
sult, the two regions become connected and—due to the external effects—firms will
move to the region with the larger home market. The home market in that region
will grow until all firms are located there, if the transport costs are low enough. In
the core-periphery model, the transportation costs therefore serve as a bifurcation
parameter. The bifurcation from one equilibrium to two equilibria can be identified
with the bifurcation discussed in section 3.4.1.

Because the external effects in the core-periphery model operate through market
prices—or, more specifically, in this casetransport costs—, they are sometimes la-
belledpecuniary externalities. In this way, they can be distinguished from so-called
technological externalitiesor spillover effects. The first are essentiallymarket in-
teractionswhile the latter arenon-market interactions. This distinction is important
with respect to the First Theorem of Welfare Economics. Allocation in the presence
of market externalities is inefficient because ofimperfect competition, while alloca-
tion in the presence of non-market interactions is inefficient due to welfare effects
not internalised in market prices. In principle a market allocation in an imperfectly
competitive market can be the best allocation that can be achieved, even though it is
not socially optimal.

The distinction between the two types of externalities above is based on the
perspective of the production side of the economy. The two types offer different
possible explanations for the emergence of agglomerationsin terms of the clustering
of firms. Together with ‘thick markets for specialised skills’ (Fujita et al., 1999, p. 5),
they comprise the three explanations for the formation of industrial clusters already
identified by Marshall (1920). According to Marshall (1920)(Fujita et al., 1999,
p. 4–5), clusters of firms might be explained by:

1. home market effects; both producers and consumers benefitfrom the absence
of import costs,

2. labour market effects; firms prefer to be located in a region where a specialised
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labour market already exists,

3. spill-over effects; firms directly benefit from the presence of other firms, be-
cause of communication, exchange of ideas, or inspiration by what is ‘around’.

The third explanation is intuitively clear, but is difficultto model without intro-
ducing assumptions that can effectively only be regarded as‘black boxes’. In the
literature they are sometimes referred to ascommunication externalities. Communi-
cation externalities can be thought of associal interactions, as discussed in section
5.2. Location choices of consumers are often determined by factors that contribute to
their level of well-being, but are not allocated by markets;efficiently or inefficiently.
Many people prefer to have neighbours, or at least they prefer to live in a commu-
nity, ranging from a village to a mega-city. Some of the reasons can be identified
with market interactions, such as the presence of shops, butnon-market interactions
are likely to play an important role as well.

A methodological issue arises regarding the presence of external effects—pecu-
niary or communication, and in general. The neoclassical framework is able to illus-
trate the Pareto-efficiency of an allocation governed by market prices, under well-
specified conditions. If for some phenomenon—in this case agglomerations—these
conditions cannot be met, it is not immediately imperative to resort to market interac-
tions in an exploratory framework. If the neoclassical framework is to be abandoned,
a multitude of alternatives emerge. As was argued in chapter2, however, a model
of human behaviour will still have to reside primarily on deductive logic since it
cannot be based on universal laws. If the assumption of the existence of non-market
interactions leads to the equivalent of a black box in certain explanations, it can
still be useful in others. The citations below, illustrate the discourse in contemporary
economic science. Glaeser (1999, p. 6) for example, writes in a plea for integrating
non-market interactions in urban research:

‘Krugman (1991) shows that a brilliant theorist can explain cities without non-
market interactions. But it is less obvious to me why one would want to do so. The
flow of ideas and values that occurs through face-to-face interaction maybe the most
interesting feature of city.’

On the other hand, Fujita et al. (1999) argue that explainingthe emergence of ag-
glomerations by the presence of increasing returns to scalecan be particularly helpful
if some elements in the environment change:

‘The larger point is that by modelling the sources of increasing returns tospatial
concentration, we are able to learn something about how and when these returns
may change—and then explore how the economy’s behaviour will change with them.’
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With a focus on the production side of the economy, this mightbe interpreted as
a choice for keeping the economic analysis within the sphereof economic theory.
A similar preference is expressed in Fujita and Thisse (2002, p. 303), explaining
why market interactions are sometimes preferred over non-market interactions as
the main element in the mechanism that results in an agglomeration:

‘Pecuniary externalities are also better studied within a general equilibrium frame-
work to account for the interactions between the product and labour markets. Among
other things, this allows one to study the dual role of individuals as workers and con-
sumers.’

Nevertheless, the role of non-market interactions, eitheras technological or commu-
nication externalities, also received attention in the recent economic literature. In this
thesis, the modelling frameworks focus on residential landuse and agglomerations
will be assumed to emerge primarily as a result of non-marketinteractions. The role
of non-market interactions will be explored especially in chapter 8.

5.6 Locational sorting

The research questions in chapter 1 concern the land market.The spatial economics
literature in which this topic is addressed belongs mainly to sub-discipline of ur-
ban economics. As discussed in section 5.2, urban economic research traditionally
devotes a substantial part of its attention toland useand cities. One way of accom-
modating insights from the use of models of imperfect competition and agglom-
eration externalities from regional economics in urban economics is the concept of
endogenous local qualityor endogenous amenity(Strong and Walsh, 2005). Endoge-
nous local quality can be defined as a characteristic that is dependent on the location
choices of other agents. It is an external effect, but at least part of its social value will
be capitalised in the price of land. Although conceptually clear, the policy implica-
tions of addressing endogenous quality are difficult to account for. The main reason
lies in the feedback mechanism that follows when it is assumed that households are
mobile. The feedback mechanism this assumption introducesmight be interpreted
dynamically as follows:

• People choose a location based on price and quality,

• The location choices affect both price and quality of the locations,

• People revise their choices.

If quality is exogenous, the dynamics conform in principle to a regular process of
finding a market equilibrium. Unfortunately, this mechanism is already not very well
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defined in the neoclassical model, as discussed in chapter 4.The mechanism, how-
ever, becomes really complicated if location choices, quality, and prices all have an
impact on each other. Equilibrium selection in a model with endogenous quality con-
forms to acomplex dynamical system. It contains both market interactions that can
be shown to be consistent with the neoclassical urban economics models and might
possibly be assessed in a self-organising system. It contains non-market interactions
as well, which result in non-linearities in terms of interdependencies in the prefer-
ence structures that deviated from the neoclassical linearactivity model. Existing
literature that deals with this type of non-market interactions and its relation with
complexity usually adopts the termsocial interactions.

5.6.1 Social interactions and complexity

Koopmans (1957, p. 150–154) already sketched the outlines of the type of general
equilibrium model that could eventually replace the Arrow-Debreu model if the clus-
tering of economic activities had to be accounted for. The main obstacle according to
Koopmans (1957, p. 154) referring to Koopmans and Beckmann (1957), is a formal
one:

‘This is a situation ready-made for armchair theorists willing to make a searchfor
mathematical tools appropriate to the problems indicated.’

In economic theoretic terms, the mathematical tools refer primarily to indivisible
goodsand increasing returns to scale. The search called for by Koopmans might
be identified with the development of tools that support the systematic investigation
of the properties of nonlinear—orcomplex—dynamical systems. This not only ap-
plies to the role of increasing returns in the explanation ofagglomeration formation.
Elsewhere in his book in a discussion oneconomic dynamics, Koopmans mentions
the ‘linearity of the behaviour equations’ (Koopmans, 1957, p. 179) as one of the
‘two main limitations of the tools used’ in the ‘last twenty years’(Koopmans, 1957,
p. 179) at the time of his writing in 1957. The other limitation is the ‘highly ag-
gregative character of the variables’(Koopmans, 1957, p. 179) in dynamic economic
models.

The mathematical tools for handling indivisible goods and increasing returns
are provided by the New Economic Geography (Krugman, 1991; Fujita et al., 1999).
The NEG adopts the same selection mechanism as in evolutionary game theory—the
replicator dynamics—, based on the fractions of a population choosing a region
where the utility is above average, resulting in a Nash equilibrium. The utility in
the core-periphery model can be interpreted as the real wage. The real wages in the
regions are connected through transport costs.
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Parallel to the development of NEG in the last decade a literature on social inter-
actions has emerged, sometimes referred to asNew Social Economics(NSE) (Becker
and Murphy, 2000; Durlauf and Young, 2001). The modelling approaches adopted in
this literature are similar in their mathematical structure to the core-periphery model
of the NEG. One common feature is the reliance on techniques from game theory.
Especiallyevolutionary game theory(Weibull, 1995) offers practical tools for equi-
librium selection in the presence of interactions and bounded rationality (Young,
1998). The references to evolutionary game theory might also be interpreted as a
way of applying theories from complex dynamical systems to economics (Durlauf
and Young, 2001). The focus of the NSE, however, is different. While the NEG starts
from the inherent difficulties of formulating a general equilibrium model that can
account for emergent agglomeration, the NSE has a background in mathematical so-
ciology rather than economics. It defines choices in a framework that resembles the
work of Coleman (1990). But whereas the models by Coleman arefrequently lin-
ear activity models in a spirit similar to neoclassical economics, the NSE stresses
the complexity that might result from the non-linearities of certain types of social
interactions. A second difference with mathematical sociology is the economic con-
text to which many research problems refer to in terms of societal implications. Peer
group pressure concerning alcohol abuse for example, mightresult in high costs for
a society. Policy measures based on a traditional, neoclassical framework—usually a
tax—intrinsically fail to address peer group effects, due tothe behavioural assump-
tions that exclude social interactions. Following Brock and Durlauf (2001), a large
part of the literature is devoted to the econometric identification of social interac-
tions (Manski, 1995), using a discrete choice framework. Discrete choice models
(McFadden, 1973, 1984) are common in econometric applications. The addition of
interdependencies in the preference structures, though, results in characteristics of
the models that can only be addressed using tools from the analysis of complex sys-
tems (Anderson and Arrow, 1988; Arthur et al., 1997; Blume and Durlauf, 2006).
Finally, Brock and Durlauf (2001) even refer explicitly to Epstein and Axtell (1996)
and also other linkages between social interaction models and agent-based modelling
exist (Durlauf and Young, 2001).

5.6.2 Locational sorting and general equilibrium willingness to pay

The presence of social interactions can in principle be identified econometrically
(Brock and Durlauf, 2001). This has inspired the development of new tools with ap-
plications inenvironmental economics, in support of property valuation (Palmquist,
2004; Bayer et al., 2002; Sieg et al., 2003). The derivation of a marginal WTP in
hedonic pricing on the basis of the current price also implicitly assumes that the util-
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ity remains unchanged at the maximised level. If it is suggested that non-marginal
changes in the local quality level might induce households to move to other loca-
tions, a demand function would needed to be specified so that new equilibrium prices
could be derived together with a specification of supply. Because hedonic prices are
considered market equilibrium prices where consumers maximise their utility level,
equating demand and supply should always result in prices that remain consistent
with utility maximisation. Stated differently, the calculation of endogenous equi-
librium—market clearing, or hedonic—prices depends on the utility level in spatial
equilibrium as an endogenous variable. The endogeneity of the utility level and more
specifically, its dependency of the specification of supply and demand, characterise
a special type of location choice models that has been developed for property valu-
ation. These are the so-calledlocational sorting models(Bayer et al., 2002; Bayer
and Timmins, 2002; Timmins, 2003).

Central in the welfare analyses of locational sorting models is the concept of a
general equilibrium to pay(GE-WTP) (Smith et al., 2004). A GE-WTP should be
able to account for the value of non-marginal changes in a spatially explicit distribu-
tion of local public goods, thereby extending current hedonic pricing methodology.
Commonly, such a GE-WTP is derived as a Hicksian WTP adjusted for endogenous
prices. Endogenous prices are typically enforced by a market clearing condition,
often a fixed supply, constraining the relocation of a population in response to the
changes in local quality. This strongly resembles the set-up of the basic urban eco-
nomics models in the Alonso tradition. For a closed city model in urban economics,
however, the city size is also endogenous. Therefore, a GE-WTP that allows for vari-
ation in the total amount of land used for residential purpose would be a suitable
basis for further exploration of the combined welfare effects of quality and quantity
aspects. This concept will be explored in chapter 7.

5.7 Conclusions

This chapter presented an overview is on the approach to landuse within different
sub-disciplines of economics. The main conclusion is that the capitalisationof the
value of amenities in the price of land is the theme on which contributions from
urban economics, public finance, and environmental economics can be united.

As far as spatially explicit economic issues are covered in mainstream eco-
nomics, models that are part of the neoclassical tradition cannot account for the
emergence of agglomerations. Recently, spatial economicshas benefited from the
applications of game theory and models of increasing returns. Increasing returns are
implied by models of product differentiation in the New Economic Geography. Al-
though these models are mainly adopted in regional economics—thereby lacking
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an assessment of land use—they offer formal concepts in whichcomplexity has a
clear meaning against the background of neoclassical economics in terms of external
effects.

Locational sorting models integrate welfare notions from urban and environ-
mental economics. The key issue of capitalisation is addressed in locational sorting
models by means of endogenous prices following a specification of both demand and
supply. Through their relation with the literature on social interactions, locational
sorting models can be identified with the literature on complexity.
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Chapter 6

An evolutionary interpretation of the

Alonso model





6.1 Introduction

This chapter presents the complete derivation of the model employed in the next
two chapters. The final model can be considered a real multi-agent system (MAS)
and will be implemented as such in chapter 8. The starting point, however, will be
the traditional Alonso model (Alonso, 1964). Although relatively restrictive in its
applications, the original Alonso model is very flexible forhosting alternative inter-
pretations and adding extensions. The main step in the modelderivation concerns
a reinterpretation of the original model as anevolutionarymodel. The basis for this
reinterpretation is an analogy with a population game from evolutionary game theory
discussed in chapter 3.

Furthermore, a stochastic variant of this population game allows for an addi-
tional reinterpretation of a spatial equilibrium. Based onthe best response interpre-
tation of CES utility function in chapter 4, the stochastic population game variant of
the Alonso model can be shown to be consistent with a model of arepresentative
consumer. This model provides a pragmatic general approach to the accommodation
of a populationin a welfare analysis. It can be interpreted as a simplified locational
sorting model, while at the same time welfare effects are essentially captured in a
quality-adjusted price index as the single indicator.

Based on the conclusions derived in chapter 5, the strategy of converting the
original Alonso model can be summarised in three steps:

1. The distance to the CBD will be replaced by a local quality level,

2. The spatial equilibrium will be interpreted in terms of best response and Nash
equilibrium for a population,

3. An evolutionary selection mechanism will be defined to explore the possibili-
ties of ‘growing’ a city, by means ofself-organisation, without resorting to an
optimisation method that would lack a behavioural interpretation at the level
of individuals.

Special attention will be devoted to welfare contribution of the city size. It will be
shown that an endogenous city size allows for an integrationof welfare notions from
urban and environmental economics; the latter based on existing locational sorting
models. This integration will be exploited in the welfare analyses in the next chapter.

This chapter is organised as follows. In section 6.2 a selection of elements is
made that will be used as a characterisation of the land market. Section 6.3 revisits
the Alonso model and develops a basic evolutionary equivalent of it. This equivalent
will be generalised as a stochastic population game in 6.4, which in turn can be
interpreted as a model of a representative consumer in a variant of the model in
developed in chapter 4. A model with several populations will be used to demonstrate
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segregation by income—a general feature of existing sortingmodels—as a more
advanced type of self-organisation in section 6.5. Section6.6 closes this chapter with
conclusions.

6.2 Basics of the land market model

To combine several welfare measures concerning land use planning in one mod-
elling framework, three aspects will need to be addressed inadvance. The first is the
specification of the good that is being allocated. The characterisation of demand and
supply on a market as a means for decentralised allocation isthe second aspect; the
third aspect concerns the formalisation of the location choices of individuals.

The main good allocated will bespace, measured by its surface area. Space
serves as an abstraction of land, because it allows for a separation of the demand for
land from the location where the land is traded. Only land useby consumers will
be taken into account. Neglecting producers in an economic assessment of land use
decisions implies that the only land use type reflecting the presence of humans will
be residential. It rules out the possibilities of conducting a welfare analysis that in-
cludes the effects of location decisions by firms. The introduction of firms would also
require including the effects of wage formation, labour mobility, and other general
equilibrium effects into the analysis. Although all these effects are important for an
overall assessment of welfare effects in a spatially explicit context, they are likely to
interact with—rather than determine—the welfare effects of land prices. Therefore,
neglecting production allows for a better focus on the specific role public policy with
respect to land use issues.

A market in which land is traded can in principle be characterised as part of
a pure exchange economy. This is primarily a reflection of thefact that no land is
being produced. Once owned, land can be considered an asset.Market prices for
residential land use modelled in urban economics are often referred to asrent. A rent
facilitates defining housing expenses for an individual or ahousehold as a part of a
budget for consumption of space in a repetitive time interval, monthly for example.
This introduces the possibility that the consumer of the space is not by definition the
owner of the piece of land. Land would be owned by means of initial endowments
and can be rented from the owners by other consumers. The rentis the return on
the asset for the owner. The main implication of assigning land property as an initial
endowment in combination with a rental market is that land titles are assumed to be
fixed. This assumption continues in all versions of the modeldeveloped. It is believed
that the characterisation of the land market as a rental market in this way is sufficient
for analysing the role of the government and its policy instruments for a possible
regulation of the market. In terms of trade, there is no fundamental difference with a
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regular pure exchange economy if only one time period is considered because paying
the rental price allows the tenant to consider the rented space his own for that period.
If a tenant virtually rents the land he owns, the usual zero balance of income from
endowments and expenses for consumables applies. Finally,considering rent as the
return of the asset facilitates closing the model with respect to the land market in
terms of ‘general equilibrium’, because land lords can be assigned explicitly and
their welfare level can be analysed within the model if necessary. Interpreting the
land market as a rental market also implies that the buildingsector will be neglected.
The decision of whether or not to develop is taken by the owneror owners, of the
land. It will be assumed that all land at a location—that is, the whole parcel—will
be developed or not. Land is either used as residential spaceor left undeveloped as
nature or agricultural land. Parcels can be owned by more than one individual and
an individual can in principle own shares of several parcels. In urban economics
it is often assumed that land owners are different from members of the population
(‘absentee landlords’). That assumption will be sustainedin this chapter, but might
later be relaxed, as will be discussed chapter 7.

From the separation of space from location it can be concluded that space is
perceived as a differentiated good. It is differentiated inthe first place by location
and in the second by the location characteristics. A location choice will be interpreted
as the choice for one of the available varieties of the ‘product’ space. As it will be
assumed that each agent will only rent a certain amount of space of one variety at
a time, the choice for the variety reflects his location choice. In the basic modelling
framework developed in this chapter, a given total and finiteamount of space is
divided intoM separate locations which can be imagined as parcels or ‘gridcells’.
Each grid cell either has a residential land use type, or no land use type. The latter can
be interpreted as nature or in some cases also as agriculture. Following the tradition
in urban economics, the grid cells will be distributed first on a one-dimensional line.
Extensions to a two-dimensional grid will be introduced in chapter 8.

Evolutionary game theory (EGT) will be used as a reference point for modelling
the location choices of individual agents in a population. EGT—and especially pop-
ulation games—offers a relatively simple approach to analysing the collective be-
haviour of one or more populations. A population consists inprinciple of a very
large number of identical agents. Each agent chooses a single strategy out of a set of
possible strategies. If choosing a strategy is identified with choosing a location, EGT
offers a suitable basis for a location choice model. In a second stage, using techniques
from agent-based modelling, agents can be modelled explicitly as individuals. This
approach will be followed in chapter 8. The normative implication of this approach
is the identification of spatial equilibrium with the defining equilibrium concept in
evolutionary game theory: the Evolutionary Stable Strategy (ESS). The details were
discussed in chapter 3, where it was noted that the ESS can be considered a refine-

149



An evolutionary interpretation of the Alonso model

ment of the Nash equilibrium in classical game theory. Therefore, one issue to be
addressed when adopting EGT as the basis for a location choice model is the relation
between a Nash equilibrium in a population game and a market equilibrium on a land
market. This will be done along similar lines as the two-agent model developed in
chapter 4. Instead of a learning algorithm, a population approach will be adopted.

6.3 Alonso revisited

First, the traditional Alonso model (Alonso, 1964) will be adapted for an interpreta-
tion of differentiation by local quality and the relation with hedonic pricing discussed
in chapter 5 will be highlighted. Fujita and Thisse (2002, p.79) derive the Alonso
model starting with the following maximisation problem:

max
z,s

u (z, s) s.t. z + ps = y − t (r) . (6.3.1)

Here,y is income andp is the rental price per quantity,s, of space. The transportation
costst are a function of the distance,r, to the CBD. In a more general interpretation,
r can be thought of as the coordinate of the location. The bid rent is defined as:

p (r, u∗) = max
z,s

{
y − t (r)− z

s
s.t u (z, s) = u∗

}
. (6.3.2)

This definition shows the relation between a bid rent function and an expenditure
function which would be part of the dual problem of (6.3.1). It expresses thewill-
ingness to payper quantity of space to attain a utility level ofu∗. Because of the
assumption thatu is strictly convex, it is strictly increasing inz; z can be defined
as a function (by inversion) ofs andu∗. The bid rent can therefore be written as a
function ofs only, or

p (r, u∗) = max
s

y − t (r)− z (s;u∗)

s
. (6.3.3)

By definition of the bid rent the following equality holds (Fujita and Thisse, 2002,
p. 80)

u∗ ≡ v [p (r, u∗) , y − t (r)] . (6.3.4)

It expresses the fact that the demand that corresponds to theoptimised bid rent is
equivalent to the demand that would result from a traditional maximisation of utility.
This is due to the maximisation of space,s, in (6.3.3) and the definition of the indirect
utility. Assuming a homogeneous population, supported by the same problem (6.3.1)
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for every individual agent, aspatial equilibriumis defined by the same level of utility
for every agent,u∗, regardless of her location,r. Market equilibrium prices in spatial
equilibrium are therefore only a function of the location,r:

p∗ (r) = p [y − t (r) , u∗] . (6.3.5)

For a given population sizeN , social welfare—which could here be identified with
U∗ ≡ Nu∗—can be interpreted as a function of thecity size. The city size is mea-
sured in the maximum distance to the CBD,rmax, where land is still occupied. This
can be expressed as (Fujita and Thisse, 2002, p. 82)

p∗ (rmax) = pA. (6.3.6)

This results from the general conditionp∗ (r) ≥ pA, meaning that for the land owner
the revenues from residential use need to be at least equal torent earned from alter-
native (for example agricultural) use.

6.3.1 Bid Rent and local environmental quality

In addition to their use in urban economics, equilibrium prices are also commonly
interpreted as bid rents in the hedonic pricing literature following Rosen (1974).
Analogous to a willingness to pay, a bid rent can be defined on the basis of the
expenditure needed to attain (or maintain) a given level of utility. Rosen proposed a
perfectly competitive market for the characteristics of sites and houses, making use
of the bid rent concept, thereby referring to Alonso (Rosen,1974, p. 38). He defines
a bid rent as a willingness to pay, according to:

u (y − ps; q) = u∗. (6.3.7)

The parameterq is an exogenous quality index or public good1 or amenity. As dis-
cussed in section 5.2 public goods seldom play an explicit role in the analysis in ur-
ban economics. Occasionally the existence of a CBD is justified by the assumption
that a composite public good is supplied there. However, as suggested in Scotchmer
(1986, p. 68, footnote 8), the distance to the CBD might be considered an amenity in
itself. Quality would in that case depend on the location,r, and could be expressed
asq(r), representing thelocal quality. Therefore, in the following equationsq will
replacer in the original Alonso model. This is consistent with Rosen (1974, p. 34)
referring to ‘locational decisions in characteristics space’, though this section fol-
lows Scotchmer (1986), rather than Rosen (1974). Scotchmer(1986) uses a reduced

1 Throughout this thesis the quality index, q, is assumed to be a scalar. This is done mainly
to stress the similarity with the travel costs, t, in spatial economic models.
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expenditure function in the derivation of the bid rent, consisting of all expenditures
except those for housing. Her derivation can thereby easilybe compared with Fujita
and Thisse (2002) as referred to in (6.3.2). The maximisation problem then reads

max
z,s

u (z, s; q) s.t. z + ps = u. (6.3.8)

The bid rent is defined as

p (q, u) = max
z,s

{
y − z

s
s.t u (z, s; q) = u∗

}
. (6.3.9)

Again, with z strictly increasing inz, substitution byz(s; q, u∗) allows the bid rent
to be written as a function ofs only:

p (q, u∗) = max
s

y − z (s; q, u∗)

s
. (6.3.10)

For reference purposes, it is to be noted that the corresponding market equilibrium
is defined by

u∗ ≡ v [p∗ (q) , y; q] . (6.3.11)

Expression (6.3.11) reiterates the congruency of the bid rent, the land price in mar-
ket equilibrium, the hedonic price as a function of the localquality, and the market
equilibrium as aspatial equilibriumin which the level of the (indirect) utility is in-
dependent of the location. Transportation costs are neglected in this analysis. In the
original Alonso model, the transportation costs affect theindirect utility through an
effect on the income. In the variant presented here, a similar effect is achieved by
an immediate impact of the local quality level. It has the advantage that (6.3.11)
already captures the intuition behind hedonic pricing in the interpretation followed
in this thesis. Since the level of utility is independent of the quality, the land price
apparently compensates for quality differences between locations.

