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Chapter 1

Introduction






1.1

Land markets and public policy

The organisation of human social and economic life is cairstid by time as well as
space. The spatial component does not only pose limitaitiathe form of distances,
but can also offer possibilities for development as a restifavourable location
characteristics. Some of the characteristics of a locatiendictated by natural cir-
cumstances such as climate, altitude, and the presenceefaval natural resources.
Others result from human activity: agriculture, citiesads, and ports. There often
exists a clear dependency between the two parts, thoughtisoesenuman activity
seems to overrule nature. With sufficient cultivation, agiture can be situated in
areas that do not have a favourable soil; some major citeesw@nerable to earth-
guakes or lie below sea level.

A relatively recent concern in many regions of the world is fpiotection of na-
ture against any form of human use. This can apply to the ceaisen of specific
animal or plant species to avoid extinction, or to the pridd@cof entire habitats and
even ecosystems. Indirect benefits from protection are offated to climate change
issues and deforestation. Forests can securea®8orption. Refraining from certain
types of agriculture can reduce the emission of,&@d other green house gasses
such as methane. Besides these indirect benefits, the peesknature is generally
also considered to contribute to an overall ‘quality of lifdany people like the view
of a landscape that is not dominated by housing or industmg éven if the view it-
self is not enjoyed frequently, there exists—at least in tdemand regions with a
high population density—a concern about the conservatiaspeh spaceas land
that is simply not used as a built environment. In these amehere undeveloped
land has become a scarce resource mainly for its quality e&xs gjpace, governments
impose restrictions upon development by means of zonirgiednl of prohibiting
people to enter certain areas, governments might introdatienal parks as a means
of protecting areas against resource exploitation, wiiteikaneously allowing for
recreational and educational use. This combination campplea especially for the
protection of open space, because part of recreational iglg bve enjoying wide
views, even if they concern agricultural land rather thamral reserve. Although
the amount of protected areas and the degree of protectigwamaacross countries
and continents, particularly in smaller densely populatgions (Western Europe
and especially the Netherlands), finding the right balarte/®@en land use and pro-
tection has become a major concern in public policy (CehtPéanbureau, 1999;
Ministerie van VROM, 2000, 2001). National governments oespond withland
use planningsometimes combined with regional development programireesd-
scape planning might be an issue at a regional level, witinthge of the landscape
being protected under the UNESCO Heritage programme. Segiens define their
competitive advantages not only in terms of economic andhkstructure but also
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Gemeente Enschede in samenwerking met
Landschap Overijssel

emeente € Frschede

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

by the presence of natural amenities, in order to attract@oic activity or to keep
it within their borders. At the local level, municipalitiedten take care of the legis-
lation for—or in the Netherlands frequently even the suppi+esidential housing,
industrial sites, recreational parks, and green belts.nBgrporating conditions in
contracts when selling land to third parties, local goveznta acting as private own-
ers can implement environmental policy goals for specifissor industries. In most
countries a substantial part of the total area of land isapely owned. The own-
ership of a parcel might change in these countries by tratfiedand on a private
market. As a consequence, public policy with respect to lasel—often labelled
land policy—also needs to address tlad market Marking the position of a gov-
ernment relative to a market is an important topieaonomics of the public sector
The traditional approaches in this sub-discipline of ecoies rely heavily on the
neoclassical general equilibrium framework andWslfare TheoremsThese theo-
rems suggest that under specified conditions an allocafigaais by a market is to
be preferred over a central allocation by the state. Exapptapply to goods that do
not allow for the isolation of individual consumption, the-salledpublic goodsand
goods that inducexternal effectsWhether the Welfare Theorems can be applied to
the allocation of land and whether they can serve as a baslarfd policy are the
main questions to be addressed in this thesis.

Recent literature in spatial economics follows earlieraslaations by economic
theorists, showing that the neoclassical framework is itmisie for explaining the

10



1.2

Figure 1.2: Environmentalists’ action concerning the conservation of open spaed.pi&len
(NL)

formation of agglomerations. Because a theory of agglotiverdormation is in-
dispensable in a welfare assessment of land policy, it &lyliko be necessary to
first redefine the concept of welfare—aell-being—in a spatial context. Once the

concept ofspatial welfareis clarified, it might serve as the basis in the assessment

of sustainabldand use planning. The concept of spatial welfare can tbhezdbe
considered as a first step in ttransitiontoward sustainable land policies.

Spatial welfare

Many changes of land use types are irreversible, at leasoime years or decades.
In addition, locations themselves are always geograghicalique, and are rarely
isolated. The concern about aptimal—or at least ‘right’, however that is de-
fined—Iland use type is closely tied to thalue that people can assign to a par-
ticular parcel. This value does not need to be expressed iretary terms directly.
Following microeconomic theory, a market price is rather thonetary valuation
of the trade-off people experience in consuming more of awmt the expense
of another. If the trade-off is derived from some measuregiesing the level of
well-being the meaning of the word value is related to this level of sheling first
and the market prices second. In that case, instead of “hke¢ermsocial valueis
occasionally used in economic literature. The optimalftg onarket allocation then
depends on the correspondence between social value andtrpede.

Adopting this usage of the term value, the social value o lgan be thought of
as a combination of two other values:

11
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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 oftéers to the second
value, while it is actually combined with the first. The priza new house, for ex-
ample, is usually higher than the total costs of buildindgPrice minus the building
costs represent the value of the land on which the houselts\Wiiether the market
price of land corresponds exactly to its social value depanmdhow well the land
market operates in economic theoretic terms. This quegti@main research ques-
tion in this study) will be addressed in more detail in settlo3. The social value
of protected areas is usually not made explicit by a markeepperhaps with the
exception of privately owned parks for which an entrancedesharged for visitors.
In most cases the value of the protected area concerns thiedsealue (the land use
type) for example the ecosystem it is part of. Sometimesyé#hae of a protected
area of land might also be expressed as the potential mariket the land would
yield in case of development, determined—in turn—Dby the ntar&kie of the land
use type, for example residential housing.

In commercial and non-commercial use, or even ‘non-use’-efample in the
case ofopen space-, the value of land can be derived in principle frondemand
for land. The demand for land with a commercial land use tyge lze translated
directly to location choices of consumers and producersirifa first assessment—it
is assumed that all existing houses, offices, plants, etcinanse in the sense that
demand equals supply and no vacancy exists, the corresgptatid use type is
fully determined by the demand that follows the locationicks of all consumers
and producers. In reality, however, the situation is oftannfiore complex. Houses
can be vacant in one district of a town, while there is a sigeria another. Some
regions still have plants and other facilities within thearders that belong to a type
of industry that has moved to another region; often anotbetiicent. Finally, some
natural areas are under constant pressure of expandiag, aithere the support for
environmental protection groups reveals a demand for eatstead of housing in
at least some parts of society. Demand for and supply of laddlee accompanying
land use type do not match in many situations. Before distgdbe division of
roles between public policy and the land market in equatergahd and supply with
respect to both market and social value, more specific ctaistics of land as a
good in economic theory will be discussed.

Space as an economic good

People are usually not indifferent when choosing locatiersexample if they con-
sider buying a house. As a result, there exists some degmemdpoly for owners

12



selling or hiring out land. In line with the discussions abpthe monopoly often
rather applies to the specific characteristics of the landh @s the type of house
built on it. Extending the example of buying a house, althotigo houses can be
very different, people usually buy only one. Different hesigre similar goods, but
individual consumers have a preference for certain chariatits of the house or
its location. Therefore, housing can be considereatliffarentiatedgood. The land

market—and thereby the housing market—could therefore bedsfmed as an

oligopolisticmarket. Competition exists, but land owners are likely tftoere some

degree of market power, depending on the demand for rellatearce characteris-
tics.

Development of land could be considered as the productipfoofexample,
residential space. If a city expands, it does so usually ligibg new districts and
thereby increasing its total surface area. Only in largge<is the supply of space
significantly increased in the centre by means of high-risilimgs. Extending the
borders of residential and industrial areas comes at ttedbsindeveloped land
as nature or open space. Societal concern about the prisereé undeveloped
land can also be interpreted as the demand fapamarket goodThis demand
can in turn be translated to a value or a contribution to $aeidfare or level of
well-being. Tools for assessing these values have beetogeefor—or are at least
predominantly applied in—environmental economics, sucheonic pricingand
the contingent valuation method\lthough the latter can be adopted for estimating
the existence value of, for example, a nature reserve, & dog directly assign a
value per square meter to the land itself that can be companedhrket price. Al-
ternatively, undeveloped land could be considered the praiduction factor—as a
natural resource—in the production of developed land, hstpkrspective would
not do justice to the social value of nature. Even if the staof land was addressed
similarly to other natural resources such as oil or coal,radibalso contributes to
welfare by its current presence, not only by its future usarasiput factor.

These examples indicate that the value of land is a relgtdiéficult concept to
deal with in economics. On one hand it is a differentiateddy@mforcing questions
with respect to market power on the side of land owners, wdrileéhe other the valu-
ation of undeveloped land—as a non-market good—cannot yeasbkess the mutual
exclusiveness in the choice between use and non-use faathegarcel of land. The
issue of comparing the use and non-use value of land is funitre complicated by
the fact that its market price not only reflects the use vafube quantity of land,
but to some degree also the value of characteristics—ayuhbty—of the parcel.

13
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Agglomerations and external effects

Groups of people living in the same area might induce consfide social and eco-
nomic impacts at a local level. These impacts are again pahieoenvironment of
other people. This aspect of land use highlights the needriat care in defining
land use policy options from yet another perspective. Imeodc theoretical terms,
the direct impact people have on others can be charactaass#te presence aix-
ternal effectsExternal effects play an important role in welfare anadyd®cause a
perfectly competitive market can be shown to achieve anefii@allocation of goods
only in theabsencef external effects. In other words, from a theoretical pecsive,
any deviation from these conditions will result in eitheriarder- or over-supply of
the good under consideration, in this case land.

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

Similar arguments can be developed for land use in a broatext. Decisions
on changing land use types, such as the conversion fromuétgrial to residential,
do not only affect the level of well-being of the land ownerglte people that will
live in the new houses, but also other residents by altehiagyiew of the landscape,
traffic congestion or the introduction of a nearby shoppiegte. Many of these
effects are not allocated directly by markets and countfioee, likewise, as external
effects. These types of external effects are usually acamtated in a neoclassical
framework by pointing out that a government should inteevemere markets fail.
From the perspective of public sector economics, land wsenghg and monitoring
the performance of land markets are therefore tasks thahgen the portfolio of
a government, securing a fair distribution of welfare amdascitizens. Whereas
this second type of externalities can be assessed in terroptiofiality using the
neoclassical framework (Coase, 1960), the welfare effafctiseir interactions with
agglomeration externalities are more difficult to intetpfdore specific research
guestions regarding this issue are introduced and disduissection 1.6.

14
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Welfare in spatial equilibrium

From the perspective of public policy, land use planning Mradeally be guided by
a framework that would allow policy makers to compare déferkinds of land use
options using a single criterion. This criterion would ingorate economic, social
and environmental effects of land use planning and alloucpahakers to evaluate
them using a single indicator. The search for a single indidar policy evaluation
is not uncommon in economic theory, as the decision betwespeting projects is
often guided by aost-benefit analysi€CBA). If the benefits from the non-market
goods described in the previous sub-section are includéwilCBA, the indicator
should reflect the type of information required. Statededéhtly, this type of frame-
work—as a foundation for a model or tool—should facilitate tiser in conducting
aspatial social cost-benefit analysis

In principle, a combination of different sub-disciplinelssconomics might be a
suitable starting point for developing such a frameworledénomics is considered
to study the allocation of goods in the first place and thetirt&ins that perform the
allocation in the second, the type of goods need not to béddhio those traded on a
market. Various types of non-market goods might be includedver environmental
and social aspects of amenities and agglomeration exitgesaFurthermore, if it is
possible to derive an indicator that combines the variotectsf from land use as
a spatial welfare measure, its optimal development ovee tinight also serve as
a proxy to the notion of sustainable land use. In resource@o@s and optimal
growth theory, sustainable development is defined as thdifdiibution of a societal
welfare level over generations @er, 1974; Dasgupta anddler, 2000). Following
this tradition, a framework that employs a spatial societalfare concept could in
principle be extended to assess the dynamics of land ussmmatHow the fairness of
this distribution to successive generations can be astesb@eed to be elaborated
further, but the starting point would be a ‘spatial socialfer function’.

In addition to the fairness of the distribution of welfardween generations, the
equity aspectsf a spatial welfare distribution can be assessed for astakition of
an allocation problef Especially because prices on a land market partly reflect th
value of local characteristics, a tendency might occur gggan toward the exclusion
of certain income groups from enjoying a socially—or poéitig—desirable level of
environmental quality. If for example, from a theoreticalnt of view the negative
side effects of air pollution are efficiently compensatedduy housing prices, it can
nevertheless be unacceptable for a society to confrontlomyncome 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
arole.
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Behavioural models

A cost-benefit analysis or a welfare analysis in generakgeain the comparison of
the welfare levels in two or more different situations. lieas the current situation,
the other situation or situations, will necessarily be detsfactual and a model is
needed for exploring possible welfare levels and compathiam. Although this ob-
servation might seem rather obvious at first glance, it ghlts the fact that even if
prediction is not the main goal of a CBA, a formalisation of fature behaviour of
relevant variables is still needed. The formalisation @age from an ad hoc extrap-
olation of the development of global market prices or ecoegrowth, to a detailed
model of individual consumer behaviour. Especially withdals that contain as-
sumptions about the behaviour of humans, as individuals aggregate, the results
of a CBA require a careful interpretation.

The costs in a CBA can often be related to market prices. Inyncases the
behavioural model enters the CBA primarily in the estimaiid the benefits Ben-
efits—or the improvement in welfare—can be expressed in a rapnealue, either
as the willingness to pay (WTP) or willingness to accept (WTH)e type of be-
havioural model applied in this context is essentially use@stimating thelemand
for a good—in most cases a public good (see 1.2.3)—in a cofadtral situation.
A simple and practical example could concern the estimaifdhe benefits people
experience from extending existing infrastructure witteevibridge. The bridge does
not yet exist, hence the situation in which the bridge has beét is counter-factual.
A behavioural model is needed to derive an estimation of theber of people that
will use the bridge, once it is constructed. In an analysislar to the way the de-
mand for a normal market good depends on its price, the defea@dpublic work
such as a bridge can be thought to depend on a (virtual) pticealue, using the
same behavioural model. As long as a demand curve can béddyénere exists a
one-to-one correspondence between demand and price pey; eald vice versa.

In traditional approaches to CBA the evaluation of alteuestis usually based
on an essentially neoclassical behavioural model for editng benefits. This also
applies to cases where non-market goods would be takendotwat, as in environ-
mental economics, following the tradition ofdler (1974). Neoclassical here refers
in a strict sense to the framework of Arrow and Debreu (1934ytdch the condi-
tions, in terms of the behaviour of economic agents, have bammarised 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 eacsumer,

3. Absence of interactions between any two production e

16



131

4. Independence of any man'’s preference structure from ergduption process
and from any other man’s choice.

If people accept prices as given under these conditiongritbe shown that
the allocation of goods iPareto efficient meaning that ‘nobody can be better off
without making somebody else worse off’ (Stiglitz, 20005). This result is often
restated as: Under the conditions stated above, perfemttpetitive markets secure
an optimal allocation of goods. As discussed in sectionlar] policy is nearly al-
ways confronted with both positive and negative externiglot$, which implies the
violation of one or more of the conditions above. From a gupblicy perspective,
the framework needed for defining a spatial welfare levehasnhain indicator in
spatially explicit social cost-benefit analysis cannoy i@h the neoclassical frame-
work for defining the counter-factual spatial equilibriulhe main reason is that a
spatial welfare function will need to accommodate agglatien externalities, even
though the presence of externalities would suggest an d¢reffi allocation of land
in the neoclassical framework.

Space in economic theory

Until recently, mainstream economics was essentially syatial. More precisely,
in the neoclassical framework the locations where prodaaind consumption take
place are not specified. It can even be shown that in geneisinibt possible to
extend the behavioural assumptions underlying the nesiciddramework without
affecting the efficiency of allocation in competitive matik¢Koopmans and Beck-
mann, 1957). The requirement that direct interdependsigveen agents—other
than those mediated by prices—are absent, reflected in ptesgiand 4 cited above,
is especially problematic in a spatial context. For exammilest people tend to live
in cities at least partly because of the opportunity to extesocially—and not only
economically—with other people. Alternatively, if intetamn is limited to market
interactionsproduct differentiatioris required, which would violate postulate 1 (be
discussed in chapter 4). The dominant position of the nesidal framework within
economic theory and its focus on perfect competition hasgatial economics de-
velop in relative isolation from mainstream economics. ietine only connection
between spatial and neoclassical economics was establighiieories that can be
traced back to the work of von Tinen (1826) at the beginning of the 19th cen-
tury. These theories are generally limited to explainimgllase patterns in a highly
stylised way and presume the existence of a city centreadsté explaining its
emergence. Other spatially explicit assessments of smmoomic topics between
the 1950’s and the 1990’s were largely the domain of sociabmaphy, economic
geography, and regional science.
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Although it remains speculative, the isolation of spat@momics from main-
stream economics, combined with the lack of spatially ekpdissessments in neo-
classical economics, might explain why some researchens &gplored more or
less radical—omon-economit —alternatives to the neoclassical frameworks for
explaining land use changes and other spatial phenomehasube emergence of
agglomerations (Haag, 1989; Allen, 1997; Nijkamp and Raqjgi1998). The al-
ternatives often include theories and methods that candmgifebd with so-called
complex systemand range from neural networks to cellular automata andtagen
based models. Although some of the research on complexsysteeady began in
the 1950'’s and earlier, these concepts became very poputae iL980’s and 1990’s.
It is likely that with the exception of the economic interfaion of the concepts re-
lated to complexity in evolutionary and ecological econesnimany of the original
theories had no direct socio-economic theoretical contdost concepts were ap-
plied in, or were at least inspired by, theoretical physitbmathematical biology. In
this respect, they can offer a metaphorical explanatiorthfleroccurrence of spatial
patterns but a comparison with behavioural and normatige@uic interpretations
of the neoclassical framework is difficult. Applicationsa@ublic policy domain are
often limited to straightforward prediction of for examplend use patterns, without
a welfare—or comparable normative—interpretation.

The sharp distinction between mainstream economics amddisal counter-
parts seems to disappear in several developments that inehi@ 1970s and crys-
tallise in several publications that appeared mostly insiseond half of the 1990s
(see also Manski (2000) for a synthesis of several develafsria economic the-
ory). One development was related to the application of thét-Stiglitz frame-
work (Dixit and Stiglitz, 1977) of product differentiaticio a two-region model by
Krugman (1991) that lead to the establishment of the New &eon Geography
(Fujita et al., 1999), for which—as some people argue—the ridave Geographi-
cal Economics might be more appropriate. A development witlioader scope is
sometimes labelled New Social Economics (Durlauf and Yo@0§1), but is better
known by the references to the specific topisotialor non-market interactiondn
the context of spatial economics, these are often iden@fackighbourhood effects
(Durlauf, 2004). Both developments have at least part af trégin in game the-
ory (von Neumann and Morgenstern, 1944) and its relatioh dyihamical systems
in Evolutionary Game Theory (Weibull, 1995). In models wdhestochastic terms
are added, the relation between discrete choice modelsgditteh, 1973) and sta-
tistical physics can be explored (Durlauf, 1997; Brock, 29%volutionary game
theory provides a basis for the formalisation of interagtgents against the back-
ground of the mathematical analysis of complex systemsctieatacterises 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 frameworktioreed above. Statisti-
cal physics offers an analogy between individual agentspaniicles, while discrete
choice models have a clear behavioural interpretationeatidividual level. Finally,
because a welfare analysis is possible for discrete chootkels (Small and Rosen,
1981), this relation facilitates the interpretation of fteysics-inspired alternatives
in terms of traditional economics.

In accordance with the limitations discussed above, thesgets depart from
nearly all the postulates of the Arrow-Debreu frameworkisT& perhaps most clear
for postulates 3 and 4, in case non-market interactionsliamged for. Furthermore,
the notion of increasing returns to scale is implied by pmdiifferentiation, because
producers cannot afford to specialise while selling theadpicts at marginal cost
of production. It is unlikely that the clear separation ofesobetween market and
state can be sustained if the neoclassical conditions dreneb Therefore a new
welfare economic assessment is needed. Baldwin et al. J2088ent an example of
investigating the welfare implications of the New Econo@&ography framewaorks,
with a focus on regional economic development. This thesisges on the welfare
assessment of land use patterns at the local level. Witlecesp the convergence
of traditional and alternative frameworks, possible citwitions of complex systems
theories to this welfare analysis will also be explored.

Following a more general development in public policy, samagonal govern-
ments—including the Dutch—explore the possibilities ofadiicing more market
forces and less regulation in the land market. This raisestipns about the opti-
mality of the resulting outcome. In the next subsectiors tlavelopment is placed in
a broader perspective of the reliance of market forces irdévelopment of policy
instruments.

Economic institutions

Most of the debates in the 20th century on economics and th&ah of tasks be-
tween market and state, concern the conditions for a prieegafod to contain all
information relevant for consumption and production diecis by all agents in an
economy. Economic theory suggests that a market will setti@eptimal alloca-
tion of a good if individuals make decisions only on the basishese prices. In
simplified terms, the role of the state here is twofold. Itde& make sure some
goods that a market cannot supply, because no prices canabgedhindividually
that would cover the costs, are supplied by the state itbelfso-callegbublic goods
It also needs to prevent private parties from achieving motistic positions, charg-
ing prices much higher than the actual costs for produciegyiods. An additional
third task is related to the first two. If production or congiion affect the level of
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well-being by means other than price, the government hagsgd some kind of
taxation system, making sure that the effects are tramkiate costs. An example of
this type of regulation is the polluter pays-principle.

Questions were raised in the political arena beginning @ 1880s about the
state performing tasks itself that might be dealt with bdtiea market. Following
the conceptualisation above, the state would be a monoolikis respect, over-
charging and wasting tax money. For the allocation of sonoelgosuch as telecom-
munication, energy supply, and public transport, quagiketa were designed where
private suppliers could operate under supervision of e skn this way, the supplier
would be able to charge prices that—due to competition—woalddarly equal to
production costs as in a competitive market. The state weeddre the public good
quality of the supplied good, especially in cases where duke lack of profit po-
tentials the goods would otherwise not be supplied at alleXample of the latter is
the subsidy for privatised public transport in rural areas.

More recently, the extent to which many countries in the E@&fopted market-
based approaches for the public sector is under debate.iSehis primarily con-
cerns the evaluation of the application of economic theatythe beginning of the
21st century top American economists such as Joseph Stigld Paul Krugman
reviewed the ‘roaring nineties’ (Stiglitz, 2003). They ctuded that the nearly un-
limited belief in Adam Smiths Invisible Hand—or a certaindrretation of it—that
guided the policies of privatisation in that decade, caulsedage to many countries
(Stiglitz, 2002, 2003; Krugman, 2003). The main argumentha conditions for
markets to work were simply not met in reality (Stiglitz, 20. 284):

‘Underlying the views in favour of a minimalist government was a simplistie ide
ology, one | referred to earlier as “market fundamentalism”, which saidtthy
and large markets by themselves are both stable and efficient. | call itesnhoigly
because it is a matter of faith: it rests on no acceptable economic theatysaon-
tradicted by a host of experiences (it would be true, for instance, if there perfect
information, perfect competition, complete markets, etc.—conditions thairaply
not true in the most advanced of countries).

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

‘The debate over the role of the government has, in recent dechees broadened
and enriched. There is clearly a need for collective action, but govenhis@ot the
only way by which we act collectively’

Since the neoclassical optimal division of responsikeiitbetween state and market
depends on the validity of the postulates stated on pagecti®isd .3, the need for
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a different institutional arrangement arises in situaierhere one or more of the
axioms cannot be applied. In a relatively abstract sengented also seems to be
reflected in the redefinition of the role of the governmentafitigal science. This
redefinition is often referred to as a transition from goweent togovernanceAs
discussed above, often the axioms are inherently imp@sgibmaintain in a spa-
tially explicit economic setting. The reasons are prinydtikeoretical and only a few
exceptions exist. In this sense, land use planning is aldeitapic for investigating
a possibly more differentiated role for government.