6.3.2 Continuous Alonso model with a Cobb-Douglas utility

To illustrate the solution procedure in urban economics, the utility function will now
be specified. As before, a special variant of the Alonso will be used in which utility
is affected by a quality level,q, and transportation costs will be neglected. The utility
of the individual household or agent will be represented by aCobb-Douglas function

u (s, z; q) = sβz1−βqγ . (6.3.12)

152



The agent chooses how to divide his income between an amount of land, s, and all
other consumables,z, while considering the local quality,q, as given. It is assumed
that all income,y, will be spent. The price of land is denoted,p and the price of
the consumption bundle is normalised to1. This can alternatively be interpreted as
taking money as the unit in which the bundle is expressed (seealso section 4.2). The
budget constraint is therefore given by

y = ps + z. (6.3.13)

Maximising (6.3.12) with respect to (6.3.13) results in theindirect utility function

v (y, p; q) = ββ (1− β)
(1−β)

yp−βqγ . (6.3.14)

This corresponds to a demand for land given by

s =
βy

p
. (6.3.15)

Resorting to apopulationinterpretation is common practise in urban economics (see
section 5.2). It will also facilitate the translation to an evolutionary model in section
6.3.4. At a given location,r, the number of agents in equilibrium will be equal to
n. Conforming to the original context, herer is interpreted as the distance to the
exogenously given central business district (CBD). The total amount of land used at
that location is equal to an infinitesimal small amountdr:

ns = dr. (6.3.16)

Combining (6.3.15) with (6.3.16) yields

n =
dr

s
=

p

βy
dr. (6.3.17)

If it assumed that the total number of agents,N , is fixed, this expression can be
used in the integral that may be considered as an expression of the ‘conservation of
agents’. Assuming a one-dimensional, symmetric city, the number of agents living
between the CBD and city border,rA, is given by

rA∫

0

n (r)

dr
dr = 1

2N. (6.3.18)

Substitution of (6.3.17) in (6.3.18) results in

1

βy

rA∫

0

p (r) dr = 1
2N. (6.3.19)
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In urban economics, it is often presumed that a spatial equilibrium exists. This equi-
librium is characterised by a level of utility that is equal for all agents if the pref-
erence structures of all agents are identical. The equilibrium utility level, u∗ is fur-
thermore assumed to be optimal in advance, adhering to the neoclassical origin from
which the original model was derived. Actually optimality may be verified later2.
The equilibrium utility level is therefore equal to the level of the indirect utility at all
locations:

v (r) = u∗. (6.3.20)

Next, the quality level,q, will be specified. To remain consistent with the original
Alonso model, it will be assumed that the quality depends on the distance,r, to
the CBD. This can be achieved for example by adopting the following definition of
quality:

q (r) =
1

1 + r
. (6.3.21)

Although many other definitions are possible, (6.3.21) has the benefit of a straight-
forward interpretation of a steadily declining quality level as the distance to the CBD
increases, while the quality level is exactly equal to1 at the CBD.

Using the indirect utility function (6.3.14), the local land price,p, can be ex-
pressed as a function of the location,r:

p (r) = α∗ (1 + r)
− γ

β . (6.3.22)

Here,α∗ =
[

1
u∗ ββ (1− β)

(1−β)
y
]1/β

. If the income,y, is given, the termα∗ only

contains the equilibrium utility level,u∗ as an unknown. Substitution of (6.3.19) in
(6.3.22) yields

α∗

βy

rA∫

0

(1 + r)
− γ

β dr =
α∗

βy

[
β

β − γ
(1 + r)

1− γ
β

]rA

0

= 1
2N. (6.3.23)

Solving this expression for the location of the city border,rA, results in

(1 + rA)
β−γ

β − 1 =
(β − γ) y

2α∗
N. (6.3.24)

The distance,rA, between the CBD and the city border determines one half of the
city size, measured in the number of agents. It is common in urban economics to

2 Verification of the (Pareto)-optimality of population distributions will be discussed in chap-
ter 7.
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assumed that city size measured in total area—here2rA—depends on theopportu-
nity costsof alternative land use. Usually this land use is identified with agriculture.
Expressed as a condition, the owner of the land will require aprice at least as high as
the market price for the agricultural product that could be grown on the same land:

p (r) > pA. (6.3.25)

Since the equilibrium utility level,u∗, also applies to the residential land at the border
of the city, the condition can be used for eliminatingα∗. First

p (rA) = pA = α∗ (1 + rA)
− γ

β . (6.3.26)

Or

α∗ = pA (1 + rA)
γ
β . (6.3.27)

Substitution of (6.3.27) in (6.3.24) results, after some manipulation, in

(1 + rA)
[
1− (1 + rA)

γ
β
−1
]

=
(β − γ) y

2pA
N. (6.3.28)

This expression must be solved forrA numerically, for example by using abisection
method(Press et al., 2002).

With a numerical value forrA, the entire model is solved. For later use, it will be
convenient to normalise the number of agents per location,n/dr, to 2x/dr through
division by 1

2N . This allows for the interpretation of the integral

2

rA∫

0

n (r)

Ndr
dr = 2

rA∫

0

x (r)

dr
dr = 1, (6.3.29)

as an analogue to acumulative probability distribution. An example of this popula-
tion density distribution is given in figure 6.1 using the parameter values stated in
table 6.1.

In line with Fujita and Thisse (2002), this variant of Alonso’s model in continu-
ous space accounts for three stylised facts:

1. space per person increases as quality decreases,

2. population density decreases as quality decreases,

3. rent decreases as quality decreases.
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Figure 6.1: Continuous case (A = dr).

β 0.25
γ 0.5
y 1.0
N 10000
pA 100.0

Table 6.1: Parameter values for figures 6.1-6.3

These stylised facts are valuable for the welfare analysis because they are in principle
the result of an emergent market equilibrium. However, in addition to the simplifying
assumptions concerning the homogeneity and the divisibility of the agents, the most
problematic assumption is the existence of an equilibrium beforehand. The problem
with this assumption will be shown to be identical to the problem of how market
clearing prices are established in chapter 4. An evolutionary approach to market
clearing in the Alonso model will be discussed in section 6.3.4, but first a discrete
variant of the Alonso model is introduced.

6.3.3 A discrete Alonso model with a Cobb-Douglas utility

A first step toward the derivation of an evolutionary variantof the Alonso model
consists of specifying a similar model with discrete locations of finite size, with an
indexj replacing the location coordinater in the continuous model. Instead ofdr, a
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location size ofA is used, with

njsj = A. (6.3.30)

In principle, the location size can vary per location, but here it will be assumed
for simplicity that all locations are of equal size. Insteadof the integral (6.3.18) a
summation is used by means of expressing the conservation ofagents:

M∑

j=1

nj =
M∑

j=1

A

sj
=

A

βy

M∑

j=1

pj = 1
2N. (6.3.31)

Using the same utility function as before, an adjustment is also made for specifying
the location by an index,j, instead of the distancer. As a result, the indirect utility
at locationj is expressed by

vj = ββ (1− β)
(1−β)

yp
−β
j q

γ
j . (6.3.32)

Again, the equilibrium indirect utility level is independent of the location, hence
vj = u∗. The price at locationj is given by

pj = α∗q
γ/β
j , (6.3.33)

with α∗ =
[

1
u∗ ββ (1− β)

(1−β)
y
]1/β

as in (6.3.22). Substitution of (6.3.31) in

(6.3.33), followed by a normalisation to a population density distribution results for
the discrete case in

2α∗A

βNy

M∑

j=1

q
γ/β
j = 1. (6.3.34)

A comparison with

2

M∑

j=1

nj

N
= 2

M∑

j=1

xj = 1, (6.3.35)

reveals that

M∑

j=1

xj =
α∗A

βNy

M∑

j=1

q
γ/β
j . (6.3.36)

This suggests that the discrete case has an analytical solution that can be written as

xj =
q

γ/β
j∑M

k=1 q
γ/β
k

. (6.3.37)
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A more formal solution is presented in the appendix.
Finding the optimal city size for the discrete case is more elaborative than for

the continuous case. The equilibrium city size is now expressed by thenumber of
locations, M . The condition of the land owner in terms of opportunity costs remains
the same:

pj > pA. (6.3.38)

The location with the indexj = M—the location at the city border—is the last
location for which this condition holds. Therefore

pM > pA. (6.3.39)

Using (6.3.33), the city’s boundary condition can be written as

q
γ/β
M

pA
>

1

α∗
. (6.3.40)

From (6.3.34) it follows that

2A

βNy

M∑

j=1

q
γ/β
j =

1

α∗
. (6.3.41)

Combining (6.3.40) with (6.3.41) results in

q
γ/β
M > δ

M−1∑

j=1

q
γ/β
j , (6.3.42)

with

δ =

2A
βNy

1
pA
− 2A

βNy

=
1

βNy
2pAA − 1

=
pAA

1
2βNy − pAA

. (6.3.43)

Expression (6.3.42) can be used in a simple recursive algorithm in which locations
are added as long as the condition holds. This procedure implies the maximisation
of the overall welfare level since1/α∗ ∼ (u∗)

1/β . From (6.3.41) it follows that the
value of1/α∗ rises as the number of locations,M , increases.

Once the optimal number of locations is determined as described above, the
population densities can be plotted. For reasons of consistency, the values forxj/A

will be used again, rather than the values ofxj . The reason for this lies in the possible
confusion that might arise by interpreting the plot as a bar graph, while the width of
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Figure 6.2: Discrete case (A = 0.1).
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Figure 6.3: Discrete approximation of figure 6.1 (A = 0.001).
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the bar still represents the location sizeA. Therefore, the surface and not the height
of each bar represents the number of agents per location. A first example is given in
figure 6.2, forA = 0.1. Because an integration is basically the summation over the
total area of the bars with an infinitesimal small width, the equivalence between the
continuous and the discrete Alonso variant can be verified qualitatively by making
a plot for A = 0.001 as in figure 6.3. It shows that this plot is virtually identical
to figure 6.1 of the continuous model; the stylised facts of section 6.3.2 are also
accounted for in this discrete variant of the Alonso model.

6.3.4 Location choices as evolutionary selection

The approach for finding the equilibrium distribution of agents in a discrete Alonso
model as introduced in section 6.3.3 has several drawbacks.As in the continuous
case, the main drawback is the lack of a description that can help explain the process
of finding the equilibrium. Besides the problem of market clearing that also appeared
in the discussion of standard neoclassical exchange model in chapter 4, the Alonso
model also fails to explain how the equilibrium utility level emerges. One possible
way of assessing the latter issue involves the translation of the discrete Alonso model
to an evolutionary model. The detailed interpretation of the process at the individual
level will be postponed until section 6.3.6. First, an interesting starting point will
be highlighted by introducing thereplicator dynamics(Weibull, 1995; Hofbauer and
Sigmund, 1998) of evolutionary game theory (see also section 3.3):

ẋj = xj (vj − v) , (6.3.44)

with v =
∑

xjvj . The dynamics result in an equilibrium solution ifẋj = 0. If
xj > 0 for all j, the equilibrium solution is achieved if

vj = v. (6.3.45)

Stated differently, the equilibrium utility level,u∗, in section 6.3.3 can in this ap-
proach be considered identical to theaverageutility level, v in (6.3.44). As in chap-
ter 4, it can be assumed that the demand for land at a location will be equal to the
supply:

njsj = 1
2Nxj

βy

pj
= A. (6.3.46)

However, as long as the equilibrium of (6.3.45) is not reached demand will not be
equal to the supply in the sense that the supply does not yet correspond to the optimal
amount for every individual. In line with chapter 4, thedisequilibriumland price will
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be assessed by using (6.3.46) for the total amount of money offered for the location,
divided by the available amount of land. Rewriting (6.3.46), this price can be written
as

pj =
1

A

xjβNy

2
. (6.3.47)

The total amount of money offered in (6.3.47) for locationj is expressed as the
fraction,xj , of the total population on one side of the CBD,N/2, times the part,β,
of the income,y, the individual agent spends on space.

Next, the opportunity costs for the land owner will need to betaken into account
to determine the city border. This can be achieved as follows. Condition (6.3.38)
might be interpreted as aminimum pricethe land owner requires to receive. The land
owner will only accept the market price from residential use, if it is higher than the
rent from agricultural use. This can be formalised as a final market price that is equal
to themaximumof the prices from residential and agricultural rent:

p̃j = max {pj , pA} . (6.3.48)

Inserting (6.3.47) in the indirect utility function, (6.3.32),

vj = yp̃
−β
j q

γ
j , (6.3.49)

closes the model. In (6.3.49) the constant termsββ (1− β)
(1−β) are left out for

convenience, because the value ofβ is independent of the location.
The evolutionary dynamics that lead to the equilibrium distribution of agents is

presented in figure 6.4. The plot shows the result of a numerical integration over time
of the system of 50 coupled ordinary differential equationsof the type (6.3.44), with
the substitutions discussed above performed. Time runs from right to left to maintain
the visibility of the stationary population density distribution that can be compared
with figure 6.2.

The approach followed in this section illustrates how both the equilibrium utility
level and the optimal city size can be made endogenous by introducing a simple evo-
lutionary mechanism. Since the resulting equilibrium is identical to the equilibrium
of the discrete variant of the Alonso model in section 6.3.3,the account of the stylised
facts can be maintained. Here, they are given an emergent interpretation which allows
for the interpretation of the Alonso model in terms of an elementaryself-organising
systemin terms of a complex dynamical system, as discussed in chapter 3.

6.3.5 Spatial equilibrium as a Nash equilibrium

The concept of an evolutionary stable strategy (ESS) was introduced in the sections
3.4 and 3.5. Since the same replicator dynamics were used in section 6.3.4 as in
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Figure 6.4: Evolutionary dynamics for discrete Alonso variant.

chapter 3, it can be concluded that the stationary state of the evolutionary discrete
Alonso variant is a ESS. Since the ESS is a refinement of the Nash equilibrium,
this implies that the spatial equilibrium can be interpreted as a Nash equilibrium
in a population game. Because the location choices are considered strategies, this
interpretation can be adopted in a very general sense, also without the Cobb-Douglas
specification of the utility function or the disequilibriumprice as in (6.3.47).

In principle any land use pattern can be thought of as the result of strategic in-
teraction between all agents involved. If no agent has an incentive to move in a given
configuration, the land use pattern apparently conforms to a‘best response’ of the
individual agent to the location choices of all other agents. At this level of abstrac-
tion, similar approaches can be found in Page (1999) and Otter et al. (2001). The
more specific approach followed here defines strategic interaction within the context
of the original Alonso model, while the equilibrium land usepattern can be iden-
tified explicitly with a Nash equilibrium in a population game. It thereby projects
elements from alternative approaches to land use modellingback to traditional eco-
nomic concepts, while adding the notion of self-organisation still. Furthermore, in
section 6.4 the strategic interaction at the level of the population will be interpreted
again in terms of fractions of the income spent, in line with the analysis of chapter 4,
identifying the population with a representative consumer.

However, since the Alonso model is restricted to an exogenous CBD, the model
in this chapter does not—contrary to Page (1999) and Otter et al. (2001)—, address
the issue of the emergence of agglomerations. This issue will be postponed until
chapter 8. First, another step will be taken. The replicatordynamics was introduced
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in this chapter without a behavioural justification. The justification will be presented
next.

6.3.6 A behavioural interpretation of evolutionary selection

One possible way for the interpretation of the replicator dynamics in terms of the
behaviour of individual agents is supplied by the model ofimitation3, adapted from
Weibull (1995, p. 155–158) and Benaı̈m and Weibull (2003). Starting with a popula-
tion of fixed size consisting ofN nearly identical agents, the probability of one agent
currently at locationi changing his location is assumed to be a combination of two
probabilities. The first is the probability of meeting an agent from locationj. Given
the assumption thatN is very large, this probability might be considered identical
to the population frequency at locationj, xj . The second probability is based on a
comparison between the utility levels at both locationsi andj, explained below. The
probability of an agent switching from locationi to locationj will be denotedPrj

i

and can—following the considerations above—be written as

Prj
i =





xj · Pr (vj − vi > −ε) i 6= v

1−
n∑

i6=j

xj · Pr (vj − vi > −ε) i = j , (6.3.50)

with ε = εj − εi. If it is assumed thatε has auniform distribution, the probabil-
ity density function is only defined over an interval[a, b] (Ben-Akiva and Lerman,
1985):

f (x) =





0 x < a
1

b−a a < x < b

0 x > b

. (6.3.51)

The cumulative distribution yields

F (x) =





0 x < a
x−a
b−a a < x < b

1 x > b

. (6.3.52)

Within the relevant interval,[a, b], this distribution can therefore be written as

F (x) =
x− a

b− a
= αx + β. (6.3.53)

3 For a derivation of the replicator dynamics closer to the original context of genetics, see
the appendix of this chapter.
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Here,α = 1/(b− a) andβ = a/(b− a). Using (6.3.53), the probability that de-
pends on the comparison between the two utility levels can bewritten as

Pr (vj − vi > −ε) = F (vj − vi) = α (vj − vi) + β. (6.3.54)

The comparison,vj − vi > −ε, in the first term of (6.3.54) might be interpreted
as a decision rule for the individual agent, similar to the decision rule introduced in
chapter 4.

Next, a balance between inflow and outflow can be constructed for every location
i:

ẋi =

n∑

j 6=i

xjPri
j −

n∑

j 6=i

xiPrj
i

=
n∑

j 6=i

xjPri
j + xiPri

i −
n∑

j 6=i

xiPrj
i − xiPri

i

=

n∑

j=1

xjPri
j −

n∑

j=1

xiPrj
i =

n∑

j=1

xjPri
j − xi. (6.3.55)

Substitution of (6.3.54) in (6.3.55) results in

ẋi =

n∑

j=1

xjxiF (vi − vj)−

n∑

j=1

xixjF (vj − vi)

=
n∑

j 6=i

xjxiF (vi − vj) + xixiF (vi − vi)−
n∑

j 6=i

xixjF (vj − vi)

− xixiF (vi − vi)

=

n∑

j=1

xjxi [α (vi − vj) + β]−

n∑

j 6=1

xixj [α (vj − vi) + β]

= 2αxi


vi −

n∑

j=1

xjvj




= 2αxi (vi − v) . (6.3.56)

Apart from the coefficient2α in (6.3.56), the final expression is identical to the repli-
cator dynamics of (6.3.44).

The imitation model is shown to give a possible behavioural justification for the
use of the replicator dynamics in section 6.3.5. The choicesfor both the mechanism
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of (6.3.50) and the uniform distribution for the stochastictermε are rather arbitrary.
However, they resemble similar elements in the procedure for deriving the equivalent
decision rule for a CES utility function in chapter 4. Furthermore, in chapter 4 the
market equilibrium was interpreted as a Nash equilibrium infractions of the income.
A close relation between the discrete variant of the traditional Alonso model and
a standard two-agent exchange economy model will be shown toexist for logistic
distribution forε in section 6.4.

The relation between the ESS in this chapter and the Nash equilibrium in chap-
ter 4 conforms to the standard interpretation of populationgames in evolutionary
game theory. In classical game theory a mixed strategy is commonly interpreted as
a randomisation of pure strategies to be played by a single agent. The probabilities
are translated to fractions of the population playing pure strategies individually in a
population game. In chapter 4, the mixed strategy was translated to the fraction of
the income spent on land. From (6.3.47) it can be learnt that the same interpreta-
tion applies to the population model developed in this chapter. The total amount of
money spent on space at locationj was shown to be equal to the fraction of the total
amount of money spent on land by the entire population. This amount was equal to
njβy = xjβY , which is consistent with the model of product differentiation pre-
sented in section 4.7. The fixed fraction,β, of the income spent on land results from
the Cobb-Douglas utility function. It might be generalisedto a CES function, as will
be discussed in section s644.

Finally, the mechanism applied in chapter 4 was inspired by the literature on
learning in games. Learning can be interpreted as an evolutionary mechanism at the
individual level. This also stresses the relation between the model developed in this
chapter and the model presented in chapter 4 in terms of evolution and the selection
of equilibria that allow for a normative interpretation. This interpretation will be
applied in the welfare analyses in chapter 7. First the relation between the individual
and the population model will be made fully consistent in thenext section.

6.4 The Alonso model as a stochastic population game

The previous section noted that the introduction of the stochastic term in (6.3.50) is
similar to the introduction of the stochastic term in the decision rule in chapter 4.
Applying the same specification as in chapter 4 directly in anapproach analogous
to the derivation of the replicator dynamics in the previoussection, results in an
evolutionary dynamics related to it. Alternatively, this stochastic Alonso variant can
be interpreted directly in a non-dynamic context as a reconciliation of the Alonso
model and a logit choice model, as in Anas (1990). This section will show that the
equilibrium solution of the resulting stochastic variant of the discrete Alonso model
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can also be interpreted as a model of a representative consumer with a preference
for product variety similar to the use of the model by Dixit and Stiglitz (1977) in the
New Economic Geography (Fujita et al., 1999). Finally, withan interpretation of the
choice model for the representative consumer in terms of a nested logit model, the
models of this section and of chapter 4 can be united for a CES utility function.

6.4.1 Dynamics

A description of the mechanics similar to (6.3.50) and essentially identical to the
decision rule in section 4.3 can be written as (see Benaı̈m and Weibull, 2003 and
Blume and Durlauf, 2003)

Prj
i =





Pr (vj − vi > −ε) i 6= j

1−
n∑

i6=j

Pr (vj − vi > −ε) i = j . (6.4.1)

With ε = εj − εi from a double exponentialdistribution, the probability can be
written as

Pr (vi − vj > −ε) = F (vi − vj) =
exp (vi/µ)∑n

j=1 exp (vj/µ)
. (6.4.2)

This implies a slight abuse of notation4, because the multinomial logit (6.4.2) ac-
tually reflects a comparison ofvi with vj from all other options, but it stresses the
analogy with (6.3.50). Starting again from (6.3.55), but with (6.4.2) substituted re-

4 See Benaı̈m and Weibull (2003) and Blume and Durlauf (2003) for a more concise nota-
tion.
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sults in

ẋi =
n∑

j=1

xjPri
j − xi

=

n∑

j 6=i

xjPri
j + xiPri

i − xi

=
n∑

j 6=i

xjF (vi − vj) + xi


1−

n∑

j 6=i

F (vi − vj)


− xi

=

n∑

j 6=i

xjF (vi − vj)− xi

n∑

j 6=i

F (vi − vj)

=

n∑

j 6=i

xjF (vi − vj) + xiF (vi − vi)− xi

n∑

j 6=i

F (vi − vj)− xiF (vi − vi)

=
n∑

j=1

xjF (vi − vj)− xi

n∑

j=1

F (vi − vj)

=

n∑

j=1

xjF (vi − vj)− xi

=
exp (vi/µ)∑n

j=1 exp (vj/µ)
− xi. (6.4.3)

The main difference with the interpretation of the replicator dynamics in the pre-
vious subsection is the absence of imitation in the basic choice mechanism. In the
derivation here it is implicitly assumed that the information on quality, disequilib-
rium price, and potential population density for all locations is publicly available.
This assumption is rather strong, but it can be considered a starting point. Given
this assumption, the dynamics can still be represented by a relatively simple set of
ordinary differential equations.

As discussed above, the logistic distribution in the difference between error
terms in the discrete choice variant suggests a relation with the CES function in
chapter 4. This relation can now be finalised. First, in line with chapter 4, the dy-
namics for thelogarithmof the indirect utility will be derived. Based on (6.4.1), the
choice mechanism can be written as

Prj
i =





Pr (ln vj − ln vi > −ε) i 6= j

1−
n∑

i6=j

Pr (ln vj − ln vi > −ε) i = j . (6.4.4)
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The transition probability resembles the expression for the fraction of the income of
the individual spent on land in chapter 4:

Pr (ln vi − ln vj > −ε) = F (ln vi − ln vj) =
exp (ln vi/µ)

∑M
j=1 exp (ln vj/µ)

=
v
1/µ
i∑M

j=1 v
1/µ
j

. (6.4.5)

Finally, after the substitution of (6.4.5) in the dynamics of (6.4.3) results in

ẋi =
v
1/µ
i∑M

j=1 v
1/µ
j

− xi. (6.4.6)

Next the indirect utility function (6.3.49),

vj = yp
−β
j q

γ
j , (6.4.7)

can be substituted in (6.4.6). Taking logarithms of (6.4.7)results in

ln vj = ln y − β ln pj + γ ln qj . (6.4.8)

Next an error term from a double exponential distribution can be added:

ln vj + µεij = ln y − β ln pj + γ ln qj + µεij , (6.4.9)

followed by a multiplication with1/µ:

1

µ
(ln vj + µεij) =

1

µ
ln y −

β

µ
ln
(
pj

/
q

γ/β
j

)
+ εij . (6.4.10)

As a result

xj =

(
pj

/
q

γ/β
j

)−β/µ

∑M
k=1

(
pk

/
q

γ/β
k

)−β/µ
. (6.4.11)

The dynamics (6.4.6) can be written as

ẋj =

(
pj

/
q

γ/β
j

)−β/µ

∑M
k=1

(
pk

/
q

γ/β
k

)−β/µ
− xj . (6.4.12)
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It can be shown that (6.4.11) converges to (6.3.37) ifµ ↓ 0. It means that if the
process reaches its stationary equilibrium—ẋj = 0 for all j—and the variance of
the error term reduces to zero, the solution is identical to the equilibrium population
distribution found in section 6.3.3. Substitution ofpj = xjβNy/A in (6.4.11) results
in

xj =

(
xj

/
q

γ/β
j

)−β/µ

∑M
k=1

(
xk

/
q

γ/β
k

)−β/µ
. (6.4.13)

Solving forxj (see appendix) and taking the limit finally yields

lim
µ↓0

xj = lim
µ↓0

q
γ/(β+µ)
j∑M

k=1 q
γ/(β+µ)
k

=
q

γ/β
j∑M

k=1 q
γ/β
k

. (6.4.14)

This expression is identical to (6.3.37).
An alternative, non-dynamical, introduction of a stochastic variant of the Alonso

model is presented in Anas (1990). The indirect utility function (6.4.9) can be thought
of as a result of the maximisation of

uij (sj , z; qj , εij) = s
β
j z1−βq

γ
j eεij . (6.4.15)

This approach is also followed in the locational sorting model of Timmins (2003).

6.4.2 Aggregation

The model developed in this section allows for direct aggregation of the welfare
level for N agents. It facilitates the interpretation of the social welfare function as
the indirect utility function for arepresentative consumer. The expected value of the
logarithm of the individual indirect utility, maximised over all possible optionsj, is
given by (see section 4.8, the appendix of 4)

E( max
j=1...M

ln ṽij) = µ ln




M∑

j=1

exp

(
ln vj

µ

)
 . (6.4.16)

Since this expression is based on the distributionF (x) = Pr(ln vj + εij ≤ x), a
monotonic transformation leaves the result unaffected, because

Pr(ln vj + εij ≤ x) = Pr(vje
εij ≤ ex). (6.4.17)
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As a result, the expected maximum level of utility for the individual agent is given
by

E( max
j=1...M

vje
εij ) =




M∑

j=1

v
1
µ

j




µ

. (6.4.18)

It follows that with a specification of the indirect utility function according to

vje
εij = ββ (1− β)

(1−β)
yp

−β
j q

γ
j eεij , (6.4.19)

the social welfare function can be written as

NE( max
j=1...M

vje
εij ) = ββ (1− β)

(1−β)
Y G−β , (6.4.20)

whereY = ny and

G ≡




M∑

j=1

(
q

γ
j

p
β
j

)µ


−µ

β

=




M∑

j=1


 pj

q
γ
β

j



− β

µ




−µ
β

. (6.4.21)

Expression (6.4.21) represents a prices index; its role will be discussed in more detail
in section 6.4.3.

The aggregated value represented by (6.4.20) actually consists of a summation
of theexpectedlevel of utility for all individuals. It is identical to the indirect utility
function of the representative consumer, as applied in the basic core-periphery model
in the New Economic Geography (Fujita et al., 1999), as will be shown in section
6.4.3. The expected value in (6.4.18) has a position similarto the level of utility in
spatial equilibrium,u∗, in section 6.3.

This is more apparent in the comparison with (6.3.45), the average indirect utility
level in the replicator dynamics. With the population densities interpreted as choice
probabilities, the average indirect utility,v =

∑M
j=1 vj , is identical to theexpected

indirect utility level. However, due to the presence of the stochastic terms, the in-
terpretation of (6.4.20) as asocial welfare functionis only valid with a very large
population of agents that are identical up to the idiosyncratic term, εij . Separate
draws from the distribution for this term should be present in the preference struc-
ture for every agent, for every location. This restriction is one of the motivations of
the translation of a similar model into an agent-based modelor multi-agent system
in chapter 8.

Substitution of (6.4.13) in (6.4.20) results in an analytical solution for the social
welfare function:

V = Aβ [(1− β)Y ]
1−β

(
M∑

k=1

q
γ

β+µ

k

)β+µ

. (6.4.22)
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It follows that social welfare with endogenous prices is only a function of the quality
of all sites and the number of sites,M . Assuming that the population relocates itself
over the initial supply,M can be kept fixed and the impact of local changes in quality
on social welfare can be examined. This function will be analysed further in chapter
7.

6.4.3 Representative consumer

The main benefit of adopting the dynamics of (6.4.12) and its relation with a CES
utility function is the possibility of interpreting the location choices ofN agents in
terms of consumption by a singlerepresentative consumer. The relation between a
CES utility function for a differentiated good and the multinomial logit model ap-
plied in this chapter follows therefore Anderson et al. (1992) closer than the special
interpretation of this relation presented in chapter 4. Theuse of a representative con-
sumer is often criticised because of its lack of realism. If arepresentative consumer
representsN individuals, this can alternatively be interpreted as using N identical,
average individuals, as shown in section 6.4.2. It can be argued that the problematic
interpretation of the representative consumer in the modeldeveloped in this chapter
mainly originates in the difficulties that arise when using the behavioural rules of
the averageagent. If the step of a translation to an evolutionary model is followed
by a second translation in amulti-agent system, it can contribute to land use mod-
elling within economics by means of systematicdisaggregationof a population into
heterogeneousindividuals. This will be shown in chapter 8.

From the Cobb-Douglas utility (6.3.12) it follows that every agent in the popu-
lation spends a fractionβ of his income on housing. The total income of all agents
is equal toY = Ny. The representative consumer—representing the entire popu-
lation—therefore spendsβY on housing. Per locationxjβNy = pjA is spent, as
noted in section 6.3.6. This is consistent with a Cobb-Douglas utility function for the
representative consumer with a CES sub-utility function for land as adifferentiated
product. This function is similar to the use of the Dixit-Stiglitz (Dixit and Stiglitz,
1977) function in the New Economic Geography (Fujita et al.,1999). Its use has
the benefit of capturing all the necessary information on spatial welfare in a single
indicator.

The representative consumer has the following utility function:

U (S,Z) = S̃βZ1−β . (6.4.23)

Here,S̃ is the total amount of space used, adjusted for quality, as explained below. It
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is the sum overM locations of sizeSj , according to

S =

M∑

j=1

Sj . (6.4.24)

As indicated, the income of the entire population will be interpreted as the income
of the representative consumer. The amount of money spent onland is the sum over
all locations with a pricepj per location:

Y = Z +

M∑

j=1

pjSj . (6.4.25)

The total amount ofquality-adjustedspace will be defined as

S̃ =




M∑

j=1

S̃
ρ
j




1/ρ

=




M∑

j=1

(ajSj)
ρ




1/ρ

. (6.4.26)

Here,

aj = q
γ/β
j , (6.4.27)

for simplicity, sinceq, β andγ are all considered constants. Following Fujita et al.
(1999, p. 46–47), the maximisation of (6.4.23) with respectto (6.4.25) will be per-
formed in two steps. The consumption of space will be treatedas equivalent to an
expenditure minimisation problem where the expenditure onspace will be minimised
according to

min

M∑

j=1

pjSj s.t. S̃ =




M∑

j=1

(ajSj)
ρ




1/ρ

. (6.4.28)

The expenditure on space can be rewritten to bring it in line with the quality-adjusted
amount of space in the constraint as

M∑

j=1

pjSj =

M∑

j=1

(pj/aj) (ajSj). (6.4.29)

From first order conditions, it follows that

(ajSj)
ρ−1

(aiSi)
ρ−1 =

(pj/aj)

(pi/ai)
. (6.4.30)
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Substitution of (6.4.30) in (6.4.29) results in

aiSi =
(pi/ai)

1/(ρ−1)

[∑M
j=1 (pj/aj)

ρ/(ρ−1)
]1/ρ

S̃. (6.4.31)

Consequently, the amount of money spent on space by the representative consumer
can be written as

M∑

i=1

(pi/ai) (aiSi) =

[
M∑

i=1

(pi/ai)
ρ/(ρ−1)

](ρ−1)/ρ

S̃ = GS̃. (6.4.32)

With

G =



∑

j

(
aj

pj

) ρ
1−ρ




1−ρ
ρ

, (6.4.33)

as theprice index, the budget constraint can alternatively be written as

Y = Z + GS̃. (6.4.34)

From here on—in the second step—maximisation of the utility function (6.4.23) can
be performed with (6.4.34) as the budget constraint. This isa standard maximisation
problem and yields

V (Y,G) = ββ (1− β)
(1−β)

Y G−β , (6.4.35)

for the indirect utility function.
This function can be interpreted as thesocial welfare functionfor the popula-

tion. Feenstra (1995, p. 636) points out that a demand function as in (6.4.38) can
be derived from a representative consumer’s indirect utility function, but states that
this function is amonotonic transformationof “ ... the sum over individuals of the
expected value of maximised utility...”. It means that the aggregate welfare measure
needs to be transformed before it can be interpreted as a utilitarian social welfare
function. Here it is shown that if the indirect utility for the individual consumer fol-
lows a Cobb-Douglas specification in which the error term is added after a logarith-
mic transformation (see also Timmins, 2003), the representative consumer’s indirect
utility function is simply the sum of the individual utilityfunctions. It follows that
if the monotonic transformation is applied at the individual level, the indirect utility
function of the representative consumer can be interpreteddirectly as the utilitarian
social welfare function, without further transformation.
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An evolutionary interpretation of the Alonso model

Comparing (6.4.33) with (6.4.21), it can be concluded thatρ = β/(β + µ).
The evolutionary selection by a population ofN agents of the equilibrium solution
can therefore be considered equivalent to the solution to the problem for the repre-
sentative consumer. In this case land is considered a differentiated good, while the
representative consumer has preference for variety, expressed in a constant elasticity
of substitution that is equal toσ = (β + µ)/µ.

For a given income levelY , the level of social welfare depends only on the
quality-adjusted price indexfor space that is a function of both the price and the
quality vector:G = f (p,q). In principle, it can be considered agreen price index
that captures the combined impact of market prices and environmental quality in a
single indicator (see also Banzhaf, 2005).

The total quality-adjusted amount of land demanded is givenby

S̃ =
βY

G
. (6.4.36)

Using (6.4.31), the quality-adjusted amount of land demanded at locationj is equal
to

S̃j = ajSj =
(pj/aj)

1/(ρ−1)

G1/(ρ−1)
S̃

=
(pj/aj)

1/(ρ−1)

∑M
j=1 (pj/aj)

ρ/(ρ−1)
βY. (6.4.37)

For the amount of land demanded (without quality adjustment), it follows that

Sj =
(pj/aj)

ρ/(ρ−1)

∑M
k=1 (pk/ak)

ρ/(ρ−1)

βNy

pj

=

(
pj

/
q

γ/β
j

)−β/µ

∑M
k=1

(
pk

/
q

γ/β
k

)−β/µ

βNy

pj

= xj
βNy

pj

= Nxj
βy

pj

= njsj = A. (6.4.38)

Which is consistent again with the previous subsections.
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6.4.4 Nested logit

A final observation concerns the interpretation of the set oflocation decisions taken
by the representative consumer in terms of a logit model, in the same way as was
derived in chapter 4. It will be shown that the correspondingmodel is anestedlogit
model (Anderson and de Palma, 1992; Train, 2003). The choiceby a single agent can
be represented as shown in figure 6.5. The Cobb-Douglas utility function (6.4.23) can

Numéraire Land

Location

Figure 6.5: Nested logit location choice for representative consumer.

be interpreted as a special case of a general CES utility function,

U (S,Z) =
[
βS̃ρ1 + (1− β) Zρ1

]1/ρ1

, (6.4.39)

with ρ1 → 0.
The fraction of the total income the representative consumer spends on space

at locationj is equal to the fraction of income spent on space times thefraction of
the fractionof the income spent on space. The amount of the total income spent on
space in spatial equilibrium should be equal toPrSj

= PrS Prj|S and the demand at
locationj is equal to

Sj =
PrSj

Y

pj
. (6.4.40)

In terms of probabilities,Prj|S can be read as the conditional probability; conditional
on the probability that the entire income is spent on space. In the Cobb-Douglas case
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this product of probabilities was equal toβxj . For the general specification (see
Anderson and de Palma, 1992), the fraction of the income spent on space reads

PrS =
exp

(
ln β1+µ2+ln IS

µ2

)

exp
(

ln β1+µ2+ln IS

µ2

)
+ exp

(
ln(1−β)1+µ2+ln IZ

µ2

) . (6.4.41)

The fraction of the fraction spent on land is the same as before:

Prj|S =
exp

(
ln aj−ln pj

µ2

)

∑M
k=1 exp

(
ln ak−ln pk

µ2

) . (6.4.42)

In (6.4.41), the following definition was used

ln IS ≡ µ2 ln

M∑

j=1

exp

(
ln aj − ln pj

µ2

)

= µ2 ln

M∑

j=1

(aj/pj)
1/µ2

= − ln




M∑

j=1

(pj/aj)
ρ2/(ρ2−1)




(ρ2−1)/ρ2

= − lnG. (6.4.43)

Here, use has been made of the fact thatµ2 = (1− ρ2)/ρ2. A comparison with
(6.4.21) reveals that

ln IS = − lnG. (6.4.44)

Together withln IZ = ln 1 = 0, which corresponds to the role of the numéraire,
the nested logit formulation highlights the role of the price index in a two-stage
optimisation procedure. The first stage determines the partof the income spent on
quality-adjusted land; that part is distributed over the locations in the second stage.
This interpretation can also be applied in case of a population, if in the first stage the
probability is set equal to the fraction every individual spends on land, for example
as a time average as in chapter 4. The second stage could in that case be identified
again with the distribution of individual agents over the locations, as in this chapter.
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6.5 Sorting

The model developed in this chapter can relatively easily beadapted to enforce seg-
regation of income classes using only endogenous prices andno externalities. This
segregation can be interpreted as an extension of the concept of self-organisation
to population of heterogeneous agents. Segregation by income is important in the
original sorting models because this property correspondsto stratificationin econo-
metric estimation. Stratification implies that individualcharacteristics—in the model
presented here restricted to income—can be enforced to correlate with location char-
acteristics in the final equilibrium, in the presence of endogenous prices. It allows
the researcher to differentiate the benefits from changes inthe level of amenities ac-
cording to, for example, different income groups. This distributional aspect of spatial
welfare will be discussed in chapter 8. Endogenous sorting can be illustrated using

 0
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← q

Figure 6.6: Initial distribution of sorting model with 4 sub-populations.

a variant of the evolutionary Alonso variant of section 6.4.It has to be assumed that
the preference structure depends on the individual characteristics. In the simplified
model, in addition to the idiosyncratic componentεij , the only individual character-
istic is the income. A specification of this dependency that conforms to the possibility
of econometric estimation, is

ln vij = ln yi − β1 ln pj + γ1 ln qj

− β2 ln yi ln pj + γ2 ln yi ln qj . (6.5.1)

It implies the following definitions of individual-level coefficients:

βi = β1 + β2 ln yi, (6.5.2a)
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γi = γ1 + γ2 ln yi. (6.5.2b)

Simulation results—following numerical integration—are presented in figures 6.6-
6.8. Here the population is divided into four groups of equalsize. Disequilibrium
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Figure 6.7: Equilibrium type I for figure 6.6 (β2 < 0).

prices are determined according to (6.3.47), with the totalamount of money offered
for a location defined as the sum of the offers from the fractions of all four groups.
With k as the index for the group, the price at locationj can be written as

pj =
1

2A

∑4

k=1
xj,kβkNkyk. (6.5.3)

Starting with a uniform distribution of all groups shown in figure 6.6, two possible
equilibrium configurations can arise, depending on thesign of β2 in (6.5.2a). The
value ofγ2 in (6.5.2b) is kept at zero, to show the effect of sorting by income only.
In figure 6.7,β2 is negative. It means that the group with a higher income spends
a lower percentage of their income on housing than the lower income groups. The
lower income groups consider space more important than the higher income groups.
In this example, the actual amount of money spent on housing is nevertheless still
higher for higher income groups than for the lower ones. The result is a concentration
of the higher income groups closer to the CBD. Figure 6.8 shows the opposite. If
higher income groups find space more important, they will position themselves away
from the CBD. In this way, the models show an example of endogenous segregation
according to individual characteristics.
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Figure 6.8: Equilibrium type II for figure 6.6 (β2 > 0).

6.6 Conclusions

The main result of this chapter is the derivation of a consistent relation between an
evolutionary interpretation of the Alonso model from urbaneconomics and a repre-
sentative consumer. First, the dependence of the level of well-being on the distance
to the CBD through transport costs in the original Alonso model was replaced by a
more general dependence through an exogenous amenity. Thisadjustment was fol-
lowed by the introduction of discrete, instead of continuous, locations. The discrete
case was finally reinterpreted as a population game based on the material concerning
evolutionary game theory collected in chapter 3.

Although the discrete and continuous cases in this chapter were restricted to a
Cobb-Douglas utility function, it was shown in section 6.4,that the discrete case can
be generalised to a CES utility function for a differentiated good. This formulation
has the advantage that it allows for an interpretation of a stochastic variant of a
population game, while the social welfare function can alsobe interpreted as the
indirect utility function of a representative consumer. The first interpretation can
serve as the basis for an agent-based model, since the evolutionary dynamics already
defined the behavioural rules at the level of individuals. The latter facilitates the
welfare analysis for simplified cases.

Finally, the evolutionary assessment of a traditional agglomeration model as
the result of self-organising individuals was extended to amodel with four sub-
populations. It was shown that with a preference structure that is dependent on the
individual—or in this case group—characteristics, it is possible to enforce segrega-
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tion of the groups by means of endogenous prices only. This result corresponds to
the stratification of income groups in econometric sorting models. Endogenous sort-
ing can be used in a differentiation of benefits from changes in local amenity levels
according to income, as will be shown in chapter 8.

6.7 Appendix

This appendix derives the analytical solution for the population frequency distribu-
tion of (6.4.14). The starting point is (6.4.11), repeated here as

xj =

(
q

γ
j

/
p

β
j

)1/µ

∑M
k=1

(
q

γ
k

/
p

β
k

)1/µ
. (6.7.1)

Substitution of (6.3.47) in (6.7.1) results in

xj =

(
q

γ
j

/
x

β
j

)1/µ

∑M
k=1

(
q

γ
k

/
x

β
k

)1/µ
. (6.7.2)

Reordering yields

x
1+β/µ
j =

q
γ/µ
j

∑M
k=1

(
q

γ
k

/
x

β
k

)1/µ
, (6.7.3)

or

xj =
q

γ/(β+µ)
j

[∑M
k=1

(
q

γ
k

/
x

β
k

)1/µ
]µ/(β+µ)

. (6.7.4)

Finally, using the identity

∑M

j=1
xj = 1, (6.7.5)

allows the denominator of (6.7.4) to be written as

[∑M

k=1

(
q

γ
k

/
x

β
k

)1/µ
]µ/(β+µ)

=
∑M

k=1
q

γ/(β+µ)
k . (6.7.6)
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Substituting back in (6.7.4) solves for the population frequency:

xj =
q

γ/(β+µ)
j∑M

k=1 q
γ/(β+µ)
k

. (6.7.7)
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Chapter 7

Welfare analysis in spatial equilibrium





7.1 Introduction

The population model developed in chapter 6 defines a social welfare function for a
population of agents in a spatial equilibrium. The welfare level in spatial equilibrium
plays a role in both urban economics and hedonic pricing. This chapter employs the
model from chapter 6 in several types of welfare analyses based on the interpreta-
tion of the model as a stylised, theoretical version of alocational sorting model. As
discussed in chapters 1 and 5, locational sorting models arerecently introduced loca-
tion choice models that help extend hedonic pricing methodsfor the valuation of the
benefits from non-marginal changes in local environmental quality. Palmquist (2004,
p. 59) notes that:

‘The theoretical hedonic model describes an equilibrium, but there hasbeen
little formal work on modelling how that equilibrium would change if there were
changes in exogenous factors.’

Locational sorting models primarily focus on the welfare effects of the capitalisation
of the value of changes in exogenous amenities in the market price for land. This
chapter contributes to the understanding of the price equilibrium in hedonic pricing
in terms of a spatial equilibrium.

The price for land in locational sorting models is determined in a market equi-
librium that resembles the Alonso model in urban economics,though it is usually
with a fixed total supply of residential space. By adding the notion of total amount
of consumed land from urban economics, both quality and quantity aspects of land
use are combined in a single consistent welfare measure. In that sense, this allows
for a welfare analysis that simultaneously addresses two ofthe three welfare issues
discussed in chapter 1, related to land use and concerning land policy:

1. the optimal distribution of residential space,

2. the distribution of local public goods, or amenities.

Furthermore, adopting the interpretation introduced in section 6.4, a simplified sort-
ing model can be considered a model of a representative consumer. In that model,
the notion of spatial welfare might be captured in a single indicator: the price index
for quality-adjusted land prices. This index will be shown to be useful in the inter-
pretation of a so-called general equilibrium willingness to pay for either change in
local amenity levels or the number of locations developed for residential use. It will
be demonstrated that the dependency of the welfare functionon the number of devel-
oped locations can in theory be operationalised in the assessment ofopen spaceas a
pure public good. The welfare contribution of open space wasidentified in chapter 1
as the third issue in land policy.
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This chapter is organised as follows. Section 7.2 discussesthe relation between
locational sorting models and hedonic pricing. Section 7.3discusses the efficient al-
location of land in the presence of simple agglomeration externalities that can be
interpreted as network externalities, analogous to the discussion in chapter 4. How
the model can be used in an assessment of a tendency to urban sprawl is illustrated
in section 7.4. Section 7.5 discusses in detail the problem of dealing with the mu-
tual exclusiveness of use and non-use of land in a consistentwelfare measure. This
concerns the effective contribution of open space to the level of social welfare in an
agglomeration. Finally, section 7.6 concludes this chapter.

7.2 Hedonic pricing and locational sorting

This section discusses the original motivation for locational sorting models. Starting
with the concept of hedonic pricing, it will be shown that a strict interpretation of
the marginal change in the price as a marginal willingness topay would imply that
agents do not move after the distribution of local public goods is changed.