Complexity

For several reasons, the difficulties of a positive intagiiren of neoclassical eco-
nomics are the subject of many debates within and outsidedbieomics literature.
Often perceived as problematic are for example, the asslevelbfrationality and
the lack of altruistic behaviour. However, if agglomerasoare accounted for ac-
cording to the recent literature in spatial economics, ewarket prices that would
emerge in a system with self-interested, rational actolisnet result in an efficient
allocation of land due to the presence of external effe€esxternal effects are ac-
cepted as an existing direct influence of agents on othertsgehonly a departure
from perfect competition can be marked clearly. With theemxal effects relabelled
asinteractions this departure also marks the transition from a linear toralimear
system that can be interpreted in a strictly formal way. Asffmans (1957) showed,
the conditions allow for a ‘linear activity analysis’ (Koom@ans, 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 sintgyl means ofaddition
Mathematical tools for analysing interactions will havedty on the ability of han-
dling non-linear—orcomplex—systems. Often numerical computation—simula-
tion—facilitates a qualitative assessment of the overall behaof these systems.
Nearly all the developments in traditional economics rmred in section 1.3.1, re-
sulting in the use of tools that were previously part of thdiahalternatives, are
related to the research @omplex dynamical systertdnderson and Arrow, 1988;
Arthur et al., 1997; Blume and Durlauf, 2006).

While the word ‘linear’ in neoclassical microeconomics isedially related
to aggregation, the analysis is usually based on statidiequm solutions. Using
concepts from complex dynamical systems theories doesnigtrequire an inter-
pretation of any non-linearities in the system, but alsdaoéliynamics. As it appears,
accounting for the dynamics is most effectively combinethwiddressing the topic
of rationality.
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Introduction
Computer simulation

Perhaps one of the clearest manifestations of merging asgichl and alternative
approaches, in economics in general, is reflected in thedmdipline of agent-
based computational economics (ACE). Agent-based cortipugh economics can
be characterised as a ‘constructive’ (Tesfatsion, 2008)emerative’ (Epstein, 2006)
approach to economic theory. Instead of relying on mathiealadgroofs by means of
explanation, ACE requires that observed regularities eareproduced by means of
simulation. Epstein and Axtell (1996, p. 20) suggest thttigf requirement would be
adopted in the social sciences, eventually the questiony@a explain it?’ might be
replaced by the question ‘Can you grow it?’ Although metHodial issues will be
discussed in more detail in the next chapter, the conceptgdreerative’ approach
will serve throughout this thesis as a guideline for devielg@a framework in which
the notion of spatial welfare can be defined. One interesaspect ofgenerative
social sciences the relation it establishes betweeomputational method@udd,
1998) and what is sometimes calleacial simulationGilbert and Troitzsch, 2005).

Using a computer for solving equations is a well-estabtispeactise in many
disciplines. Especially for models that cannot be solvealyditally, computer sim-
ulations are often the only means for gaining insight intstegn behaviour and pro-
ducing numerical results. ACE and the generative appragahthe additional step
of requiring that the numerical simulation corresponds talais of individual be-
haviour. In a neoclassical framework, due to the First Welfeheorem, the outcome
following the direct optimisation of social welfare by a leenlent social planner is
theoretically equivalent to the result of all the decisionade by individuals in a
competitive market. The key characteristic attributed toaaket often identified as
Adam Smith’s Invisible Hand, is that individuals only actparsuit of maximising
personal welfare, without the intention of maximising thelfare of the society as
a whole. The assumption that an optimal allocation will egyeerom a market has
a weak justification. Most frequently, it is assumed thatviddials deal fully ratio-
nally with complete information and therefore the optintiza of a welfare function
is considered identical to the market outcome. This assomfg commonly applied
in traditional applied economics approaches such as cahfaugeneral equilibrium
modelling.

Attempts to replicate market equilibrium by simulatingiiridual decisions show
conflicting results. Apart from the difficulties in the bel@mwal interpretation of the
assumptions regarding the decisions made by individuakrsadt traditional mod-
els, the presence of interactions suggests that a market ipria land market does
not necessarily reflect a socially optimal outcome. Thigagibn is not uncommon
in neoclassical economics, as long as market imperfecéoasoncerned. How-
ever, since market imperfections are defined in the neactddsamework on the
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basis of the same postulates of individual behaviour thamaBbe sustained in spa-
tial economics, in this thesis the behavioural context effdrmation of apparently

non-optimal prices in a spatial context will be emphasisammputer simulations in

general are expected to be a valuable tool in this respect.

Policy relevance

Land policy can be defined as the regulation of the land mgiatisterie van
VROM, 2001). If, however, land use planning decisions carreoguided by the
traditional division of roles between government and manielicy instruments for
achieving a socially optimal land use configuration are heanty defined. In that
case aransitionis needed to an institutional framework that can accomneoédat
notion of spatial welfare, together with a theoretical feamork in which policy in-
struments can be evaluated. The research questions wilagly be devoted to the
theoretical framework. Nevertheless, based on the coratidas of subsection 1.3,
this theoretical framework is expected to offer suggestionpolicy instruments and
the accompanying institutional context. This instituaboontext might be identified
with the concept ofjovernanceln this thesis, however, its contrast with neoclassi-
cal economics is interpreted in stricter economics théotetms than is common
in parts of the political science literature. Instead of feconting the theory on the
efficiency of market allocation with the reality of policy plementation (see for ex-
ample Bressers and Huitema, 1999), the economic-theakgigtification of adopt-
ing economic instruments in policy making will be examindé market allocation
is not a priori efficient, because of the presence of extegfiatts, the role of the
state—or government—uwill consist of more tasks than the etidn of these ef-
fects. As far as ‘governance’ refers to more hybrid ingtitogl arrangements than
the dichotomous classification of market and state, takitg account interactions
can be considered a starting point for a possible econoraardtical formalisation
of stakeholder participation and collective action.

In a similar contrast with neoclassical microeconomics, ‘tomplexity’ of the
policy context can be identified with non-linearity in a stiiorrespondence with the
mathematics of the framework, instead of a more metapHagéarence to a multi-
actor environment. Allowing for interdependent indivitipaeferences is likely to
result in self-organising dynamics at the aggregate lef/glopulations possibly
with multiple equilibria. These aspects of complex systanesespecially relevant in
regulatory policies for example, because of the possitderdpancies between the
intended effect at the individual level and the final effeat do unintended response
at the system level. Examining policy instruments in theadgit context of a self-

3 Early examples of these phenomena can be found in Schelling (1978).
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Introduction

organising market economy offers the possibility of exiplgthow a government can
deal with complexity.

Aim

This thesis studies the effect of land policy on social welfaaking into account
the presence of market and non-market interactions thatdates various degrees
of complexity in the land use system. For this purpose a mailebe developed
based on the Alonso model of urban economics (Alonso, 196w original model,
however, will be adapted to allow for an evolutionary apgfoto the formation of
land use patterns. Furthermore, the evolutionary variamhére general than the
original Alonso model, as it can accommodate several typegternal effects.

Research design and research questions

Traditional economics of the public sector in a non-spatiaitext applies a norma-
tive framework on which instruments are based to achievepéimal level of social
welfare. A projection of a similar concept regarding sdatianning would naturally
employ a notion of socially optimal land use. The policy témia government could
be defined as finding a balance between various functionsxdruae types, taking
into account use and non-use of land. The first concerns isditgon and infrastruc-
ture, the latter can be intended to preserve future use diiveisity. Intervention
by a government would in traditional public sector econaniepend on the public
good nature of for example, open space. However, a publid gothe neoclassical
framework is only defined against the background of a marlkex perfect compe-
tition. If the neoclassical postulates for individual beloar cannot be applied in a
spatial context, socially optimal land use should probdigylefined beyond the tra-
ditional distinction between public and private goods.Hattcase, a new reference
needs to be designed to evaluate the effects of policy imetnis.

Research questions

The First Theorem of Welfare Economics states that, if reesital behaviour ap-
plies, a decentralised allocation is Pareto-efficientsTineorem is often projected on
a competitive market. It suggests that if goods are allachtemeans of prices and
supply equals demand, ‘nobody can be better off, withoutingakomebody else
worse off’ (Stiglitz, 2000, p. 57). When translating this ¢hem to a land market,
two types of considerations must be taken. The first typeléde@ to the observa-
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tion, referred to in section 1.2, that in many cases the assuadal framework can not
be applied in a spatially explicit context, because of ecandheoretical reasons.
The second type of considerations is more traditional. Fagmablic sector economic
perspective, a welfare economic assessment of a land noieétkst not only with the
efficient allocation of land, but also with the allocationits characteristics. In a
first approximation, these characteristics could be im&tegl as the local (environ-
mental) quality and would therefore comply to the definitadra local public good,
because they count as exogenously given for market pabtieslo affect their level
of well-being. This aspect is most apparent in public anesitsuch as city lights
and trees in streets. If, in a first assessment, the qualayadfation would indeed be
considered a local public good, two goods would be tradedlsimeously 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 measureuld address both
aspects simultaneously. In this stylised case, publiccpa$i 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 goodsamenities.

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

In addition, it might be argued that the role of the governtgmes further than
securing an efficient allocation of land with its ameniti€pen space can also be
considered an amenity. As a public good, it would typicakyunder-supplied by
markets and the state would be called to intervene. The groteof open space
could in this perspective be interpreted as the direct suppthe government of a
good that contributes to the well-being of all consumers vhich cannot be allo-
cated efficiently by markets. However, in terms of land usenogpace is an alter-
native use to other land use types, such as residential .sigaer if open space is
interpreted analogously to a natural capital stock, thi;‘nse’ type competes with
other land use types. Therefore, a third aspect of a sodptiynal allocation of land
will be added:

3. securing an optimal allocation of land without immedisdeial-economic use,
designated for habitat protection or open space as a puldid.g
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These theoretical considerations lead to the first reseprestion:

Question |

How can traditional public sector economic concepts concerning a sociptiynal
outcome such as efficiency, optimality, and equity be translated to lancete@ark

In section 1.4, also the observation was made that in re@mabments in spatial

economics and in the development of interaction-basedappes in economics in

general, aspects frooomplex systems theasgem to be combined with more tradi-
tional normative economic—nearly neoclassical—interpi@ta. Given the special

role these methods have in spatial economics, by repregestiernalities, this role

will be articulated for the land market in the second redegrestion:

Question Il

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

As noted in section 1.4.1 especially thenerativeapproach of agent-based com-
putational economics is expected to be beneficial in ansgdliis question. The
identification of a market outcome with a generative appndacilitates defining the
role of governments and designing policy instruments. Wihalditional optimisation
methods can be used to calculate the optimal welfare leatlcdn theoretically be
achieved, the impact of policy instruments at the level dhilduals can be explored
and verified by using agent-based simulation models.

The third and final research question aims at the translafitime answer to the
previous question to practical policy recommendationgublic sector economics,
the normative quality of the neoclassical framework seagan ideal benchmark.
This commonly introduces concepts such as market failuce gmvernment fail-
ure. However, if a socially optimal outcome and market dyicanmeed to be re-
defined for land markets, in principle, actual policy maksigpuld be empirically
validated against this new benchmark. Besides, possilbleygostruments for im-
proving ‘spatial welfare’ will need to be defined relativeitoThis is a question
regarding the possibilities for operationalisation antherefore—although consid-
ered as a precondition for a transition toward sustainaiplé ise—relatively modest
in its ambition:

Question Il

To what extent can the spatial equivalents of welfare economic concepigatied
in policymaking, concerning land use planning?
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This question focuses in particular on the expected degaftam the traditional
dichotomy market-state and the possibilities for goveceastructures that might
contribute to a future transition to sustainable land usemhg. Suggestions and
directions for the development of new policy instrumentsexpected.

Structure

The structure of this thesis is as follows. Chapter 2 is d=vod a methodological
overview of two ways to model the behaviour of humans. Theirmethodological
individualism, the second concerns systems approachegdMer, it is shown how
mathematical biology can offer a conceptual basis for matgg the two approaches.
In chapter 3, two types of complexity are selected that devaet for this thesis.
The first is derived from non-linear dynamical systems. Téwosd type concerns
computationalcomplexity. Both types of complexity will be related to thesiue of
interactions and aggregation against the background dfrtbar activity model in
neoclassical economics. In chapter 4, the interpretatidioth types of complexity
and their relation with neoclassical economics from chaptes clarified with the
help of a simple two-agent, two-goods exchange economy mode

The literature on spatial economics is reviewed in chapterith special atten-
tion for land use, welfare and complexity. These issuesmetuchapter 6, where
the two-agent model of chapter 4 is used to generalise thesalonodel of urban
economics as a population game. The model from chapter 6pigedgn chapter
7 for welfare analyses concerning land use, with a focus envtblfare effects
of open space. In chapter 8, the generalised Alonso modeingected to a full-
fledged multi-agent system (MAS), especially designed toriporated models of
discrete choice with interactions. With this type of MAS)ddled Multi-Agent Dis-
crete Choice Model (MADCM), more specific simulation rune aonducted, that
explore the effects of a wide range of external effects, gaffendency and imperfect
information. Chapter 9 presents a summary and conclusions.
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Methodology






2.1

Introduction

In section 1.3 the observation was made that any framewarkdoducting a wel-
fare analysis is likely to contain assumptions about theabielur of humans. This
chapter first explores the methodological issues of madghHuman behaviour at the
relatively high abstraction level of the differences betwéndividual-based versus
systems perspectives. Following the ideas developedearlessays by Koopmans
(1957) and Epstein (2006) it will be argued that formal fraroeks in the social
sciences—with the exception of statistics—are essentialtiudtive, as they can be
read as the implications derived from a set of axiomspastulates Furthermore,
using a deductive framework in the social sciences is ugaalistrained by the fact
that, unlike in physics, implications derived from postakdo not necessarily have
a one-to-one correspondence with empirical observatibims. marks an important
difference with the natural sciences, highlighted by thesaility in the social sci-
ences of choosing one of several formal frameworks. Thesgéocriterion is needed
for judging the explanatory value of a model.

An attractive criterion based on computer simulations wa®duced iragent-
based modellingind more specifically iagent-based computational econoniigs
Epstein and Axtell (1996) (see also Epstein, 2006). Assiomgiconcerning the be-
haviour of individuals are specified in several types of farmodels. If these as-
sumptions are translated behavioural rulesn 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. Tipsoach is contrasted
with a mathematical proof of the existence of a solution toveerg problem. An
existence proof requires additional assumptions abouttowan beings would be
able to find the solution. Furthermore, if a simulation maddedble to replicate the
occurrence of an observed non-optimal situation, the kebeal rules in the model
might offer a starting point for improvement, for examplerbgans of public pol-
icy. The role of computer simulation methods in both indiaétbased and system
approaches are discussed in section 2.6.

A third methodological topic will be discussed in a sepatitapter, chapter 3.
It concerns the role o€omplexityin formal models. Especially the issue wbn-
linearity in relation to neoclassical economics raises issues thettti affect the
research questions in section 1.6 centred on welfare edoaoltwas noted that the
neoclassical framework relies on very stringent behaabassumptions, while in
relatively recent developments in economic theory modeisperfect competition
are employed, adopting elements similar to those from freanies that previously
had been introduced as more or less radical alternativesdolassical economics.
A more detailed discussion on the application of these nsoidetpatial economics
will be postponed until chapter 6.
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Methodology

Behavioural models in the social sciences

The use of models in the social sciences naturally focusesautelling human be-
haviour. There appears to exist a variety of frameworks s task and the re-
searcher needs to make a choice. Up to the extent that in ti@ sciences any
modelling framework represents a certain theory of humdmatieur, different the-

ories can apparently be applied for modelling the same phenon. This situation
characterises the social sciences in general and markoadifégrence between the
social and the natural sciences in connecting models andidise In the latter, there
exists a close correspondence to an accepted theory andhalifeation that can be
used for modelling specific cases.

An often used heuristic definition of a model expresses t&gjometation in terms
of a simplified representation of the real world, or at ledstlements from it. Be-
cause the selection of the elements might be considered arf simplification, the
definition ‘simplified representation of reality’ is suffeit for the discussion in this
section. A model describes the relation between the selettenents. In the natural
sciences, this description is nearly always expressed thaemaatics. Mathematics
as the main tool for modelling also distinguishes the natscéences; the social
sciences allow for less rigid descriptions in a natural leagge or loosely sketched
schemes to be called models as well. Nevertheless, in saolities in the social
sciences, mathematical models have been developed thztaasionilar approach as
the models in the natural sciences. Occasionally, in somie pithe social sciences
the claim is stated thatomputer modelsepresent an alternative to mathematical
models. This claim will be discussed in section 2.6.

If the set of models is restricted to mathematical models,ghestion arises
of how a collection of mathematical equations might repnéseality. This is eas-
ier to answer for the natural than for the social sciencepeéially in the field of
applied physics and engineering, the laws that govern thsagwation of momen-
tum—Newton’sLaws of Motior—, the conservation of mass and the conservation of
energy are the basic ingredients for any model. For exanhgldasic set of equa-
tions in fluid dynamics, the Navier-Stokes equations, frohicly many models are
derived—ranging from engineering applications to fundataleresearch—, can be
considered a reformulation of basic conservation lawss&lmnservation laws can
be thought of as regularities that can be confirmed emplyichey can be ex-
pressed efficiently in mathematical equations that contairables that correspond
to measurable quantities, such as velocity, pressure asd.nrathis sense, most
engineering models could essentially be considered ateestamt of conservation
laws. This observation has severe implications for theibgadefinition referred to
above. If the conservation laws themselves need no emigiegting, any mathemat-
ical model based on these laws essentially represents efemigthe real world—at
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least in a way that is sufficient for practical purposes, sagluilding a bridge or
plane.

Simplification in the natural and engineering sciencesnofteans a reduction
of variables, laws, or dimensions, if convenient. In manpligations a model of
a fluid is still applicable if it is assumed that the fluid is @amepressible and two-
dimensional. A model of an incompressible flow can largelywdithout consider-
ations about the conservation of energy, which then sireplifhe model. A two-
dimensional flow might be considered as a cross-sectioniemf@iation in the di-
rection perpendicular to the cross-section can be neglécta first approximation.
Forces on the wing of a plane can in this way be calculatedsitifironly two di-
mensions, which would correspond to a model of a wing withrdimite length.
Although the simplification in an engineering model aboveahcerns leaving out
some variables, laws or dimensions, the laws themselvesoa@nsidered simpli-
fications of reality in the first place. Of course, the conagon of momentum—as a
restatement of Newtonian physics—itself is a simplificat@srelativity theory and
guantum physics show. However, if the model is used for argeim in an envi-
ronment where Newton’s laws can be applied, it is likely totain nothing more
than a restatement of these laws. For a model of a brick thlatag/n from a tower,
Newtonian physics is still accurate enough.

There exists no equivalent to the conservation laws in tie@bksciences; there
are no ‘Fundamental Laws of Human Behaviour’. Perhaps theest social science
ever approached the natural sciences from a methodolqgcsphective is contained
in the formalisation of the homo economicus,rational actor. Unfortunately, the
success of the rational actor model in representing reialitgther limited. Empiri-
cal results from experimental economics strongly sugghstspeople often behave
differently—especially in situations derived from gamedhe—than what the the-
ory would predict. A popular example in this context is thes@ner's Dilemma and
related games. In that respect, the heuristic definitionrabdel above seems more
accurate in the social sciences, because the rational @andoe considered a sim-
plified representation of a human being. Although the validf the model is often
empirically refuted, there does not exist an equivalendparal model that yields
better results, perhaps only for special cases. This cateny however, is consis-
tent again with the absence of laws in social science, ththegyte is some regularity
in human behaviour and models might help in understandiagtfiRegularities can
be observed and measured by using statistical methods.tieagion follows in
terms of probabilities and frequencies, but statisticsadu specify any behavioural
rules. If, as in econometrics, probabilities are used ftingging the parameters of
a behavioural model, the methodology of the natural sceseems to be approxi-
mated as close as possible. However, a quantification ofadigess of fit’ is usually
needed to verify the validity of the assumptions of the b&haal model. The need
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for this type of test shows that a social scientist is stitiftonted with a multitude of
models. As a consequence, unlike many natural scientigsdcial scientist needs
criteria for deciding which model provides the ‘best’ exmtion for an observed
phenomenon.

The procedure of working backward to theory from observeglulggities is
calledinductionin the philosophy of science and in methodology. It appliesthy
to statistical and econometric methods. The methodolbggseessment of estimating
parameters in a specified model, as in econometrics, is plyncancerned with the
issue of identification (Koopmans, 1949; Manski, 1995; HaoR2006). Although
a theoretical model might distinguish between two or mofeats, it is not always
possible to assign parameters to these effects in an unaoisigvay using data
from observations. Two people might, for example, live ia #ame neighbourhood
because they both like the area characteristics indepépdarbecause both happen
to belong to the only income group that can afford buying askedhere, or because
they prefer to live close to each other. If the only obseoreticonsist of personal
characteristics, location characteristics, and the losathoice, it depends on the
specification of the location choice decision whether thelehaan distinguish be-
tween the three possible explanations mentioned abovendéa:for criteria is also
present when the researcher tries to explain a phenomenavhfoh he does not
use numerical data, but observed stylised facts. Examplissatype of modelling
approach can be found in urban economics, where the exéstdngties might be
interpreted as a stylised fact and an explanation is soughtieconomic behaviour
of individual agents.

Although an explanation or a theory constructed in this wag cesemble a
law of natural science, its validity is nearly always lessvarsal in the social sci-
ences. The explanatory value lies foremoaiéauctionand depends entirely on the
assumptions from which the conclusions can be derived. Vdsength induction
theory is derived from observation, with deduction theargérived only from rea-
soning and logic. The assumptions therefore have the sthisgoms or postulates
for which no explanations are given in the theory. As a coneaqge, criteria other
than strict empirical verification apply for evaluating aldetive theory. In general, a
theory is considered to give a good explanation if a minimahher of more or less
simple postulates are sufficient to explain relatively cterphenomena. The three
laws of Newtonian physics have a similar status, but sinaeidations always fol-
low the implications that can be derived from these laws lud#on, criteria for an
evaluation of these laws as postulates are obsolete. Adtiesirmodel in the social
sciences will need different criteria with regards to thaygibility of a suggested
explanation for an observed phenomenon.

Deductive systems can be formalised by means of matherhbtgie. In this
sense, mathematical economics—and the use of mathematicilsrin economic
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theory in general—can be regarded as the formalisation afiate® reasoning. A
prominent example is the Arrow-Debreu framework of genecplilibrium (Arrow
and Debreu, 1954; Debreu, 1959). It is often criticised bjhlewonomists and non-
economists for its unrealistic assumptions concerningdrutvehaviour. It serves
nevertheless as an important reference and benchmarkHer fsameworks. This
applies to economic theory, but also to other social scigrfoe example sociology
(Coleman, 1990). The common characteristics of theoriasa@to the neoclassical
framework can be identified primarily with the Arrow-Debrigamework of general
equilibrium:

* the rational actor and,
« methodological individualism.

To organise the discussion of neoclassical economics aratérnatives, follow-
ing Gintis (2000, p. 43), the label ‘neoclassical’ will beseeved exclusively for the
Walrasian general equilibrium model. In many proposedradtéves, specific ele-
ments deviate from the neoclassical assumptions in ordpraose a contrasting
framework that is intended to yield more realistic resufiameworks that change
elements concerning rationality, while keepingiadividual-basedperspective, in
general present a less radical alternative than framewbstsstart from asystem
perspective. Both will be discussed in the following satsio

Individual-based methods

In the neoclassical general equilibrium model, agents sseraed to make decisions
concerning their consumption only on the basis of marketesti This decision is
rational in the sense that the agent chooses the consuniyotimte he or she prefers
over all other bundles. Although this preference strucisitesually formalised by a
utility function, the decision might alternatively be stdtas a set of decision rules.
Rather than the decision rules themselves, informationtahe various options the
agent is supposed to have and her ability to process inf@matsually pose the
actual problem for the modeller. Concerns about the assuevedl of rationality
often apply to problems about information, instead of thiéitglto make decisions.
In the following chapters the convention will be adoptedt thgents are rational
in the sense that in principle they can distinguish the bptbo out of a limited
set, based on either subjective beliefs or public infororatBecause the decision
rules express subjective preferences, this notion ofmality is nearly meaningless.
The only assumption necessary is that an agent is able tothenéptions herself
according to her own preferences. If she happens to prefssichl music over rock
music, she will choose classical music. The issue of infeionaavailability and
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the ability of process information are more complicated. the moment, only the
minimal assumption will be made that the agent has a systdraligffs sufficient for

making decisions. A stronger assumption might for examgdgiire that the agent’s
belief system results in a consistent ranking of optionsar&from the behavioural
assumptions, the decision problem of the consumer in nesicl economics is
limited to that of consumption, with information flows redutto market prices.