7.2.1 WTP for marginal changes

In a market equilibrium resulting from utility maximisation, Marshallian demand
will equal Hicksian demand, since it is assumed that the equilibrium level of utility,
u∗, is fixed and at the maximum level. If this level also corresponds to the utility
level in spatial equilibrium, the demand can be written as

s∗ (qj , u
∗) ≡ sM [p (qj , u

∗) , y] ≡ sH [p (qj , u
∗) , u∗] . (7.2.1)

Resulting from the first order conditions, the bid rent in equilibrium is essentially
equal to theprice, or the marginal rate of substitution; therefore

p∗j = −
∂u∗/∂s

∂u∗/∂z
= −

∂z∗j

∂s
. (7.2.2)

This observation leads to the following justification of using hedonic prices to derive
a willingness to pay (WTP) for amarginalchange in amenity levelqj , with the equi-
librium amount of space,s∗j , kept fixed. Starting with the assumption that a change
in the amenity level affects both the demanded quantity of land,s, and—through the
budget constraint—the demand for the numéraire, the marginal change in the price
following a marginal change in the quality level can be decomposed as (Scotchmer,
1986 and Haab and McConnell, 2002, p. 250)

∂p

∂q
=

∂p

∂s

∂s

∂q
+

∂p

∂z

∂z

∂q
. (7.2.3)
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With the price taken from the budget constraint,p = (y − z)/s, and keeping the
amount of land fixed, the first part of the right-hand side is equal to zero and (7.2.3)
reduces to

∂p∗

∂q
= −

1

s∗
∂z

∂q
. (7.2.4)

In terms of small, but finite, changes, (7.2.4) can be interpreted as

s∗∆p∗ + ∆z = 0. (7.2.5)

Using as a definitionWTP ≡ −∆z, it follows from (7.2.5) that this WTP is suf-
ficient for compensating the change in price,∆p∗, following the change in quality,
according to

y −WTP = (z + ∆z) + (p∗ + ∆p∗) s∗ = z + p∗s∗. (7.2.6)

As a result,

v (y −WTP, p∗; q̂) = v (y, p∗; q) = u∗. (7.2.7)

From (7.2.1) it follows that the WTP in (7.2.7) still conformsto a Hicksian consumer
surplus. As noted in chapter 5, this measure is used extensively in environmental
economics in various valuation methods for the valuation ofchanges in public goods.
In this sense, the interpretation of hedonic pricing in spatial equilibrium conforms to
the general approach adopted in valuation methodology.

The WTP for an amenity improvement∆q = q̂ − q for tenants, is equal to the
change in price,∆p∗, that can be derived from the hedonic regression on the qual-
ity, q, times the equilibrium quantity,s∗, consumed. For a marginal change, 7.2.7 is
always valid. For a non-marginal change, however, it would imply that local equilib-
rium rent and equilibrium demand for space remains unchanged. In terms of a rental
market for space, this assumption translates to thecondition that the individuals in
the population will not move to other locations in response to changes inq. Hence
the interpretation follows that moving costs are sufficiently high to prevent the pop-
ulation fromresorting. This has inspired the search for a WTP based on endogenous
market equilibrium prices,p, or general equilibrium willingness to pay(GE-WTP)
(Smith et al., 2004). The following subsection is based on relating the utility level in
spatial equilibrium,u∗, to a GE-WTP.

7.2.2 General equilibrium willingness to pay

Locational sorting models contribute to the valuation literature by defining a general
equilibrium willingness to pay (GE-WTP) per individual by (Smith et al., 2004):

v (p∗l , y −WTPGE ; q̂l) = v
(
p∗j , y; qj

)
. (7.2.8)
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Here,p∗l denotes the equilibrium price corresponding to a change from vector (of all
locations)q to q̂, where the indexl signals that the location choice for the individual
might have changed in the new equilibrium. This GE-WTP is contrasted with the
general definition of a Hicksian (partial equilibrium, or short-run) WTP for changes
in the quality level of a public good only, keeping equilibrium prices,p∗, fixed:

v
(
p∗j , y −WTPPE ; q̂j

)
= v

(
p∗j , y; qj

)
. (7.2.9)

While (7.2.8) intuitively makes sense, the problem is to find the new location choices
and the new equilibrium prices. The value ofWTPGE critically depends on the
definition of the new market equilibrium. In short, a mechanism needs to be designed
that derives consistent values forp∗l . This mechanism is then applied to calculate
the equilibrium values of a counter-factual equilibrium (that is, the equilibrium with
hypothetical changes in the values of the quality levels). In the literature on locational
sorting, the total supply of housing is often taken to be fixed, assuming that the
population would resort over the existing stock of houses. The specification of both
demand and supply introduces endogenous prices, and thereby the definition of the
‘general equilibrium,’ in the model.

The assumption of a fixed supply resembles the fixed supply perlocation,A, in
the discrete location choice model of section 6.4, togetherwith a fixed number of
locations,M . If consumers are assumed identical, the level of utility ina new market
equilibrium, after changing the state fromq to q̂, is given by the following indirect
utility:

vj

[
p∗j (q̂) , y; q̂

]
= u∗j . (7.2.10)

Section 6.4 also showed that the fixed supply per location—interpreted as ano-
vacancy constraint—introduced the Nash equilibrium, while the Nash equilibrium
implies the same level of utility at every location for identical agents. Hence, the
market equilibrium bears all features of the spatial equilibriumu∗. When the market
equilibrium of a locational sorting model is identified witha spatial equilibrium, it
can be conjectured that a general equilibrium willingness to pay is likely to value the
difference in utility of two spatial equilibria. In general, it is to be expected that

û∗ 6= u∗. (7.2.11)

In other words, the counter-factual equilibrium is probably characterised by a dif-
ferent level of equilibrium utility. Against this background, the GE-WTP is mainly
restoring the old utility level:

v [p∗ (q̂) , y −WTPGE ; q̂] = u∗. (7.2.12)

Both connotations of the market equilibrium shed differentlights on a GE-WTP. The
relation with a hedonic bid rent facilitates an interpretation in terms of adjusting,
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or compensating, a pure Hicksian willingness to pay for the capitalisation of qual-
ity changes in the rent. From the perspective of a spatial equilibrium, the GE-WTP
would be a monetary measure for comparing the welfare level of two different si-
multaneous distributions of agents and amenities. Therefore, a GE-WTP could also
be read directly as a monetary measure for a change inspatial welfare.

Since the equilibrium value for spatial welfare,u∗, was given an evolutionary
connotation in chapter 6, this value captured in (6.4.35) as

V (Y,G) = Nu∗ = ββ (1− β)
(1−β)

Y G−β , (7.2.13)

allows for the interpretation of the model of chapter 6 as a stylised locational sorting
model, from which a theoretical value for a GE-WTP can be derived. Furthermore,
since the quality-adjusted price index,G, is also a function of the number of de-
veloped locations,M , the concept of a GE-WTP can be extended also to include a
comparison of the welfare levels between two different landuse configurations. This
welfare measure would correspond to the basis of an idealised cost-benefit analysis
assessing different land use options, as discussed in chapter 1.

7.3 Efficient allocation of land

The relation between the population model and the model for the representative con-
sumer demonstrated in chapter 6 offers an interesting way toshow that the spatial
equilibrium is optimal, in the neoclassical sense. At the individual level, the expected
level of utility was shown to be the same for every agent. In that respect, the spatial
equilibrium seems to be Pareto optimal, because no agent canchoose a better lo-
cation without making another agent worse-off. However, itis possible—at least in
principle—that all agents could be made better off with a different set of market
land prices, similar to the discussion on efficiency in section 4.6. This is not the case
with an exogenous quality level at each location, but withendogenousquality lev-
els—interpreted asexternal effects—, improvement of the overall level of well-being
is theoretically possible.

Chapter 6 showed that the level of utility at market equilibrium prices and the
utility level in spatial equilibrium are the same. Based on the analogy with initial
endowments in an exchange economy, it was assumed that the total available amount
of space per location was fixed. This observation can be used to assess the optimality
of the residential equilibrium for a city withM locations. The starting point is the
social welfare function

max
S̃,Z

U
(
S̃, Z

)
= S̃βZ1−β s.t. Y = Z + GS̃. (7.3.1)
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The price index,G, in the budget constraint will not yet be specified. The appendix
to this chapter shows how the utility function in (7.3.1) canindeed be considered a
utilitarian social welfare function in the traditional sense,U = Nu, if ρ = 1. Since
ρ was identified with the error term added on purpose to supporta direct behavioural
interpretation of the indirect utility function, a different approach is needed forρ 6= 1.

First of all, it is observed that because the total availableamount of land is fixed,
Sj = A, for all locationsj (no vacancy), the amount of the first good, the combina-
tion of quantities and qualities of land,̃S, is essentially fixed as well:

S̃ =




M∑

j=1

S̃
ρ
j




1/ρ

=




M∑

j=1

(
q

γ/β
j Sj

)ρ




1/ρ

= A




M∑

j=1

(
q

γ/β
j

)ρ




1/ρ

. (7.3.2)

The only degree of freedom in optimising the utility function therefore concerns the
numéraire,

Z = Y −A

M∑

j=1

pj . (7.3.3)

At this stage, the assumed market equilibrium prices for thelocations can be written
as

pj = xj
βY

A
, (7.3.4)

without specifying the fraction,xj , of the total income,Y = Ny, yet. Substitution
of (7.3.3) in (7.3.4) yields

Z = (1− β) Y. (7.3.5)

The demand in (7.3.5) always corresponds to the solution of (7.3.1), irrespective of
the value of the price index,G, for quality-adjusted land and thereby independently
of the fractions,xj , in (7.3.4). This is in line with the Cobb-Douglas specification of
the upper-level decision, concerning the division of the income between land and all
other goods. And since the value of the entire vector of fractions,x, was determined
as a Nash equilibrium of a population game, an analysis similar to the one from
section 4.6 can be applied here at the level of the individualagent.
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In chapter 6, the evolutionary selection mechanism that resulted in the Nash
equilibrium,

xj =
q

γ/(β+µ)
j∑M

k=1 q
γ/(β+µ)
k

, (7.3.6)

was based on indirect utility function

ln vj + µεj = ln y − β ln pj + γ ln qj + µεj . (7.3.7)

This indirect utility function can be interpreted as the logarithm of the solution to the
maximisation of

ũ (sj , z; qj) = s
β
j z1−βq

γ
j eµεj , (7.3.8)

with respect to land,sj , and the nuḿeraire,z, subject to the usual budget constraint,
y = z +pjsj and neglecting the constant termβ lnβ +(1− β) ln (1− β) in (7.3.7).

Since both the quality,qj , and the ‘circumstances’,ε, are exogenous, by virtue
of the remaining Cobb-Douglas utility function, agents canmaximise their utility for
given pricesp. Because the Nash equilibrium (7.3.6) isunique, and optimal from
an evolutionary perspective, the price vector representing the market equilibrium,
p∗, supports an efficient allocation of land. The distributionof agents represented by
7.3.6 guarantees that the expected level of utility is the same at every location1.

7.3.1 Efficiency in the presence of agglomeration externalities

In the presence of an agglomeration externality, that is formalised as anetwork ex-
ternality similar to the one introduced in 4.6, a difference will appear between the
market equilibrium and the social optimum. In addition to the exogenous quality,qj ,
anendogenous location quality, xj , will be added. This endogenous amenity is equal
to the local population density and it represents a simple agglomeration effect, as it
attracts agents to locations where other agents are present. Because it is only a local
effect, it is insufficient to enforce an endogenous CBD, but it does allow for a simple
assessment of the internalisation of the value of an endogenous amenity in the value
of land.

If the local population density is considered a real externality, the total amenity
level—the combination ofqj andxj—will remain exogenous, not affecting her op-
timisation problem. The logarithm of the corresponding indirect utility function is

1 In the original Alonso model, equal levels of utility need to be treated as an additional
condition. According to Fujita and Thisse (2002, p. 84), a Rawlsian welfare function is therefore
needed in the assessment of the optimality of the allocation of land.
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given by

ln vj + µεj = ln y − β ln pj + γ ln qj + δ lnxj + µεj . (7.3.9)

The endogenous amenity now appears as a direct dependency onthe strategic choices
of other agents. This formalisation conforms to the specification of a multinomial
choice model with social interactions (Brock and Durlauf, 2003). It can be inserted
in a numerical solution procedure, for example the set of evolutionary differential
equations for the CES dynamics in section 6.4.

The social planner, however, could in principle optimise the individual amount
of land, also taking into account this externality. With,xj = pjsj/y, the direct utility
function for the individual, as faced by the social planner can be written as

ũ (sj , z; qj) = s
β+δ
j z1−βq

γ
j (pj/y)

δ
eµεj . (7.3.10)

Using the same approach as in section 4.6, the optimal demandis given by

sj =

(
β + δ

1 + δ

)
y

pj
. (7.3.11)

Substitution of the demand functions in (7.3.10), results in an indirect utility function
that is the same as (7.3.8). As noted in section 4.6, demand in(7.3.11) is higher
than in case external effects are not internalised. This observation can be used in the
definition of a price that yields the same demand as in (7.3.11):

p̃j = β

(
1 + δ

β + δ

)
pj . (7.3.12)

It follows that the optimal price—the price of (7.3.11) in market equilibrium—, de-
notedp̃∗j , will be lower than the market price if the local density is kept fixed.

For a fixed total population size,N , and allowing for the number of locations,
M , to be endogenous—as in section 6.4 by using the condition reflecting opportu-
nity costs,pj > pA,—, lower prices imply a lowerM . This is because the optimal
price will drop below the opportunity costs from alternative use at the boundary of
the agglomeration. This is illustrated in figures 7.1 and 7.2. An optimal allocation
of land in the presence of agglomeration externalities would therefore imply that
agglomerations should be smaller than a market allocation.This corresponds to the
general notion that if positive externalities are internalised in the price of land an
efficient allocation of land will yield a smaller agglomeration than in market equilib-
rium (Fujita and Thisse, 2002, p. 179-182). This section shows that this result can
be applied to models with local social interactions, interpreted in terms of land use
models in traditional urban economics. It can be concluded that a distinction arises
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Figure 7.1: Alonso variant with network externalitiesnot internalised.

between the socially optimal and the market equilibrium formodels that allow for
agglomeration externalities—orsocial interactions. In the presence of externalities,
the market allocation generally results in an oversupply ofland.

However, the strict internalisation of endogenous amenities in terms of external
effects as in the neoclassical framework, would fail to do justice to the interpreta-
tion of the quality aspect. Capitalisation of the value of anexogenous quality level
is in accordance with an optimal allocation of land. The question arises of what
determines the ‘inefficiency’ of the allocation, if the value of an endogenous qual-
ity level is capitalised analogously. Put differently, a neoclassical perspective on the
allocation of land would only ‘accept’ exogenous amenities. Many types of ameni-
ties—other than the network externalities presented here—are likely to depend on
the location choices of other agents, especially in the formation of land use patterns.
The contribution of this interdependency to the level of spatial welfare can in theory
be captured by the measures used in this chapter, as long as prices in the market
equilibrium are accepted as they are. This applies, however, only for the locations
for which residential use is considered optimal, as will be shown in section 7.5 and
chapter 8 in the discussion on open space.

7.4 Prioritising

Another, relatively simple, welfare analysis can be based on the social welfare func-
tion, (6.4.35), of section 6.4. The value of ‘marginal resorting’ can be used to es-
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Figure 7.2: Alonso variant with network externalities internalised.

tablish at which location the quality level should be improved to yield the highest
general equilibrium benefit for the entire population.

Differentiation of the social welfare function (6.4.35) with respect toqj results
in

∂V

∂qj
= γAβ [(1− β)Y ]

1−β

(
M∑

k=1

q
γ

β+µ

k

)β+µ−1

q
γ

β+µ
−1

j . (7.4.1)

It follows from (7.4.1) that the location for which a marginal change in the amenity
level results in the highest marginal change of the social welfare function depends
on

γ

β + µ
≶ 1. (7.4.2)

The only term in (7.4.1) different for every location isq
γ

β+µ
−1

j . If γ
β+µ > 1, a

marginal change in quality for the location with thehighestamenity level will yield

the largest effect on social welfare. Ifγβ+µ < 1, the value ofq
γ

β+µ
−1

j will be deter-
mined by1/qj . This implies that in this case a change in quality at the location with
the lowestlevel will have the largest impact on social welfare.

This result can be explained as follows. Assuming that the idiosyncratic element
in the preference structure does play a role,µ ↓ 0, prioritising according to (7.4.2)
basically depends onγ ≶ β, or the ‘weight’ of theprice, β, relative to the ‘weight’
of the amenity, γ, in the preference structure (7.3.9) of all households. Since the
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level of utility is the same at every location, the welfare impact can also be analysed
at locations where there is no change in amenity level, but only a change in price
or—according to (7.3.4)—equivalently inpopulation density. A higher welfare level
can only be achieved at these locations if a part of the population leaves the location.
Because the size of the total population, as well as the number of locations, is fixed,
agents can only migrate to the improved location.

Focusing again on the district where there is an increase in amenity level, the
net increase in welfare for this district reflects a trade-off between quality improve-
ment and the ‘dis-utility’ of the higher population densityfollowing the migration
of people attracted to the improved location. The trade-offis apparently optimal at
the location with the lowest amenity level ifγ < β and at the location with the
highest amenity level ifγ > β. Because of (7.3.6), in equilibrium:xj ∼ qj . There-
fore the location with the lowest amenity level has the lowest population density. In
conjunction with the corresponding direct utility function for the individual agent,
uj = s

β
j z1−βq

γ
j , it can be concluded that if space is preferred over quality (γ < β),

the negative impact of an increased population density willbe minimal at the location
where the population density is lowest. By the same argument, if quality is preferred
over space (γ > β), the negative impact of an increased population density will be
minimal at the location where the existing quality level is highest.

Because of the large number of simplifications in the model, one has to be careful
when drawing conclusions for policy implications. Nonetheless, of the two possibil-
ities in (7.4.2), the preference of space over quality seemsto reflect the tendency of
urban sprawl in cities, or at least the tendency of people to move to suburbs or nearby
villages. A municipal policy offering more facilities in the city centre—as the loca-
tion with the highest population density—as a counter measure, is likely to have a
limited effect in this case.

7.5 Open space as amenity

In the framework used thus far, land as a market good is combined with a local pure
public good that can be interpreted as the local quality level. With respect to the
discussion on elements needed for a framework for addressing a socially optimal al-
location of land in chapter 1, the focus until now has been only on land used for a
commercial purpose. This section adapts the framework for the integration withopen
space. If open space is considered an amenity, its social value canbe derived using
valuation methods developed in environmental economics, for example contingent
valuation or hedonic pricing. In that case, open space is a public good under-supplied
by markets and the state would be called to intervene. The protection of open space
could in this perspective be interpreted as the direct supply by the government of a
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good that contributes to the well-being of all consumers, but which cannot be allo-
cated efficiently by markets.

In terms of land use, however, open space is an alternative use to other land
use types such as residential space and agriculture. Even ifopen space is interpreted
analogously to a natural capital stock as in resource economics, this ‘non-use’ type
competes with other land use types. If residential space is amarket good bought
by consumers, the production of it can be viewed as a land conversion process. In
that case, the land owner—or landlord—obtains a position of a producer in the mod-
elling framework. The conversion process is captured by a production function that
uses land as natural capital as the production factor (input) for the production of resi-
dential space (output). This perspective not only highlights the mutual exclusiveness
of use and non-use due to the same production factor, it also allows for a consistent
interpretation of rent, both in terms of the rental price forresidential space and the
income from capital for the land owner. With open space as a natural capital stock,
an interpretation as pure public good is possible still. It could for instance be justified
to treat the volume of the capital stock as a factor that directly influences the level of
well-being (utility) of individuals positively. A similarconcept is commonly applied
to a pollution stock in some resource economics frameworks,where the stock has
a negative impact (Dasgupta and Mäler, 2000). Treatment only as a capital stock,
however, does not address the exclusiveness of non-use vs. use.

To focus the discussion, this section distinguishes between the local amenity
value capitalised in the price of land and open space as a purepublic good with
status as natural capital stock. The difference is that at the location of the former
the land use type is still residential, while at the latter itessentially concerns non-
use. This approach marks an important difference with a related assessment by Wu
and Plantinga (2003). There, open space is treated as a localamenity of negligible
size. Closer to the analysis in this paper is the work of Strong and Walsh (2005),
where open space has a quantity measure that competes with residential space. The
difference is that Strong and Walsh (2005) assume that welfare impacts result from
spillover effects instead of a resource stock. The main issue is under what conditions
open space can be protected. Often the loss of open space is considered a public ‘bad’
(Dasgupta and M̈aler, 2000, p.73). If the well-being of a society is affectedby both
the presence of open space and the consumption of space for residential purposes,
the question arises as to how the two can be balanced. Given the fact that location
choices reflect a demand, a paradox seems to occur as in theorypeople would not
choose to live at the cost of open space if they knew that its loss would negatively
affect their utility level. This perspective seems to be supported by Poloḿe et al.
(2005). They show that in a contingent valuation study conducted in the Netherlands,
the respondents appear concerned about the space that protected areas require at the
expense of other land use types, because the WTP for an additional protected area
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decreases if the total number of protected areas exceeds three.
One can argue that the destruction of open space has a prisoner’s dilemma or free

rider quality, where some choose to enjoy open space by beingthe first to actually
live inside of it, causing a chain reaction. This section, however, opts for a different
interpretation, as the paradox seems persistent even when the conservation of open
space is be enforced by zoning.

7.5.1 Problem statement

If it is assumed that the price index,G∗, reflects the equilibrium price-quality levels
of a givenM residential locations, an expansion of residential land use to M + 1
locations, using the social welfare function (7.2.13), thewelfare effect would be
captured in

V (Y,G∗) = V
(
Y −N ·WTPGE , Ĝ∗

)
. (7.5.1)

If the expansion toM + 1 residential locations takes place at the expense of a pure
public good, both effects need to be combined in one WTP. This is in essence the
consequence of the mutual exclusiveness of land use types. Given an area that could
be perceived as pure public good, the welfare measure valuing ‘non-use’ expresses
existence value. No existence value can be measured if the same area is used for
residential purposes. Instead, the welfare contribution of an additional amount of
land—as anconsumption goodtogether with the local amenity—will need to be
valued. The following approximation is proposed:

V (Y + N ·WTAGE , G∗) = V
(
Y, Ĝ∗

)
. (7.5.2)

Expression (7.5.2) maintains that ageneral equilibrium willingness to accept(GE-
WTA) is assumed to capture the required monetary-equivalentcompensation that
results in the same level of social well-being, otherwise achieved by expanding the
residential area. In other words, this GE-WTA reflects the minimum value of nature
at the location (with the indexM + 1) to be developed. The GE-WTA therefore
indirectly defines the value of open space as a pure public good.

This value is only suitable in the context of a cost-benefit analysis (CBA) if it
can play a role in the decision of whether or not to develop. Prevention from devel-
opment—orprotectionof nature at that location—would be feasible in an urban land
use context, if the GE-WTA can be related torent from ‘non-use’, or

pl,pAl ≡ N ·WTAGE , (7.5.3)
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where the subscriptl, p of the land pricep refers to protection at locationl. The
locationl is assumed to be of sizeA. Finally, the condition to be tested is

pl,p ≥ pl,r. (7.5.4)

The CBA thereby addresses the following question: Does the rent identified with the
GE-WTA in (7.5.3) exceed the rent that the land owner could receive as a market rent
from residential use by tenants? Condition (7.5.4) is inspired by urban economics lit-
erature where a similar expression determines the city border as opportunity costs for
the land owner. If in this model it is assumed that society owns all the undeveloped
land—stressing its ‘public’ character—, adopting (7.5.3),pl,p in (7.5.4) the value of
nature might be thought of associal opportunity costs. Condition (7.5.4) maintains
that while society would be as well off protecting the area asdeveloping it, market-
like conditions would enforce protection.

7.5.2 Solution

Welfare considerations can be based on the corresponding indirect utility function:

V = Y G−β . (7.5.5)

Expression (7.5.5) can be used instead of (7.2.13), becauseonly differences in wel-
fare levels are to be accounted for and the constant terms canbe neglected. Going
back to (7.5.2), the aggregate WTA can be written, using (7.5.5) as

N ·WTAGE = Y



(

Ĝ∗

G∗

)−β

− 1


 . (7.5.6)

Using (7.5.6), condition (7.5.4) implies

pM+1,r = βY xM+1 ≤ Y

(
Ĝ∗−β

G∗−β
− 1

)
= pM+1,p. (7.5.7)

In terms of the population frequency at the potentially developed locationM + 1,
the condition can be rewritten (see the appendix) as

βxM+1 + 1 ≤

[
1

1− xM+1

]β+µ

. (7.5.8)

Definingf according to

f ≡ (βxM+1 + 1) (1− xM+1)
β+µ

, (7.5.9)
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the conditionf ≤ 1 can be verified graphically in figure 7.6 for several ranges for
xM+1 andβ. Fulfilment of the condition implies that the virtual rent from protect-
ing the location from development is indeed higher than residential rent. Protection
therefore can—in theory—be enforced if the price for land at any locationl is defined
as the maximum of residential and ‘protection’ rent:

p̃l ≡ max{pl,p, pl,r}. (7.5.10)

This rent should be taken into account by the individual, altering (7.3.8):

ln vj = ln y − β ln [max{pj,p, pj,r}] + γ ln qj + εij , (7.5.11)

where

pl,p ≡
N ·WTAGE

A
. (7.5.12)

With (7.5.11) in the individual choice problem, the location valued in the WTP will
be protected. The equilibrium population distribution will in that case resemble fig-
ure 7.4.