A much broader set of decision problems is addressaghime theoryAgain,
regardless of the behavioural assumptions made in someH&amf game theory,
the decisions agents make in game theoretical models atedeb strategic inter-
action. Many types of interaction between human beings—idsul lzetween ani-
mals—can be thought of as ‘strategic’ at some relatively gerevel. As long as
at least two agents need to make a decision and their preestructures are in-
terdependent—meaning that the individual ranking of ofstioy one agent depends
on the choice the other agent is expected to make—, theres excsise of strategic
interaction. This loose definition of strategic interanttberefore includes nearly ev-
ery type of human interaction, as long as choices are ctaisetl by dependency
and coordination. It allows for cooperation, but does nsuae it beforehand. In
non-cooperative game theosglf-interested behaviour is assumed. Picking a date
for an evening among friends could be considered as probtatmtight be cast in
the game theoretic setting. The preference of one agentsioecific evening clearly
depends on the evening they are expected to choose.

Game theory is studied and applied in sociology, politicésce, mathematics,
biology, and economics. Within economics it is studied inrengeneral settings
than just markets. Because game theory itself covers suobeal Iset of interaction
types, the subset of interactions that involve markets barefore be thought of as
‘economic’ in a stricter sense (Vega-Redondo, 2003). Uguabrkets where agents
can strategically exercise power are contrasted with ctitiygemarkets. Markets
are considered competitive if the agents consider pricegvas. In this sense, the
framework of neoclassical economics primarily addressesstrategic behaviour.
Markets in which a certain number of, or all, agents can egiaglly influence the
market prices are either not covered in neoclassical ecimsoon are treated as an
exception. This has two implications for the classificatidriheories within social
science in general. First, markets that allow for stratégieraction by means of
direct influence of market price formation—such as oligog®h-can be addressed
in a different framework, usually that of game theory. Theosel implication is
that any other form of interdependency complementing a etitiyge market can be
labelled non-market interactions, since by definition iroenpetitive market agents
base their decisions on the market prices as the only sodrtéoomation. The
contribution of non-market, or social interactions, casoabe studied in a game
theoretical framework.
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The distinction between market interactions and strategicon-market inter-
actions is important with respect to the beliefs agentsegaired to have regarding
their environment. Prices can be observed and interpretedjbnts with relatively
simple cognitive capabilities. In case of strategic int&om, agents will need to have
a belief regarding the belief of their opponent. Informatén the belief of an oppo-
nent is far more difficult to obtain than information on psc&urthermore, for two
agents to reach an agreement, their beliefs regarding tref béthe other agents
will need to be consistent. As a consequence, one agentaetl to assume that the
other agent knows that the first agent knows that she knowsT leis consistency as-
pect of rationality in game theory may be considered as madtigmatic. As far as
rationality would only refer to the ability of an agent to ddewhat is best according
to his own beliefs, it can be interpreted as a minimal regquéet for the behaviour of
any agent. For purely pragmatic reasons, it seems prolletoassume that agents
choose options they do not consider as the best. This is ravgtee that in reality
people never act irrationally, even if the definition of oatal behaviour would be
restricted to making the subjectively best choice. Insteachodel of consistently
irrational behaviour would lead to a paradox, unless thés@ats are made purely
randomly. And a model of purely random behaviour would hétte Irelevance for
research and policy applications.

At first, the restricted notion of rationality in the abovense seems more com-
patible with market interactions than with strategic iat#ions. Market prices can
be assumed to be publicly available, which leads to a sinftef representation
than if beliefs had to represent the beliefs of others. Unfately, this conclusion
cannot be drawn so easily because the process of price fommes in princi-
ple still suggest some kind of strategic interaction, suebargaining. In neoclassi-
cal economics, it is often implicitly assumed that an exdémetaphorical institu-
tion—called the Walrasian Auctioneer—will determine mankeétes. This assump-
tion is problematic in several respects. It transfers tf@mation about all relevant
beliefs from the agents to the Auctioneer. Additionallgwasing an external institu-
tion seems at odds with the suggestion that a neoclassickétria a representation
of Adam Smith’s ‘Invisible Hand’. Smith wrote in his ‘Wealibf Nations’ (Smith,
1999, p. 32):

‘He generally, indeed, neither intends to promote the public interest, nowv&mow
he is promoting it. By preferring the support of domestic to that of foreignstrg,

he intends only his own security; and by directing that industry in such anereas

its produce may be of the greatest value, he intends only his own gaireaisdn

this, as in many other cases, led by an invisible hand to promote and end wasg
no part of his intention!

Besides debates on the positive interpretation of the gstiomns of the neoclassical
behavioural model, its normative use is also a subject ¢it=in. The normative
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use of neoclassical economics can largely be identified thirpolitical, ideologi-
cal, adagio of ‘more market and less state’. However, thisalirse appears to take
place mainly within the economic discipline itself. The sea is most likely the
rather technical nature of the discussion. Neverthelesppiicy implications can be
far-reaching. The First Theorem of Welfare Economics stttat if the conditions of
neoclassical behaviour apply, a competitive market wél¢/ia Pareto efficient allo-
cation of goods. It suggests that if goods are allocated lynsef prices and supply
equals demand, ‘nobody can be better off, without makingetmdy else worse off’
(Stiglitz, 2000, p. 57). At first, this result may be consiltia mathematical proof
of the existence of Adam Smith’s Invisible Hand. Howevencsi the neoclassical
framework does not define the process that will lead to ther@btallocation, its
normative claim cannot be entirely separated from its p@sihterpretation.

The lack of a process description in the neoclassical fraorieWighlights the
problematic position of a third characteristic of the nessical 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 allocatsoimterpreted as ata-
tionary equilibrium, the Invisible Hand seems to refer to notionadéptive systems
and self-organisationrather than astatic equilibrium. These concepts are usually
identified withsystem theorieand are the subject of the next section.

System theories

Taking the individual as the main element or building blo¢laonodelling frame-
work is not the only way of constructing a model in the soci@sces. The element
of choice referred to in the introduction of this chaptelowb the researcher to opt
for methodological holism, or aystems approaglinstead of methodological indi-
vidualism, or theindividual-based approachsed in neoclassical microeconomics.
In a more general sense, this issue concerns the questidmetfigr social phenom-
ena are modelled at the aggregate or the individual levetrdéeconomics can often
be considered a systems approach, as far as micro-foungatie not accounted for.
However, in this chapter the term ‘systems approachesserved for a specific type
of models.

When looking at the mathematical modelling practise, it app¢hat the word
‘systems approach’ is usually reserved for systems of mifféal (and sometimes
difference) equations. Especially in some fields of soci#rece, the concept of
‘System Dynamics’ (Forrester, 1961) seems dominant ag/iterss approach. Sys-
tem Dynamics can be considered a subset of the all the elsrimetiie more general
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mathematical theory on dynamical systems. As such, theepiind a system seems
void of any meaning, because mathematics only deals withbetsrand logic. The
subset used in System Dynamics, however, can approximbéepecified as the
dynamical systems found itontrol theory Control theory mainly has its applica-
tions in electrical and mechanical engineering. A very intguat concept in control
theory isinformation feedbackFor a device to keep temperature a prescribed level,
heating or cooling can be done more accurately if it depexpléogly on the current
temperature. Although this example might seem rather alsyithe mathematical
formalisation of the accuracy is relatively new. Most ofuterk was done during
World War I, applied to radar systems and ground to air n@ssystems. A lack of
accuracy is often described in terms of overshoot and aesiod) behaviour. These
terms became rather popular is some social scientific fidtds the publication of
the work by the Club of Rome (‘Limits to Growth’, Meadows et,d972) based
on the Systems Dynamics approach developed by Forrestét . 19ore elaborate
translations from control theory to social science can lbedan Cybernetics, start-
ing with the work by Wiener (1965). Both Forrester and Wietlemmselves were
involved as engineers in the research and development &wilmnguidance systems
during World War Il. A systems approach is also influentiakome fields of so-
ciology, following a more qualitative interpretation by hmann (1984). Finally, a
systems approach as an interdisciplinary science was éolingl Von Bertalanffy in
1951 as the General Systems Theory (von Bertalanffy, 1973).

The characterisation and interpretation of a systems appreemains difficult,
even if the systems of differential equations are restlittesystems that bare some
resemblance to the description based in control theorys&hef systems of differen-
tial equations that contain feedback loops can be madeamnplarge, but any notion
of interdependence essentially reflects a feedback loapnTdin difficulty with the
interpretation of a systems approach in the social scieisdbsrefore neither its de-
scriptive accuracy nor its lack of it; rather, it still doestsupply the researcher with
a theory of the behaviour—analogous to ‘motion’—of humando#s not even pro-
vide a theory on the behaviour of systems as other entitieggregates of human
beings. Systems theory is not a theory in the usual senseislina really a surprise;
it was already mentioned that the theory of dynamical systera mathematical the-
ory; it only deals with reasoning not with behaviour. The exrmalisation in terms
of differential equations does not address the issue ofeggdjon.

A second difficulty is philosophical rather than methodadady Any description
of the behaviour of a system without explicit reference ®é¢lements out of which
it is constructed raises questions about the intentionseo$ystem as an entity. Even
a relatively mild assumption concerning the presence ofgatie feedback can
be interpreted as a teleological necessity of attainingcailibrium state. This is
probably best illustrated by the Gaia metaphor, introdumetovelock (1979). The
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suggestion that Earth itself is an organism is very vulnlerédothe attack that it is
unscientific to suggest that the Earth acts purposefully.

Notwithstanding the difficult interpretation of a systenppepach as a general
theory, the results from research complex systemsas far as it is restricted to the
mathematical theory of connected dynamical systems—hagtd@rhplications for
other theories as well. The combination of feedback meshnasmand non-linear dif-
ferential equations gives rise to several complex phenaméspecially the notion
of self-organisatiorhas attracted the attention of disciplines that try to drplag-
ularities difficult or impossible to account for with linearodels (Strogatz, 1996).
A system perspective is able to accommodate many featurte afo-calledccom-
plex systems theorYn the other hand, complexity is occasionally identifiethwi
interacting individuals which does not exclude an individual-based approach, or
methodological individualism. While some success has bebieeed in the oper-
ationalisation of non-linear systems in explaining regtits in physics, the most
successful discipline in this respect is arguably bioldggrhaps because biology
also deals with behaviour, some economists seem to folleasidirst developed in
mathematical biologyor introducing elements from complex dynamical systems in
economic theory.

Mathematical biology and game theory

The previous subsections showed that system approacheas panciple address
the complexity of the behaviour at the system level as atreéthe feedback mech-
anisms between its subsystems. However, the complexityréisalts reflects only
the properties of the mathematical description, whilegagag behaviour at a sys-
tem—or aggregate—level is difficult to separate from a telgiol interpretation.

Individual-based approaches on the other hand generdigr $tom the problematic

interpretation of mutually consistent beliefs of intemagtagents.

A closer inspection of the fields where applications of aeyst approach have
been very successful, mathematical biology (Murray, 129@) mathematical ecol-
ogy (May, 1974), might resolve this issue at least partly.l/&amathematical model
of an ecosystem has some properties at an aggregate lestegsstability, these are
usually the result of the well-specified interaction betwseveral species. A famous
example is the predator-prey cycle that can be charaatikaise special type of os-
cillator, while the interpretation of the birth and deattesaof the predator and the
prey population can—in principle—be translated to individuambers of both pop-
ulations. The cyclic behaviour was independently fornealiby Lotka and Volterra
(May, 1974).

Lewontin (1961) was one of the biologists that introducethgaheory for
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analysing population genetic theory, extending the selmioak on the statistical
approach to population genetics by Fisher (1930). MaynariiftS1974) and Taylor
and Jonker (1978) applied equilibrium concepts from garaerthto the analysis of
conflict between behavioural types within a populationtdad of the direct interac-
tion that consists of eating and being eaten in the Lotkae¥kd system, the models
by Maynard Smith (1974) and Taylor and Jonker (1978) weredas the evo-
lutionary advantage of adopting a certain behaviouratesgsa A popular example
contains the behavioural types ‘hawk’ and ‘dove’, not thecsgs, but aggressive and
peaceful behaviour. Behavioural types can be mutuallyusiat or can coexists, de-
pending on the distribution of the evolutionary advantagéthough some games of
this type can show oscillating behaviour, the majority @ge to a stationary equi-
librium that can be interpreted as equilibriumfiactionsof the population, similar
to equilibrium in (mixed) strategies between two intenagtagents in economics.
Within both biology and economics, the analysis of thesesygf models is referred
to as evolutionary game theory (EGT) (Hofbauer and Sigmu888; Weibull, 1995;
Hofbauer and Sigmund, 1998).

The formal interpretation of the equilibrium concepts iolexionary game the-
ory will be addressed in the next chapter. First, the aftracess of population games
at a more conceptual level is stressed, as it seems to sugygekttion for the both
the system interpretation of complex dynamical systemslamdhterpretation of in-
dividual beliefs in decision making. On one hand, dynamsgatems in evolutionary
game theory have a clear reference to individuals in a p&ipalarhe interpretation
of a fraction of a population only has a strict mathematicatification in the as-
sumption that the population is very large, but as an appration this interpretation
is often valid more generally. The notion of evolution, oe thther hand, offers an
interesting alternative to the consistent belief systefristeracting agents. Admit-
tedly, this notion is relatively abstract, but for examgie evolution of institutions
and conventions might be interpreted as the result of a tepgame (Young, 1998),
where people have adjusted their strategies over time. Whptople in a country
drive on the right or left-hand side of the road is not impottanost important is the
agreement on one of the two sides. Although, the agreemanbeanterpreted in
terms of strategic interactions, the problem of consistémthe beliefs of all agents
on the road is delegated to legislation that has evolvedtaower. It is therefore only
rational for the individual agent to obey the current coti@nand no extreme cog-
nitive capabilities will need to be assumed.
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The word ‘simulation’ carries several meanings in relatomodelling. A common
element is the reliance on a computer for model implementalihe more conserva-
tive meaning follows physics and engineering where sinras often identical to
numerical computation. Given the extensive use of diffeaérquations in the nat-
ural and engineering sciences, often both simulation antenigal computation can
read as synonyms for numerical integration of mathematmeadels of dynamical
systems. The use of a computer becomes necessary if thensységjuation cannot
be solved analytically, deriving a closed form solutionhwiiencil and paper. In the
natural sciences analytical solutions are often prefeasdhey suggest a more pre-
cise solution. Analytical solutions are also usually prefd in economics, though
for a slightly different reason. In economic theory an atiedf solution conforms to
a deductive proof, whereas a numerical solution can onlsesgmt a special case.

A different approach to numerical integration is preseftgtonte Carlosim-
ulation or integration methods (Judd, 1998), often appiedconometrics. Simu-
lation in econometrics has a slightly different meaningef#, it mainly concerns
the estimation of the mean of a variable, relying on integredf this variable times
a probability density, by calculating the average valuelmtasis of a very large
number of draws from the probability density distributi®mulation—by means of
direct integration—in case of a dynamical system, usualhceons the reconstruc-
tion of a position or volume of an entity, given a descriptafiits velocity or growth
rate, using small but finite approximations for infinitesimmall quantities in the
analytical equivalents.

Since systems of non-linear differential equations carbeatolved analytically
in general, with only a few exceptions, numerical integnaf these systems is nec-
essary for understanding their behaviour. A qualitative finpression of the overall
behaviour of non-linear systems can often be supported blytcal solutions for
(local) linearisations, especially concerning stahilipwever, a full account of the
behaviour can only be given by solving the equations nurablyicThe integration of
2D and 3D visualisation in the graphical user interface (Fulither facilitates the
interpretation of the results. If a dynamical system isgra¢ed over time, while the
results are presented graphically and instantaneouslyeay ealculation step, the
computer approaches a virtual laboratory where expersneart be conducted.

Models based on dynamical systems are less common in ecosidhan in
physics. Instead, many economic models are based on a nsatiom problem. Nu-
merical maximisation can hardly be called simulation, sitice algorithm is of-
ten designed to solve a problem without making any referéaca behavioural
model. An exception can be found in the relatively recentettggment of genetic
algorithms. Although the behavioural model is rather artralbs implementation
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of mutation and selection, it presents an approach closeimalation, at least at
the level of genes. Similar to evolutionary algorithms amdremore strongly re-
lated to evolutionary game theory is a specific modellingragph in which models
are formalised only in computer code. Once the decisionsagento model system
phenomena only through a representation of the behaviotlreandividual level,
a next step might consists of taking advantage of an objéetied computer lan-
guage. This approach adopts concepts also applied in cengmi¢nce (Weiss, 1999;
Wooldridge, 2002). Although these so-calkgkent-based modetsn in principle be
programmed in a procedural language as well—executing amenamd or function
after another—the main benefit of an object-oriented (OOyuage comes espe-
cially with the concept oéncapsulation

In any OO language the focus is on objects in which data amedtd hese
data are often called attributes. If a data-object reptesam employee, one of his
attributes could be his wage. The concept of encapsulatibnrefers to the possi-
bility for the programmer to store the attribute in the obge that it is *hidden’, so
that it forces the programmer to adopt the discipline of diejfunctions—or ‘meth-
ods'—for accessing the attributes. The methods are integefslr modelling human
behaviour, because they relate information to commuminatin this way, agents
will only reveal their information when asked to do so exipljc If two agents meet,
they might be able to ‘ask’ for information to each other. Thiermation received
can be stored in an attribute, which might be interpretetheléef’. Through a rather
elaborate procedure, a dialogue between two agents, diagubeir 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 st has access to,
3. Agent B reveals her wage to agent A,
4,

Agent A stores the information he receives from agent Bsridelief system’.

Presented in this way, the benefits from this modelling aggi@re not immedi-
ately apparent. Instead of offering a more efficient way taletling, it even seems to
pose additional restrictions. However, in terms of a betaal interpretation, these
restrictions offer a transparent way of dealing with thelyben of consistent beliefs
in game theory. Beliefs can only become consistent in a mongiccing way if
they can be reconstructed with an elementary communicatiotocol. Agents can
only become aware of the information other agents posshsyfdre able to ‘ask in
person’.

The idea of convincingly reconstructing a certain resak it the heart of Agent-
based Computational Economics (ACE). Epstein (1999, 280&) explores the im-
plication of posing it as a requirement:

43



Methodology

‘If you didn’t grow it, you didn’t explain it’

Interestingly, similar considerations have been disalisgéhin the context of us-
ing computational methods in economic in general, not oe$fricted to its agent-
based variant by Judd (1998). Judd (1998, p. 13) takes a mdes® defensive
position when arguing that numerical results might serva sslution good enough
for decision-makers that are likely not to be interestedhengroof of a theorem:

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

The reference to a theorem shows that Judd interprets catignal results as an
approximation to the deduction of a theorem, in line with fo@n’s (Koopmans,

1957) interpretation of neoclassical economics as an aiortheory. Axelrod and

Tesfatsion (2006, p. 1650) expand this theme when it cosagent-based compu-
tational economics:

‘Simulation in general, and ABM in particular, is a third way of doing sciencadn
dition to deduction and induction. Scientists use deduction to derive theorems fr
assumptions, and induction to find patterns in empirical data. Simulation, &ke d
duction, starts with a set of explicit assumptions. But unlike deduction)atiom
does not prove theorems with generality. Instead, simulation generatasuditable
for analysis by induction. Nevertheless, unlike typical induction, the sintltiata
come from a rigorously specified set of assumptions regarding anlamtpeoposed
system of interest rather than direct measurements of the real woolds&zjuently,
simulation differs from standard deduction and induction in both its implementa-
tion and its goals. Simulation permits increased understanding of systemgthr
controlled computational experiments.

Agent-based modelling also enables the modeller to addrgdigitly the position of
complex systems relative to individual-based approadtesed on the aggregation
of and the interactions between agents. As Epstein and IA%896, p.16) write:

‘Our point of departure in agent-based modelling is the individual: We giyengs
rules of behaviour and then spin the system forward in time and see witab-ma
scopic social structures emerge. This approach contrasts sharplythéthigh ag-
gregate perspective of macroeconomics, sociology, and certairekishéif political
science, in which social aggregates like classes and states are positaii@abTo
that extend our work can be accurately characterised as “methodadbgidividu-
alist” However, we depart company with certain members of the indiVistizamp
insofar as we believe that the collective structures, or “institutions,” thatrgeean
have feedback effects in the agent population, altering the behaviouriweidnals.
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Agent-based modelling allows us to study the interactions between indivichdls a
institutions.

Different interpretations of the use of computer modelsicial sciences and policy
applications exist. According to one interpretation, a pater model is considered
primarily the implementation of an algorithm for numerigadolving a model repre-
sented by mathematical equations. According to anothergretation, agent-based
modelling is different from building mathematical mode@Gilpert and Troitzsch,
2005). Following the position taken by Epstein (2006) thgidction will be chal-
lenged in the next chapter, in the sense that there does isvtaegomputer model
that cannot be represented by mathematical equations s wel

Conclusions

In this chapter, a general overview is presented of the twio m&thodological ap-
proaches applied in the social sciences. The first is themysapproach, the second
the individual-based approach. Both are introduced aftgnlighting the contrast be-
tween the natural and the social sciences. The possilnlitg fesearcher to choose
a specific methodology when building a model in the sociatrsmés is identified
with the absence of general laws. This absence especialynfaications for the
deductive nature of model building in general. Deductivedeis in the natural and
engineering sciences most frequently can be consideretersents of fundamen-
tal conservation laws, for example, the conservation ofswégnergy. In an applied
model these laws themselves are not verified. As a resuléxibenatic nature of the
fundamental laws use can be accepted universally by thanesas in the discipline.

Deductive models in the social sciences rely on axioms aficéxpssump-
tions or postulates. As a consequence, the use of these smaldelys consists of
a thought experiment. In this respect, microeconomics &dap individual-based
approach, based on certain postulates. Although thesalatest are problematic in
several cases, in this thesis the formulation of postulatabke level of individu-
als is preferred over assumptions regarding the behavidhedevel of aggregates
or systems. A systems approach frequently relies on matieahaontrol theory.
From a methodological point of view, this can often be intetpd as a teleological
perspective on the behaviour of the system, as if the statyoequilibrium of the
system would be reached purposefully by the system. Nesledh, the mathematics
of complex dynamical systems can offer the possibility teas self-organisation at
the system level, if the behaviour of the aggregate can lagetlto the behaviour
of interacting individuals. Examples of this approach carfdund in mathematical
biology, especially in evolutionary game theory (EGT).

Finally, an assessment of the behaviour of complex dyndmysiems usually
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requires the use of numerical methods, due to non-lineariGiven the preferred in-
terpretation of the system’s behaviour as the result ofritexactions of individuals,
the computational method chosen could make the behaviandividuals explicit.
In this respect, the relation between simulation and coatfmrt might be closer than
is sometimes claimed in the literature on the use of sinridti the social sciences.
An interesting approach is suggested in the discipline ehatpased computational
economics (ACE), where some researchers propose to replaeghematical proof
by a credible simulation run.

46



Chapter 3

Complexity and evolutionary game theory






3.1

3.2

Introduction

In the relevant literature, there is no easily distinguéshemprehensive ‘complex-
ity theory'. If one defines @omplexity scienget would deal with elements from
other theories, especially from mathematics and compuatense. Examples of ap-
plications can be found in physics, biology and disciplitiegt use mathematics
extensively in modelling exercises. Complexity in math&osamost often refers to
dynamical systems and is used there as a collective ternmérg@nena that occur in
models with certain characteristics, covered more spadifiin sub-branches such
as catastrophe theory and chaos theory (Arnold et al., 19@®dgatz, 1996) for ex-
ample. This type of complexity will hereafter be referredascomplex dynamical
systemsSection 3.2 will be devoted to it. Two characteristics ofnpdex systems
frequently referred to aremergencandself-organisationAs discussed in chapter
2, both characteristics can be identified with the occureicstructure and the for-
mation of patterns at an aggregate level. They have thajmohiowever, in simple
rules at the level of individual elements.

In section 3.3 it will be shown how mathematical biology—asgexiallyevolu-
tionary game theorinspired economists in linking concepts from individualskd
approaches to concepts from complex dynamical systemsdpter 2, the relation
between individuals and systems in mathematical biologystiessed. In this chap-
ter, the focus is rather on the rules from which an elementatipn ofcoordination
can be shown to emerge. The key concept at the individudltlesegoverns coordi-
nation as an evolutionary process level is the so-cdlkst responsevhich will be
discussed in section 3.4. Especially relevant for agesethanodelling is the theory
that deals witlcomputational complexitthat will be discussed in section 3.5. Com-
putational complexity addresses the theoretical resbltsiethe possibility of—and
time needed for—solving mathematical problems mechagicaAllbrief introduc-
tion will be presented on how both complex dynamical systarmscomputational
complexity can be positioned relative to the neoclassieakgal equilibrium frame-
work of microeconomics in section 3.6. Finally, in sectioii 8ie conclusions of this
chapter will be summarised.