This result can be interpreted as follows. Instead of makingexplicit the contri-
bution of open space to social and individual well-being, anindividual additional
virtual income is defined that originates as a rent from open space as a natural capital
stock. Given this additional income, individuals are indifferent between extending
the total residential area and protecting the open space. Direct comparison of the vir-
tual rent with real rent from residential use, shows that thevirtual rent will always
be higher. If the individual agent considers the virtual rent as opportunity costs, she
would opt for protection.

The model developed here strictly assumes that the owners ofthe residential
areas are absentee landlords, following the urban economics tradition. Due to the
Cobb-Douglas specification of the aggregate direct utility, however, the total amount
spent on land will always equalβY , independent of the number of developed loca-
tions. This means that the result will remain valid if publicownership of the residen-
tial area is assumed, where all individuals earn an equal share of the aggregate rent
(cf. Fujita, 1989, ch.3). Such an interpretation would fully comply with the interpre-
tation of the virtual rent as opportunity costs. Using the welfare measure suggested
in this section, the monetary value of one additional developed location can be de-
rived. If this value is interpreted as the social opportunity costs, reflecting a virtual
income from rent on open space as a natural resource, these opportunity costs are
shown to exceed the market value of the same location based onincome residen-
tial rent. This might resolve the apparent paradox that arises when it is suggested
that consumers can in principle control the amount of open space by generating the
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Figure 7.3: Equilibrium distribution of agents without open space.
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Figure 7.4: Equilibrium distribution of agents with open space.
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Figure 7.5: Figures 7.3 and 7.4 compared.
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Figure 7.6: Plot of (7.5.9)for different values ofβ.
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appropriate demand in their location choices. If individual agents take these oppor-
tunity costs into account in their location decisions, openspace would be protected.
This result suggests an alternative approach to existing valuation methods for esti-
mating the benefits of open space, while taking into account the mutual exclusiveness
of land use versus non-use.

7.6 Conclusions

This chapter used the model developed in chapter 6 as the basis for different types
of welfare analysis. Because the equilibrium solution for this model can be identi-
fied with the model of a representative consumer, it facilitates the interpretation as a
theoretical version of a locational sorting model. Locational sorting models are used
in property valuation as an extension of hedonic pricing. Section 7.2 demonstrates
how the level of welfare in locational sorting models can be interpreted in terms of
land use models in urban economics. Generally only the willingness to pay (WTP)
for marginal changes in the local quality level can be derived in hedonic pricing.
As quantity and price are considered to be fixed in the derivation of this WTP, it
is implicitly assumed that the agents do not move to other locations in response to
the change in quality. While this assumption can be maintained in case of marginal
changes, a WTP for non-marginal changes requires the specification of both demand
and supply and the introduction of endogenous prices. Sincethe WTP in hedonic
pricing is consistent with a Hicksian consumer surplus, locational sorting models
introduce a WTP that is adjusted for price changes, the ‘general equilibrium willing-
ness to pay’ (GE-WTP). Section 7.2 argued that ‘general equilibrium’ corresponds
to a spatial equilibrium in urban economics. Therefore, a GE-WTP could also be
read directly as a monetary measure for a change inspatial welfare.

The supply of housing in locational sorting models is often taken as fixed, as-
suming that the population will resort over the existing stock of houses. The model
of chapter 6 can be used for a consistent definition of a GE-WTP with an endogenous
number of locations, a feature adopted from the models in urban economics. Section
7.3 showed that this same feature also allows for an assessment of the efficiency of
the distribution of land. If a simple type of agglomeration externality is introduced,
the allocation is no longer efficient. Although this observation is consistent with the
neoclassical perspective on external effects, an interpretation of agglomeration exter-
nalities as endogenous amenities is preferred. A GE-WTP is then a welfare measure
that accounts for the capitalisation of the value of local quality, exogenous or en-
dogenous.

Section 7.4 applied the concept of locational sorting to local marginal changes.
It showed that the ratio of the coefficients for quality and space in the preference
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structure can be used for identifying the location that yields the highest marginal
increase of social welfare for the entire population, following a marginal local quality
improvement. It suggested that if space is preferred over quality, improvements at the
city centre will have limited effects on reducing urban sprawl.

Finally, section 7.5 introduced the concept of a GE-WTA as a measure for the
value of open space. In theory it can capture the willingnessto accept using less
space for residential purposes. Converted to social opportunity costs for land, the
virtual rent received as a measure for the value of open spaceas a pure public good
was proven to exceed the market rent for residential use of the same location.

7.7 Appendix

7.7.1 Equivalent problem for the social planner

Section 7.1 stated that the maximisation problem for the benevolent social planner,

max
s,z,M

M∑

j=1

njuj (sj , z) s.t Ny = Nz +
M∑

j=1

pjA, (7.7.1)

is essentially the same as

max
Ŝ,Z

ŜβZ1−β s.t Y = Z +
M∑

j=1


 pj

q
γ
β

j



(
Aq

γ
β

j

)
, (7.7.2)

where

Ŝ =

M∑

j=1

Ŝj =

M∑

j=1

(
Aq

γ
β

j

)
. (7.7.3)
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The equivalence follows from lacking a degree of freedom in maximisingŜ because
of the supply constraint per location. Therefore,

M∑

j=1

njuj = N

M∑

j=1

xjuj

= N

M∑

j=1

s
β
j z1−βq

γ
j

= Nz1−β

(
A

N

)β M∑

j=1

x
1−β
j q

γ
j

= Z1−βAβ
M∑

j=1

x
1−β
j q

γ
j . (7.7.4)

Next, from

Aβ
M∑

j=1

x
1−β
j

(
q

γ
β

j

)β

=




M∑

j=1

Aq
γ
β

j




β

, (7.7.5)

it follows that

M∑

j=1

x
1−β
j

(
q

γ
β

j

)β

(
M∑

j=1

q
γ
β

j

)β
= 1. (7.7.6)

And finally, given
M∑

j=1

xj = 1 the solution is given by

xj =
q

γ
β

j

M∑
k=1

q
γ
β

k

. (7.7.7)
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7.7.2 Simplified expression for plotting figure 7.6

In this subsection of the appendix the expressions that helped simplifying (7.5.7)
plotted in figure 7.6 are derived.

xM+1 =
q

γ/(β+µ)
M+1∑M+1

k=1 q
γ/(β+µ)
k

∑M
k=1 q

γ/(β+µ)
k∑M

k=1 q
γ/(β+µ)
k

=
q

γ/(β+µ)
M+1∑M

k=1 q
γ/(β+µ)
k

(1− xM+1) . (7.7.8)

∑M
k=1 q

γ/(β+µ)
k∑M+1

k=1 q
γ/(β+µ)
k

=

∑M+1
k=1 q

γ/(β+µ)
k − q

γ/(β+µ)
M+1∑M+1

k=1 q
γ/(β+µ)
k

= (1− xM+1) . (7.7.9)

xM+1

(1− xM+1)
=

q
γ/(β+µ)
M+1∑M

k=1 q
γ/(β+µ)
k

. (7.7.10)

q
γ/(β+µ)
M+1∑M

k=1 q
γ/(β+µ)
k

+ 1 =
1

(1− xM+1)
. (7.7.11)
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Chapter 8

An MAS approach to discrete locations

choices with interactions





8.1 Introduction

This chapter develops a model that contains several extensions of the model pre-
sented in chapter 6. Furthermore, it will be implemented as acomputational model
that conforms to the specification of amulti-agent system(MAS). In line with the
previous chapters, the attempt to find a balance between the benefits from an agent-
based approach in terms of behavioural interpretation of decisions made by individu-
als and the normative interpretation from the traditional neoclassical framework and
game theory, guides the strategy of constructing the model.

Although the behavioural rules of the two-agent model developed in chapter 4
were relatively simple, special attention was given to the more cognitive interpreta-
tion of information processing capabilities of the individual agents in the bargaining
variant. The only information the two agents exchanged consisted of proposed price-
quantity pairs. No further information regarding the otheragent’s characteristics or
preference structure was required for the agents to make their decisions. Occasion-
ally, the term ‘agent-based model’ is reserved for this typeof model, consisting of a
few agents equipped with relatively advanced behaviour rules. In contrast, a ‘multi-
agent system’ consists of a large number of agents with rather simple behavioural
rules (Axtell, 2000). In general a MAS focuses more on the patterns that emerge
from the interactions within a large population of simple agents. It can conform to
the identification of the interactions at the levels individuals as the origin of com-
plexity in a complex dynamical system. This chapter focuseson the formation of
land use patterns using an MAS. The implementation of the model as an MAS al-
lows in principle for the interpretation as anartificial society(Epstein and Axtell,
1996). However, since the behaviour of the agents is still relatively abstract, the in-
terpretation as aswarmor particle systemcan be applied as well. The model in
this chapter serves as an example of a system consisting of a large collection of
semi-autonomous agents organising itself in spatial patterns, relying only on simple
decisions rules. In line with the evolutionary game theoretical models in chapter 6,
the economic interpretation is supported by the fact that the agents act myopically
only in their self-interest. The stationary spatial—and market—equilibrium can be
considered a Nash equilibrium.

Chapters 1 and 5 discussed the literature stressing the relation between discrete
choice, evolutionary game theory, and statistical physics. Literature in which the
interpretation of a dynamical discrete choice model as a simplified multi-agent model
is employed also exists (see for example Brock, 1997; Brock and Hommes, 1997).
Finally, regarding the application of an MAS to land use modelling, related models
can be found in Page (1999) and Otter et al. (2001), but they donot account for
price formation on a land market. Theimplementationof a discrete choice model
with interactionsas an MAS, is—to the knowledge of the author—an addition to the

209



An MAS approach to discrete locations choices with interactions

existing literature. Consequently, the combination of discrete choice and an MAS in
a single framework will be labelledMulti-Agent Discrete Choice Model(MADCM)
throughout this chapter.

With an MADCM land use model, two types of computational experiments will
be conducted. The first is a special type of experiment that can only be conducted
with an MAS. This concerns the relaxation of themean-fieldassumption of the pop-
ulation model. Once agents can be distinguished individually, it is possible to restrict
the information they receive. The compact representation of the replicator dynamics
and related evolutionary dynamical systems usually comes at the price of the assump-
tion that each individual has a probability of meeting all other individuals. With the
discrete choice variant and interaction through disequilibrium prices, this assumption
can be translated toperfect information. It is implicitly assumed that the agents will
move to the best available location based on the informationregarding the prices,
quality levels, and population densities forall locations. With an MADCM, this in-
formation can be restricted to a reduced number of—possibly random—locations.
Experiments with imperfect information can shed light on the robustness and stabil-
ity of certain agglomeration patterns.

The second experiment concerns a more applied interpretation of an extension
of the model in section 7.5, regarding open space. This experiment addresses the
distributional effects, if open space is—in addition to a pure public goods—also
considered a source of positive external effects, affecting quality level and the land
price of the locations next to the open space. Only higher income groups are expected
to be able to afford living at these locations. The policy question arises whether the
GE-WTA the higher income group is supposed to pay for a smalleragglomeration
in return for open space is relatively higher or lower than the GE-WTA for the lower
income group.

This chapter is organised as follows. Section 8.2 presents amore detailed de-
scription of the MADCM developed in this chapter, with a focus on land use in
section 8.3. Section 8.4 presents two extreme cases. The first concerns an extension
of the Alonso variant of chapter 6, representing a land use model without external
effects. The second is a variant of Schelling’s segregationmodel (Schelling, 1978)
by means of an example of a land use model based only on external effects. Section
8.5 devotes itself to a variant of a model originally developed by Beckmann (1976),
which can be interpreted as an Alonso-type of model with an endogenous central
business district (CBD). Section 8.6 presents the results from a computationally ori-
ented experiment with imperfect information. Finally, section 8.7 discusses a more
policy motivated simulation run, exploring the equity implications of open space ex-
ternalities. This chapter finishes with a discussion and conclusions drawn in section
8.8.
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8.2 MADCM: general concepts

An MADCM is based on several concepts that do not depend on thespecific inter-
pretation in the context of land use. They are presented in this section, while the
more land use related issues are discussed in section 8.3.

8.2.1 Model construction

The Multi-Agent Discrete Choice Model (MADCM) is based on the discrete choice
formulation as a stochastic population game and its relation with the CES preference
structure for a representative consumer, discussed in chapter 6. The starting point is
the dynamics of equation (6.4.12) from section 6.4 repeatedhere:

ẋj =

(
pj

/
q

γ/β
j

)−β/µ

∑M
k=1

(
pk

/
q

γ/β
k

)−β/µ
− xj . (8.2.1)

Since the first term on the right-hand side of (8.2.1) is identical to the logit model,
the dynamics can be interpreted directly in terms of a behavioural rule based on the
cumulative probability function (6.4.5),

Pr (ln vi,j − ln vi,k > −µεi,jk) =
v
1/µ
j∑M

k=1 v
1/µ
k

. (8.2.2)

Here, the stochastic term,εi,jk = εij − εik, consists of the difference between the
idiosyncratic elements in the preference structure of agent i regarding locationsj
andk. The model of (8.2.1), however, still relies on a representation of agents as
a continuum. The computation of the equilibrium solution for (8.2.1) can be per-
formed as a numerical integration of a system of non-linear ordinary differential
equations. The interpretation of the model as a stochastic population game is based
on the equivalence of a probability density distribution for the location choices of
a population of agents with identical preference structures—except for the stochas-
tic term εi,jk—and the density distribution of the population. This interpretation
amounts to the assumption that the population is so large that it can be considered a
continuum. As a result of the immense population size, the idiosyncratic components
of the preference structures form a continuum as well, because every value forεi,jk

is represented by some agenti.
Alternatively, instead of a distribution of the populationdensity, the stationary

equilibrium for (8.2.1) can be considered a probability distribution for the location
choice of theindividual agent. This interpretation conforms to the identification of
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the logit choice model (8.2.2) as the solution (ẋj = 0) for (8.2.1) for allj. It also
corresponds to the way the model in this chapter is constructed. A large but limited
number ofN agents are implemented asN objects and each agent is equipped with
an individual decision rule, with (8.2.2) as the basis for a condition as in chapter 4.
The corresponding conditional1 indirect utility function can be written as

ln vij = ln (αyi)− βi ln pj + γi ln qj , (8.2.3)

but variants of (8.2.3) can be used as well, as presented in the following sections.
With (8.2.1) interpreted as a type of algorithm for finding the cumulative proba-

bility density (8.2.2) asF (ε), the population game can be considered a special way
of integrating a probability density function,f (ε), as in

F (ε) =

∞∫

−∞

f (ε) dε. (8.2.4)

Integration by means of an evolutionary selection mechanism is necessary for (8.2.3),
because the equilibrium price vector,p (x) depends on the demands—as the vector
of population densities,x—at all locations. In this way, the Nash equilibrium that
results from integrating (8.2.1), can be considered an example of self-consistency
that in as a static solution would conform to the definition ofrational expectations
(Brock and Durlauf, 2001). Self-consistency refers to the solution in which the in-
dividual expectations concerning the population distribution matches the realised
distribution. Consistent with the original concepts from evolutionary game theory,
self-consistency emerges from a process that requires onlya type of bounded ratio-
nality in the models developed in this thesis.

The analogy with (8.2.4) also allows for an alternative integration algorithm. An
MADCM can be interpreted as an MAS implementation of (8.2.1)by means of a type
of Monte Carlo integration(Judd, 1998), inspired by the use of simulation methods
for discrete choice models (Train, 2003). In an MADCM, the stochastic terms in the
individual preference structure will be replaced by the values of actualdrawsfrom
the distribution of this term. This means that every agenti is assigned values from
the double exponential distribution ofεij for all locationsj. Whereas this stochastic
term was interpreted in chapter 4 as the ‘circumstances’ that affected the choice of
a single agent at a given moment in time, here they are interpreted as an additional
motivation for the individuali for preferring locationj. This term is supposed to be
known by the agent, but unknown to the observer (see also Fudenberg and Levine,
1998, p. 106). Draws are taken once for preference structures of all agents, which
requiresM ×N draws from a double exponential distribution.

1 The utility function reflects the value of the level of utility for the individual agent, i, condi-
tional upon her location of choice being location j.
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In this way, the local population density can be expressed asthe number of
agents at a given location, divided by the population size. The density can be con-
sidered as an approximation of the logit model. This approach is similar to the ap-
proximation of the logit model as a time average, discussed in section 4.3.2. With an
evaluation function,Iij (•) that has a value of1 if agenti chooses locationj and a
value of0 otherwise, the population density at locationj, for a population consisting
of N agents, can be written as

x̂j =
1

N

N∑

i=1

Iij (ln vij + µiεij = max {ln vi0 + µiεi0, ..., ln viM + µiεiM}).

(8.2.5)

In 8.2.5 the evaluation function is applied to verify whether the locationj yields
themaximumlevel of utility for agenti, taking into account the idiosyncratic com-
ponents,εik, for all M locations. From (8.2.1) it follows that the agent selects the
location that yields the highest level forln vk + µiεik. Although vk is essentially
an indirect utility function, the model allows—as in chapter4—for an interpretation
in terms of current relative price differences that need to exceed a threshold defined
by relative quality differences, before agents choose a different strategy. In this case
maximisation is identical with a comparison of the utility level at the current location
with the levels at all other locations, possibly followed bya move to the current best
location.

Unlike the usual integration methods of the Monte Carlo type, however, inter-
action terms need to be accounted for, because the price,pj , is endogenous since it
depends on the location choices of all other agents, as notedabove. Since this depen-
dency can be related to the population densities at the otherlocations,vij = vij (x),
a case ofstrategic interactionresults, similar to that in a population game. The im-
plementation of the evolutionary selection mechanism according to section 6.4.1 is
in this perspective basically aniteration in terms of a numerical calculation. In an
MADCM this iteration is supported by an MAS-like behavioural interpretation. With
respect to simulation methods in econometrics, every simulation run could be con-
sidered as one possible realisation2.

2 If an MADCM is to be applied as a real Monte Carlo integration, a very large number of
simulation runs should be executed, using M × N new draws for every run. The researcher
should keep track of the individual agents, followed by the interpretation of the averages indi-
vidual equilibrium location choices as an estimation of the probability distribution for the agent
concerned.
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8.2.2 Platform

The MADCM has been implemented as a software tool developed by the author.
There is a variety of programmes and libraries of functions for a modeller building
an MAS or an ABM. Popular examples areRePastandSWARM. In principle, the
MADCM could be implemented using any of these existing platforms. The choice
not to do so was guided by the goal of integrating an MAS with a more traditional
approach, inspired by Monte Carlo integration, described above. The possibility of
incorporating an existing high-performance library with numerical routines—for the
generation of random numbers and the manipulation of matrices—was considered
more important, than tools that facilitate the implementation of agents.

The final version was written in the language C++ (Stroustrup, 2000). The li-
brary used is theGNU Scientific Library(GSL), version 1.8. This is a library of
functions inC (Kernighan and Ritchie, 1983), published asopen sourceunder the
GNU Public License(GPL). The architecture of the agents and the populations isrel-
atively simple and can be implemented in any object-oriented language such asJava
or C++ . Since C++ can be considered an extension of the C-language,C++ was the
obvious choice for combining the fast and high-quality numerical algorithms of the
GSL with an agent-based architecture.

To facilitate making runs with different parameter values,a function written in
the languagePython (version 2.5) was integrated in the programme. Python is a
scripting language originally written in C. The benefit of a scripting language is that a
programme does not need to becompiled—that is, translated to machine code3—first
before it can be run. The disadvantage of a scripted languageis, in general, a lack
of performance (speed) compared to a programme written in a compiled language.
Agents in the MADCM receive their preference structure at initialisation by pass-
ing parameter values in a smallembeddedscript. After initialisation, the benefit of
the compiled language C++ is exploited for the actual runs, consisting of a large
sequence of changing location choices4.

Different versions of the MADCM, were compiled with two different compilers:

1. theGNU Compiler Collection(GCC) was used under both Linux and theCyg-
win UNIX emulator for Microsoft Windows,

2. theMS Visual C++compiler was used in the ‘Visual C++ 2005 Express’ edi-
tion.

Standard platforms for building agent-based models usually have a relatively large
library of functions for building a graphical user interface (GUI). Since the GUI of

3 See also the discussion on machine code and Turing Machines in chapter 2.
4 This combination of scripts and a compiled main programme resembles the integration of

scripting languages in, for example, computer games.
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the MAS only served for the purpose of inspection while making runs, only a simple
GUI was designed. Use was made of a small set of function fromOpenGLlibrary.
OpenGL is also written in C and was originally developed for high-performance 2D
and 3D graphics. Integration of OpenGL in a windowing environment was accom-
plished by theQt library under Linux and Cygwin. TheGLUT library was used for
the MS Windows versions. The translation of the output to some of the graphs in
this thesis was performed by a script, written by the author in Python that uses data
files as input and returns a LATEX-file as output. In the LATEX-file, use was made of the
pstrickspackage.

8.3 MADCM land use model

The implementation of the model from chapter 6 as an MADCM is motivated by
the need of exploring a wider range of external effects. In chapter 7 only a variant
of networkexternalities was introduced. It served as a simple agglomeration exter-
nality, or communication externalityin the terminology of urban economics. Only
the population density at a current location contributed tothe level of well-being of
the individual agent. Agglomeration forces that can help explaining the emergence
of a city require that the level of well-being at one locationdepends on the popu-
lation densities at other locations. In line with chapter 7 it will be argued that from
a conceptual point of view, these extended externalities can, in the context of land
use, best be treated as endogenous amenities or quality levels. Internalisation of the
welfare contribution from these externalities as traditional external effects in a neo-
classical context is of limited use for policy purposes. Rather, the welfare effects of
capitalisation can be accounted for, as would be done in caseof exogenous amenities
in urban economics and hedonic pricing. Once this interpretation is adopted, a nearly
unlimited amount of endogenous amenities can be defined, including complex, non-
linear ones. An MADCM is especially well-suited for exploring the effect of highly
non-linear endogenous amenities on the self-organising system, the resulting land
use patterns, and their welfare effects.

The use of an MADCM as a land use model requires an account of a number of
specific elements. These elements include a two-dimensional grid, the implementa-
tion of agglomeration externalities, and the interpretation of disequilibrium land use
patterns.

8.3.1 Grid

The model presented in chapters 6 and 7 was a stylised model inone dimension.
In the land use MADCM, a grid consisting of 896 hexagons will be used to extend
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the model in two dimensions, as plotted in figure 8.1. The choice for hexagons is
essentially arbitrary, but is expected to facilitate the interpretation of circular pat-
terns. The grid can be interpreted as all the land available in a certain region. In some
agent-based models the grid is wrapped and folded into a ‘doughnut’ shape (Epstein
and Axtell, 1996). This is usually done if onlylocal interactionsare important and
complications at the borders of a grid need to be avoided. Given the explicit spa-
tial interpretation of the grid in the MADCM in this chapter,the grid will not be
wrapped. The borders are considered the borders of the region. Complications are
not expected, as agents are either expected to locate in or nearby an agglomeration.
If necessary, the borders can be interpreted as natural barriers. For the distance be-

Figure 8.1: Empty grid for MADCM land use model.

tween the locations an 896 by 896distance matrixis calculated. Depending on the
type of simulation run, this matrix might play a role in the preference structure of the
agents (see section 8.3.2).

At the beginning of each run, a population of agents is distributed randomly
over the grid, illustrated by figure 8.2. The colour of a grid cell reflects the local
population density. The darker the colour, the higher the density5.

5 To facilitate the visual inspection of the runs, the colour spectrum is scaled, using the
highest and lowest density. The saturation therefore reflects the relative differences in density.
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Figure 8.2: MADCM land use model with random population densities.