Complex dynamical systems

The main characteristics of complex dynamical systemseftygregate level are
non-linearity and interdependenceMany models that can be considered complex
consist of sets of ordinary differential equations. Howevelated sets opartial
differential equations, ordinary and partiifferenceequations, as well as particle
systems can be shown to possess similar notions of compl&silf-organisation in

a complex dynamical system can primarily be identified wih presence of #eed-
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back mechanispras formalised in control theory. If a variable in the modehdtes
the stateof the system, a feedback mechanism uses this state vaaigdile as input
for determining the new state the next time step. For exanapleermostat uses the
current temperature as input for keeping the temperatumgeduired level. If input
of the state variables follows after a nonlinear transfdioma a nonlinear feedback
mechanism is present in the system. Finally, the sign ofrtpatihas a major influ-
ence on the behaviour of the system. In general, a negatdbéek stabilises the
system while a positive feedback destabilises it.

The same caveat that applies to systems theories—as diddnssection 2.4
—applies to ‘complex dynamical systems’. Theories on comgigmamical systems
cannot be isolated from the discipline in which they are igobllt is not difficult
to find an engineering ‘artifact’ that complies with the faimation of control the-
ory. A popular example is a mass-spring oscillator with demggAndronov et al.,
1966). Some forced mass-spring oscillators can be showxhibietruly ‘chaotic’
behaviour and would thereby comply with the charactesstifca ‘complex system’,
in the strict sense of the mathematical theory on dynamicaess. The position of
the mass, the mass itself, gravity, and the interplay betwezvelocity of the driving
force and the velocity and acceleration of the mass togetlwer for the formulation
of a mathematical model that accurately explains the segiynrandom—but actu-
ally chaotic—orbits of the mass. The ‘complexity’ that acatsufor the behaviour of
the forced mass-spring oscillator still conforms to Nevigdraws of Motion.

Canonical example of chaos

Perhaps the most popular example of complex behaviour issepted by the dis-
crete version of the logistic growth model (adapted from MB976). The devel-
opment of the size of a population, might be stated as the relative growth. This
relative growth might—in turn—depend only on a igedbwth rater:

y_ (3.2.1)

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

T=8-6 (3.2.2)

If both 5 andé are constants, the model is linear, since the equation temmatively

be written ag) = (5 — ) y and they enters as a linear term on the right-hand side of
the equation. A non-linear term can be introduced by makmgrate or both rates,
dependent on the current population size. A well-known edaroontains a death
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rate defined as
Yy
=p3=. 2.
6(y) =Py (3.2.3)

With this definition of the death rate, the population sizéofas alogistic growth

. Y
§ = By (1 K) . (3.2.4)
The logistic growth model is a simple non-linear model. Halees an equilibrium
population size ify = 0. If the initial population is larger than zero, the equilibn
population size is given by = K, whereK is the carrying capacity. Written as a
difference instead of a differential equation, the model @aeady show real chaotic
behaviour for a certain parameter vaiu€he difference equation can be written as

Y41 — Y Y
= By, (1 K) . (3.2.5)
With 3’ = 1+ gAt andK’ = K(1 + SAt)/BAt, this expression can be rewritten
again as

yerr = B (1- 25 (3:26)
For K/ = 1 and’ = 4, chaotic orbits emerge as is shown in figure 3.1. This ex-
ample illustrates how a relatively simple non-linear fedbmechanism can result
in complex behaviour. For later reference, it is intergstim note that it is actually

a negativefeedback that induces chaotic behaviour instead of stybilhe chaotic
orbitis in fact a special variant of an ‘equilibrium’ solaii, although it is not a fixed
point. In chaos theory, the chaotic orbit is callest@nge attractor

Evolutionary game theory

Mathematical models in theoretical biology offer a sour€énepiration for other
disciplines, including economics. One interesting aspéatathematical biology is
the way it deals with the relation between individuals arstems. Models of ecosys-
tems refer implicitly or explicitly to the behaviour of inddual animals and plants,
while the result of the interaction between these indivisigan be represented at the
system level. A well-known example is the Lotka-Volterrat®m, or predator-prey
modef. In mathematical terms, the system is directly related éoldigistic 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 sizés assumed to have a constant
birth rate,«. Unlike in the logistic growth model, the death rate doesdegtend on
the size of the own population, but on the size of predatoufation, y, multiplied

by a coefficients:

& =a— By. (3.3.1)
x

On the other hand, the predator population is assumed to dgvewth rate that
depends on the size of the prey population. Since no natnehies exist for the
predator population, the death rate is assumed to be con$tardynamics of the
predator population can therefore be represented by

% — e —§ (3.3.2)

Solving this systems results in an oscillating behaviousath population sizes.
From a conceptual point of view, the interpretation at thaiviidual level of
the Lotka-Volterra model is limited. The population sizeépresented by a scalar
value, while the dynamics are assumed to be continuoushétanbre, birth and
death rates are not suitable for a behavioural interpogtdti terms ofdecisions
made by individuals. A related model is theplicator dynamicgrom evolutionary
game theory (Hofbauer and Sigmund, 1988; Weibull, 1995pH0oér and Sigmund,
1998; Vega-Redondo, 2003). This model exploresstnategic interactiorbetween
populations of the same species. A population of fixed 8izis divided into two
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subpopulationsy; andnas, (n; +ne = N). Instead of defining a growth rate for the
population size, a growth rate for the fractian,= n;/N with ¢ = 1,2, is defined
according to
T; -
L=t (3.3.3)
T
Here, f; denotes thditnessof the subpopulatiori and f is the mean fitnessvith
f = x1f1 + 22 f>. The fitness is defined similarly to the birth and death ratehé
Lotka-Volterra model, since it depends on the current sifesib-populations:

fi = Qi T; —+ aijxj. (334)

The replicator dynamics can for this two-subpopulationsleh@an be represented
by

& = x; [(Ax), —x - Ax], (3.3.5)
with
A= ai;r a2 (3.3.6)
as az |’ o

This matrix plays a central role in the next section. It isiegj@nt to a pay-off matrix

in game theory. It enables the identification of fithess wiilityi and the replicator
dynamics can be interpreted in terms dfesst responsi game theory, discussed in
more detail in section 3.4. Similar to the logistic growthaeg the values ok for
whichx = 0, or f; = x - Ax are of special interest. In classical game theory, a refer-
ence is usually made to two players. Each player is assundtbtise a strategy that
is a best response to the strategy chosen by the opponemhitiBrary game theory
most frequently deals with a population of agents. The iddial agents are assumed
to choose a strategy that is a best response to the strateglierlindividuals in the
population choose. Instead of a rational choice, howeverpeess of natural selec-
tion is assumed. Natural selection here means that a stritagproves not to be

a best response to the choices of the population will notigeirin an evolutionary
context, the question of whether a strategy will survivedssidered subordinate to
the question of whether individuals playing a certain sfggtcaninvadean existing
population. The connotation of an invasion in geneticsinates in the concept of
a mutation An Evolutionary Stable StrategfESS) can be interpreted as a best re-
sponse at the population level to which a ‘mutant’ playingféetent strategy has
no chance of surviving. Following Weibull (1995, p. 36), tendition for a mixed
strategyx, to be an ESS can be formalised as

ulx,ey + (1 —€)x] > uly,ey + (1 —€) x|, (3.3.7)
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with e sufficiently small. Hereu (x,y) = xAy, with A the payoff matrix as in
(3.3.6). The condition (3.3.7) states that a populatioyiptastrategyx is resistant
against a small group playing, since the fitness is still higher than if the whole
population played;. Also following Weibull (1995, p. 36), it can be concludeéth
an ESS is also an optimal strategy against itself. If thereavstrategy that would
do better tharx does againsk, it would in any event do better than a strategy
that is already ‘flawed’ by a fractionplayingy. In that case, according to (3.3.%),
would not be an ESS. Hence, an ESS is an optimal strategysigisieif.

In the dynamics of (3.3.5) the notion of resistance is caggtim the dynamic sta-
bility of the equilibrium solutionz; = 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 averagd the mutant frac-
tion will decline over time. Its dynamics are analogous tattbf a pendulum for
example. After any perturbation, that is small enough it will return to its equilib-
rium state. Therefore, the replicator dynamics can bepnted as a system with a
stabilising negative feedback mechanism. Furthermocenitorms to a basic notion
of self-organisation as the equilibrium results from a process that involvesrint
acting individuals. With respect to the two-agent modeledieped in chapter 4 and
the population model in chapter 6, the ESS is especiallyéstang, because it is
a refinemenibf the Nash equilibrium concept of classical game theory ithais-
cussed in the next section. It therefore also allows for anadive interpretation of
the equilibrium solution.

Best response and multiple equilibria

The concept of thélash equilibriumis central to the normative interpretation of how
strategic interaction between agents in game thieisrformalised. A Nash equilib-
rium can be defined more or less informally as a ‘best resptmnadbest response’.
Although the classical interpretation requires rathereatistic cognitive capacities
from the agents, concepts from evolutionary game theoryl@aching algorithms
in computer science allow for bounded rational interpretatin the light of com-
plexity, the concept of the Nash equilibrium is interestlmerause a game might
have multiple Nash equilibria. A dynamical system with riplé equilibria can be
considered a more ‘advanced’ complex system. If the eqiuilib of a deterministic
dynamical system is unique, it will always mark the end pofrd process regardless
of the initial conditions. Multiple equilibra potentialiptroducepath dependencyf
the number of equilibria is dependent on a paraméiéurcationsoccur for every
value of this parameter at which the number of equilibriangjes.

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 imgple gamé. A
game played by two agents is defined by the strategies anaytloépagents receive
when playing the strategies. The payoffs can be represdiyteddo matrices. For

Agent 2
Strategy |  Strategy |l
(a11,b11)  (a12,b21)
(az21,b12)  (a22,b22)

Agent1l Strategy |
Strategy I

Table 3.1: Two-agent game in normal form.

agentl the payoff matrix is given by
A= { @ ar2 } (3.4.1)

Based on this matrix, an expected payoff—or expected (tilitgan be defined as
a function of theprobability that the opponent plays one of his strategies. With
as the probability that ageftplays his first strategy, the expected payoffs for the
respective strategies of agdnare given by

V11 = Toa11 + (1 - 1’2) a2 (342a)

V12 = Toa21 + (1 — 1’2) aso. (342b)

The decision of which strategy to choose can be expressedtbpsrof aule, as

if (’011 > 1)12) then z; = 1,
if (’011 < Ulg) then z1 = 0. (343)

In case the expected utility of stratebis higher than that of stratedl, the agent is
supposed to opt for stratedy

The decision rule (3.4.3) is basicallyb&st response the belief agent has,
concerning the strategy agehwill play. This belief is expressed as the probability
2. Agent1 can also decide to play both strategies with a certain piittyaly; for
playing strategy. To determine the best responsertq a rational agent would first
calculate the value of, for which vy; = v1s. 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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agentl would be indifferent between playing stratdger strategyll. This value can
easily be calculated from (3.4.2) and yields
(a12 — 022)

2= (a12 — azz) — (a1 —az1)’ (3.4.4)

From (3.4.4) it can be learnt that only the differences betweertain parameter
pairs are important in determining the best response. Tloiwsafor a simplification
of the payoff matrixA. With a; = a1 — as; andas = ass — a15 the matrix can be
represented by

A= [ a0 ] . (3.4.5)

0 as

The matrixA in combination with (3.4.2) can be used for the identificatod four
types of best responses for a 2 by 2 payoff matrix. Using $3.#he value for which
the agent is indifferent between playing stratégy I, (3.4.4) can be rewritten as

a2

(3.4.6)

o = .
2 a1 + ao
Depending on the signs ef andas, it can be determined whethér< z, < 1 and
whethervy; > v1o In casers # 5. The four types of best responses are presented
inin table 3.2.

1la1>0]a>0|x21=0 Iif l‘2<§72‘l‘1=1 if 9> 3o
21a;>0]a2<0 1 =1
3la1 <0 ]ay>0 1 =0
4| a1<0|ay<0|xzy=1 if .1‘2<£E2‘;E1:0 if xo> o

Table 3.2: Four types of best response.

Coordination and lock-in

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

~ 3 0
i [ 50 } (3.4.7)

the corresponding best response function that reflectutb®f (3.4.3), is plotted in
figure 3.2 withz, = 0.4. Agentl is supposed to play stratedlyin casers < &5 and
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strategyl if x5 > 9. Ifit assumed that the agents are identical, the payoffirfzir

the other agentf3, would be identical to the payoff matrix of the first ageBt= A.

This denotes aymmetricagame. Nash equilibria can be represented graphically by
plotting the best responses for both agents in one figures. iSkdone in figure 3.3.
Using (3.4.6), and withe = x; = x5, the Nash equilibria are found to he= 0,

xz = 0.4 andx = 1. The relation with the replicator dynamics can now be intro-

0.8

0.6

X1

0.4 r

0.2+

0 0.2 0.4 0.6 0.8 1
X2

Figure 3.2: Best response fdB.4.7)

duced as follows. According to the definitions, the fithesthareplicator dynamics
is identical to the expected utility in classical game tlyedihe replicator dynam-
ics introduces a notion of dynamic stability to the game thgcal interpretation.
Because

fi-f=f-zfi—-(1—-2)f
=1 -2z)(fi—f2), (3.4.8)

it follows that
t=x(1-2)(fi— f2) =0, (3.4.9)

has three solutions. It is to be noted thatfoe (0,1, ), bothz and(1 — z) on the
right-hand side have a positive value. The sign of the didiegum dynamics is
therefore determined bf; — f>. The dynamics will evolve in the direction in favour
of strategyl if f; > f> and in favour of strategy if fi < f. In section 3.3, it
was proven that an ESS is a best strategy against itself theasefore be concluded
that every ESS is also a Nash equilibrium, since an ESS istadsgsonse 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 bquiti is an ESS, as
can be seen fat = 0.4 in the example above. Although, this strategy mix is a Nash
equilibrium, it is not evolutionary stable. A mutation would enforce a situation in
which f; # f5, and the dynamics would evolve in favour of one of the twotetyies,
depending on the sign ef

A game with a payoff matrix of type in table 3.2 for both agents is an example
of a coordination gameWith respect to complexity, the evolutionary game theoret
ical interpretation of the coordination game is of speaméiiest because the two
Nash equilibria in pure strategies are evolutionary stakblereas the Nash equilib-
rium in mixed strategies is not. At the level of the populatithis implies that either
the entire population plays stratefyr strategyll. With a deterministic evolution-
ary development as reflected in the replicator dynamicsstdméing point determines
which solution is the equilibrium solution. Since both exainary stable strategies
are Nash equilibria, both solutions are optimal for itha@ividual agent with respect
to the strategies of the other agents. However, the paydfiixria (3.4.7) serves as
an illustration of the possibility that one solution can ledtér than the other at the
aggregatdevel. In (3.4.7), strategy is said to bePareto dominanto strategyll. If
the population plays stratedl, everyone could in theory be made better off without
making anyone worse-off, if all agents would switch colieelly to strategyl. In
terms of evolutionary economics, stratdgyvould represent bbck-in at the level of
a society. Especially in the context of an evolutionary cid® mechanism that has
possibly lead to this equilibrium, this interpretation imidpe considered a powerful
metaphor. It integrates insights from complex dynamicateys with a traditional
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normative interpretation.
Finally, with respect to &ifurcationfrom one equilibrium to multiple equilibria,
the following variant of (3.4.5), witlh = a; = ao, is important:

~ a 0
A:[O a} (3.4.10)

Table 3.2 now reduces to table 3.3. The parametaow serves as hifurcation

ljla>0|xz=0 Iif x<§:2\az=1 if z>2
2a<0 T=2=I

Table 3.3: Two types of best response ft3.4.10)

parameter Depending on its sign, the system has either one or two EE8el
context of a population game this interpretation is re&dyivabstract. In chapter 4 a
similar construction will be discussed concerning netwaxternalities.

Smoothed best response

Primarily for the reference in chapter 4, the best respomisarf expected utility with
an additional stochastic term will be introduced here. Wiscussed in Fudenberg
and Levine (1998, p. 101-133) in the contextasdrning in gamesThe main reason
for referring to it in this chapter, is the possibility of d@fig acontinuousunction
that can approximate the discrete choice between two aptidrcontinuous best
response function is helpful in making the translation frdymamical systems as
systems of differential equations to individual agentsriragent-based model, and
back. It also facilitates the interpretation of a best resgadn terms oprobabilities
in a stochastic environment.

Starting with (3.4.3) an error term will be added on both sidethe equation:

if (’Ull + pe1r > vi2 —|—[L€12) then T = 1,
if (Ull + perr <vie + ,uElg) then z; =0. (3411)

Assuming that the difference between the error terms hagistic distributiorf, the

cumulative probability density function approximates best response curve, as is
illustrated in figure 3.4. This smoothed best respongecan 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.

exp {vu(xz);vm(m)}
(3.4.12)

T = .
exp {W} 11
Using this definition, a Nash equilibrium can be approxirdaeds a smoothed best
response to a smoothed best response, as illustrated bgdigs and 3.6. Due to
the stochastic term, this best response actually concerrabability. Therefore the

term ‘best responseorrespondencas frequently used for this variant.

Computational Complexity

In computer science, complexity theory deals wittmputabilityand is also called
computational complexit{sedgewick and Flajolet, 1996). It refers to a classificatio
of algorithms by their capability and speed for solving peohs. The definition of
‘complexity’ in this context is different from its use in dgmical systems. Some
overlap may occur because systems of non-linear equatieasidntly can only
be solved using computer algorithms. However, algoritharssblving differential
equations usually only involve numerical integration, Hundamental questions
regarding computability are related to existence prooffe tise of the terminology
derived from computational complexity in disciplines atligan computer science
is less common than the use of terminology from complex dycalsystems, with
the exception of Operations Research (Simon, 1996).

Computational complexity classifies algorithms accordmthe length of time
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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 exprassbd number of opera-
tions required. The theory deals primarily with the limitstbe number of operations
needed, as the size of the problem goes to infinity. lllustatxamples can be found
in sorting algorithms in which the size is determined by thenber of elements to
be sorted. For sorting a list of book titles alphabeticalifferent approaches exist.
A search algorithm that sorts by the method of ‘divide andquar’—where the list
is split first in two halves, the relevant half is split in twaoagters of the original list
etc.—is faster than a method that checks every single elestaning from the first.

Related to the complexity of the algorithm is the possipitid solve a given
problem at all. If a problem can be solved, the complexityhef problem might be
identified with the complexity of the algorithm that has tresbperformance. If it
is not clear beforehand whether a given problem can be sodvstrict definition
of what an algorithm does, is needed. Put differently, a d&fimof computation
is required for the formalisation and generalisation obalpms. This definition of
computation, in turn, allows for a strict definition of theneputability of a given
problem. According to this theory if a problem cannot be cateq, it cannot be
solved.

The concept of computability originates in the fundamergagarch on the log-
ical foundations of mathematics at the beginning of206& century. Computation
was defined as a task that might be performed by a limited sepefations and
served as a formalisation of a deductive proof in mathemafibe computation was
thought to be implemented mechanically in the theoretioatept of aluring ma-
chine Implementation in real machines has eventually led to #aneldpment of
the modern computer. The so-call@ssembly languagehich allows programmers
to write programmes almost directly in machine code is dsslfnstill based on
the three basic operations Turing proposed for the unilgesant of his machine.
Since machine code defines the operations at the lowestdésely computer, Tur-
ing’s definition of computation is relevant for any type ohgouter model, including
agent-based models.

The original scientific ambition of expressing all matheiggtpropositions in

a computable fashion has failedo@el's famous Incompleteness Theorems showed
that in every axiomatic theory it will be possible to exprpsspositions that cannot
be proven in the mechanical way described above. The firstéhe states that no
formal theory icompletemeaning that it is always possible to formulate a statement
that is true, but cannot be proven within the theory. The podthis theorem relies

on computability, in the sense that attempts to prove ttegtatement fails because
they all result in a contradiction. The equivalence to a kaittion in computation

is an algorithm that does not stopd€el’'s second theorem states that every formal
theory contains a statement of this type of contradictitaining that the theory is
consistent. Since it is a contradiction, the theory itsifhiconsistent if and only if
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it contains a statement that claims its own consistency. cBm®nical type of this
contradiction is similar to a paradox in ordinary languageh as the story of the
Cretan (Epimenides) who claimed that all Cretans are liars.

The tools developed for definingomputability highlight the similarity with
other deductive systems that use equations. If individadgepresented abjects
in computer code, a model description will concern an atgorirather than a set
of equations. The degree to which a group of autonomous sgentsolve a prob-
lem successfully as a collective is still bound by the linmitposed by the hardware
of computers. Since theoretical results on computabitispired the construction of
computers, behavioural theories implemented in an agesgedmodel are directly
related to theories on artificial intelligence and algarith It was argued in section
2.6, with a reference to Epstein (2006), that agent-basetelm@re not fundamen-
tally distinct from models represented by sets of equatibirst of all it has to be
noted that the type of equations Epstein refers to is rafiezific. Given this special
type, the argument runs as follows:

« Every Turing Machine can be represented lpastial recursive function
 Every computer operates asiaiversal Turing Machine,

* Hence, every computer model can be represented by a sy§tsanrtial recur-
sive functions.

The termrecursionrefers—more or less informally—to the composition of an objec
by elements of the same type as the object itself. If predevigually, it is some-
times—and especially in The Netherlands—referred to abtbste effectafter the
image of a nurse on a box of cacao from the Dutch brand ‘Dro$teg nurse holds
in her hands a box, with an image of nurse, holding in her hanagc. Another
example is the name of a part of tbpen source movemeint software develop-
ment: GNU. It is an abbreviation f@8BNU is Not Unix defining the meaning of the
letter G recursively. A recursive function in mathematiosl @omputer science is
strictly defined only in terms of a Turing Machine and compility. Therefore a
short overview of the concept of a Turing Machine is presgnixt.

Turing Machine
The description presented here is adapted from Crossldy(@9a2, p. 31-44). A

Turing Machine should be thought of agseading headhat scans a tape. The tape
consists of squares with symbols. Some squares can be émiitg.theory, the tape

7 See footnote 8.
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can be infinitely long. The reading head is capable of perifogrthe 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 ostdtie After it has performed a
task, its state might change. A basic instruction for the hiree can therefore be
represented bfour variables:

1. the current state,

2. the current symbol on the scanned square,

3. the changed symbol, or the direction of moving the tapeqoiare (. or R),
4. the next state.

The reading head recognises instructions by combinatibtigedirst two symbols:
current state and current symbol. If there is no instructi@t matches the current
combination of state and symbol, the machine stops. If e $ denoted by;, an
empty square byl and if all symbols are based on the numbgpossibly altered by
a’ , all instructions can be composed by an alphabet consisfingly six symbols:
¢,d,1," , L andR.

Now the definition can be stated: A functigiin) is apartial recursive function
if there exists a Turing Machin&/ that starts with a number of symbols 1’ on
the right-hand side of the reading head and stops with a nuofh&n) symbols.
Because the Turing Machine might not be defined for ewgtiie adjectiveartial is
added to this definition of eecursive functionAs an example of a partial recursive
function and the associated Turing Machine, Crossley ef18i72, p. 36) present
the function¢(n) = 2n. For any givenn, this function should basically copy all
symbols. It is assumed that when the machine starts, thengelhdad is positioned
above the empty square, left to the firstof the set to be copied:

v
o1 1 1 1 0 00004000

In order to let the ‘programme’ start, the first instructisn i
(quD7Ra QO) . (351)

This instruction positions the reading head just abovedugstare with at’ on it:
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v
o 1 1 1 1 0 000000

The second instruction is

(90, 1,1, q1). (3.5.2)
The reading head changes the fifstiha ‘1":

v
O 1 1 1 1 0000 0o o

It then searches for an empty square on the right-hand sittedt” that was just
created. If it finds an empty square, it skips one square aitdsna new 1’ on the
next empty square. After that, the state is switcheghtd@he instructions are

(g1, 1, R, q1),
(g1, 1, R, q1) s
(q1,0,R, q2),
(g2,0,1,¢3) . (3.5.3)

The result on the tape is

v
o v 11 1 0 1 00040 g d

After that it goes back, searching for th€'‘on the left-hand side. It moves one
additional square to the right again in case it has founahd,switches to state,:

(Q?n 17 L7Q3) )
(q37 D7 L7 CB) )
(43,1, R, qa). (3.5.4)

On the tape, the result is

v
o1 1 1 1 01000400

From statey, it can switch tog, again for copying the next":

(Q4717]-aQO)' (355)

Finally, an instruction is needed for finishing the procedurhe procedure should
stop if alln symbols of the original set are marked. This is the case ifrthehine is
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g |O|R|q
2@ |1 |1 |q
S|l |O| R | q
41l |1 | R|q
S5[|la |V |R|q
6@ |01 ]4g
7T1g | U L|gs
8llgs | 1| L|gs
9@ |1V |R|q
10 qa D L qds
11 qs 1 L qs
12 aqs 1/ 1 ads

Table 3.4: Instructions needed for representifign) = 2n.

in stategy, but the reading head is above the empty square that waslefebn the
original set and its copy. If it is above the empty square,aves one square to the
left; the last symbol of the original set:

(q4aD7L7q5)' (356)
If in stategs, all marks on the symbols of the original set should be rempve

(q57 1,7 ]-7 qS) )
(q5715LaQ5)' (357)
This procedure continues until the reading head is postidaft of the first symbol

of the original set, since it has no instruction that matethesombinationy; andl.
Left to the reading head, there is now a numbe2:obymbols 1'.

v
g1 11 1 01111 0 0O

The relevance of this example of a Turing Machine with regandhe discussion
on complexity lies in the observation that the functitim) = 2n can be represented
by amechanical procedurthat employs dinite number of instructions. In this case
12 instructions are sufficient. They are summarised in talfle The instructions in
turn, are constructed with a finite number of elementsathbbhabetas it was referred
to above. In principle, the finiteness of both instructiond alphabet allows in prin-
ciple for a translation of all components of a Turing Machioenew alphabet—or
coding system—that consists only of ‘1”s and ‘0"s. The camgion of the central
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processing unit (CPU) of a digital computer is based on thigcple, with machine
codeas the most elemental language, translated from assenmgjydge.