8.3.2 External effects

The equilibrium solution for most models in previous chapters was consistent with
the static solutions for neoclassical counterparts in urban economics, due to the ab-
sence of external effects. By consequence, they can in principle be restated in a
neoclassical fashion and the unique equilibrium will be Pareto optimal. As noticed
in chapters 1 and 5, the optimal solution comes at the price ofexplaining the ex-
istence of an agglomeration by means of an exogenous parameter. Most frequently
this parameter is the distance to the CBD, usually captured in transportation costs.
In chapter 6 this parameter was translated to an exogenous parameter indicating the
local quality—or amenity—level.

Completely in line with traditional welfare economics, a translation is thereby
made from a public good to an externality by making the local quality endogenous.
Here, endogenous means that the quality depends on the behaviour of other agents.
Since the local quality affects the level of well-being of anagent residing at that loca-
tion, a direct impact on the level of well-being without intermediation through prices
is anexternal effect. Chapter 4 showed that external effects might give rise to multiple
equilibrium solutions by introducing a degree of interdependence in the preference
structure of agents. In general it can be argued that externalities give rise to more
complexity, in the sense of complex dynamical systems, since self-organisation will
be complemented with path dependency (see also section 3.4). With the evolutionary
dynamics introduced in the previous chapter, this type of complexity will be explored
further by adding an endogenous quality parameter to the MADCM.
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This chapter extends the exogenous quality parameter by a parameter that re-
flects an endogenous local quality, that in principle can depend on the population
densities at all locations. The resulting logarithm of indirect utility function plus id-
iosyncratic term for agenti at locationj can be written as

ln vij +µiεij = ln (αyi)−βi ln pj (x)+γi ln qj +δi ln fij (x)+µiεij . (8.3.1)

In (8.3.1), the level of indirect utility depends on the fraction, α, of the income,
y, the agent spends on land, the endogenous price,pj , the exogenous quality level,
qj , and the location-specific—and possibly individual-specific—functionfij (x) that
defines the endogenous quality level.

Section 6.5 introduced some level of heterogeneity by extending the single pop-
ulation model to a model with four populations, distinguished by income and an
income-dependent preference structure. This concept can also be applied to all coef-
ficients in the MADCM, including

βi = β1 + β2 ln yi

γi = γ1 + γ2 ln yi

δi = δ1 + δ2 ln yi. (8.3.2)

Although in principle every individual can be assigned a different coefficient, this
chapter uses only a differentiation of the population according to sub-populations,
where individuals in a sub-population have the same coefficients.

8.3.3 Interpretation of the disequilibrium configurations

The MADCM can be analysed from a system’s perspective, basedon the deriva-
tion of the basic mechanism determining how the land market operates in chapter
6. The final land use pattern is interpreted as the stationarystate of what is in prin-
ciple an economy in disequilibrium. Disequilibrium land prices are quoted as the
price per surface area based on the total amount of money offered. This means that
in the process of finding a spatial equilibrium, land prices depend on the consumers’
willingness to pay to achieve the equilibrium utility level. Location choices at dise-
quilibrium prices determine the size of the surface area rented as the average amount
of space per agent. Given the current price, the agent can decide whether the amount
of money spent on land at the current location corresponds toher actual willingness
to pay. As a result, both the price and the equilibrium utility level depend on the
location choices of all other agents.

Two interpretations were possible for the disequilibrium configuration of the
model in chapter 6. In line with the two-agent model developed in chapter 4, in the
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first interpretation the location choices out of equilibrium might be interpreted as
an ongoing negotiation process in which no agent moves before an agreement is
reached. In this interpretation price formation out of equilibrium can be regarded
best as a process in which bid rents are collected by a broker—the land owner or
a representative—for every location, acting as a local myopic auctioneer for the lo-
cation. Next, the brokers determine and announce the new prices. As a result, price
setting is part of a feedback mechanism and the individual location choices can be
considered low level elements in high level complex adaptive system. It would sug-
gest that no agent moves until the equilibrium prices for alllocations are established
in a process of collective negotiation. Although this interpretation is suitable in the
context of bargaining with two agents, it does not supply a very realistic picture in
the case of many agents.

The second interpretation of the model in chapter 6, is also the only feasible
interpretation of the MAS variant in this chapter. It is assumed that the agents actu-
ally choose a location. Prices are then determined in the same way described above.
However, since locations are chosen, these prices are disequilibrium prices only in
the sense that the agents appear to be dissatisfied with theircurrent location choice.
If they receive an opportunity to move to a better location, they will. The choice to
move is myopic, since it is assumed that the agent determinesthe level of utility for
all—or several (see section 8.4)—locations on the basis of thecurrent situation, not
taking into account the possible effect of his own move. Although the entire process
might not give an accurate description of the development over time of a real ag-
glomeration, it does not pose any unrealistic assumption onthe cognitive capacities
of the individual agent. In this perspective, the emergenceof an agglomeration in
this chapter is perceived as an abstraction of an evolutionary process. The behaviour
of the individual can still be considered as more or less realistic, in the sense that he
only acts in his self-interest while improving only his own location choice, without
being concerned about the overall development of the agglomeration or its effect on
the social welfare level of the population as a whole.

8.4 Simulation runs with externalities

To illustrate the flexibility of the MADCM and the effect of externalities, the model
is adapted to encompass three existing models. First, the variant of the Alonso model
developed in chapter 6 is be extended to the two dimensions grid and implemented
with agents. This is an example of a model with only exogenousamenities. Next, a
model with only endogenous amenities is presented; a variant of the Schelling model
(Schelling, 1978). Finally, the two extremes are combined in one model.

All models in this section consist of 10,000 agents. In the first three examples,
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the population is divided into two groups of equal size. The two groups are distin-
guished by a different income level and the preference structure is income-dependent
according to (8.3.2).

8.4.1 Alonso

The first model uses the distance matrix described in section8.3.1. One cell in the
middle of the grid is assigned a function similar to that of a CBD. All other cells
receive a quality level that depends on the distance to the cell in the middle. The
agents have a preference structure that includes an impact on their level of well-
being of the quality level and the endogenous price at the particular grid cell they
choose. In terms of (8.3.1) and (8.3.2),δi = 0, because only prices and exogenous
quality levels determine the location choices. To maintaina close reference with the
original model, by settingµi = 0, the stochastic term does not have an impact on the
preference structure of the agents.

Simulation results are plotted in figure 8.3, with one plot for each of the two sub-
populations. The well-known concentric circles appear. The darker the grid cell, the

Figure 8.3: MADCM Alonso variant.

higher the population density. In the white cells, no agentsare located, as a result of
opportunity costs from alternative land use. The two sub-populations are segregated
by the endogenous prices of the locations, similar to the sorting model presented in
section 6.5. The population on the right-hand side earns a higher income and the
coefficients of the preference structure give rise to endogenous prices near the CBD
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only this group can afford.

8.4.2 Schelling

The second model is inspired by the segregation model of Schelling (1978, p. 137–
166). Here, quality is defined as dependent on the number of neighbouring cells in
which agents of the same sub-population are located. In terms of (8.3.1), in this
modelγi = 0 andδ > 0, since only the endogenous quality level plays a role. Both
groups have the same income level. In the original model (Schelling, 1978), a grid
cell was occupied by a single agent and there were no linkagesto a land market.
To stress the complementarity with the Alonso model in the MACDM here,β > 0,
implying that the final land pattern is the result of a balancebetween endogenous
prices and endogenous quality levels. The endogenous quality level is defined as

fij (x) =

{
1 if nij > 4
2 if nij 6 4

(8.4.1)

In expression (8.4.1), the parameternij represents the number of locations that have
at least one agent of the same group as agenti. Only the six surrounding grid cells
are counted.

In figures 8.4-8.6 the equilibrium patterns for the two sub-populations are plotted
separately for three runs with different initial distributions. As expected, there is no

Figure 8.4: MADCM Schelling variant; run 1.
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Figure 8.5: MADCM Schelling variant; run 2.

Figure 8.6: MADCM Schelling variant; run 3.

222



notion of a CBD. Instead, clusters of connected grid cells emerge. Schelling’s orig-
inal model served as an illustration of endogenous segregation. Even if agents were
not categorically averse to living next to an agent of a different group, neighbour-
hoods were still strictly segregated according to group characteristics. This effect is
also present in figures 8.4-8.6, as the land use patterns of the two populations seem
to complement each other. Schelling’s model is considered one of the first models of
social interactions (Durlauf and Young, 2001). It also counts as one of the first agent-
based models (Epstein and Axtell, 1996), even though it was originally implemented
with the use of coins and a sheet of paper (Schelling, 1978, p.147).

In the computational experiment presented here, the model primarily serves as
an example of a type of endogenous agglomeration that is enforced by a complex
externality. The figures show, that this model also represents an extreme case of
multiple equilibria. Only the qualitative result of segregation and agglomeration is
obtained; the actual positions of the separate clusters arenot unique.

8.4.3 Hybrid

Next, a hybrid model that consists of a combination of the twoprevious models is
presented. In this model, the local quality has an exogenousas well as an endogenous
component. Additionally, prices are endogenous, as before. The results of a single
run are shown in figure 8.7. Now, the location of the CBD is clearly visible, but seg-

Figure 8.7: MADCM hybrid (Alonso-Schelling) variant.

regation no longer appears along concentric circles. Instead, the clusters themselves
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again form an example of multiple equilibria.

8.5 Beckmann

The MADCM can also be transformed into a variant of the endogenous agglomer-
ation model originally developed by Beckmann (1976) and discussed in chapter 5.
Here, the quality level is fully endogenous, but—contrary tothe Schelling model pre-
sented above—the quality level depends not only on the location choices of agents at
adjacent locations, but on the population densities at all locations. The endogenous
amenity is in this case defined as

fij (x) = τ

N∑

k=1

djknj = τN

N∑

k=1

djkxj , (8.5.1)

with djk as the distance between locationj and locationk; τ is a constant. Expression
(8.5.1) can be interpreted as the average distance to all other agents6. Since this
average distance has a negative impact on the level of well-being of the individual
agent, in (8.3.1) the parameter for the endogenous quality is assigned a negative
value, δi < 0. The exogenous quality does not play a role in the first two runs,
thereforeγi = 0. As before, endogenous prices can be considered a centrifugal
force7, henceβi > 0.

This model represents a relatively general example of anendogenousagglom-
eration. The land use pattern resembles that of the Alonso model, but instead of
assuming the existence of a CBD beforehand, the CBD emerges as a result of so-
cial—ornon-market—interactions. The results from two simulation runs are plotted
for a single population of 1000 agents in figure 8.8, for two different values of the pa-
rameter,δi (0.7 and0.35), that determines the impact of the social interaction on the
well-being of the individual agent, relative to the ‘dis-utility’ of the endogenous local
land price. The parameter controlling the impact of the stochastic term,µi > 0, is
shown to enhance the dispersal of the agglomeration for smaller values ofδi. Further-
more, figure 8.8 reveals that the location of the agglomeration is not unique. Because
the exogenous local quality does not affect the location choice, only the relative dis-
tances determine the final, equilibrium location choices ofall agents. This implies
that many different equilibria are possible. The presence of multiple equilibria is re-
lated to the coordination game discussed in chapter 3. The positive externality from

6 In the original model (Beckmann, 1976), and as quoted by Fujita and Thisse (2002), the
average distance was incorporated as the cost of travelling to all other agents, analogous to the
costs of transportation to the CBD in the Alonso model.

7 In (8.3.1)the negative impact of the price on the level of well-being is already accounted
for by a negative sign.
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Figure 8.8: MADCM Beckmann variants with different degrees of dispersion.

the vicinity of other agents makes the agents indifferent totheir absolute position.
Similar to the network externality in chapter 4, the qualityof the good depends on
the actions of other agents.

8.5.1 Lock-in

The occurrence of multiple equilibria in the Beckmann variant of the model in this
section can illustrate a possible interpretation ofpath dependencyand alock-insitu-
ation, discussed in chapter 3, in the context of land use modelling. First, the develop-
ment of the social welfare function for a general Beckmann model is plotted in figure
8.9. Figure 8.9 shows the evolutionary development of thesumof the individual in-
direct utility levels. In the MADCM implementation of the model, the individual
welfare level is in principle a private attribute of the agent. If the agents are forced
to reveal their level of well-being to the modeller, the aggregate or sum—based on
the relation between the logit model and the model of a representative consumer dis-
cussed in chapter 6—can in this way be translated to asocial welfare functionin the
MADCM.

Next, the impact of an exogenous quality level is reintroduced (γi > 0) and dif-
ferent exogenous quality levels are assigned to different locations. Some locations
are regarded asobstaclesand were removed from the distance matrix. As a result,
these locations were not connected to other locations. In terms of distances, two
cells on either side of the obstacles can only be connected through a shortest path

225



An MAS approach to discrete locations choices with interactions

 1500

 2000

 2500

 3000

 3500

 4000

 4500

 5000

 0  20  40  60  80  100  120  140

V

time

Figure 8.9: Evolutionary development Beckmann variant.

around the obstacles. An example of a grid with obstacles is shown in figure 8.10.
In addition, the locations above the line of obstacles are assigned a slightly higher
exogenous quality level than the locations below the line. This configuration gives
rise to two different types of equilibria. The equilibrium agglomeration can emerge
above or below the obstacles, depending on the initial random distribution of agents.
In figures 8.11 and 8.12, the development of the social welfare function is plotted for

Figure 8.10: Multiple equilibria: Beckmann variant with obstacles.

the two solutions of figure 8.10. It shows that the agglomeration above the line of
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obstacles yields a slightly higher level of social welfare.Therefore, the agglomera-
tion below the line can be considered alock-in, since in theory a Pareto improvement
would be possible. The obstacles in this example can be considered a stylised repre-
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Figure 8.11: Value of social welfare function for 8.10 (Lock-in).

 4600

 4650

 4700

 4750

 4800

 4850

 4900

 0  20  40  60  80  100  120  140

V

time

Figure 8.12: Zoom in on detail of figure 8.11.

sentation of natural obstacles, water for example. The presence of natural obstacles,
combined with an evolutionary interpretation of the emergence of agglomerations,
illustrate the possibility of a current land use pattern being sub-optimal. A Pareto im-
provement, however, does not seem feasible in this particular case without rebuilding
the entire agglomeration at a new location.
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8.6 Imperfect information

The models presented thus far, refer to a situation of disequilibrium that corre-
sponds to an evolutionary path toward the stationary equilibrium solution. Although
a stochastic component was introduced in the individual preference structure, this
component did not result in a perturbation of the system. This was shown for the
formulation in chapter 6, in which the dynamics of the systemwas essentially de-
terministic, although location choices were defined in terms of probability densities.
In the MADCM variant presented in this chapter, the stochastic term is converted
into a fixed draw from a distribution for all individual-location combinations. The
stationary equilibrium is stable only in a stochastic sense—as some agents continue
to revise their location choices—, but the overall pattern oflocation choices remains
relatively stable and is apparently not under the influence of any notion of random-
ness.

This section introduces a new type of randomness, more in line with a real per-
turbation of the system. The main goal of the experiment presented here consists
of testing the stability of the equilibrium location pattern against a distortion from
within the system. This distortion is introduced by limiting the information avail-
able to the individual agent when she is eligible for revising her location choice. As
discussed in the introduction, the replicator dynamics andrelated evolutionary mech-
anisms abstract from space. In these models it is implicitlyassumed that either every
agent can meet every other agent, or that the information about all agents is avail-
able to all agents. In the model variant presented below, only the information from
a limited set ofrandomlychosen locations is made available to the agents during
each iteration. This procedure can be thought of as an abstraction of a real reloca-
tion process. In reality, if an agent decides to move, she cangenerally only choose
a new location from a limited set of locations, determined bythe set of locations
where there exists vacancy. In the model presented here no vacancy exists, because
it is assumed that the available land at a location is always divided equally among
all agents located there. Nevertheless, a restriction of the relocation opportunities,
governed by some notion of chance, might be considered a useful test in light of the
abstraction of the dynamics already chosen. Instead of trying to account for the real
development over time, the concept of evolution is introduced by means of bounded
rationality. Here, the convergence of the myopic relocation process is tested against
the removal of another stylised, neoclassical assumption:perfect information.

The starting point of the simulation experiments is the Beckmann variant intro-
duced in section 8.5, without obstacles. Instead of revealing the information from all
896 locations, the agents receive information from the first300 locations. If any of
these locations would yield a higher indirect utility level, agents move to a randomly
picked location. It appears that in this model the process ofself-organisation might

228



be seriously hampered, as illustrated by figure 8.13 After aninitial attempt to form

Figure 8.13: Transient equilibrium configuration with imperfect information.

an agglomeration, the agents are dispersed again, followedby new attempts, until the
system settles in its final agglomeration pattern. The corresponding development of
the social welfare function is plotted in figure 8.14. The results for the social welfare
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Figure 8.14: Evolution of social welfare of 8.13.

function for various initial random distributions, are plotted in figures 8.15-8.16. The
main conclusion drawn from these experiments is that although the final stationary
equilibrium is the same in all runs, the route toward this equilibrium might contain
several transient configurations. In some cases a transientconfiguration resembles an
equilibrium and is continued for some time, before the agglomeration disintegrates
again. This conclusion allows for an interpretation that suggests that—in addition
to the possibility that a current land use pattern reflects a lock-in, demonstrated in
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Figure 8.15: Examples of evolution of social welfare with imperfect informationa.
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Figure 8.16: Examples of evolution of social welfare with imperfect informationb.
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section 8.5—a current land use pattern might also reflect a temporary, transient and
unstable configuration. The policy relevance of this conclusion is primarily that the
identification of a given land use pattern with a social optimum has to be made with
caution.

8.7 Equity effects of open space

The final experiment serves as an illustration of a more applied and semi-quantitative
experiment. It also continues the discussion on the value ofopen space begun in
chapter 7. In section 7.5, open space was essentially considered a pure public good
at the aggregate level of the entire population and its presence was assumed to affect
the level of well-being of the agents, irrespective the exact location that was sup-
posed to be left undeveloped. This section assumes that openspace also affects the
local quality level. Similar to the MADCM variant of the Schelling (1978) model of
section 8.4, a non-linear endogenous quality level is introduced. Instead of the num-
ber of locations in which agents of the same group are located, here the number of
empty locations characterise the endogenous amenity.

As a result, the price index,G, is not only affected by the number of developed
locations, but also by the endogenous quality level. The result is a relatively compli-
cated feedback mechanism that determines the value of the social welfare function.
This mechanism is depicted in figure 8.17 as a conceptual scheme.

Open space (public

good), Q

Opportunity costs

open space, po

Local quality, q

Land

consumption, S

Price

index, G

Social welfare

function, V

WTA

Figure 8.17: Conceptual representation of the spatial welfare function

First, the concept of a general equilibrium willingness to accept (GE-WTA) that
corresponds to the value of open space is repeated in a simplified fashion. The social
welfare function for the representative consumer can be written as

V = Y G−β . (8.7.1)
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Since all impacts—prices, quality levels and number of developed locations—are
captured in the price index, the GE-WTA for a change in the equilibrium land use
pattern can be derived from

Y G−β = (Y + N ·WTAGE) Ĝ−β . (8.7.2)

This assumes that̂V < V , implying that the level of welfare after the change is
lower than before. This is consistent with thereductionin the number of developed
locations when open space is created. From (8.7.2) it follows that the GE-WTA can
be written as

N ·WTAGE =
[(

V − V̂
)/

V̂
]
Y. (8.7.3)

Regarding the MADCM, (8.7.3) implies that the GE-WTA can be approximated if
the value of the social welfare function—in the MADCM simply the sum of the
individual welfare levels—is known. If a population is divided into several income
groups, each group has its own equilibrium welfare level. This follows from the
observation that in equilibrium no agent has an incentive tomove. Because agents
within a group are identical (up to the idiosyncratic component in the utility func-
tion), this also applies to the individuals within a group. Consequently, a GE-WTA
for each group can be calculated—based on (8.7.3)—, using an MADCM.

A population of 10,000 agents is divided into four groups forthe experiment.
The starting point is the Alonso variant, presented in section 8.4.1. The income-
dependent preference structure results in the one-dimensional distribution plotted in
figure 8.18. In line with the sorting examples presented in chapter 6, the groups with
the higher incomes are located near the CBD. Groups with lower incomes live in
the ‘suburbs’, having a smaller lot size per agent than the groups with the higher
incomes. The land use patterns of the corresponding MADCM intwo dimensions
are plotted for the respective groups in figure 8.19. Next, a large area—by means of
introducing open space—with undeveloped land is claimed as illustrated in figure
8.20

A similar procedure is applied to a model that is extended with a postive external
effect for the locations adjacent to the area of open space asdiscussed above. The
results are plotted in figures 8.21 and 8.22. The values for the GE-WTA, based on
(8.7.3), are plotted as the percentage of the income in figure8.23. Similar values
from a different series of runs with the same parameter values are plotted in figure
8.24.

The results from both series reveal a compensation for the higher income groups
for the loss of residential space in terms of a benefit from positive external effects
when the vicinity of open space is accounted for as an external effect. Especially the
second series indicates the transfer of the GE-WTA from the group with the highest
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Figure 8.18: One dimensional sorting equilibrium.

Figure 8.19: Sorting equilibria per income group (no external effects).

Figure 8.20: Sorting equilibria per income group withopen space(no external effects).
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Figure 8.21: Sorting equilibria per income group (with external effects).

Figure 8.22: Sorting equilibria per income group withopen space(with external effects).
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Figure 8.23: GE-WTA as percentage of income, per income group, without and with external
effects.
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Figure 8.24: GE-WTA as percentage of income, per income group, without and with external
effects (second series).

income to the group with the second-highest income. An explanation might be that
due to the external effect of open space at the locations nextto the undeveloped area,
price competition primarily results in a relocation of the higher income group next to
the open space. Since this group is already dominant at the CBD, a kind of corridor
is established from the CBD to the undeveloped area where thehigh incomes are in
the majority. This leaves the two groups with lower incomes nearly unaffected, as
they already reside in the suburbs. Only the group with the second-highest income
is seriously affected because a smaller area remains for them between the CBD and
the suburbs, around the corridor for the highest incomes.

This experiment illustrates how sensitive and differentiated welfare effects from
land policy can become if a welfare assessment in spatial equilibrium is undertaken
and the impacts of complex external effects are accounted for. Although it is difficult
to derive policy implications from this experiment that canbe assumed to be gener-
ally valid, the qualitative result might be contrasted withthe ‘neoclassical intuition’.
Since the runs without external effects are based on the Alonso variant, the result-
ing land use pattern is essentially ‘optimal’ in the neoclassical sense. The GE-WTA
in this experiment is a measure for the welfare loss, due to the creation of an area
of open space. As the diagrams on the left in figures 8.23 and 8.24 reveal, the wel-
fare losses are not distributed equally over the income groups. In this experiment the
welfare loss for the lower income groups is relatively higher, because they resided
at the locations where the area of open space was created. Newlocations in the re-
maining suburbs are shown to offer only limited compensation. This equity aspect of
land use planning can only be assessed in spatial equilibrium, but appeals to logical
reasoning. Even though the land use pattern is Pareto-optimal, an unequal distribu-
tion of welfare losses might require an additional compensation, if this is politically
preferable.
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If external effects are taken into account as endogenous amenities, optimal pol-
icy measures might become less intuitive. Although the higher income group was
expected to be compensated most for the welfare loss—becauseof the benefits from
new attractive locations next to the open space area—the second run of the exper-
iment shows that these benefits might become even larger, at the expense of the
second-highest income group. As a result, the welfare loss of the latter is larger than
in the case without external effects. The presence of endogenous amenities might
therefore have consequences for compensation policies that can only be discovered
using computer simulations. However, due to the presence ofmultiple equilibria
in this type of model—depending on the specification of the endogenous ameni-
ties—the possibilities for conducting quantitative analyses using econometric esti-
mation methods might be limited.

8.8 Discussion and conclusions

This chapter introduced the new concept of a Multi-Agent Discrete Choice Model
(MADCM). An MADCM can be considered a discrete choice model with interac-
tions, implemented as a multi-agent system (MAS). To the knowledge of the author,
no examples of this specific combination exist in literature. The theoretical consid-
erations as well as a number of technical details concerningthe construction of an
MADCM were discussed in this chapter.

A wide range of possible externalities was explored using anMADCM imple-
mentation of the model developed in chapter 6. The presence of externalities com-
bined with evolutionary dynamics can be interpreted as a self-organising market
economy. Chapter 7 already concluded that the role of a government facingagglom-
eration externalitiesis likely to be different from the traditional position defined in
neoclassical microeconomics, stressing the internalisation of external effects in order
to achieve a Pareto-optimal allocation. Chapter 8 amplifiesthis observation. Chap-
ter 7 argued that agglomeration externalities might be considered rather endogenous
amenities, although internalisation was in theory possible for network externalities,
where only the presence of other agents at the same location affected the level of
well-being of the individual agent. Internalisation wouldbe a nearly impossible task
for the more complex externalities discussed in this chapter, because the dependency
is extended to more locations.