Even if an agent-based model is coded using an object-eddanguage, as
discussed in section 2.6campilertranslates the programming code of the language
to machine code. Agent-based models are therefore evbnpuatessed by a CPU
at the level of basic instructions inspired by a Turing Maehi Because a partial
recursive function can be represented by a Turing Machine&gent-based model
might alternatively be represented by a system of part@ingve functions. This
system will probably be less illuminating than the orgatiisaof the behavioural
rules in a computer programme written in an object-orietdaduage. Nevertheless,
the equivalence implies that there is no fundamental distin between an agent-
based model and a model expressed in mathematical equations

Neoclassical Economics and complexity

After the overview of complexity issues in general, an simdroduction on the role
insights from complex dynamical systems and computatioo@plexity might play
in an assessment of neoclassical economics is given. Fiadt the linearity in the
neoclassical framework refers lioear spacesrather than linear equations (Koop-
mans, 1957). As before, ‘neoclassical economics’ hereggdéfethe Walrasian gen-
eral equilibrium framework in the formalisation by Arrowa@bebreu (1954) (see
also Debreu, 1959). The main benefit a researcher gains fliomaa activity model
is the possibility todecomposeghe behaviour of an aggregate model into the sep-
arate contributions of the elements. Together, these ibatibns result in the be-
haviour of the aggregate system, simply by meanadtfition The linear spaces
in the neoclassical general equilibrium model concerncthramodity setfor con-
sumers and producers. If the commaodity sets for two consuiarer defined within
a linear space, the sum of the commaodity bundles chosen bgotheumers repre-
sents the total amount of commodities chosen. Rationatiplies that a consumer
chooses greferredbundles from the set of possible bundles. If the preferrad bu
dles of the agents aiedependenbf each other, the basic condition for the First
Welfare Theorem is already fulfilled. This follows from thegsibility for each con-
sumer to maximise his utility by choosing the most prefetraddle. As a result,
the total demand for the commaodities will contain the optioemand for each in-
dividual agent. It immediately follows that if the prefepenstructure of one agent
depends on the decision another agent makes, total demiémifigp 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 demandselting from maximisa-
tion under interaction. Results from the mathematical tiesmn non-linear systems
therefore have a clear interpretation in economics. Noealiity arises ihon-market
interactionsare added to a model of a market equilibrium. Non-marketattions
can therefore be considered an example of extending thdassaral general equi-
librium model with elements from complexity theory.

As noted in chapter 1, parallel to the dominance of neoaabksiconomics in
the 1950s and 1960game theorgomplemented the economist’s tools for assessing
a wider set of markets, oligopoly for example, by modellitigtegic interactions.
But in the 1990'sevolutionary game theorVeibull, 1995) in particular gave rise to
the development of approaches in which pure strategic deregions were replaced
by the emergence of informal institutions, or conventiohkey feature of these
approaches is the redefinition of strategic interactios@sal contextlt offers a
natural way to complement, rather than replace, the Arr@k+Bu framework. Fol-
lowing the more recent literature on game theory (see fomgka Gintis, 2000), the
concept of a game has a very general interpretation. Bisara) situation in which
different agents have the same or different interests amehioh some form of de-
pendency exists can be formalised as a game. A Nash equitilmdrresponds in that
case to any formal or informal agreement. By definition of atNaquilibrium this
agreement reflects the best option for the individual aggwen the best options of
all other agents. Combined with a ‘short-sighted’ variditt@unded rationality—or
myopic utility improvement—, stylised versions of civiltgans were constructed, in
which people still act in their own interest, but togethesrsjaneously establish cer-
tain rules of collective behaviour, such as driving on tlyhti(or left) hand side of
the road or eating with knife and fork (Young, 1998). Theseextamples of the evo-
lutionary approaches to the coordination game discusseddtion 3.4. Translated
to the level of a society, this agreement can be a formal ongormal institution
(Young, 1998). An example of formal institution islav, while an example of an
informal institution is usually related to traditional esl of conduct. The distinction
is not always very strict. If a law is enforced on agents wigmacratic legitimacy,
in principle consensus exists among all agents. Whethdictidrives on the left-
or the right-hand side of the road, for example, depends oouatry’s history. If
one side has become part of a national law, this still reflietsgeneral consensus
that the roads are most safe if everybody cooperates wishstigietal agreement.
Reintroduction of price considerations in this social extiestablished the field of
the (New) Social Economics (Becker and Murphy, 2000; Ddréend Young, 2001),
where economists try to integrate concepts similar to tfimse mathematical soci-
ology (Coleman, 1990) into an economic-theoretical anglys

As discussed in section 3.4, the interpretation of a coatin game in terms
of a population game offers a powerful metaphor of a more @eke type of a com-
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plex dynamical system due to the presence of multiple darialiBut even in the case
of a unique equilibrium and market interactions only, théoroof self-organisation
can possibly contribute to an extension of the neoclaskaaework. Adam Smith’s
Invisible Handcan be considered an example of self-organisation. Howeheneo-
classical framework contains only a formalisation of thedidhat, if all information
about a product is contained in its price, a price vectortextgat supports an effi-
cient allocation of goods. It does not describe the progessich the optimal price
vector emerges. Chapter 4 is devoted to this discussion.

The concept o€omputabilityfrom computational complexity provides the pos-
sibility of extending the discussion on the selection ofleeclassical market equi-
librium. Although a market equilibrium might be computed &y optimisation al-
gorithm, the credibility of the existence of the optimal édprium in reality can be
made dependent on the behavioural interpretation of tharghm. A computer sim-
ulation model can assist in the formalisation of what is &tgcal’ in a decentralised
allocation. The agents acting in their self-interest—cspmnding to Adam Smith’s
original interpretation of the Indivisible Hand—can be mitettas autonomous self-
interested agents, as in Epstein and Axtell (1996). Theilpiigs of replicating
a neoclassical market equilibrium is then a benchmark fquezial kind of com-
putability with additional conditions. This discussionsmMatroduced in section 2.6
as one of the research topics in agent-based computatiomabmics, and will be
extended in chapter 4.

Conclusions

Two types of complexity are discussed in this chapter: cemglynamical systems
and computational complexity. The first is shown to be reddyi general. It can be
considered a branch of mathematics and control theory astilgims arise with the
interpretation as an independent theory. These problezrssrailar to those related to
systems approaches in general, discussed in section 2theMatical biology pro-
vides not only examples of integrating individual- with ®ras-based approaches;
it can also provide an interpretation of dependency andlimearity with respect
to individual behaviour. Especially evolutionary gamedthyeoffers a framework in
which key characteristics of complex dynamical systems-ksgcself-organisation,
multiple equilibria, bifurcations and path dependency—barrelated to the more
traditional normative concept of a Nash equilibrium.

Computational complexity provides a precise definitionahputability. Its in-
terpretation as a series of mechanical operations can &edalirectly to the hard-
ware of computers. This interpretation plays an importatg in the argument that
computer models are not essentially different from dedlacthodels represented

69



3.8

3.8.1

Complexity and evolutionary game theory

by mathematical equations. It also offers suggestionshieridentification of com-
putability with a behavioural interpretation of agent-edsnodels.

Both notions of complexity can be related to the neoclas&iamework of mi-
croeconomics. The non-linearity of complex dynamical syst can be contrasted
with the neoclassical linear activity model and used to @eéirbasis for comple-
menting neoclassical market interactions with non-mairketractions. Even in the
absence of non-market interactions, the notion of sel&oigation seems to cor-
respond to the process that is implicitly assumed to resuthé optimal market
equilibrium. Finally, this notion of self-organisationrche given an computational
interpretation, using an agent-based algorithm indicatexe.

Appendix

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

Discrete

The derivation of the discrete version of the replicatoraiyits presented below is
based on Hofbauer and Sigmund (1988).
Given a population of sizéV, the fraction of the subspeciéss given by (with

Zni = N)

2 (t) = =2, (3.8.1)

The size of next generation of the subspecéjagsulting from a meeting with sub-
specieg is given by

nij (t+1) =n; (t) 7 (t) ai;. (3.8.2)
The probabilityz; denotes the probability of a memberiaheeting a membeirand

a;; is the reproduction rate (in new members per current member a@). The total
number of members afin the next generation is therefore given by

n; (t+1) = N (t) Zx (t) x; (t) aij. (3.8.3)
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The size of the total population follows from the summatigarall sub-populations:

N(t+1)= Zn (t+1) =Nt Zx () x; (t) aij. (3.8.4)

[
Next, fithesss defined as the total reproduction rate per subspecies

J

The size of the new subspecies then reads
n; (t+1) =n; (1) fi (t). (3.8.6)
And the fraction in the new generation as

ptrny = D @ @AO S

N@E+1) 3z (t) f; () Fa

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

(3.8.7)

Continuous

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

i 1) = ZEE B 200

: (3.8.8)

it is assumed that only the ‘fractiorat of the fraction takes part in reproduction
during intervalA:

alAx; (t) f; (t) + (1 — ad) x; (¢)

) S A O, 1) + (- ab)z, (@) (389)
Note that the denominator can be rewritten as

Z]_ alz; (t) f; (1) + (1 — al)z; (1)

=aA Zj zi () f; () + (1 — aA) Zj j (t)

=aAf () + (1 —aA). (3.8.10)
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It follows that

1 { alz; (8) fi (1) + (1 — al) z; () — z; () [@ATF () + (1 — )] }

aAT (1) + (1 —ad)

— Jim 2220 { i) = () } (3.8.11)

Ajo A aAf (t) + (1 —aA)
And finally

This is the replicator dynamics as introduced in section 3.3
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4.1

Introduction

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

Under well-specified conditions, in the neoclassical fran the equilibrium
of demand and supply corresponds to Pareto efficient altotathe framework,
however, does not specify the process of price setting. Apstitive market is char-
acterised by price taking behaviour for all agents invo)welich essentially implies
that an outside institution determines the prices at whielnkets clear. In the lit-
erature, special attention is devoted to the search of a exsop bargaining game
that results in the same prices. The intuition behind thisdeis clear. Not in the
least do policy interpretations of competitive marketgnfappeal to themergence
of equilibrium prices. In terms of complex dynamical systsewne might argue that
both economists and policy makers frequently refer to a etaak aself-organising
systemeven though this aspect appears to be rather problematitc drsmodelling
point of view. In the most basic setting a decentralisedcallion of goods should
therefore ideally support the interpretation of only twdependent agents reaching
an agreement over the price of a good.

The approach followed in this chapter is different from nafdhe existing liter-
ature on bargaining games. To the knowledge of the autheng txists no previous
literature on the approach presented here. It starts fremadirespondence between
utility functions with a constant elasticity of substitni (CES) and the logit model
in discrete choice literature as presented in Anderson. ¢1992). Unlike the dis-
cussion in Anderson et al. (1992) however, the immediatedosill not be on a
representative consumer and differentiated goods. Staneletbook examples of a
two-agent exchange economy often use a simple utility ipation for illustration,
such as a Cobb-Douglas function. Because the Cobb-Dougtasién has a CES
equal to one, this basic example of a general equilibriumehodn also be trans-
lated to a discrete choice problem. A discrete choice foathuh has three benefits
in terms of a behavioural interpretation:

1. the agents’ choices can be interpreted as simple ruledhdecisions,

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

3. if the pay-offs depend only on the negotiated prices, dagg can be iden-
tified as a strategic market interaction using a differetgrjpretation of the
original preference structures.
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It is to be noted in advance that the game-theoretical iné¢gifion above is distinct

from what is usually called thieargaining gamen economics (Nash, 1950; Rubin-
stein, 1982), although the type of negotiation suggestadstmome similarities with

Yildiz (2003). The Nash equilibria in the model developedhis chapter are rather a
reinterpretation of the traditional market equilibriumt@ms ofbest responsesith

a negotiated market price as a means for interaction. Twis gaa be achieved by
identifying the neoclassical market equilibrium with a Nasgjuilibrium, :

1. the theories on evolutionary approaches to game theoryeeizdly those of
learning in games—-can be translated directly to tkemputatiorof an market
equilibrium,

2. the interpretation of a Nash equilibrium can be sustaia@dlocations that are
inefficient in the neoclassical framework.

The second goal will play an important role in the assessragpiternalities as
non-market interactions

This chapter follows a stepwise approach to the developwfeart agent-based
computational bargaining model. Section 4.2 discussesftftéency of the market
allocation following the traditional approach. In secti®8 the CES utility function
will be interpreted in terms of a best response to a giverepfibis best response is
integrated in a dynamics which involves an institutioniegttisequilibrium prices
in section 4.4. The institution is removed in section 4.5séttions 4.6 and 4.7
external effects and product differentiation will be irdewed briefly for this two-
agent model. Conclusions are drawn in section 4.8.

Market efficiency

The First Theorem of Welfare Economics implies that, undgtain conditions, if
goods are allocated by competitive markets there existaquerset of prices en-
suring an optimal level of well-being for all agents. In a quatitive economy it is
assumed that all agents are price takers, meaning that noageindividually influ-
ence the prices of goods sold in the markets. The optimdlityeevel of well-being

is characterised d@areto efficientmeaning that no agent '... can be made better off
without someone being made worse off..." (Stiglitz, 200067). Following Bowles
(2004), this theorem can be interpreted with some sceptiddy means of a sort
of reverse engineeringt can be shown that the condition of price taking behaviour
might be interpreted as a mechanism that forces the agemiséddentical marginal
rates of substitution (MRS). In the neoclassical generallibgium model the MRS

is identical to the market price. And since it can be shown #uents having the
same MRS already implies Pareto efficiency, it is the assiomphat agents face
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the same price which effectively enforces the efficiencyis bservation does not
dismiss the first welfare theorem as a normative result. &aihshows that Pareto
efficiency can be achieved independent from how market pece establishéd

Equal marginal rates of substitution

The following assessment is adapted from Bowles (2004, p—282). Given an
economy with two agents and two goods, a Pareto efficientatilon can be defined
as the market equilibrium in which agentries to solve the following problem:

max uy (s1,21)
81,21

st ug(S2,22) = ud

S1 + 89

ISRV

21+ 29 = (4.2.1)
It is similar to an ordinary optimisation problem in which agent tries to maximise
utility given a budget constraint. Instead of a budget aaist, the agent now faces
three constraints. The first constraint in (4.2.1), is thellef utility of agent2 that
needs to be remained fixed for Pareto efficiéndhe second and third constraint
reflect the total availability—and thereby the total constionp—of the goods and
zZ.

Combining all three constraints, the utility function fogemt 2 can be writ-
ten as a function of the consumption of agentud:(s — s1,2 — z1) = 3. If it
is furthermore assumed that this function can be invért quantityz; can be
written as a function of the variable and the constants’, s andz: z; = Z —
29 (§ — s1;2,u3) = 21 (s1). Maximisation of utility in the problem of (4.2.1) can
now be addressed with only a first-order condition (usingctien rule):

8U1 8u1 le

- —-0. 4.2.2
0s1 821 d51 0 ( )

Using the definition of thenarginal rate of substitutiofMRS) (Simon and Blume,

1 The fact that the neoclassical framework does not specify the process of price setting has
inspired in the 20" 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

8u1/6s1 o le (4 2 3)

MRS, = — =1
RSl aul/&zl d81

Solely based on the second and third constraint of (4.hé& ¥adilowing relations can
be derived:

dz d dzo

e C 4.2.4

d81 d81 (Z Z2) dSl’ ( )
and finally

dzo dzo dsy dzo d dzo dz1

22 T2 D (o) =2 =2 425

d52 d81 d82 d51 dSQ (S 81) dSl dSl ( )

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

max uy (81, 21)
51,21

s.t. Y1 = psS1 + P21, (4.2.6)

the budget constraint allows for the same type of substitstas the constraints in
(4.2.1), allowing the quantity; to be written as a function of;. Therefore

d d - Vs S
MRS, =22 — _ @ (T Pss1y _ Ps (4.2.7)
dsq dsq Dz

The MRS is identical to the negative price ratio for the ifdiial agent. Price taking

behaviour, as the fundamental characteristic of a coniyeetitarket, is captured in

the budget constraint of (4.2.6), where it is assumed thlaatfent maximises utility

at given prices. If all agents optimise their utility at trearee given prices, all agents
will have the same marginal rate of substitution. And allragehaving the same
marginal rate of substitution follows from the conditiomththe equilibrium must be

Pareto efficient according to the solution to problem (4.2.1

Linear spaces

The role of linear algebra in the efficiency of the allocatiothe neoclassical frame-
work discussed in chapter 3 will highlighted using the staddoroblem of (4.2.6).
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In microeconomic theory, an agent faces a decision probfetnin its simplest rep-
resentation concerns the choice between two goods. Raiaerjust choosing the
goods, the agent has to decide how to spend her income, orchdwitle her in-
come over the two goods. Following the tradition in urbanneeics, the standard
problem will be cast in the example of a single agent who aechibw to spend her
incomey over residential space or housing.and all other goods;, the composite
good or consumption bundle:

y=z+ ps. (4.2.8)

The price for space, the rent, amountgt&uro per month. The price for all other
goods is difficult to establish. Insteadlis measured in Euros itself, representing all
the money spent on all other goods (see also Varian, 2008)pfite ratio of (4.2.7)
can therefore be read as the price forThe choice of how much the consumer
prefers to spend on each good is derived here in a less gapmaach than that
usually found in economics textbooks. Instead of definirgabnsumption space in
two dimensions, the budget constraint will be substitutechfthe start, as in section
4.2.1. As a result, the consumption space is one-dimenéidhit is assumed that
the agent does not save any money, the amount of all othesgwdbuys follows
directly from the budget constraint:

z =1y — ps. (4.2.9)

Therefore, the choice reduces to the question of how muatespahe agent prefers
to rent every month.

In theory the agent could decide to spend all her money ordithusing space,
or to spend everything on all other goods. In practise, stidnyito find a balance.
Finding a balance might be thought of as finding a preferrédtps*, on the line

[O, %} . A criterion is needed that reflects the way the agent expsastiat amount

of housing space she prefers. A simple—and often criticisedy-of representing
the decision rule the agent adopts is introducing a functiar s over the interval

[O, %} The fact that agent for example prefers the amousf, over the amount
Si,1,

8i,2 7 Si1, (4.2.10)
is then represented by

u (SZ"Q) >u (si,l) . (4211)

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 theviddal agent, can be
expressed as the amouift; she prefers over all other amouritsin mathematical
terms:

U (sfj) > u(Sik) s;j,siyk € [0,y/p] s;‘] # Si k- (4.2.12)

For the optimal amount; ;, to be unique, the original utility function,, needs to
be convexin s andz. With z already substituted for from the budget constraint, this
condition is equivalent to the requirement that utilitys a concavefunction in s.
One possible specification afthat fulfils the requirement is

u = Ssz. (4.2.13)
With z substituted from the budget constraint, it follows that
u=s(y—ps)=—ps’ +sy (4.2.14)

This is simple hyperbolic equation that reaches its maxinemectly in the middle:
s* = % A more general specification is

u= szt (4.2.15)

In the literature, this expression is known as @abb-Douglaaitility function. With
the expression fot substituted in the last equation, a general specification {e)
is derived:

u(s)=s"(y—ps)* 7. (4.2.16)

An example of this curve is plotted in figure 4.1. The more cammpproach is
illustrated in figure 4.2. In figure 4.2 the utility curve tdwes the budget constraint.
Since the slope of the budget constraint expressedssdn (4.2.9) is equal to-p,
this figure illustrates the maximisation of utility and thguésalence of the MRS and
the negative price as in (4.2.7). For two identical agetis,market equilibrium is
presented in akdgeworth boxn figure 4.3. In figure 4.3 the basic intuition behind
the First Welfare Theorem and the conjunction with the dasts formulated by
Koopmans (1957), cited on page 16, is presented for an sgghfymmetric case.
Convexity guarantees strict separation of the consumgfiaces of the two agents.
The separation line in figure 4.3 is identical to the budgest@int for both agents.
As discussed in section 4.2.1, at the point where the agestsmise their utility the
slope—and by consequence the MRS—is the same. With a price dutiyet curve
for both agents that corresponds to this point, the agestindependently able to
maximise their utility.
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Figure 4.1: Cobb-Douglas function{ = 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 usyal wa
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Figure 4.3: Two Cobb-Douglas functions and budget curygs0.5, y = 2 andp = 1.0).

Benchmark exchange economy

An analytical solution for a simple specification for a twgeat, two-good model

will be presented in the final part of this section, adaptedifi/arian (2003, p. 93—
94). It serves to clarify the role of the Walrasian Auctionedio sets the market
clearing prices. Additionally, it will serve as a benchmdok the computational

agent-based models developed in sections 4.4 and 4.5. dhkassical general equi-
librium model also includes production, but here an exckeagpnomy is assumed.
Consider an agent, facing the following problem:

maxu; S.t. Y; = PsSi + P.2i. (4.2.17)

8,2

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

w; = u (84,24 0i) = sfizil*ﬁi. (4.2.18)

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

du; d | g (Yi — DsSi 1=A
_ 5; 421
ds; ds; |:92 ( Y2 ( 9)
s\ P s
_ o (yl pssz> [ﬂi (yl pssz) P gys] —o.
Pz Pz Pz
The demand for land is
5 = D (4.2.20)
Ps
and the demand for all other goods equals
e LZBY (4.2.21)
Pz

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

Yi = PsWs,i T DWWz i- (4222)
The vector for the distribution of endowments can be writien

w; = (Ws,is Wz i) 5 (4.2.23)

T

With ws 1 +ws 2 = A andw, 1 + w, 2 = 1. The endowment vector for agehwill
be specified as

wy = {wsA, 1 —w,}. (4.2.24)
For agent the vector is
wo ={(1 —ws) A, w,}. (4.2.25)

Here, the parameters, andw, control the distribution between the two agents.
Based on the demand function (4.2.20), total consumptiomeaket prices will need
to be equal to the sum of the initial endowments for both godHis role of assump-
tion from a mathematical perspective is clear though itsbtural interpretation is
not, as will be discussed in subsequent sections.

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

S1 89 = By + Bay2 (4.2.26)

Ps
_ ﬁlwsAps + ﬁl (1 - wz)pz + 62 (1 - ws) Aps + ﬁszpz = A
Ds
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The resulting equilibrium price is

*:g: ﬁl(l_wz>+ﬁ2wz
pr Al = frwsA = Fo (1 —wy)]

P (4.2.27)

With (4.2.27) as the solution for (4.2.26), the main behaxabinterpretation lacking
might be referred to as the question of who sets the equilibprices. By means of
ad hocexplanation, an external institution could be introducgkiis institution is
often referred to as the metaphorical ‘Walrasian Auctioneeeconomic theory,
named after the French economi&tdn Walras (1834-1910).

This example serves as an illustration of the main difficulith the assumption
of the neoclassical framework to be addressed in the fatigugiections. Although
utility maximisation might be regarded as a less than ideslianption for modelling
human behaviour, it can be regarded as a stylised formalisaf an agent having
well-defined preferences. The main concern with marketiciga-that is, solving
for the equilibrium prices in 4.2.26—is that it has no behavé connotation. In or-
der to be able to address the issue of market clearing, fiedtemative interpretation
of utility maximisation will be introduced in the next semti.

CES utility and best response

In this section it will be shown that the neoclassical ecoiedmehavioural assump-
tion of utility maximisation can alternatively be interped as a strategic decision
concerning the allocation of the budget directly. This liptetation is restricted to
a specific class of utility functions, but this class is vegngral and covers many
cases. It allows for the direct use of the indirect utilitpdétion, although in an alter-
native, stochastic interpretation. The main benefit of ithisrpretation is, however,
not the possibility to use the indirect utility function Wwaut referring to the max-
imisation of the direct utility function firstRather, it allows for an identification of
the strategic element in the budget allocation problemadliyewith a best response
correspondence in game theory, discussed in chapt@hi® theme will be devel-
oped further in chapter 6, because the best response comdesyce is fundamental
in the evolutionary approach to the concept of a Nash equifibthat will be used
to characterise the spatial equilibrium resulting from ltieation choices in a pop-
ulation consisting of many agents. First the relation betwthe traditional market
equilibrium and the related type of Nash equilibrium in aslehge economy with
only two agents will be explored in this chapter.
The reference problem will be the standard maximisation ofilay function

as in 4.2. The utility function is assumed to haveoastant elasticity of substitution
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4.3.1

(CES) specification over two goods,
u(s,z) =[Bs” + (1 —B) """ (4.3.1)

A CES function can be considered a generalisation of the @udlglas function,
as will be shown in section 4.3.1. The budget constraintusrgby (4.2.8). Using
standard solution techniques, the demand for space carob $b be

o B7p~° y

popt=e +(1-p)7"

with o = 1/(1 — p) as theelasticity of substitutionFollowing Anderson et al.
(1992), the elasticity of substitution will be shown to béated to the variance of
the error term of a random utility model (RUM) in thegit specification of a dis-
crete choice model (McFadden, 1973, 1984). In this chapterélation will not be
employed in a model of product differentiation and oliggpiohmediately, as in the
examples presented by Anderson et al.. Instead, the melagtween the interpre-
tation of a RUM in a smoothed best response corresponderiearining in games
(Fudenberg and Levine, 1998, p. 107-119) and the ordinarg foBEction for two
goods (4.3.1) will be investigated. Although the discusstan be applied to any
context with two goods, the example started in section 4&niag toland will be
continued here.

(4.3.2)

Preference structure

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

y=xz(ps)+ (1 —2)z. (4.3.3)

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

if (“5>p> then z =1,

a.
if (Z < p) then z = 0. (4.3.4)
In the condition,
Z— > p, (4.3.5)
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Pareto efficiency and best response dynamics

the ratio ofas anda, is the main factor in a basic preference structure. If thigaini
preference for space,, relative to the initial preference for all the other goads,
exceeds the price for housing, the agent chooses to spend his entire budget on
housing. Using (4.3.4) has the advantage that the behalimwdel of the agent

is reduced to aule-baseddecision. Whereas a rule-based system is often used for
implementing an agent-based model, here it serves firsteasithimal basis of an
elementary theoretical model of human behaviour. In thsd&rm—without a
stochastic component—, the decision rule can generate wolgémand functions.

If = 1, it would follow thats = y/p , while if x = 0, the entire budget would be
spent on all other goods than housing and thereferey ands = 0. In terms of the
discussion on utility maximisation in section 4.2.2, oritg &xtremes of the interval

{O, %} can be chosen by the agent.

To introduce a more general, stochastic problem a parametélt be added.
The general condition, of which (4.3.5) is a special case beastated as

vhags > (1 —v)'a,z, (4.3.6)

with v € [1,0] from auniform distribution andu as a parameter controlling the
‘amplitude’ of the stochastic weights for the preferenaddesa, anda,. For s and

z in (4.3.6) the extreme cases~= y/p andz = y can be substituted. Because the
income termy, would appear on both sides of (4.3.6), it does not play airothe
decision. Witha = a,/a, the condition (4.3.6) reduces to

e a > p, (4.3.7)

with

et = (1 i 1/) . (4.3.8)

The term (4.3.8) marks the only difference between (4.316)@.3.6). It also cap-
tures the stochastic weighting factors in one new factowith a well-known distri-
bution. From the definition (4.3.8) follows the cumulativelpability distribution for
€. Based on the draws from the uniform distribution#othe cumulative distribution
for e—as the probability that has a certain value —can be written:

66

ee+1°

v="F() = (4.3.9)

5 The introduction of v 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 théogistic distribution A more general justification of the use of
the logistic distribution will be given in section 4.3.4nse the ad hoc introduction
of v in (4.3.6) might seem arbitrary at this point. For now, it mffacilitates a focus
on the relation between the elasticity of substitution drevariance of the logistic
distribution. In figure 4.4, the functiof’ (¢) from (4.3.9) is plotted, together with
the logistic transformation of several random draws:fofhe fractionz will now

1 ‘ : e
£
08} i
£

0.6 H

F(e)

0.4 r

0.2} i

-10 -5 0 5 10

Figure 4.4: Logistic distribution and logistic transformation of draws from a uniform dstr
tion.

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

Ina—Inp+ pe > 0. (4.3.10)

Next, an evaluation function is defirfetthat will have a similar role as the implication
xz = 1 in decision rule (4.3.4). The evaluation functidiie) has a value ot if the
condition within the brackets isue and a value of) if it is false It can therefore
be considered the formalisation of the decision rule (4.F#aluation of (4.3.10),
together with the probability density(e), based on (4.3.9), results in thebability
that the condition is ‘true’4{ = 1 in (4.3.4)) as thexpected valueor the mean, of
I (e):

z= / I (5 > lnaulnp) £ (e) de. (4.3.11)

— 00

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
i exp [~ (Ina — Inp) /4]
o J(e)de exp[— (Ina —Inp)/u] +1

__exp(Ina—Inp)/y]
exp[(Ina —lnp)/u] +1
(a/p)""
(a/p)'" +1
1/p
- %. (4.3.12)
(as/p) M ta"
The probability is now expressed as a function of the prefegdactorsas anda,,
and the price of housing,
Only a redefinition of the constants is needet = o — 1, 8 = o{” /7 and
(1-p)= oV, Using these new constants, the probability can be rewrétte

ﬂaplfa

r = =. 4.3.13
popt=+(1-7) ( :
Finally, using (4.3.3), the demand for space is givers b:yx%, or
5op1—a y
s= 5=, 4.3.14
popt=e +(1-p6)"p ( )

which is identical to (4.3.2).

As in Anderson et al. (1992), the elasticity of substitutiors shown to be re-
lated to the ‘amplitude’ or variange of the stochastic term. Here, it is also shown
that the more or less heuristically defined preference fagtg anda., in the con-
dition (4.3.6) are related to the parametein the equivalent CES utility function.
It can therefore be concluded that a rule-based decisidm tivéise factors and the
price p in the condition (4.3.10) results in a demand for housing3.(4}), through
the ‘strategy’,x, expressed in (4.3.13), without solving a traditional ¢raised op-
timisation problem. In figures 4.5 and 4.6 the probabilitd éime demand functions
respectively, are plotted with = 0.3 and3/(1 — 3) = 0.5.

4.3.2 Probability as time average

Using the stochastic interpretation of the decision madé¢hleyagent means that
the notion of afraction of the income spent on housing is replaced by phaba-
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Pareto efficiency and best response dynamics

bility that the entire income will be spent on housing. For use irgalae economic
decision problem, the original interpretation—referringtfraction—is usually pre-
ferred. The apparent discrepancy between the two intejwas ofz vanishes if the
probability is interpreted as the theoretical ideal valtithe meanbased on a finite
number of draws fok. In this interpretation the income is divided infoparts. If,
for example, it is assumed thais the agent’s monthly incomé&, would refer to the
number of spendings in a month. For each part, the agentetewitiether or not to
spend it on housing. The decision is based on the ratio ofiitialipreference fac-
tors, weighted by a stochastic terg#e, as in (4.3.7). The value of this term can be
interpreted as unknown to the modeller, but known to the &pe® Fudenberg and
Levine, 1998, p. 106). If the values of the each weight faaterknown to the agent,
the stochastic element would be transferred to the ‘circantes’ at time that can
make housing more or less important than all other goods.cirhemstances refer
to all factors other than the price that might have an infleeo the decision of
spending an amount of money equaltl’ on housing.

Splitting the income int@” parts and adding up all the parts spent on housing is
equivalent to calculating the average amount of money spehbusing timeg’. In
this way, the value of

TZ (lna np st), (4.3.15)

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

by
§ =gy TZJ[(l_Vt>lﬁp<1_ﬁﬁ>;>p]. (4.3.16)

The demand will be a close approximation of the demand in (4.3.14)'iis large.
Both demand functions will be identicalif — co.

Although this interpretation is relatively abstract, itilsportant to remember
that the behaviour of the agent was essentially reduced iogéedecision. If the
fraction of the income spent on housing is reinterpretechasaverage amount of
money an agent—or household—spends on housing every moistblear that this
decision will result from some process, strict bookkeegmingxperience.

4.3.3 Special cases of CES

Since expenses for housing are separated from expensdsotimealgoods, the am-
plitude or variance of the stochastic term can also be ingéegd as the stability with
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which the agent can sustain his preference for housing e#peact to its market
price. This interpretation relates the original concepelakticity of substitutiong,
in a natural way to the notion of randomness, expressed By definition the fol-
lowing relations hold

(4.3.17)

This allows for an interpretation of the variange of the stochastic termin at least
two of the three special cases of the CES utility functiom{pare with Varian, 1992,
p. 19). All three cases are summarised in table 4.1. The folei®in the first case

l1|lo0l0 p— —oco | up— —1 | perfect complements
2lo—1 | p—0 @ — oo | Cobb-Douglas
3|lo—0 | p—1 uw—0 perfect substitutes

Table 4.1: Special cases of CES functions.

less intuitive than in the other two. From (4.3.17) it follethate = 0 if = —1. An
elasticity of substitution equal to zero implies that th@d® cannot be substituted.
The relative preference for one good over the other, expdessfactors, plays no
role and both goods are always bought together. Specifitiadydemand 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 housingein th
same way. This is consistent with the intuitive idea of parfmmplementarity, but
the interpretation oft = —1 does not add much to this insight.

In the second and third case, Cobb-Douglas and perfectisuabtlity, the vari-
ancep does have a clear interpretation. These cases represesktiemes values
of the variance. Starting with the third caseyif= 0 the stochastic term disappears
in the condition (4.3.10). As a result, the two goods, hagisind the consumption
bundle, are only evaluated on the basis of preference faatwt the price. The cir-
cumstances identified with the stochastic term have no itnpa¢he decision. It
suggests that both goods play an identical role in the copsampattern of the
agent and that they therefore can be treated as perfecitatdstivhen the prefer-
ence factorsgs anda, in (4.3.5), are identical.

The second case results in a fraction of the income on whielptlte has no
impact, as can be concluded from (4.3.13j) i 1. Total expenses on land will al-
ways be equal to a fractighof the income. In terms of the variance of the stochastic
terms, especially in (4.3.10), — oc reflects a situation of total randomness, where
the circumstances completely overrule the impact of theeprThis characteristic
stresses the position of the Cobb-Douglas utility funcasra highly stylised case.
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The more general cases where the valug bés somewhere betweénandoo
represent situations in which circumstances play a limiteldrger role. In addition
to the alternative interpretation of utility maximisatias a sequence of rule-based
decisions, the elasticity of substitutions can thereferedinterpreted as an indicator
for the impact of all factors other than the price in thesdsiens.

Indirect utility

For the addition of the stochastic teento the condition (4.3.6) of the decision rule
no clear interpretation has yet been given. As was noteddtiose4.3.3, the main
focus there was on the role of the variangerather than on the origin of the error
term,e. The error term with a logistic distribution can be intetpakas the difference
between two other error terms. Using the definitioa ¢, — ., condition 4.3.6 can
be rewritten as

assel®s > a,zetc. (4.3.18)

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

Invg + pes > Inwv, + pe,. (4.3.19)

If the random terms, ande, have adouble exponential distributigrit is ensured
that the difference between the two still has a logisticritistion (see Appendix).
With a; = 3'/7 anda, = (1- ﬁ)l/p as before, the following definitions result for
(4.3.19):

1
Invs=lny+ —IngB — Inp, (4.3.20a)
P

1
Inv,=lny+ —-In(1 - 7). (4.3.20b)
P
The choice based on the condition (4.3.19) can now be reirid as finding the
good, s or z, that yields the maximum value of the two elements of (4.8.Z0is
might be expressed as

q = arg max {111 v;/“ + 4,10 ’U;/M + 5Z} , (4.3.21)

followed byx = 1if ¢ = ps andq = z if x = 0. This notation is rather cumbersome
and does not give any new information. However, (4.3.20sdmmntain additional
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4.3.5

information. Theexpected value of the maximusr(see Appendix)
Inv=¢ {max {lnvsl/“ +eg, Invl/P 4 EZH
=puln [exp (ln v;/“) + exp <ln vg/“)} . (4.3.22)

According to this definition, the value ofcorresponds exactly to thedirect utility
functionthat belongs to the original maximisation problem of (42uMth a CES
utility specification according to (4.3.1):

v=y[87p " + (1) Y. (4.3.23)

This section proves that the expected level of utility far thterpretation derived in
this chapter is identical to the indirect utility functiomett belongs to (4.3.1).

Due to the direct relation with the alternative formulatfonthe elements in the
condition (4.3.18), the use of the indirect utility funetics consistent with a rule-
based interpretation of the individual agent’s decisionthis sense, the traditional
indirect utility can be used without an appeal to the maxatigm of the direct utility
as a behavioural assumption. This indirect utility funetigill be used for welfare
analyses in later chapters.

Best response and CES

Although the decision of what fraction of the income to spenchousing was al-
ready referred to as a ‘strategy’, a real strategy demarntdsdiependent decision-
making, in shorinteraction Conforming to the neoclassical tradition, a strict sep-
aration can now be made between market and non-marketdtiters. Market in-
teractions are mediated through prices. Before addresgimmgwill determine the
prices, the following assumption will be made concernirgyghice for housing:

PA = T1y1 + T2ya. (4.3.24)

This expresses the value of land as the product of price pircguarea and the total
surface area available on the left-hand side. On the rightitside are the fraction
of the income spent on land times the income for adestd2 respectively. To fo-

cus the discussion on the strategic interaction betweeagdkats, the existence of
an institution similar to the Walrasian Auctioneer mightdmsumed at this stage.
The main difference with the traditional auctioneer is tladidity of (4.3.24) as a

disequilibrium price Given the total amount of money offered for land, the prie i
calculated as the value per surface area unit. The task cfubtoneer reduces to
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collecting all bids and dividing the sum of the bids by that@mount of land avail-
able. This price will then be quoted by the auctioneer. A natiled discussion on
this myopic auctioneeappears in section 4.4.

For finding a best response to any quoted price, the curneategy of agent
will be rewritten as

o1, 1—01 o1
Prp - L (4.3.25)

= ﬁtlnplfal +(1,ﬂ1)01 <171 +(1*61)61 palfl'
This expression can be used for solving for the price to whickvould be the best
response:

T1

5 G
= — -1 . 4.3.26
=125 - (4.3.26)
Combining (4.3.24) and (4.3.26) results in
R ( By ) 7 (1 _ 1) [ (4.3.27)
Y2 1—-p 71

The interpretation of (4.3.27) requires additional expléom. It is the strategy played
by agen® to which the best response would be strategyplayed by agent. Stated
differently, (4.3.27) is the ‘implicit’ best responsg to strategyr, and should actu-
ally be inverted. Unfortunately, due to its functional fqram analytical expression
for zy as a function ofry cannot be obtained and (4.3.27) will need to be solved nu-
merically’. Nevertheless, the function can be plotted followed by aarision of the
axes to gain at least a qualitative interpretation. Thigaeggh is followed in figure
4.7. The plot shows that the best respongés increasing monotonically im; the
give parameters. If it is assumed that both agents are aéntihe Nash equilibrium
can be obtained at least graphically by finding the intergeaif both best response
curves. This is done in the second plot (figure 4.8). The st@dot can be inter-
preted in exactly the same way as the best response plotsna tieeory, discussed
in chapter 3. Section 4.5 will show that this Nash equilibricorresponds to market
clearing demands. Therefore, by using the interpretati@en@ES utility function as
introduced in this chapter, a Nash equilibrium in fractiofigicome spent on a good
is defined that corresponds to the neoclassical marketiledGuih.

The myopic auctioneer

The price setting institution that quotes the disequilibriprices based on current
bids was labelled ‘myopic auctioneer’ in the previous settiUnlike the auction-

7 The solution might be found using the bisection method (Press et al., 2002).
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eer in the traditional neoclassical framework, the myopict@neer need not have
any knowledge about the preference structures of the agerdlved in order to
calculate the equilibrium prices that clear the marketstdad, he camechanically
calculate the price at the current time step, based on askiewealed bids from the
two agents. Although this still might be considered a rastglised description of
real-world price formation, it does not require extremeratige capabilities of all
parties involved. The process can be thought of as metaphdridl and error. In
this sense, it abstracts from a possible dynamics that eaiynteads to atationary
equilibrium. It can be considered as an examplewaflutionary dynamicsalthough
a similar concept is known in neoclassical economictatizainement proces3 he
traditional tabnnement process is based on raising prices in case of edessnd
and lowering prices in case of excess supply. Since totgllgup fixed in an ex-
change economy, the simple discrete dynamics for the myapitioneer based on
(4.3.24) can be written as

t—1 t—1 t—1 t—1
¢t _ Ty Y1ty Y2 4 18] 5
- = ) 4.4.1
p 1 p 1 (4.4.1)
The equilibrium price is reached iff = p'~! = p*. In that case, from (4.4.1) it
follows that
p*(A—s] —s5)=0, (4.4.2)

which is known asValras’ Law, formally stating that the value of excess demand is
equal to zero (Varian, 1992, p. 317).4f > 0, (4.4.2) expresses that the market is
clearedgs) + s3 = A, or that there is an equilibrium between supply and demand.

44.1 Chaotic dynamics

Once dynamics are introduced, the question arises of whittbgrocess converges
to the equilibrium described above. Computational expenitswith two agents with
a demand function (4.3.14) introduced in section 4.3 tagyethith a myopic auction-
eer show the possibility of the existence of a chaotic tirmesdor certain parameter
values, much in spirit with the logistic equation discussedhapter 3. This result
bears similarities with related models used for finance ¢Brand Hommes, 1997).

The nature of the chaotic time series can be illustrated irerdetail by plotting
the attractor (Strogatz, 1996) next to the time series. This is done in éigut.9-
4.13. Here, the demands from both agents are plotted fotdtaionsi001 — 5000.
The first1000 are skipped to make sure that the dynamics reaches a stdtgenpa
in which combinations of demands cycle. The elasticity dfstiiution,o, serves as
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a bifurcation parameterThe number of combinations increasessaacreases and
a dotted line with increasing density emerges (figure 4.18js line is a so-called
strange attractor This strange attractor disappears agaimr as increased further
(figure 4.13).

With the elasticity of substitution as the bifurcation paegter, the model sug-
gests that the extent of volatility would increase as sooth@sgents start to con-
sider the two goods more and more as substitutes. Since avdligh foro implies
a value foru—the variance of the error term in the condition of the rulsdzhdeci-
sion—that approaches zero, this result corresponds to wseearfor term to smooth
the best response (see chapter 3). A reducing impact ofiftistances’ other than
the price, make the agents’ decisions very sensitive t@flictuations. As a result
of this sensitivity, the fluctuations are sustained. Anpfteet of the explanation for
the problem with convergence lies in the simultaneous i@acdf both agents. This
excludes the possibility of some sort of bargaining.

Bargaining variant

In this section, two individual behavioural models will bentbined in a relatively
simple bargaining mod&l The main result is the possibility to show that the two
agents of section 4.4 can agree in principle upon a priceowttthe mediation of
an auctioneer. Although the assumptions that need to besiegpon 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.

99



Pareto efficiency and best response dynamics

game may not be a very realistic description of a real banggiprocess, the as-
sumptions regarding the agents’ level of rationality anckas to information are not
very demanding. The bargaining model is inspired by the sheabfictitious play
model presented in Fudenberg and Levine (1998, p. 28—-3&)hich agents form
a belief concerning the other agent’s preferred strateigyitibus play is both an
example of an elementarginforcement learningnodel in the literature on agent-
based modelling as well as a bridge between evolutionaryedheoretical concepts
at the individual and the population level.

Imagine two agents bargaining over a piece of land of gizé fraction w, of
the land is owned by agemt Agent1 furthermore owns a fraction df — w; of the
total sum of money. To make the example more concrete, it niglassumed that
the total sum is equal to a certain amount in some current¢ypbgonvenience the
sum will be normalised td. The second agent, agehitowns a fractionl — w; of
the land andv, of the money. Both agents would like to trade some part of thad
in return for money, or money for land. They expect to beneditfthe trade if they
can agree upon a price per square meter and the amount ohlandan trade. This
example is identical to the benchmark problem of section34®here the agents
have a Cobb-Douglas utility function.

It will be assumed that each agent has a well-specified deroane s;(p).
This means that agents can express the amount of land theideoptimal as a
function of the price per square meter. The way the agenesméte the optimality
of the amount of land and how they express their demand isdbas¢he best re-
sponse function, (4.3.25), that corresponds to a CESyuilitction in section 4.3.5.
If an agent proposes a price per square meter of land, hecithphlso proposes the
amount of land he prefers to buy by virtue of his demand curirerefore, every of-
fer can be expressed as a price-quantity pair. The produbedfvo is exactly equal
to the fraction of income the agent proposes to spend on iaregs this income.

The proposed part of his income one agent intends to spendnohwill be
observed by the other agent. Given the pair of price and abhpraposed by the first
agent, the second agent can determine the amount of landabiét be left for him.
He is expected to buy this amount at the price proposed byrgteafient. However,
if the combination of the amount left and the price proposgthle first agent does
not match the demand curve of the second agent, the lattederdiline the offer. If
the second agent declines the offer, he will propose a nese pWwhen determining
a new offer, the agent considers the total amount of monefirfteagent intended
to spend on land as given and fixed. Given this amount, thensesgent calculates
the price for the remaining amount pair that would match his demand curve and
will ‘clear the market'. If agen® takes the amount of money agenintended to
spend on land as given, this amount can be expressed adere by definition

h1 = P1S1 = T1Y1. (451)
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Here, the index of the price indicates which agent made tice pffer. Agent2 will
determine the pair of the pricgg, and the amount of landy, that will match both
his demand curves, (p2), and the condition

p2A — z2ys = hy. (4.5.2)

Next, agent 2 will propose the new price together with hisgared amount of land to
agent 1. Agent 1 will only accept the offer if the pair consigtof p; ands; = A—s»
matches his demand curve (4.3.14). If agent 1 declines, h@mgose again, now
taking the total amount of money agent 2 intended to spendwuh &s given using
(4.3.27). This process with alternate offers will be repdatntil both agents propose
the same price and an agreement is reached.

Using the smoothed best-response function (4.3.27) dkniveection 4.3.1 for
the fraction of income to be spent on land, the bargainindgplpro sketched above
can be interpreted as a best response dynamic, similar iforeément learning
where agents learn to play a Nash equilibrium in a repeatetegén accordance
with the previous analyses in this chapter, this Nash dauilin corresponds to the
neoclassical market equilibrium, which reflects a Pardioient allocation. For the
implementation of the procedure outlined above aagent-based modet should
be noted that the only information that needs to be commteddaetween the agents
consists only of the total amount of money the agent inteadpénd on land,

hi = pisi = x;y;. (4.5.3)

While making explicit the components ands; facilitates the interpretation as two
agents bargaining over a price, the components of the atteeninterpretation of
h;—the fractionz; and the incomey,—instead primarily serves a theoretical pur-
pose. It stresses the game theoretic quality of the inferaot determining the best
responseg;. Furthermore, in this second interpretation it can be shtian if an
agreement is reached the solution is equivalent to a Nagliteum in strategies
x;. Nevertheless, the agents do not need to reveal the levetofrie,y;; revealing
p; ands; is sufficient. The dynamics of the price for this bargainingd®l are plot-
ted in figures 4.14-4.16 for several parameter values. Ttilaigg price dynamics
give an indication of the presence of a negative feedbackarésm with damp-
ing, stressing the possibility of adopting a systems petsgeon this agent-based
computational economic model. This is consistent with tie¢hodological consider-
ations in chapter 2. The results of simulation runs with l@iggaining model can be
compared with both the analytical result from the tradigilsolution strategy in sec-
tion 4.2.3, which serves as a benchmark, and the simulagisuitrfrom the myopic
auctioneer model in section 4.4.

For comparison with the analytical solution, in figure 4d,6= oo = 1.0016 is
chosen as an approximation as close as possihie te oo = 1.0 (Cobb-Douglas)
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Figure 4.14: ﬁ1 =0.75, ﬂ2 =0.6,01 = 10.0, 02 = 20.0, w1 = 0.3, wy = 0.4.
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Figure 4.15: ﬂl = 0.75, ﬁg =0.6,01 = 02 = 30.0, w1 = 0.75, w2 = 0.8.
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Figure 4.16: B1 = 075, ﬁz = 06, g1 = 02 = 10016, w1, = w2 = 1.0.

in order to avoid numerical problems (division by zero in #€xponents of (4.3.27))
in figure 4.16. From (4.2.7), witlhv, = w, = 1.0, 5, = 0.75 and 3, = 0.6, the
exact solution i9* = 2.4, while the numerical approximation from the simulation
givesp* = 2.39992074.