As the Alonso model is part of the neoclassical tradition, itis not surprising that
the variants presented in this chapter with only anexogenouslocal quality vector
yield a unique solution. Results from neoclassical economics can then be transferred
to a spatial context. Emergent agglomerations can only be explained by the presence
of positive externalities. Externalities not only jeopardise the Pareto efficiency of the
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equilibrium solution, they can also give rise to multiple equilibria. Since agglomera-
tion externalities are positive external effects, they cangive rise to a positive feedback
mechanism at the system level and be interpreted analogous to thecoordination game
in game theory, presented in chapter 3. If the attractiveness of a location is primarily
dependent on the presence of neighbours, the agent might as well choose a different
location together with the group of neighbours. If the agentand the neighbours do not
coordinate their collective location decision, the history of the sequence of individual
location decisions will determine the locations chosen by the group. From a research
point of view, this type of path dependency poses a problem because the number of
equilibria can become very large. The model supports only a qualitative interpreta-
tion, in the sense that if history determines the equilibrium outcome completely, the
resulting land use pattern becomes nearly random. As a consequence, a quantitative
interpretation—including econometric estimation—might become impossible.

However, if the set of possible equilibria can be classified in a limited number
of types, each type could still be assigned a specific interpretation. Again, similar
to a coordination game, there might be a ranking of equilibria possible in terms of
their payoffs. A limited set of possible land use patterns can be ranked according to
their level ofspatial social welfare. In that case, all equilibria correspond to a Nash
equilibrium, but only one will bePareto superior. If the current land use pattern is
Pareto inferior, a theoretical possibility for a public policy leading toward atransition
to the optimal solution exists.

In addition to the possible existence of a lock-in situationfor the current land
use pattern, additional caution must be taken with the welfare interpretation of the
current pattern as a result of imperfect information. Simulation runs in which the
number of candidate locations is limited for the agent who improves her location
choice, reveal the possibility of transient agglomerations that might eventually be
replaced by a different land use pattern, yielding a higher level of social welfare. In
the context of land policy, these disequilibrium dynamics suggest that an existing
configuration might be unstable.

The final experiment in this chapter focuses more directly onthe welfare effects
of capitalisation in relation to resorting. Section 8.7 showed how the effect of exter-
nal effects from the vicinity of open space—in addition to thevalue of open space
as a pure public good as discussed in chapter 7—can give rise toequity concerns.
Due to the capitalisation of the value of open space as an externality, it is possible
that only higher income groups can afford living next to the open space. In the ex-
periment conducted in this chapter, following the relocation after the creation of an
‘eco zone’ resulted in a significant transfer of welfare lossfrom the group with the
highest income to the group with the second highest income. Although this result is
difficult to generalise, it illustrates the sensitivity of the equity considerations on how
endogenous amenities are defined.
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Chapter 9

Summary and conclusions





9.1 Introduction

This thesis explores several aspects of a welfare economic approach to land use and
land use planning. The main aspects addressed are the optimal allocation of land,
the capitalisation of amenity values in land prices and the value of open space. The
decision was taken to address these welfare issues while developing a modelling
framework. The final model is suitable for presenting a unifying approach to the
aspects mentioned above. Although the final model is bound bythe use of a certain
type of functional form—a utility function with a constant elasticity of substitution
(CES)—its specification can accommodate a wide range of cases. Furthermore, the
chosen specification allows for a consistent integration oftraditional economics and
an agent-based computational approach. It offers an evolutionary perspective on the
land market, while simultaneously maintaining a relation with neoclassical welfare
economics.

In this final chapter, section 9.2 presents a summary of the previous chapters.
Section 9.3 draws conclusions based on the answers to the research questions of
chapter 1.

9.2 Summary

Beginning with a sketch of the general position of a government relative to a market
in the neoclassical framework of microeconomics in chapter1, a few issues were
raised. First, a spatially explicit assessment has only recently become part of main-
stream economics mainly due to the impossibility of accounting for the emergence of
agglomerations in the general equilibrium model by Arrow and Debreu (1954), that
is dominant in economic theory and by consequence also in public sector economics.
In economics, theemergence of an agglomerationrefers to the formation of a cluster
of consumers, producers, or both, because of economic reasons. With the neoclassi-
cal framework it can be shown that under specified conditionsthe allocation of goods
by a market is optimal. These conditions have two implications for the behavioural
model at the level of individual agents. The first implication is the elimination of all
interactions other than those mediated by prices. If only market interactions are ac-
counted for, agents can not choose to locate in the vicinity of each other even when
that would facilitate social interactions. In other words,social communication can
not be integrated in the neoclassical framework. Producerscannot benefit from the
spillover effects on their productivity that might result from the presence of other
firms in the same area, followed by informal exchanges of ideas. In the neoclassical
framework, social interactions and spillovers are identified asexternal effects, jeop-
ardising the efficiency of the market allocation. The secondimplication results from
the condition that production takes place only at non-increasing returns to scale. In-
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creasing returns are equivalent to product differentiation. If there is a preference for
variety on the consumption side of an economy, two products from different brands
for example, are not perfect substitutes for the consumer. As a consequence, con-
sumers are willing to pay slightly more for their preferred variety and the producers
need not sell their product for a market price equal to the marginal cost of produc-
tion. Hence, their profit will increase with the volume of their production. As product
differentiation is effectively not allowed in the neoclassical framework, products can
not be distinguished by theirlocationof production. As a result, clusters of produc-
tion cannot be accounted for in neoclassical economics.

As both non-market interactions and product differentiation are considered mar-
ket distortions in the neoclassical framework, the traditional normative role of a gov-
ernment would consist of eliminating them, to restore the optimal market allocation.
However, because agglomerations can only be explained by assuming the presence
of these distortions, the welfare economic position of a government in a spatially
explicit economic context needs to be redefined. Regarding land policy, this posi-
tion specifically concerns the economics of land use with respect to agglomerations.
The starting point for redefining the role of a government chosen in this thesis is the
relatively recent adoption of models in mainstream economics that serve as alterna-
tives to the neoclassical framework. Many have an origin in the research oncomplex
systems.

Since a complexity approach to land use theory is occasionally presented as a
radical alternative to neoclassical economics, its originis discussed in more detail
in chapter 2. There, it is argued how mathematical biology—and especiallyevolu-
tionary game theory—offers a methodological basis for integrating asystems ap-
proachwith methodological individualism. The first is needed to accommodate in-
sights from the theory on complex dynamical systems in a model, especially regard-
ing adaptation and self-organisation. The latter supportsthe justification of adopt-
ing a proxy for fundamental laws of human behaviour, if at theindividual level the
behaviour is specified as conditional rule-based decisions. Individual-based and sys-
tems approaches are therefore not necessarily opposites. In an evolutionary perspec-
tive, both can be considered complements. Individual decision rules define the postu-
lates of a deductive system. Their position in the model can be stressed, if in a com-
putational model the algorithm is implemented as individual objects equipped with
these rules, resulting in an agent-based model. This approach is sometimes called a
generativeapproach to social science (Epstein, 2006).

Chapter 3 focuses the discussion of chapter 2 more specifically on the topic of
complexity. Although complexity science is sometimes presented as a field of re-
search itself, it does not offer a ‘complexity theory’. Chapter 3, therefore, identifies
two types of complexity relevant for answering the researchquestions in this thesis.
The first is related tocomplex dynamical systems, usually concerning coupled sub-
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systems with non-linear feedback mechanisms. As the general descriptions of these
systems adhere to a systems approach, in line with chapter 2,the role of complexity
in evolutionary game theory is stressed in order to arrive atan interpretation at the
level of individual behaviour. Especially the position of the so-calledcoordination
gameis highlighted, as it supplies a consistent interpretationof multiple equilibria,
bifurcations, path dependency, and lock-in. The second type of complexity concerns
computational complexity. Computational complexity deals with the issue of the pos-
sibility of and time involved in solving mathematical problems. It does so by giving a
definition of computation that relies on the description of ahypothetical machine for
implementing recursive functions: the Turing Machine. Because the design of mod-
ern computers is still based on this description, the definition of computation can be
used in the argumentation that computer models, including agent-based models, are
not fundamentally different from models consisting of equations. This observation is
consistent with the use of agent-based models in the generative, deductive approach
discussed in chapter 2. These two types of complexity do not immediately refer,
however, to a complementarity with neoclassical economics. Therefore, in chapter 3
both are related to the role linear algebra plays in the neoclassical framework. Fol-
lowing Koopmans (1957), the conditions—or postulates—that define the behaviour
of individuals in neoclassical economics ensure that the choice sets of consump-
tion and production are linearly independent. As a consequence, what is optimal for
the individual agent is also best for society, defined as the sum of all individuals.
The postulates are identical to the conditions referred to in chapter 1, limiting the
interactions between agents to market interactions only. The role of complexity in
neoclassical economics can therefore be identified with theproblem of aggregation
and rationality in the presence ofnon-market interactions.

Chapter 4 applies the material collected in chapter 2 and 3 directly to the elemen-
tary context of a two-agent two-goods pure exchange economy. Following Bowles
(2004) the Pareto efficiency of market allocation—that is at the heart of neoclassi-
cal economics and defining the role for the state—is considered to be problematic.
Although its normative interpretation is clear, the formation of equilibrium prices
at which supply is equal to demand lacks a consistent interpretation as a process.
In chapter 2 evolutionary game theory was already selected as a framework that al-
lows for an integration of a systems perspective on self-organisation with individual
rule-based behaviour. This framework is adapted in chapter4 to accommodate an
evolutionary approach to market clearing. The evolutionary approach developed is
based on best response dynamics, in a way that—to the knowledge of the author—is
a new addition to the existing literature. Based on a utilityfunction with a constant
elasticity of substitution (CES) and its relation with the logit model in the literature
on discrete choice (Anderson et al., 1992), a simple rule-based decision is defined
that corresponds to a best response to a given price. This best response can be in-
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terpreted as the fraction of his income the agent prefers to spend on the good. The
demand function can be reconstructed from this by dividing the fraction of the in-
come by the price. This approach allows for a translation of the maximisation of a
utility function, to the direct use of the corresponding indirect utility function in a
simple behavioural rule. Two implementations of this modelare explored. In accor-
dance with the neoclassical metaphorical interpretation,an auctioneer is introduced
who quotes disequilibrium prices. The prices are shown to converge to the same
equilibrium prices as in the neoclassical model. For relatively high values of the
CES however, the process may fail to converge and the chaoticprice dynamics that
follows are caught in a strange attractor. In the second implementation, the role of
the auctioneer becomes superfluous and the agents are involved in a bargaining pro-
cess. This process converges to the neoclassical equilibrium solution as well; also
for relatively high values of the CES. The bargaining model presented in chapter 4
is different from the existing literature on bargaining games, and is actually inspired
by the literature on learning in games. Its implementation conforms to a minimum
level of cognitive capabilities and thereby to a generativeapproach to the neoclassi-
cal market equilibrium. Chapter 4 also introduces rudimentary extensions to product
differentiations and the interpretation of network externalities analogous to the coor-
dination game in chapter 3.

Chapter 5 presents an overview of the existing economics literature on land use
and welfare, highlighting similarities with the basic concepts applied in the context of
a two-agent bargaining process in chapter 4. From a welfare perspective, the similar-
ities between the literature on the capitalisation of the value of amenities in the mar-
ket price for land in urban economics, public finance, and environmental economics
are stressed. Concerning complexity issues, the emergenceof agglomerations, and
game theoretic assessments of interactions, the role of regional economics is con-
sidered leading after the introduction of theNew Economic Geography(Krugman,
1991; Fujita et al., 1999). Although the models show affinityat a conceptual level
with the issues discussed in the previous chapters, land useis usually not addressed
in regional economics. Special attention is devoted in chapter 5 to location choice
models recently introduced in environmental economics. Originally intended for ex-
tending the hedonic pricing method, in principle they provide a basis for integrat-
ing welfare concepts from urban economics and environmental economics. The first
concerns optimal land use, the latter concerns the capitalisation of amenity values.
Furthermore, the econometric estimation procedures suggested for these so-called
locational sorting models, are based on the literature on discrete choice with social
interactions. This literature offers a complexity perspective on the relation between
discrete choice models and statistical mechanics and showssimilarities with evolu-
tionary game theory.

Chapter 6 develops an evolutionary reinterpretation of theAlonso model in ur-
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ban economics. An extension of this model with stochastic error terms supports two
interpretations. Based on the analogy with discrete choicemodels, the model can
be interpreted as a population game. Interpreted as a model of a representative con-
sumer, a direct relation with the two-agent model developedin chapter 4 is evident.
The latter interpretation facilitates the welfare analysis, conducted in chapter 7. The
first interpretation is the basis for the implementation as amulti-agent system (MAS)
in chapter 8. Both can be related to a utilitarian social welfare function that reflects
the level of welfare in spatial equilibrium. In the population game interpretation it is
consistent with the evolutionary notion of fitness; for the representative consumer it
is simply the indirect utility function.

Chapter 7 is devoted to several types of welfare analysis. First, the relation be-
tween locational sorting models and hedonic pricing is discussed. Locational sorting
models are originally developed as an extension of hedonic pricing models. Whereas
hedonic pricing is primarily suited for estimating the willingness to pay (WTP) for a
marginalchange in local amenity level, locational sorting defines a WTP on the ba-
sis of endogenous land prices, that result from a new market equilibrium in response
to non-marginalchanges in amenity levels. Locational sorting is especially interest-
ing in the context of this thesis, because it offers a consistent interpretation of the
welfare effects of capitalisation. Section 7.3 reintroduced the network externalities
from chapter 4 in the model of chapter 6 as local agglomeration externalities. The
main result of the welfare analysis, is that, although internalisation of the value of
these externalities—restoring the Pareto efficient allocation of land—is possible in
theory, an interpretation asendogenous amenitiesis more appealing. Finally, chapter
7 shows that the model from chapter 6 can in principle also be applied to assess the
value of open space. In the existing locational sorting models the total supply of land
for residential use is usually assumed to be fixed. Since the level of social welfare in
spatial equilibrium in the model of chapter 6 also depends onthe number of locations
that are developed, the value of open space can be related to ageneral equilibrium
willingness to accept(GE-WTA) in a society for not enjoying more residential space.
Furthermore, it is proven that with a translation of this GE-WTA to equivalent oppor-
tunity costs, the concerning parcel would not be developed.This interpretation offers
a theoretical basis for uniting the virtual value of land from valuation methodology
with the real market price for the same area.

The model developed in chapter 6 is translated to a special type of a multi-agent
system (MAS) in chapter 8. This chapter introduces it as aMulti-Agent Discrete
Choice Model(MADCM). There are economic theoretical, as well as computational
theoretical, motivations for this translation. In an MADCM, individual agents are
equipped with a decision rule and assigned the values of draws from the distribu-
tion of the idiosyncratic component in the preference structure of the equivalent
logit choice model. This procedure resembles Monte Carlo integration methods in
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econometrics. It allows for regarding a simulation result as one of the many possible
realisations, instead of the more abstract interpretationin terms of probabilities in
chapter 6. Additionally, it facilitates a consistent interpretation of the results with a
finite number of agents. The chapter illustrates the possibility of introducing more
complex types of externalities and how they can be accommodated in the evolution-
ary development within the model. While complex externalities can result in patterns
that might seem more realistic at first glance, the number of possible equilibria also
increases. Therefore only rather stylised situations can still be accounted for, though
these situations do offer insights into the phenomena that can be important in the
context of land policy. After it is shown that the MADCM can accommodate several
classical examples of land use models, a number of experiments is conducted. The
first concerns the possibility that current land use patterns reflect a lock-in situation,
instead of an optimal configuration. With a combination of evolutionary develop-
ment, an endogenous agglomeration—based on social interactions—and the pres-
ence of obstacles in a grid, multiple equilibria can be classified in distinct types. An
example is presented with two types, where one is Pareto-superior to the other. In
the second experiment, the number of locations the individual agent can select for
improving his level of well-being is restricted. This can beconsidered as an example
of imperfect information. Simulation runs for certain parameter values show evo-
lution toward an optimal land use pattern that may contain one or several transient
configurations. This experiment reveals a different reasonfor caution with the iden-
tification of the current land use pattern as optimal. The third experiment concerns
an extension of the assessment of open space in chapter 7. If open space is not only
considered a pure public good, but also the source of positive externalities, equity
concerns may be different. In a model where the group with thehighest income is
located closest to an exogenously given CBD, this same groupis also likely to be
able to afford higher market prices for locations next to an area with open space, if
open space is accounted for as an externality and its value iscapitalised in the market
price for land. In the simulation run presented, the second highest income group is
driven away from their original locations as a result of capitalisation, thereby facing
a higher welfare loss when open space externalities are taken into account.

9.3 Conclusions

The research questions formulated in chapter 1 can now be answered. They are the
basis for the conclusions of this thesis.
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9.3.1 Welfare economics for a land market

The first question concerns the translation of concepts fromtraditional welfare eco-
nomics to the context of land policy. This translation was expected to be problematic,
especially because of the need for agglomerations externalities if emergent agglom-
erations have to be accounted for. Since a market allocationwith external effects is
not Pareto efficient in the neoclassical framework of microeconomics, this question
was initially intended to address the efficient allocation of land in the presence of ag-
glomeration externalities. However, as was noted already in chapter 1, the allocation
of land usually also involves the allocation of characteristics of different parcels. If
the discussion is restricted to residential land use, the location characteristics—in a
first assessment—might be considered local pure public goods, or amenities. This
means that at the level of a location, resident consumers benefit from the presence of
the amenities but cannot be excluded from consumption individually. This does not
mean however, that the individuals do not pay for the amenities, as their value in part
determines the market price for land at the location. If landis considered a differenti-
ated good with the amenity on it corresponding to its qualitylevel, the capitalisation
of the value of a local pure public good does not affect the efficiency of the market
allocation of the land.

This perspective offers an alternative interpretation of agglomeration externali-
ties, as they can also be consideredendogenousamenities. Although this perspective
does affect the efficiency of land in the strict neoclassicalsense, it is consistent with
the usual interpretation of a pure public good as an extreme case of an externality.
The price of land might therefore not support an efficient allocation of the land itself,
but the price partially capitalises the value of the externalities. The role of govern-
ment in terms of spatial welfare economics is therefore likely to be concerned with
the level of social welfare in spatial equilibrium, insteadof efficiency considerations.
For the individual agent this level of spatial welfare is identical to the expected value
of the indirect utility function for all locations. The spatial equilibrium is defined as
the market equilibrium on the land market, with the locations as varieties of land as
a differentiated good.

9.3.2 The role of complexity

The second research question concerns the role of theories on complex systems with
respect to price formation on a land market. Similar to the first research question,
this question was originally supposed to deal with the presence of agglomeration ex-
ternalities. With some applications of complexity sciencealready present in regional
economics and social economics, the use of computer simulations was likely to be
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necessary, because as with the interpretation of externalities as non-market external-
ities, typical ‘complexity phenomena’ such as the existence of multiple equilibria
were expected.

To answer this question a different strategy was finally chosen. The neoclassical
framework assumes that markets clear, although the framework does not offer a de-
scription of the process in which equilibrium prices are established. This omission
is of special interest in the context of policy in which market efficiency is implic-
itly presented as the result of an emergent process. Although a substantial part of
the existing literature on social interactions originatesin—or at least shows simi-
larities with—evolutionary game theory (EGT), no direct applications of EGT were
found that deal with a reinterpretation of the standard examples of neoclassical eco-
nomics. Before assessing the role of non-market interactions in this thesis, market
interactions were cast in a framework of best response dynamics to allow for an
interpretation of an efficient market allocation in terms ofself-organisation.

This approach was limited to utility functions with constant elasticity of substitu-
tion (CES), but nevertheless offers—under certain conditions—a way of interpreting
a market economy as a self-organising system. A second benefit of adopting a best
response approach to a CES utility function is the possibility of a direct interpretation
of the indirect utility function in terms of a relatively simple decision rule. Further-
more, this interpretation was consistent in the context of two agents as well as in the
context of populations. And since in the answer to the first research question it was
argued that the level of well-being in spatial equilibrium essentially corresponds to
the indirect utility function, this rule-based interpretation is still consistent with an
assessment of spatial welfare.

Because external effects can be accommodated in this framework as relatively
simple extensions, the answer to the second research question needs to be differenti-
ated. Evolutionary game theory in conjunction with CES utility functions enables an
interpretation of an economy as a self-organising system. In the presence of external
effects, this resulting equilibrium might not be unique andthe possibility of path de-
pendency and lock-in situations need to be taken into account. Finally, although the
value of some types of externalities can in principle be internalised in the price of
land—in order to restore the Pareto-efficiency of the allocation—, an interpretation
as endogenous amenities is preferable. This interpretation was part of the answer to
the first research question. Without internalisation, external effects can still easily be
integrated in the rule-based decision; supporting a more evolutionary perspective on
the market as self-organising system.
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9.3.3 Policy implications

Regarding the third question, concerning the applicability of spatial welfare eco-
nomic concepts in land policy and land use planning, mainly conceptual insights are
offered. With respect to the position of a government relative to a land market, the
main conclusion following the answers to the first two research questions, is that a
strict neoclassical perspective on the allocation of land as a market good does not
necessarily maximise social welfare. Internalisation of the value of external effects
is in most cases not possible. It is also more consistent froma theoretical point of
view to consider many external effects asendogenous amenities.

Central to the answer to the first research question is the concept ofspatial wel-
fare. The operationalisation of the concept is relatively difficult. Following the exist-
ing locational sorting models applied in environmental economics, the measurement
of a willingness to pay for improvements in amenity levels that is corrected for en-
dogenous land or housing prices is possible under some restrictions. However, these
methods usually assume a fixed total supply of land. In this thesis it was demon-
strated that for a theoretical model this supply can be endogenised. Further research
is needed on the possibility of integrating an endogenous supply of land in econo-
metric estimation. However, a trade-off always needs to exist between the degree
of realism possible and the derivation of quantitative results due to the existence of
multiple equilibria in models with more complex externalities.

The concept of spatial welfare also plays a role in the assessment of the value of
open space. Even without the operationalisation and measurement of a real value, the
approach sketched in chapter 7 offers a conceptual perspective on the preservation
of open space that is under the pressure of expanding cities.Instead of measuring
a willingness to pay for a protected area, the value of undeveloped land might be
assessed in terms of a general equilibrium willingness to accept the forgone con-
clusion of a city’s expansion. This GE-WTA would have to be determined by using
a spatial social welfare function; but above all a consistent interpretation requires
that society defines opportunity costs that reflect contribution to the level of welfare
from virtual income from undeveloped land. The result from the MAS experiment
in which the part of the value of open space is also capitalised in the value of the
adjacent locations, stresses the need for a differentiation of benefits according to in-
dividual characteristics, especially income. It means that if open space is concerned
society is required primarily to consistently valuate whatit has, rather than to pay for
something a government could acquire.
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In theoriëen rond de economie van de publieke sector is de taakverdeling tussen
overheid en markt veelal gebaseerd op het uitgangspunt dat goederen in beginsel
optimaal door een markt kunnen worden gealloceerd. De overheid dient vooral in
te grijpen in speciale gevallen die worden opgevat alsverstoringen van de markt.
De centrale vraag in dit proefschrift is hoe deze taakverdeling gedefinieerd dient
te worden op het gebied vanruimtelijke ordening. Is de allocatie van ruimte door
een grondmarkt ook optimaal? Of kan de overheid alleen aan haar maatschappelijke
taak voldoen door ruimtegebruik te plannen? Hoe draagt ruimtelijk ordeningsbeleid
bij aan maatschappelijke welvaart? Wat zijn de voorwaardenvoor een transitie naar
duurzaam ruimtegebruik?