Product differentiation and network externalities

This section discusses the impact of network externaliieshe Pareto efficiency
in the traditional interpretation of the market equilibriuNetwork externalities can
be considered an example of non-market interactions. d ialsludes a short in-
troduction on product differentiation and quality, beaatise presence of network
externalities is particularly interesting for a differitieéd product. The issues intro-
duced in this section will return in chapters 6 and 7, wheey thill be discussed in
more detail. The issues presented here are included intibger to highlight their
relation with the basic notion of Pareto efficiency in the #gent exchange econ-
omy and the game theoretical assessment of interactionsdied in chapter 3. It
will be shown that a model with network externalities in piple can have multiple
equilibria similar to the model of the coordination gamegemred in section 3.4.
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Network externalities and Pareto efficiency

For simplicity, the discussion will be limited to the casewb identical agents with
a Cobb-Douglas utility function. The utility function fogant: with a network ex-
ternality, expressed hy;, can be written as

1-8

u = sz z]. (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 demafndmplicitly by the fraction of the
income,

vy =L (4.6.3)

Y

spent ons; at a given market pricg. The externality in (4.6.1) can be thought of
as the fraction of the income thather agent spends ofn The choice ofr overs is
made for convenience, as will be shown below, but one canyallva translated into
the other using (4.6.3). Substitution of (4.6.3) in (4.&Adpws that the consumption
s; of agentj has an impact on the utility level of ageint

Only equilibrium solutions will be calculated in this sewtj without explicit
reference to the evolutionary approach of section 4.5,ghdhe results will apply
for that approach as well. Furthermore, since the agentasswmed to be identical,
in equilibriumz; = z; = .

Elimination of z; in (4.6.1) by using the budget constraint 4.6.2, followedtisy
maximisation of utility—with the externality taken as givemesults in the following
first-order condition:

=B =) e —p (=) (=)
=57 (y—ps) "2 [B(y—ps)— (1 B)ps| = 0. (4.6.4)
Solving results in
B(y—ps)—(1—pB)ps =Py —ps=0, (4.6.5)
or

ps = By. (4.6.6)
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Therefore, the fraction is equal to a constant
x=p. (4.6.7)

This result is identical to that for a Cobb-Douglas utilitynttion without an exter-
nality. The network externality does not affect the demamttfion, only the utility
level. Since the agents are not able to maximise theirwtililependently and ac-
cording to the postulates of neoclassical economics, thdtieg allocation will be
inefficient. The interaction between the agents therefai® & market and a non-
market component.

The non-market interaction can be translated to the maritetdction. As a
result, the value of the externality will biaternalisedin the market price. This
idea represents the traditional neoclassical approacki¢oral effects, by attempt-
ing to restore the Pareto efficient allocation, usually gtared to a policy instru-
ment—often a tax—to be used by an intervening government.diiikg the sym-
metry in this example, the amount the other agent consunmethoaght of as iden-
tical to the consumption of the first; = s; = s. Hence, the fraction of the income
can be substituted in the utility function:

¥ v
u=s821"5 <Z;S) =P (y —ps)lfﬁ (5) . (4.6.8)

Optimisation implies
v ol
% = (B+7) " (y—ps)' ™’ (5) P =Py —p) (5)
Y
=y (2) 0 - - (=Bl =0, (469)

Solving this first-order condition results in

B+ (y—ps)—(1—=B)ps=B+7)y—(y+1)ps=0. (4.6.10)
And finally
_(B+9)
ps = CES) Y. (4.6.112)
Or
v = ((f::)) (4.6.12)
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Sincef < 1, it follows that fory > 0

(B+)
(T4+7)

This result shows that for the allocation to be efficient, thoe same price the de-
manded quantity per agent, should be higher. Alternatively, for the same amount
per agents, the agents ought to be willing to pay a lower price, in ordesecure an
efficient allocation. In terms of the benchmark exchang@enty problem presented
in section 4.2.3 the equilibrium quantities are known inatbe to bes* = %A and
z* = 3, since the total amount for both goods will be split equaliyveen the two
agents, again due to the symmetry assumption. Hence, titevp@sffect from inter-
nalisation on the (indirect) utility level results from aghier value for the externality,
according to the substitution of both values of (4.6.13)4r6(1). Therefore, in the
presence of network externalities, a Pareto improvemepussible in theory.

Although this result conforms entirely to the neoclassowaicept of an external
effect, the normative implications are likely to be limitedreal policy applications.
In terms of neoclassical welfare economics, the first agenefits from the con-
sumption of the second, and vice versa. They experiencetdtndion to their level
of well-being that can not be directly related to the constiompof the good itself.
In principle, the agents pay a price that is too high for thedyto be allocated ef-
ficiently, compared to the price they should pay per quatityording to the utility
they receive from consumption only. However, it might beugdthat the additional
contribution to the level of well-being from the consumptioy other agents of the
same type of good is a@ndogenous quality characteristid the good as will be
argued in section 4.6.3.

8 <

(4.6.13)

Product differentiation and exogenous quality

As a prelude to chapter 6, a model similar to the one in sedti®dmwill be developed
that focuses on a market equilibrium fiifferentiatedgoods. Before, the agent made
a decision on how to divide her income between land and adéiragbods. Here, it
will be assumed that land is available in two different viigi® A common method
is the approach used by Dixit and Stiglitz (1977) which wé#libtroduced here in a
simplified way. Starting with an ordinary Cobb-Douglasitytil

u(s,z) = s¥2'7, (4.6.14)

the assumption that two varieties exist for gaod implemented throughestingof
a second Cobb-Douglas utility for gosd

s=siss7P. (4.6.15)
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As a result, the utility for one agent is now a function of #ngoods:

u(sy,82,2) = s?ﬁsg(l_ﬁ)zl_“. (4.6.16)
Similar to the indifference curves in section 4.2, an ireténcesurfacecan be dis-
tinguished in a three-dimensional plot. For a given utilityel s, the amount of the
numeaire, z, can be written as a function of the two varietiespf; ands;:

1
of a(1-p)] a1
L2 (4.6.17)

s
z (81, 82;u) = l L

u

Convexity now concerns a volume rather than an area asrdbest in figure 4.17.
The Cobb-Douglas specification primarily has the benefitttih@income is divided

AOAOR0
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Figure 4.17: Convex volume in case of two varieties.

in fixed proportions over the goods. In this example, the amhafi money spent
on all other goods is = (1 — «)y. It is therefore possible to separate the second
decision—on how to divide the remaining overs; ands,—from the first decision.
This can be illustrated graphically by adding a surface éatiginal plot, as in figure
4.18. The intersection of this surface and the indifferenadace can be considered
an indifference curve for the two varieties©fThis approach is especially appealing
if the Cobb-Douglas function of the second decision is regdaby a more general
CES functiof. In addition, an alternative specification for this funatieill be used.
Instead of using coefficientsand(1 — ) that depend on the individual preferences,
it will be assumed that these coefficients reflequality 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-utilincfion can be written as
u(sy, s2) = (afs] + a5s5)"’”
= [(a151)" + (a252)"]"" . (4.6.18)

Using the same procedure as in section 4.3, this CES funcéinibe translated to a
decision rule on what part of the remaining incomgon eithers; or s,. Based on
an adaptation of (4.3.20), this decision concerns theyutdivels

Invs, =1In(ay) +Ina; —Inpy,, (4.6.19a)

Invs, =In(ay) +Inay —Inps,. (4.6.19b)

These equations can be inserted in a discrete choice modelr-@quivalent deci-
sion rule—as well:

if <‘”>p51) then = = a,

a2 pSz
if (“1 < p“) then = = 0. (4.6.20)
az DPsq

This choice, based on the trade-off between quality ancepdan also be imple-
mented in a bargaining model in the same way as the origindeirin section 4.5.
The combination with the first decision, on what part of hisome the agent prefers

to spend on the differentiated good, relative to the araite, 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 produdemihtiation and net-
work externalities. It will be presented here in a rathetistyg way, to stress the
relation with the coordination game discussed in secti@n Bitroducing network
externalities in a model with product differentiation seemore intuitive than the
integration in the basic model, as in 4.6.1. Particularly thoice between similar
products might be guided by the number people that boughdahee type, brand or
colour. Witha; = 27 andas = (1 — z)” a network externality can be introduced in
(4.6.19), as

Invs, = In(ay) —Inps, +vInaz, (4.6.21a)

Invs, =In(ay) —Inps, +yIn (1 —x). (4.6.21b)

Assuming again that the two agents are identical, markeriog requireg,, A =
2zay andps, A = 2 (1 — z) ay. As a result, a stylised ‘best response’, based on the
network externalities only, can be written as

_ [z/(1— m)](vfl)/ﬂ |
/(1= )7 41

(4.6.22)

The right-hand side of (4.6.22) is plotted in figure 4.194ox 1. The ‘weight’ the

1
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Figure 4.19: ‘Best response’ cf4.6.22)with~ = 0.2 (y < 1).
agent attaches to the network externality is a bifurcatarameter. If the weight of
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Figure 4.20: ‘Best response’ cf4.6.22)withy = 1.2 (v > 1).

the network externality is smaller that the weight of theeifequal td in (4.6.21)),
the equilibriumz = 1/2 is unique and stable. In principle, (4.6.22) would give ttse
multiple equilibria,z = 1 andz = 0, as in a coordination game for> 1, illustrated
by figure 4.20. This implies that in the presence of networieralities only, and
without quality differences between—or personal prefeesrfor one of—the two
varieties, both agents will choose only one of the two vargt.

Conclusions

This chapter discussed the problematic interpretatioh®first Welfare Theorem.
It is appealing as a normative result of neoclassical mawonemics , but a process
description is lacking. A two-agent pure exchange econoenyes! as an illustration
of this issue.

It was shown that behavioural assumptions underlyingtytiiaximisation are
reinterpreted in terms of a best response, using the relagbween a CES utility
function and the logit model from the discrete choice litera. Based on the dis-
crete choice formulation, the best response can be interpes a simple rule-based
decision, distorted by circumstances captured in a sirigthastic term.

10 This extreme case, however, poses a problem for this particular, simple model. Because
of the logarithms in (4.6.21) the ‘solutions’, z = 1 and = 0, cannot be handled. A slightly
more complicated definition of the endogenous quality levels, for example a1 = (1 + z)” and
a2 = (2 — x)”, would solve this problem, while sustaining the qualitative result.
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48.1

The rule-based interpretation has the benefit over trawditiotility maximisation
that the rational choice is reduced to a best response. litigigs the problematic
position of market clearing in the neoclassical model. Twegible solutions to this
issue are explored. First the presence of a myopic auctionas assumed, who
quotes disequilibrium prices. With a two-agent model, thevergence to the equi-
librium price was shown to be sensitive for chaotic behavaduhe price, for certain
values of the CES.

The second solution concerns a bargaining process basethorcement learn-
ing in games. Learning in games can be considered part ofténature on evolu-
tionary game theory. The bargaining model illustrates thesibility of arriving at
equilibrium prices and the corresponding neoclassicahr@itallocation by means
of a market interaction between two agents using rule-bdsetsions and minimal
information. Although the approach has a few limitationshiows that a bargaining
solution for emergent optimality is feasible in theory. Thedel will serve as a basis
for a population model in chapter 6.

Appendix

A few themes regarding the double exponential—or Type | ex¢rgalue—distribu-
tion are collected here. They concern the value of the mearexpected utility, and
consistency with the logistic distribution. The derivatsoand proofs are adapted
from Anderson et al. (1992, p. 58—62) and Train (2003, p. 83—7

Euler-Mascheroni constant

One possible occurrence of the Euler-Mascheroni constamésults from the fol-
lowing integral that has no analytical solution

vy=— [ e “ln(z)dz. (4.8.1)
/

Using the transformation

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

o

v = —/675t In (st)sdt = —S/ 5 In (s) + In (t)]dt

0

= —sln(s /e stdt — / St n (t)dt
0
=—In(s) — s/e_St In (¢)dt. (4.8.3)

0

Here, use was made of thaplace transfornof 1:

(oo}

/efstdt = flefst = 1 (4.8.4)
s 0 s
0

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

/e_St In ()t = — )+ (4.8.5)
0

S

Expression (4.8.5) will be used in section 4.8.3.
The value of the Euler-Mascheroni can be approximateda9.577215665.

Type | extreme value

For the double exponential—or Type | extreme value—distidmytthe distribution
and density are given by

€

fle)=ece @ . (4.8.6)

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

m= /xf (x)dx = /xe‘”e‘e%dx. (4.8.7)

— 00
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Using the transformation

= 671

r=—Int
dt = —e*dz, (4.8.8)

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

0
m= /e*t In tdt

oo

=— / e tIntdt = . (4.8.9)
0

Since the mean is equal to the Euler-Mascheroni constaiftingtthe distribution
by this constant results in a distribution fowith a mean equal to:

Fle)=e® 77 =e v, (4.8.10)
with k£ = e~7. The effect of this shift is illustrated in figure 4.21. Insteof a maxi-
mum value for the density at= 0, the adjusted distribution has two parts of equal
size on both sides of this point.
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Figure 4.21: Shift by~ to zero mean.

113



4.8.3
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Expected maximum utility

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

Invs + pes > Inv, + pe,, (4.8.11)

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

1 v 1 S 1 z
In? :max{ nvs v +} (4.8.12)
% % 7

However, due to the stochastic terms in (4.8.12), onlyettected valuef the max-
imum value can be determined:

Inv = ué Fn“} . (4.8.13)
I

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

H(z) = Flz = (Invs)/p] F [z — (Inv.)/p]

ke [@—(nvs)/pu] _po—lz—(nwvz)/u]
—e ke e ke

=exp {—kLe™"}. (4.8.14)
Here,
L= [elnenlie 4 envn/i], (4.8.15)
The density that belongs to the distribution (4.8.14) iegiby
h(z) = kLH (x)e ", (4.8.16)
Using this density, the expected value (4.8.13) can be esprkas

e[ [ antoys

=kL / xH (z)e “dx. (4.8.17)

— 00
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With the transformation

t=e"
r=—1Int
dt = —e "dz, (4.8.18)

the expected value (4.8.13), using the definition (4.8 .\li8)ds

0
.
£ {rﬂ - k;L/exp(—kLt) In tdt

= —kL/eXp (—=kLt)Intdt
0

=~v+InL—v

=InL

—In [eﬂnvs)/“ + e“n”s)/ﬂ} : (4.8.19)
Therefore, (4.8.15) can be stated as

Inv=pln [eﬂnvs)/# + e(ln”‘*)/”} . (4.8.20)

And finally,

v = {v;/“ + v;/"} " (4.8.21)

48.4 Logit from double extreme distribution

For the evaluation of the condition
Invs 4+ pes > Inw, + pe,, (4.8.22)

the distribution (4.8.6), without adjustment for the Ed\dascheroni constant, can
be used because the deviation from a meahagipears on both sides of (4.8.22). It
can be rewritten as

€, <ées+ (Invg —Inv,)/p. (4.8.23)

If €5 is given, the fraction of the income spent on housing can ligetefrom the
distribution ofe.:

xsles = Fles + (Invs — Inw,)/p] . (4.8.24)
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However, since is a random variable itself, the fraction needs to be deragdn

expected value, according to

oo

T = /F[gs—l—(lnvs—lnvz)/u]f(ss)das.

—00

Solving this expression, involves

0o
_—les+(Unvs—Inwvy)/p] _ __,—€s
Ty = /6 € e e " dEs

— 00

%)
— / exp |:_e—[ss+(lnvs—lnvz)/,u] _ e—ss:| e_ssdes

— 00

oo

= / exp {—6_65 [e_(ln”S_IHUZ)/“ + 1] } e des.

—00
Using the transformation

t=e"°

dt = —e” *deg,

it follows that

0
Ts = — / exp {—t [e_(ln”'*_ln“)/“ + 1] } dt

= /exp {—t [e_(lnvs_hl“)/“ + 1} } dt

0
exp {—t [e-Mnvem/n q]) >
= _ [e_(mus—lnvz)/u + 1}

1 e(lnvs—lnvz)/p

= ]__i_ef(lnvsflnvz)/u - e(lnvsflnvz)/p,_’_]_'
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With regards to the expected value (4.8.19), it is intengstio note that the expected
value appears as the denominator of (4.8.28):

o(nv)/p

Ts = e(lnvs)/ﬂ + e(lnvz)/u

1/
vs/;

For comparison, the probability distribution and cumwiatdensity for the double
exponential and logistic distribution are plotted togethdigures 4.22 and 4.23.
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Figure 4.22: Probability distribution for logistic and double exponentjal< 0.001).
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Figure 4.23: Cumulative density for logistic and double exponentiatf 0.001).
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Chapter 5

Land use and welfare in economic theory






5.1

Introduction

Traditionally, the land market receives attention fromieas economic sub-disci-
plines. In each of these sub-disciplines the distinctidwben the land and the hous-
ing market is not always marked clearly. Land in urban ecdosis often considered
a consumption good, with a corresponding competitive mafkar simplicity this
market is sometimes identified with the housing market, ifictvisase it is typically
referred to as the rental market for location space. In envirental economics land
plays a role in property valuation, where the value of landdsessed in revealed
preference methods, especiallyhi@donic pricing again often projected on housing.
In finance land is considered an asset—with extensions tcestale in general—,
competing with other investments in diversified risk pditfe or as a basis for a
credit loan (mortgage). These different interpretatiomghlight various aspects of
land in economics. Leaving the asset,capital, quality of land aside for the mo-
ment —primarily because of the complication of introducinge as yet another
dimension, besides space—the question arises as to whidbirtation of elements
from spatial and environmental economics would serve patiterests concerning
land markets from the perspective of public sector econsmic

Public sector economics is concerned with the maximisatiohe level of well-
being—or (social) welfare—of all citizens in a given countrggion or city. The
initial observation in comparing welfare assessments amirand environmental
economics suggests that they accommodate different defisiof welfare On one
side, the urban economics literature stresses the optitoahtion of land through
markets, while the environmental economics literatura fartward the public good
character of local (environmentaiuality on the other side. From a public policy
point of view, an ideal welfare measure would address bgikas simultaneously.
If, in a first assessment, the quality of a location would ettibe considered a local
pure public good, exogenous to both consumer and produeeel(per), two goods
would play a role simultaneously on a land market:

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

2. gquality, as a local public good (amenity, environmental qualitythiatradition
of environmental economics.

For this stylised case, public policy would be confrontethvtivo aspects of a so-
cially optimal allocation of land in the neoclassical framoek:

1. securing optimal allocation of land by markets,

2. supplying local public goods.
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Land use and welfare in economic theory

If the quality is considered a characteristic of the landhboarket and public good
can in principle be combined in one welfare measure, as bmtdgare consumed
simultaneously and contribute to the utility level of thdiwidual agent. In this way,

the normative aspects of land policy could indeed be asdesik an essentially

neoclassical perspective. Land could in principle be alied by a competitive mar-
ket, while the public good interpretation of the quality ilep that the characteristics
of the land are fully exogenous for the consumer.

However, a complication arises in this case. The consumptitand can not be
separated from the consumption of the local quality. [Bleal public good property
of local quality implies that only people at the location eXpnce a direct bene-
fit. As a result, the value of the quality affects the markéteof land, due to the
competitionbetweerocations. At least a part of the social value of the localligpa
is said to becapitalisedin the land price. The capitalisation of the value of a public
good is addressed frequently in fugblic financditerature. This especially concerns
the theoretical underpinnings of taxes on real estate pippea local government
can influence the quality level because it is a public gocel)dbal government will
need to finance the supply of a quality improvement by pubboey. However, part
of the benefit people experience from an increased supplyeoloical public good
will be offset by a rise in the market rent and the land ownédk tiverefore benefit,
earning a higher income.

Chapter 1 stated that defining the goals of land policy besoooasiderably
more complicated if external effects are to be accountedridhe neoclassical per-
spective, external effects result in an inefficient allaabf goods that is inefficient.
The presence of positive external effects, however, neetie tassumed if the ex-
istence of agglomerations is explained by economic thegtated differently, only
a framework different from the neoclassical general elgtilim model can explain
why agglomerations are beneficial economically. The gaestif why agglomer-
ations emerge has recently attracted most attention witlgional economicsal-
though it is addressed in urban economics as well. A possiéanation for the
attention for agglomerations in regional economics liehamuse of models dm-
perfect competitionRegional economics is usually geographically expliciyarp
to the level of regions, while urban economics focuses oesciResearch in regional
economics most often concerns the differences in developaiéndicators, such as
the gross regional product and the unemployment rate, leetnagions. Many re-
gional economists were already familiar with employing ®isdf imperfect com-
petition in international trade and the difference betweeuantries and regions is
primarily only an issue of scale. Topics such as the conagatr of certain indus-
tries and competitive advantages can be studied at thedéeehtinents, countries,
or regions. If producers experience benefits in one regiesyégion might perform
better—in economic terms—than another that lacks these kenéfbenefits de-
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5.2

pend on the presence of other producers they can be identifibcagglomeration
externalities. The literature that deals with agglomeratxternalities in regional
economics is often referred to as tNhew Economic GeograpHNEG) (Krugman,

1991; Fujita et al., 1999).

As discussed in the previous chapters, imperfect competitigether with game
theory was the starting point for the adoption of complexeys methods in tradi-
tional economic theory in the 1990s. NEG models have mamadbcharacteristics
in common with models of social interactions. Examples hegdplicator dynam-
ics of evolutionary game theory in the NEG and the game theonetizpretation
of interaction-based methods in econometrics (Brock andaDfj 2001). The latter
has already found its way into environmental economicseRey; hedonic pricing
methods have been extended by adopting location choicelmfmiehe valuation
of non-marginal changes in levels of local amenities (Timsn2003; Smith et al.,
2004; Bayer et al., 2005). These so-callecational sorting modelare a good start-
ing point for defining a single framework for assessing optitand use and local
quality. They adopt a type of location choice model that mgdes the models in
urban economics, while the interpretation as an extendibedonic pricing reveals
a connection with environmental economics. Furthermoedfare assessments with
locational sorting models focus on the capitalisation efyhlue of public goods in
market prices for private property. This highlights a nelatwith the public finance
literature, discussed above.

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

Urban economics

The origin of the urban economic tradition in land use modigtes back to von
Thiinen (1826) for agricultural land use and its mathematmahélisation by Laun-
hardt (1885). Von Ttinen’s method was extended by Alonso (1964), Muth (1968)
and Mills (1972) for location choices of consumers and poeds. These prototypes
of urban economic models have always been interpreted asfptue neoclassical
economic tradition, because they conform to the condifionsompetitive markets.
The market equilibrium price for land is assumed to be id@htd the maximuniid

rent of the individual agents. The bid rent represents the priceresumer or pro-
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ducer is willing to pay as rent after travel or transport s@st subtracted from her
income. Travel or transport costs are the only connotatitmgeography, as they are
calculated based on the distance to an exogenously @eetral Business District
(CBD), or market place. Traditional urban economics oftesuanes the existence of
a continuous featureless plain, apart from the presenc€&ia

Population approaches

In the urban economic land use models the bid rents—as magk#ibeium prices
—reflect a spatial equilibrium. The spatial equilibrium ifsg defined in urban eco-
nomics as an equilibriundistributionin densities of agents. Fujita (1989, p. 3—4)
explains the extensive use of population densities in udzamomics. In principle,
a location choice representslescrete choicdor the individual household, as it will
only buy or rent housing space of one sort at one locatiorcrBis choices violate
the neoclassical assumption that all goods are divisiklgsiility of goods means
that a consumer can buy two goods in combinations of contimgmantities. If all
land is considered one divisible good and if it is dividedroa@opulation of agents,
the individual amount of land consumed per agent can be sgpdeas &action of
the total amount of land. Equivalently, for any infinitesiipamall piece of land,
individual land use can be derived from the fraction of thpyation living at that
location. It is assumed that the population size is largeighdo permit the abstrac-
tion of a continuous population. The fraction of the popola@at a given location is
therefore equal to the local population density. The diastion of agents is in this
way similar to aprobability distribution with the local population density equal to
the probability of finding an agent at a given location. This analogy will bpleited

in the following chapters.