In dit proefschrift wordt een aantal aspecten van een welvaartseconomische be-
nadering van grondgebruik en ruimtelijke ordening verkend. De voornaamste aspec-
ten zijn de optimale allocatie van grond, de kapitaliseringvan de waarde van voor-
zieningen in de grondprijs en de waarde van open ruimte. Er isvoor gekozen deze
welvaartsonderwerpen te verenigen in de ontwikkeling van een model. Hoewel het
uiteindelijke model beperkt is tot het gebruik van een specifieke functie, een nuts-
functie met een constante elasticiteit van substitutie (CES), kan met deze specificatie
een groot aantal onderwerpen worden behandeld. Bovendien kan het model zodanig
worden gespecificeerd dat op een consistente wijze traditionele economie metagent-
based modellering(agent-based modelling) kan worden gëıntegreerd. Hiermee kan
systematisch de bijdrage van theorieën rond complexe systemen aan de ruimtelijk
economische theorie in kaart worden gebracht. Dit proefschrift levert een bijdrage
aan de bestaande literatuur door op een consistente en nieuwe wijze ogenschijnlijk
zeer diverse concepten—traditionele en alternatieve—te ordenen, te combineren en
toe te passen.

In hoofdstuk 1 worden de onderzoeksvragen geformuleerd. Eerst wordt de ach-
tergrond geschetst, te beginnen met een bespreking van de positie van een overheid
ten opzichte van een markt, volgens het neoklassieke kader in de micro-economie.
Een ruimtelijk expliciete benadering van economische vragen maakt pas sinds zeer
recent deel uit van de reguliere economische theorie. Dit isvooral het gevolg van
de onmogelijkheid deemergentievan agglomeraties te verklaren in het algemeen
evenwichtsmodel van Arrow en Debreu (1954), dat de economische theorie domi-
neert. Het bepaalt ook voor een groot deel de manier waarop beleidsinstrumenten
in de economie van de publieke sector zijn gedefinieerd. Onder de emergentie van
een agglomeratie wordt in de economie de formatie van een cluster om economi-
sche redenen verstaan. Dit kan een cluster zijn van consumenten, producenten, of
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beide. Met het neoklassieke kader kan worden aangetoond datonder bepaalde voor-
waarden de allocatie van goederen door een markt optimaal is. Deze voorwaarden
hebben twee implicaties voor het gedragsmodel op het niveauvan individuele agen-
ten. De eerste implicatie behelst de eliminatie van alle vormen van interacties, an-
ders dan de interacties die verlopen via prijzen, ofwelmarktinteracties. Indien in een
analyse alleen marktinteracties worden meegenomen, bestaat er geen economisch
gemotiveerde reden voor agenten om zich in elkaars nabijheid te vestigen, ook al
zou hetsociale interactiesvergemakkelijken. Anders gezegd, sociale communicatie
kan niet worden gëıntegreerd in het neoklassieke kader. Ook kunnen producenten
geen voordeel ondervinden vanspilloversdoor de aanwezigheid van andere bedrij-
ven in hetzelfde gebied, bijvoorbeeld door een informele uitwisseling van ideëen.
Deze uitwisseling zou immers bestaan uitniet-marktinteractiesen daarvoor is geen
ruimte in het neoklassieke kader. In het kader zouden zowel sociale interacties als
spillovers vallen onder deexterne effectendie de efficïentie van de marktallocatie in
gevaar zouden brengen. De tweede implicatie volgt uit de voorwaarde dat productie
plaatsvindt onder niet-toenemende meeropbrengsten. Toenemende meeropbrengsten
kunnen worden beschouwd als het equivalent vanproductdifferentiatie. Wanneer er
aan de consumptiezijde van de economie een voorkeur voor verscheidenheid bestaat,
zullen bijvoorbeeld twee producten van verschillende merken niet volledig inwissel-
baar zijn voor de consument. Als gevolg daarvan zijn consumenten bereid iets meer
te betalen voor de productsoort van hun voorkeur. Dit stelt producenten in de gele-
genheid hun producten tegen prijzen op de markt te brengen die boven de marginale
kosten van productie liggen. Daardoor zal hun winst stijgenbij een toenemend ge-
produceerd volume. Omdat productdifferentiatie niet is toegestaan in het neoklassie-
ke kader, kunnen producten niet worden onderscheiden. In een ruimtelijke context
betekent dit dat producten ook niet kunnen worden onderscheiden naar locatie. Het
ontbreken van toenemende meeropbrengsten in het neoklassieke kader vormt daar-
door een tweede belemmering voor het verklaren van agglomeraties.

Aangezien in het neoklassieke kader zowel niet-marktinteracties als productdif-
ferentiatie worden opgevat als verstoringen van de markt, zou de traditionele, nor-
matieve rol van een overheid bestaan uit het elimineren van deze verstoringen, om zo
de optimale marktallocatie te herstellen. Omdat agglomeraties echter alleen kunnen
worden verklaard onder de aanname dat deze verstoringen aanwezig zijn, dient de
welvaartseconomische positie van een overheid in een ruimtelijke context opnieuw
te worden gedefinieerd. Met betrekking tot grondbeleid gaathet bij deze positie voor-
al om de economie van het grondgebruik in relatie tot agglomeraties. Als startpunt
voor de herdefinitie van de overheidsrol is in dit proefschrift gekozen voor het rela-
tief recente gebruik van modellen in de reguliere economie die alternatieven vormen
voor het neoklassieke kader. Veel van deze modellen vinden hun oorsprong in het
onderzoek naarcomplexe systemen.
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Bovenstaande overwegingen leiden tot drie onderzoeksvragen:

1. Hoe kunnen traditionele concepten uit de economie van de publieke sector,
zoals efficïentie, optimaliteit en rechtvaardigheid, worden vertaaldnaar een
grondmarkt?

2. Wat is de rol van theorieën rond complexe systemen in de formatie van grond-
prijzen?

3. Hoe kunnen de ruimtelijke equivalenten van welvaartseconomische concepten
worden toegepast in beleid?

In hoofdstuk 2 wordt gesteld dat mathematische biologie—en met nameevoluti-
onaire speltheorie—een methodologische basis biedt voor het integreren van een
systeembenadering en methodologisch individualisme. Eensysteembenadering is
vereist voor het onderbrengen van inzichten uit de theorie van complexe dynamische
systemen, vooral met betrekking tot adaptatie enzelforganisatie, in een model. An-
ders dan de natuurwetenschappen kennen de sociale wetenschappen geen universele
wetten. Deze kunnen eventueel wel worden benaderd, indien gedrag op het niveau
van het individu wordt gespecificeerd als voorwaardelijke,op regels gebaseerde be-
slissingen. In een evolutionair perspectief geven bepaalde regels en beslissingen op
het niveau van individuen aanleiding tot complex gedrag op geaggregeerd niveau.
Individuele beslisregels kunnen worden opgevat als de definities van postulaten in
een deductief systeem. Met een model worden in dat geval nietde implicaties van
universele wetten verkend, maar van de aannamen die de modelleur maakt. De posi-
tie van individuele beslisregels in een model kan worden benadrukt wanneer in een
numeriek model het algoritme wordt geı̈mplementeerd als een verzameling afzon-
derlijke objecten die zijn uitgerust met deze regels. Een dergelijk model wordt een
agent-based model(ABM) genoemd. Een ABM kan een verklaring geven voor een
sociaal-wetenschappelijk fenomeen mits het fenomeen met een simulatie kan wor-
den gereproduceerd. Deze aanpak wordt soms eengeneratievebenadering van de
sociale wetenschappen genoemd (Epstein, 2006).

In hoofdstuk 3 wordt de discussie meer specifiek gericht op het onderwerp ‘com-
plexiteit’. Hoewel ‘complexiteitswetenschap’ soms wordtgepresenteerd als een zelf-
standig onderzoeksgebied, bestaat er geen eenduidige ‘complexiteitstheorie’. Daar-
om worden in hoofdstuk 3 twee vormen van complexiteit geı̈dentificeerd die van be-
lang zijn voor het beantwoorden van de vragen in dit proefschrift. De eerste vorm is
gerelateerd aan complexe dynamische systemen en heeft meestal betrekking op aan
elkaar gekoppelde deelsystemen met niet-lineaire terugkoppelmechanismen (feed-
back). Omdat de algemene beschrijving van dergelijke systemen overeenkomt met
de systeembenadering zoals besproken in hoofdstuk 2, wordtin hoofdstuk 3 de rol
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van complexiteit in evolutionaire speltheorie benadrukt om te komen tot een inter-
pretatie op het niveau van individueel gedrag. Vooral de positie van het zogenaam-
decoördinatiespelwordt belicht, omdat het een consistente interpretatie biedt voor
meervoudige evenwichten, bifurcaties, padafhankelijkheid en een lock-in. De tweede
vorm van complexiteit die van belang is in de volgende hoofdstukken isnumerieke
complexiteit(computational complexity). Numerieke complexiteit heeft betrekking
op de mogelijkheid om wiskundige problemen op te lossen en detijd die dat kost.
Het hanteert een definitie van berekening die berust op een beschrijving van een
denkbeeldige machine voor het implementeren van recursieve functies, deTuring
Machine. Omdat het ontwerp van moderne computers nog altijd is gebaseerd op de-
ze beschrijving, kan de definitie van berekening worden gebruikt ter onderbouwing
van het betoog dat computermodellen, waaronder agent-based modellen, in funda-
menteel opzicht niet verschillen van modellen die bestaan uit vergelijkingen. Dit
betoog is consistent met het gebruik van agent-based modellen in de generatieve,
deductieve benadering zoals besproken in hoofdstuk 2. Dezetwee vormen van com-
plexiteit verwijzen niet onmiddellijk naar een mogelijke relatie met de neoklassieke
economie. Daarom worden beide aan het einde van hoofdstuk 3 eerst in verband ge-
bracht met de rol die lineaire algebra speelt in het neoklassieke economische model.
Koopmans (1957) toont aan dat de voorwaarden—of postulaten—die het menselijk
gedrag definïeren voor het neoklassieke kader afdwingen dat de keuzeverzamelingen
voor consumptie en productielineair onafhankelijkzijn. Als gevolg daarvan is wat
optimaal is voor het individu, ook het beste voor de maatschappij. Dit volgt omdat
de maatschappij is gedefinieerd als desomvan alle individuen. Deze postulaten zijn
dezelfde als waarnaar verwezen werd in hoofdstuk 1, waar werd benadrukt dat zij
de interactie tussen agenten beperken tot alleen marktinteracties. De rol van com-
plexiteit in de neoklassieke economie kan daarom worden geı̈dentificeerd met het
probleem van aggregatie in de aanwezigheid van niet-marktinteracties.

In hoofdstuk 4 wordt het in hoofdstuk 2 en 3 verzamelde materiaal toegepast op
de elementaire context van een pure ruileconomie met twee agenten en twee goede-
ren. In navolging van Bowles (2004) wordt de Pareto-efficiëntie van de marktalloca-
tie—die de kern vormt van de neoklassieke economie en tevens de rol van de over-
heid definieert—als problematisch beschouwd. Hoewel de normatieve interpretatie
duidelijk is, bestaat er geen eenduidige, consistente interpretatie voor de formatie
van evenwichtsprijzen—waarvoor aanbod gelijk is aan vraag—als proces. In hoofd-
stuk 2 was evolutionaire speltheorie al gekozen als een kader dat geschikt is voor
de integratie van een systeemperspectief op zelforganisatie en individuele beslissin-
gen gebaseerd op regels. Dit kader wordt in hoofdstuk 4 zodanig aangepast dat het
geschikt is voor een evolutionaire selectie van een marktevenwicht. Het selectieme-
chanisme is gebaseerd opbeste repliek-dynamica(best response dynamics), op een
wijze die—voor zover bekend bij de auteur—een nieuwe toevoeging betekent aan de
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bestaande literatuur op dit gebied. Gebaseerd op een nutsfunctie met een constante
elasticiteit van substitutie (CES) en haar relatie met het logit-model in de literatuur
rond discrete keuze(discrete choice) (Anderson et al., 1992), wordt een eenvoudi-
ge, op regels gebaseerde keuze gedefinieerd die overeenkomtmet een beste repliek
op een gegeven prijs. De strategische keuze betreft de fractie van het inkomen die
de agent wenst te besteden aan een bepaald goed. Deze strategie kan worden ver-
taald naar een vraagfunctie, door de fractie te delen door deprijs. In plaats van het
maximaliseren van een directe nutsfunctie, kan de bijbehorende indirecte nutsfunc-
tie worden afgeleid als verwachtingswaarde op basis van bovenstaande strategieën.
Twee implementaties van dit model worden verkend. In overeenstemming met de
neoklassieke, metaforische interpretatie van de totstandkoming van een markteven-
wicht wordt een veilingmeester geı̈ntroduceerd. Anders dan in het neoklassieke mo-
del, maakt de veilingmeester telkens de prijzen ‘uit evenwicht’ (disequilibrium) be-
kend. Er wordt aangetoond dat in een herhaald proces van het bepalen van de beste
repliek door beide agenten, de prijzen ‘uit evenwicht’ naarde evenwichtsprijzen van
neoklassieke model convergeren. Bij relatief hoge waardenvoor de CES kan het
echter voorkomen dat prijs niet convergeert naar een vast punt, waarna de daarop
volgende chaotische prijsdynamica eventueel in een ‘vreemde attractor’ terecht kan
komen. In de tweede implementatie wordt de rol van de veilingmeester overbodig ge-
maakt, door de agenten te verwikkelen in een onderhandelingsproces. In dit proces
convergeren de prijzen naar het neoklassieke evenwicht, ook bij relatief hoge waar-
den voor de CES. Het onderhandelingsmodel dat gepresenteerd wordt in hoofdstuk
4 verschilt van de bestaande literatuur inzake onderhandelingsspellen; het is vooral
gëınspireerd door de literatuur overleren in spellen. De implementatie komt overeen
met een minimum aan cognitieve vaardigheden en voldoet daarmee aan de eisen voor
een generatieve benadering van het neoklassieke marktevenwicht. In hoofdstuk 4
worden ook eenvoudige uitbreidingen naar productdifferentiatie gëıntroduceerd, als-
mede een interpretatie van netwerkexternaliteiten in analogie met het cöordinatiespel
uit hoofdstuk 3.

In hoofdstuk 5 wordt een overzicht gepresenteerd van de bestaande literatuur op
het gebied van grondgebruik en welvaart. Hierin worden de overeenkomsten bena-
drukt met de concepten die in hoofdstuk 4 zijn toegepast in decontext van een onder-
handelingsproces met twee agenten. Wat betreft de behandeling van het onderwerp
‘complexiteit’, de emergentie van agglomeraties en de speltheoretische benadering
van interacties, wordt de rol van regionale economie—met de introductie van de
Nieuwe Economische Geografie (Krugman, 1991; Fujita et al.,1999)—als leiding-
gevend beschouwd. Hoewel de modellen van de NEG op conceptueel niveau ster-
ke overkomsten vertonen met de onderwerpen die zijn besproken in de voorgaande
hoofdstukken, wordt grondgebruik in de regionale economiemeestal niet behandeld.
Met betrekking tot het onderwerp ‘welvaart’ worden de overeenkomsten in de lite-
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ratuur over de kapitalisering van de waarde van de voorzieningen in de marktprijs
voor grond in urbane economie (urban economics), openbare financiën en milieu-
economie beklemtoond. Voorts wordt in hoofdstuk 5 specialeaandacht gegeven aan
de locatiekeuzemodellen die recent zijn geı̈ntroduceerd in de milieu-economie. Oor-
spronkelijk bedoeld als uitbreiding van dehedonische prijsmethode(hedonic pricing
method), reiken zij in beginsel een basis aan voor de integratie vanwelvaartsconcep-
ten uit urbane en milieu-economie. De eerste hebben betrekking op optimaal grond-
gebruik, de tweede op de kapitalisering van de waarde van voorzieningen. Bovendien
zijn de econometrische schattingsprocedures die worden voorgesteld voor deze zo-
genaamde ‘locationele sorteermodellen’ (locational sorting models) gebaseerd op
de literatuur over discrete keuze met sociale interacties.Deze literatuur biedt een
complexiteitsperspectief op de relatie tussen discrete keuzemodellen en statistische
mechanica. Bovendien bestaat er een verwantschap met evolutionaire speltheorie.

In hoofdstuk 6 wordt een evolutionaire benadering van het Alonso-model uit
de urbane economie ontwikkeld. Een uitgebreide variant vandit model, waarin een
stochastische foutterm is toegevoegd, blijkt twee interpretaties te ondersteunen. Ge-
baseerd op de analogie met discrete keuzemodellen, kan het model worden opgevat
als een populatiespel. In de interpretatie als model van eenrepresentatieve consu-
ment bestaat er een directe relatie met het twee-agentenmodel zoals ontwikkeld in
hoofdstuk 4. De laatste interpretatie vergemakkelijkt de welvaartsanalyse die wordt
uitgevoerd in hoofdstuk 7. De eerste interpretatie vormt debasis voor de implemen-
tatie als eenmulti-agentsysteem(multi-agent system; MAS) in hoofdstuk 8. Beide
interpretaties kunnen worden gerelateerd aan een utilitaire sociale welvaartsfunc-
tie die hetwelvaartsniveau in ruimtelijk evenwichtweergeeft. In de interpretatie als
populatiespel is deze functie consistent met het evolutionaire begrip ‘geschiktheid’
(fitness), terwijl het voor de representatieve consument eenvoudigde indirecte nuts-
functie is.

Hoofdstuk 7 is gewijd aan verschillende typen welvaartsanalyses. Eerst wordt
daartoe de relatie tussen locationele sorteermodellen en hedonische prijzen bespro-
ken. Locationele sorteermodellen zijn oorspronkelijk ontwikkeld als uitbreiding op
hedonische prijsmodellen. Waar hedonische prijzen primair geschikt zijn voor het
schatten van de bereidheid te betalen (Willingness to Pay; WTP) voor een marginale
verandering in het lokale voorzieningenniveau, definiëren locationele sorteermodel-
len een WTP op basis vanendogenegrondprijzen die ontstaan in het nieuwe markt-
evenwicht in reactie opniet-marginaleveranderingen in de voorzieningenniveaus.
In de context van dit proefschrift zijn locationele sorteermodellen met name interes-
sant, omdat zij een consistente interpretatie van verschillende welvaartseffecten van
kapitalisering bieden. In paragraaf 7.3 worden de netwerkexternaliteiten uit hoofd-
stuk 4 opnieuw gëıntroduceerd in het model van hoofdstuk 6; nu alsagglomeratie-
externaliteiten. Het voornaamste resultaat van deze welvaartsanalyse is dat een ex-

264



ternaliteit ook opgevat kan worden alsendogene voorziening, hoewel een interna-
lisering van de waarde van deze externaliteiten in beginselmogelijk is—waarmee
de Pareto-efficïentie van de allocatie van land hersteld zou kunnen worden. Tenslotte
wordt in hoofdstuk 7 getoond hoe het model uit hoofdstuk 6 in principe ook kan wor-
den toegepast voor het bepalen van de waarde vanopen ruimte. In de bestaande loca-
tionele sorteermodellen wordt het totale aanbod van land voor woningbouw meestal
verondersteld gegeven te zijn. Omdat het sociale welvaartsniveau in ruimtelijk even-
wicht in het model van hoofdstuk 6 ook afhankelijk is van het totale aantal ontwik-
kelde locaties, kan de waarde van open ruimte worden gerelateerd aan de bereidheid
van een maatschappij af te zien van meer woonruimte in een algemeen evenwichtsbe-
schouwing (general equilibrium willingness to accept; GE-WTA). Bovendien wordt
aangetoond dat met een vertaling van deze GE-WTA naar overeenkomstige opportu-
niteitskosten (opportunity costs), de betreffende locatie niet ontwikkeld zou moeten
worden. Deze interpretatie biedt een theoretische basis voor het samenvoegen van de
virtuele waarde van land uit waarderingsmethoden met een echte marktwaarde voor
hetzelfde gebied.

Het model dat is ontwikkeld in hoofdstuk 6 wordt in hoofdstuk8 vertaald naar
een speciaal type multi-agentsysteem (multi-agent system). In hoofdstuk 8 wordt
het gëıntroduceerd als een multi-agent discreet keuzemodel (Multi-Agent Discrete
Choice Model; MADCM). Er bestaan zowel economisch-theoretische als numeriek-
theoretische redenen voor deze vertaling. In een MADCM worden individuele agen-
ten uitgerust met een beslisregel en krijgen zij de waarden van trekkingen uit een
verdeling van de persoonlijke component in de preferentiestructuur van het overeen-
komstige logit-keuzemodel. Deze procedure vertoont overeenkomsten met Monte
Carlo-integratiemethoden in de econometrie. Dit maakt hetmogelijk het resultaat
van een simulatie op te vatten als een van de vele mogelijke realisaties, in plaats
van de meer abstracte duiding in termen van kansen, zoals in hoofdstuk 6. Daar-
naast biedt het een consistente interpretatie van de resultaten met een eindig aantal
agenten. Het hoofdstuk toont de mogelijkheid meer complexevormen van exter-
naliteiten op te nemen en laat zien hoe deze kunnen worden ondergebracht in een
evolutionaire ontwikkeling in het model. Hoewel complexe externe effecten kunnen
resulteren in patronen die er op het eerste gezicht realistisch uitzien, neemt ook het
aantal mogelijke evenwichten toe. Als gevolg van het laatste kunnen alleen meer
gestileerde situaties en fenomenen worden verklaard. Desalniettemin bieden deze
situaties inzicht in fenomenen die belangrijk kunnen zijn voor het grondbeleid. Na-
dat is getoond hoe in een MADCM enkele klassieke grondgebruikmodellen kunnen
worden ondergebracht, worden enkele experimenten uitgevoerd. De eerste heeft be-
trekking op de mogelijkheid dat het huidige grondgebruikpatroon een lock-insituatie
weerspiegelt, in plaats van een optimale configuratie. Met een combinatie van evo-
lutionaire ontwikkeling, een endogene agglomeratie—gebaseerd op sociale interac-
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ties—en de aanwezigheid van obstakels, kunnen meervoudige evenwichten worden
gegroepeerd volgens verschillende typen. Er wordt een voorbeeld gepresenteerd met
twee typen, waarbij déeén Pareto-superieur is aan de ander. In het tweede expe-
riment wordt het aantal locaties waaruit de agent kan kiezenom zijn welbevinden
te verbeteren, beperkt. Dit kan worden beschouwd als een voorbeeld van onvolle-
dige informatie. Simulatieruns voor specifieke parameterwaarden tonen aan dat de
evolutie naar een optimaal grondgebruik enkele tijdelijkeconfiguraties kan bevatten.
Dit experiment openbaart een andere reden om voorzichtig tezijn met het opvat-
ten van de huidige grondgebruikpatroon als zijnde optimaal. Het derde experiment
heeft betrekking op een uitbreiding van de behandeling van open ruimte in hoofdstuk
7. Indien open ruimte niet alleen wordt opgevat als een puur collectief goed, maar
ook als een bron van positieve externaliteiten, kan dat gevolgen hebben voor recht-
vaardigheidsoverwegingen in het grondbeleid. In een modelwaarin de groepen met
hogere inkomens zich het dichtst bij een exogeen gegeven centrum gevestigd heb-
ben, zijn dezelfde groepen waarschijnlijk ook in staat hogere marktprijzen te betalen
voor locaties grenzend aan een gebied met open ruimte, indien open ruimte wordt
opgenomen als extern effect waarvan de waarde wordt gekapitaliseerd in de markt-
prijs voor grond. In een getoonde simulatierun wordt als gevolg hiervan de groep
met het oṕeén na hoogste inkomen weggedreven van haar oorspronkelijkelocaties,
waardoor deze groep wordt geconfronteerd met een groter verlies in welvaart indien
externe effecten van open ruimte worden meegenomen in de analyse.

Hoofdstuk 9 bevat een samenvatting en de conclusies, die zijn gebaseerd op het
beantwoorden van de onderzoeksvragen. De voornaamste conclusie luidt dat in een
welvaartseconomische benadering van ruimtelijke ordening een consistente toepas-
sing van het begripmaatschappelijke welvaart in ruimtelijk evenwichtbelangrijker
is dan het streven naar marktefficiëntie. De rol van theoriëen rond complexe syste-
men komt naar voren in de integratie van marktinteracties met niet-marktinteracties
in een economische analyse. Niet-marktinteracties kunnenhierbij worden opgevat
alsendogene voorzieningenin plaats van externe effecten. Dit perspectief leidt er toe
dat de taakverdeling tussen overheid en markt minder scherpis dan in het neoklas-
sieke kader. Verder onderzoek naar de invulling van deze taakverdeling in specifieke
beleidstoepassingen is daarom noodzakelijk.
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