The population distribution in spatial equilibrium is Pareptimal in the sense
that no individual agent is able to improve her utility by nmayto another location,
without reducing the utility of other agents. For a populatof identical agents,
this definition of a spatial equilibrium implies that everyest—regardless of loca-
tion—enjoys the same level of utility. Bid rents often imjlicassume a mechanism
in which agents establish their bids in strategic intecarctin the basis of equalising
differences in utility. This mechanism suggests an anabaitlythe definition of util-
ity similar to game theoryand strategically price setting producers in an oligopoly.
In urban economics in the Alonso tradition consumers woe&hsto be involved in
strategic price setting by means of bid rents. This mechamigl be made explicit
in chapter 6. The more traditional interpretation of thetighaquilibrium is identical
to the common justification in neoclassical economics,imglyn rational agents or
an institution—the Walrasian Auctioneer—to set market atepprices.
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5.2.2 Limitations of the Von Thiinen tradition

Although the prototype model sketched above of land useinvith around a city
can yield some insights in land use patterns, it is not capabéxplaining the exis-
tence of the CBD itself. This shortcoming of the models in¥ha Thiinen tradition
might be explained primarily by the relative dominant piositof the neoclassical
framework within economic theory. The models have alsorofteen criticised, be-
cause of other unrealistic assumptions, such as the styliggesentation of a city
as a single line or a disk, but these assumptions are alsodgdtin the reference to
the neoclassical framework. The main benefit of this refezda the possibility of
extending the welfare theorems to the context of land usgté§Fand Thisse, 2002).

In the Arrow-Debreu model (Arrow and Debreu, 1954; DebreQg9), perfect
competition is the main condition under which the Theorem#/elfare Economics
can be applied. Perfect competition can be sustained inrdloitibnal urban eco-
nomics models, at the price of failing to give an economiclaxation for the ex-
istence of cities. For agglomerations to be economicallyefieial, product differ-
entiation, specialisation and clustering need to be plesspecialisation conflicts
with the neoclassical assumption of the absence of scal®ates, while clustering
requires the presence of interactions in the shape of deperas between utility
and/or production functions; violations of the postulatésd on page 16 as well.
The conclusion is that the emergence of cities cannot beaggqd under the neo-
classical conditions for markets with perfect competition

The existence of a CBD is occasionally justified by the asgiomphat a com-
posite public good is supplied there. The composite goodbeamterpreted as a
bundle of facilities a local government supplies or sulssdj for example coun-
ters for legal and administrative services at a town hall os@ms and theatres. In
principle, the distance to the CBiiself! could be considered an amenity (see also
Scotchmer, 1986, p. 68, footnote 8). One additional bengfitterpreting the dis-
tance to the CBD as the characteristic of a location and ceqgat by a local quality
is the possibility to deviate from the rather restrictivieelar relationship between
quality and distance. As a result there is no strict negessitepresent a city with
a one-dimensional line or a two-dimensional disk. Thougiogenous local qual-
ity levels allow for a neoclassical welfare analysis, thély fil to account for an
endogenous CBD.

While models of increasing returns to scale have gained poipylespecially in
regional economics, a few models in urban economics asswerexistence of a pro-
duction facility at the location of the CBD that operateshwiicreasing returns (one
example is Abdel-Rahman and Fujita, 1990). These modelypieally interpreted
as representations of ‘factory towns’ (Fujita and This€2 p. 94) and reflect a

1 The shorter the distance to the CBD, the higher the local quality.

125



5.3

Land use and welfare in economic theory

type of city that mainly emerged during the Industrialisatin the second half of the
19" century.

Beckmann (1976) explains the existence of the CBD in a vadhthe Alonso
model as the result agfocial interactionsinstead of accounting for the cost of trans-
portation to the CBD, transportation costs are based onubmge distance to all
other agents. Social interactions are therefore introdlasea highly stylised way
of representing frequent visits. It implies that agentst\d other agents and that
they do not combine visits in one trip. Nevertheless, the ehdldistrates how non-
market interactions in combination with the traditionahcept of a bid rent can give
rise to emergent agglomerations. In a similar spirit, threuagption that the nearby
presence of other producers has a positive impact on thaugtiod function of all
producers might also account for the existence of a CBD, assty Lucas (2001)
and Lucas and Rossi-Hansberg (2002). While the explanatwsgipof non-market
effects might seem to be limited in theories on the emergeh@gglomerations,
they can play an important role as one element in a largeaaggibn, together with
market effects. Stating that cities exist because peomfepto live close to each
other does not reveal much. With social interactions as thm aentripetalforce
and the price of housing asantrifugalforce, however, the structure of a city can be
partly explained as the balance between the two. In theeeifithe city, proximity
to all other inhabitants is greater than in the suburbs. Bgean principle people
would prefer to live at a central place, housing prices ind&etre are higher while
the larger average distance to all other inhabitants intberbs is compensated for
by lower housing prices. Furthermore, since housing prazeshigher in the city
centre, people demand less space there per person thantoltsecity’s border. As
a result, the population density declines as the distantietoentre increases.

Public finance

Most analyses of the relation between the supply of localipgimods and the im-
pact on social welfare can be found in the public financedttee that takes the
ideas of Tiebout (1956) as a starting point. Tiebout progdseinterpret a special
kind of spatial equilibrium where a population is distriddtover a given number
of municipalities, as equivalent to a market equilibriurheTsize of the population
in a municipality would correspond to the demand for the llgcsupplied public

good, determining in equilibrium its aggregate price asrthumicipal expenditure.
Tiebout does not refer to capitalisation of the value of thbligc good in property

prices directly, but Oates (1969) suggests testing Tiebbypothesis by examining
differences in property tax, where this tax could be consideas the entry price of
a municipality. According to Oates, property values mushilgger in municipalities
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with a high level of public goods supplied. If people acceghker taxes for financ-
ing this supply, the net benefit for property owners has todstipe and Tiebout’s
conceptualisation would be correct.

Capitalisation

A part of the following research in this tradition focusesastimating net benefits
by measuring changes in rent (Lind, 1973). Starrett (198tEnels Lind’s analysis of
capitalisation. He also notices that capitalised rent toas a benefit to the owner,
but as a cost for the tenant. Although Starrett does not tefédonso (1964), his
approach resembles the urban economic tradition of linkiegtion choices to a
trade-off between rent and travel cost, since the price awoer pays for enjoying
the public good can be related to expenses on both. As in AandtStiglitz (1979),
capitalisation can be linked to the Alonso model if it is angd that the CBD itself
is a public good, or the unique location where a public goosuisplied. Because
the local population density in the Alonso model is usuadiiated to the inverse of
space per person, the analysis of Scotchmer (1986) is edlyegdrth mentioning
in this respect. She makes a distinction betwskart-run and long-run benefits
of environmental improvement. The difference between e is that the long-
run benefits take into account changes in the distributioth@fpopulation, or the
population density. This can also be thought of as a difiezdretweerpartial and
generalequilibrium analysis in terms of locational equilibrium des (Smith et al.,
2004) and the related locational sorting models that willdiscussed in section
5.6. The article by Scotchmer is also interesting becausts afse of expenditure
function in the welfare analysis. This makes her analysigeptually related to the
environmental economics tradition ofalér (1974) for the valuation of non-market
goods. Scotchmer, however, only relates the willingnepsyo(WTP) for a marginal
change in the location characteristics to an Alonso typei@fént. This definition
of WTP is therefore slightly different from the WTP usually &pg in valuation
methods, as will be discussed in section 7.2.

In the Tiebout model, the number of inhabitants of each mpality is endoge-
nous. The spatial equilibrium in the sense of Tiebout, &oplo several municipal-
ities, would then imply the same level of welfare in every neipality. In urban
economics the size of one city—in terms of total land use—isroétssumed to be
endogenous, while keeping the number of inhabitants fixedooth cases, the cap-
italised value of public goods supplied in a municipalityody is only reflected in
the land price, or rent. Theoretically, it can be proven thatsupplied 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 equaleeheent; no further tax
would be necessary (see for example Fujita and Thisse, $0038). This neoclas-
sical result is usually identified historically with the ateof Henry George (Arnott
and Stiglitz, 1979).

5.4 Environmental economics

The literature until recently showed little coverage of gpatial dimension in en-
vironmental economics, where land use would at first sigharbebvious research
topic (Bockstael, 1996; van der Veen and Otter, 2001). Onéibg element for land
prices in both environmental and spatial economics is tmeegt of abid rent In
urban economics this concept plays a central role in landnastelling, as discussed
in section 5.2. But housing prices have also been used éxgnim environmental
economics for a long time. In that respect, the perspectivand use in environ-
mental economics seems to have been dominated by the tleagrderpinnings of
hedonic pricing by Rosen (1974). Rosen proposed a perfeathpetitive market for
the characteristics of consumer goods making use of a btccogrtept, thereby re-
ferring to Alonso (Rosen, 1974, p. 38), but using the moreceptual ‘characteristics
space’ rather than geographical space. Hedonic pricing lsg&cial position in the
context of methods applied in environmental economics imegg—not restricted
to land use. It is one of the few valuation methods with anieitpkference to mar-
ket prices. Many other methods deal exclusively with theiatbn of pure public
goods. Starting with Mler (1974), environmental economics has developed a the-
oretical basis for incorporating public goods and extegfdcts—more generally,
non-market goods—in an essentially neoclassical framework

54.1 Valuation

In broad terms, non-market goods can be thought of as allgytieat affect well-
being, but which are not traded on a market. Environmentalityufor example is
assumed to be consumed, but there is no market for it. Tluesflor a clear separa-
tion in the analysis of the maximisation of welfare from thle@ation mechanism. If
people only consumed goods that are traded on markets,ittgerpechanism under
perfect competition would secure an optimal allocation #reteby yield a maxi-
mum level of social well-being. If markets supplied envimental quality, it would
typically lead to an under-supply, by familiar argumentst tpply for public goods.
From a welfare economics point of view, the state thereferabliged to intervene
in the allocation, either by regulation or by taking care wbly itself. When deter-
mining the optimal amount of public goods the governmentshsupply to achieve
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a maximum level of social well-being, the government shadddlly be able to esti-
mate a demand curve in which the demand for quality is a fanaif a virtual price.
Because public goods lack a market for achieving an effi@iatation, different
criteria have been developedaMr (1974) proposed a concept of shadow or virtual
prices, for public goods that is consistent with a standa&fthdion of expenditure
minimisation. The problem of expenditure minimisatiortis tual problem of utility
maximisation. It concerns the minimal income needed foreatig a given level of
utility at given prices. The focus on expenditure minimisain environmental eco-
nomics can be explained by the goal of finding a monetary nmedsuwelfare. To
maintain the same level of welfare, while changing the sppphon-market goods,
a minimal amount of virtual money that is needed can be adeduor as compen-
sation in terms of income. If this compensation is negativie,called a ‘willingness
to pay’ (WTP). A positive compensation is a ‘willingness taept’ (WTA). Both
can be interpreted asmonetary measurf®r a change in the level of well-being, or
welfare (Hanemann, 1999).

Valuation methods can be divided into revealed preferendestated preference
methods. Revealed preference methods are based on thesscal behavioural
model, with public goods included in the preference stmectii the individual agent.
For the consumption of the public good to be traceable in @edn behaviour, a re-
lation with a market-based choice must exist. Hedonic pgiés an example of a
revealed preference method. When there is no such relatiesgarcher must resort
to creating an artificial market by means of a survey, wheogoels are recorded di-
rectly. The most often applied stated preference methdukisdntingent valuation
method(CVM) (Hanemann, 1984). It can be regarded as the most nigoirople-
mentation concerning the valuation of pure public goodsséddifor estimating the
existence valuef a public good. Both methods can play a role with respechéo t
land market. The contribution of the environmental quatifya parcel to the level
of well-being of a consumer can be estimated with a reveatetéence method,
as it is assumed that will influence location choices. Theealf a protected area
might be estimated with a stated preference method, edigatigeople care about
the presence of the area, even without using it actively doreation. The prefer-
ence structure assumed in CVM is also essentially neockdsébr example in the
assumption that the marginal utility of the public good éases if the amount of the
public good provided increases.

The demand for environmental quality, however, cannot idiately be com-
pared with the demand for a market good since the derivadidiiferent. In the case
of a market good, a marginal change of its price has an efie¢he demand for
that good that can be understood as the combination of twafider effects. For a
marginallydecreasingorice, these are

1. amarginal increase in the demanded quamttiile keeping the level of utility
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constantbecause the good has become more attractive than other gs@ds
result of a lower price; theubstitution effegt

2. a marginal decrease in demanded quantity induced by tsilyplity of buy-
ing larger quantities of other goods because more incomeaitahle when
keeping the current demand for the first good at a constard;|#ve income
effect

If both effects are taken into account, the demand functidinepresent a so-called
Marshallian demand. If aHicksiandemand is to be derived, the second effect is
omitted. For a normal market good both effects play a roleandrdinary demand
for a market good is therefore a Marshallian demand. Becdaiseand for environ-
mental quality is derived from the minimisation of expendit while keeping the
level of utility constant in environmental economics, theEmand concerns a Hick-
sian demand.

5.4.2 Price and quality

The introduction to this chapter argued that the value ofl lamight be considered
a combination of land as a market good and quality as a lodalggood. Quality
can be interpreted as either a characteristic of a good opable good itself. Since
quality is beyond the consumer’s choice set, it is an exogefector and there is no
formal basis for a distinction from a public good; the two t&regarded as synony-
mous. Some public goods are consumed only in combinatidnauvibarket good. In
that case the value of the public good can—in principle—bevddrrom empirical
data on the consumption of the market good. This amountstmstructing a com-
pensated (Hicksian) demand curve for the public good on #séstof an observed,
uncompensated (Marshallian) demand curve for the privabe gThis problem was
referred to above in section 5.4.1 and is relevant in theecomtf land markets.

One condition that allows for the reconstruction of a Hiekstonsumer surplus
(WTP) for a change in the level of the public good requires thatprivate good
should be aveak complemernb it public good (Haab and McConnell, 2002, p. 10).
A complementary good is one that is only consumed togethtarseime other good.
‘Weakness'’ refers to the possibility of refraining from somption of the comple-
ment. A theoretical quality level where the market pricehaf immarket good—as the
weak complement—is so high that the demand for the weak congulegoes to
zero should exist. This is called tlvboke priceand implies that the private good
must benon-essentiallf demand for the market good goes to zero, the demand for
the public good reduces to zero as well. This is a conditiorntie possibility of
estimating the value of an increase of the quality levelrdasing the quality level,
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as an exogenous impact on the level of well-being of the aoesuwould otherwise
always yield some benefit. Popular examples are found inettreational use of the
environment. A trip to the forest for example, involves tlomsumption of gas for
the car, among other expenses. A family can decide to stagraéhthereby spend-
ing no money on gasoline for the forest trip. If the marketemf gasoline rises, the
family is less likely to go to the forest. The frequency willpmoximate zero if the
price is so high that a trip to the forest is not important egioto use the car.

The exploitation of weak complementarity in the valuatidrpablic goods in-
volves various limitations, additional conditions andeical complications (Willig,
1978; Small and Rosen, 1981; Vartia, 1983; Bockstael anddvia€ll, 1993). The
main difficulty is posed by the need to perform two translaioonsistently:

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

2. an observed change in Marshallian consumer surplus nedésranslated to
a change in Hicksian consumer surplus.

The second translation is well-known (Willig, 1976), butadtditional condition is
needed in relation with the first, known as W&lig condition (Willig, 1978; Smith
and Banzhaf, 2004). Roughly stated, the Willig conditionintens that the first
translation should be independent of the income of the acorsuMore precisely,
the marginal rate of substitution between the quality aedatfice of the weak com-
plement should be independent of income (Smith and Ban2ba#).

It is important to note that the need for isolating a Hickssamplus for qual-
ity changes is less relevant regarding land prices. Duegeffect ofcapitalisation
discussed in section 5.3.1, it is rather a measure for thieopdine value of quality
changes that is not capitalised in the market price for l&adlis needed. This type
of measure will be discussed in section 5.6. It is nevertsedgppealing, to consider
land prices in terms of weak complementarity. The enviromaleguality of a parcel
of land could be interpreted as a locally available publiodjand as a weak com-
plement to the land, which is—as a private good—traded on aehatk example
of dealing with quality is represented by thepackaging modelusually ascribed
to Fisher and Shell (1972). Their canonical example (Fisiner Shell, 1972, p. 26)
concerns a box that initially contains ten widgets. If themedox—sold at the same
price—contained twenty widgets, the ‘quality improvemesita box would equal
half the price of the initial packaging. This example will bged in the models pre-
sented in the next chapters. The repackaging model conftriiee Willig Condi-
tion, but as indicated above, recovering the change in loksonsumer surplus is
unnecessary if welfare effects from capitalisation are@sked.
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5.4.3 Hedonic pricing

The method in which capitalisation is addressed explidglyhe well-established
method ofhedonic pricing(Rosen, 1974). Here a regression is performed on the
price of a property as a function of various characteristi¢sen applied to housing,
a change in the price of a house—due a change in some chasticsericould be in-
terpreted as a monetary measure for the benefit of the chidogéy the function for
the price is available, the welfare analysis is usuallyrigtstd to marginal changes
in the level of the public good. In line with the discussioroed, the level of local
environmental quality could be considered a characteriBtsed on the regression
a marginal change in the quality level would be reflected iraagimal change of the
price. The marginal change of the price can be considerenh#irginal value of the
marginal quality change. Any analysis that goes beyond #hgation of marginal
changes requires in addition to the specification of theegitinction a behavioural
model from which a demand for the public good can be derived.

The behavioural underpinnings of hedonic pricing are seddly Rosen (1974).
Rosen (1974) defines the market price of the property good-gsoasibly non-
linear—function of separate prices for all characteristinghis way, hedonic pric-
ing implicitly assumes that separate markets for charasties exist. As far as these
characteristics are determined by producers, Rosen (19a@#)e to show that—under
regular neoclassical conditions—hedonic pricing can kerjmeted in terms of mar-
kets with perfect competition for characteristics. In alstly different approach,
Scotchmer (1986) derives an expression fbichrentin hedonic pricing by adopting
a reduced expenditure function, consisting of all expeme# except those for hous-
ing. The use of an expenditure function, with its implicitel@nce to compensation,
makes her analysis conceptually related to the envirorshenbnomics tradition of
Maler (1974) for the valuation of non-market goods, discdsd®ve. Analogous to
the derivation of a Hicksian willingness to pay, a bid rent bea defined on the basis
of the expenditure needed to attain (or maintain) a giveal lefutility. Based on this
approach, a trade-off between WTP for the change in qualityaanid rent—as the
market price in urban economics—is expected, when theyulditel is kept fixed.
While Rosen (1974) refers to a bid rent in character spaceajitheent Scotchmer
(1986) applies can be identified directly with the one emgtbin traditional urban
economics.

Scotchmer (1986) furthermore shows that the behavioutedténs that are con-
sistent with hedonic pricing can not be identified in genefalis is essentially a
negative result. If several behavioural assumptions ansistent with one and the
same price function, there is no way of unambiguously degid demand function
for the characteristics. More recent approaches in hedmiting follow a differ-
ent approach. There, concepts from industrial organisatie adopted based on the
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analogy between product differentiation and discreteah@\nderson et al., 1992;
Berry et al., 1995). The general approach can be consideradsanultaneous es-
timation of demand and supply for differentiated goods.deggly interesting for
the context of hedonic pricing is the fact that prices areogedous in this model.
It allows for the estimation of the value for non-marginahoges of characteristics.
This feature will be discussed in more detail in section 5.6.

Regional economics

Recent advances in spatial economics—usually gathered tineléheadingNew
Economic Geograph§NEG) (Krugman, 1991; Fujita et al., 1999)—show how mod-
els of imperfect competition might help explain the emengenf agglomerations
in a general equilibrium framework. Due to its stringentesptions, the traditional
neoclassical general equilibrium model (Arrow and Debd€g4) is incapable of
giving a spatially explicit representation of location @es of firms. Koopmans
(1957) stresses the need for models that can handleisibilities. In section 5.2
the population approach used in urban economics was mexdtiaha modelling so-
lution for avoiding the need to take into account the indbilgy of location choices.
This solution can be helpful if the main consumption decisioncerns residential
space, but regional economics focuses on the location vgnedeiction takes place.
Ordinary consumption goods will need to be considered isitiles, because they
need to be at least distinct in their location of productlarshort, similar goods need
to be differentiated. Goods can be differentiated by braabbur, or other character-
istics. It also has to be assumed that consumers are ablstitogdiish varieties and
have a preference structure in which some varieties arempeef over others. This
implies that goods cannot be perfect substitutes, evereyf tlave a similar, if not
identical use. Koopmans (1957) furthermore argues thatfemmmce for variety on
the side of the consumer, requiliesreasing returns to scalen the production side
of the economy. According to the first postulate on page Ieimsing returns are in
conflict with the neoclassical general equilibrium model.

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

If it is assumed that the marginal costs of production wemstant, the total
profit for the producer would increase with the amount of piad sold. However,
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it is often more realistic to assume that making a produdirdisrequires an invest-
ment that reflects specialisation of the producer. In thaécthe profit per product
times the volume of production is needed to cover this ihitieestment. This is im-

portant for a more general discussion on welfare econoripsoducer might need
to charge a market price higher than the cost per producti@erdo be able to cover,
for example, the costs of research and development. Int se@classical terms this
would be inefficient, as the producer exploits increasingrre to scale. However, if
the consumer is willing to pay the market price for an innseaproduct, rewarding

the producer for her R&D investments, the ‘inefficient’ aéion does not imply a
disadvantage for the consumer (see also Romer, 1990 andr@aosand Helpman,
1991).

With respect to regional economics, at least part of theepeefce for variety
of the consumers can be used to cover transportation costee@tually, it can be
thought of as a minimal condition for export. In the standarcbw-Debreu model
transportation costs would be reduced to zero, effectigbiyinating the notion of
distance As a consequence, a spatially explicit interpretationhaf meoclassical
framework would result implicitly in an autarky where, a® tbwners of the firms,
consumers produce only for their own consumption.

55.1 Product differentiation and imperfect competition

In the most popular NEG model—the core-periphery model (Krag, 1991; Fu-
jita et al., 1999)—the Dixit-Stiglitz-Spence model (Dixit@Stiglitz, 1977; Spence,
1976) ofmonopolistic competitiois assumed to be the only market type. This type
resembles a market with perfect competition in the assumptiat competition be-
tween producers forces them to accept a maximum profit thalggero. It also
resembles a market of oligopoly in the possibility to earreaprofit. Both assump-
tions can be reconciled by the additional assumption trentt profit is invested
entirely infixedcosts of production. These fixed costs can be interpretelteaisit
tial investment that is independent of the produces volutreerves as a proxy for
specialisationas an investment in equipment needed for producing a gaidam
be distinguished from all other goods in the market. In ppiecless stylised vari-
ants of imperfect competition can be applied as well, sucBaxtrand of Cournot
oligopoly (Fujita et al., 1999, p. 52). In these market typesducers are engaged in
strategic price setting or strategic quantity settingpeesively. Strategic interaction
between producers, though, would call fime theoryo analyse the market equilib-
rium. This would complicate the analysis of the emergencadusiters. Monopolistic
competition is sufficient for clustering, as it allows fmoduct differentiatiorunder
minimal conditions. In this sense it is product differetita rather than increasing
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returns that is at the heart of the NEG. However, producerkfiitiation is not pos-
sible without increasing returns to scale. If producers sjgecialise, they can also
account for transport costs. As a result, they can be lodatedregion other than
the region where the goods they produce are consumed. Inwthds, by adding
transport costs, the concept of import and export can bedotred in a general equi-
librium model. Producers can choose the location that wmadgalimise their profits,
given the difference in volume of the goods they produce betwthe home market
and the export markets. In the basic core-periphery modedtions are abstracted
to two regions and therefore only one export market exists.

If the production side is characterised by product difféiegion, the resulting
imperfect competition will need to correspond to the prefiees of the consumers.
On the side of the consumers in the NEG, a utility function-e-dlased on the Dixit-
Stiglitz-Spence model—is assumed that reflects a prefefencariety. If the pro-
ducer specialises, his products will only be sold if constgmiistinguish between
the goods of various producers. In the Arrow-Debreu modglsamers consider the
same products from different producerspesfect substitutesThey have a prefer-
ence for certain goods and are indifferent to the produbetsthake them. However,
people often have a favourite brand or shop. These prefesersult in an elemen-
tary type of ‘niche’ for the producers. In the core-peripherodel, these niches are
just sufficient enough to generate a net profit for the produtieat enables them
to cover their fixed costs and transport costs. The preferércvariety at the side
of consumer is not without limitations, though. If the diffaces in prices between
competing goods become too large, the consumer will opti®gbod that was ini-
tially less preferred, because the difference in his ytlével will be compensated
by the lower price.

If the utility function of the consumer is interpreted as th#ity function of a
representativeconsumer, representing the average of an entire popujdtiersin-
gle preference structure reflects a preference for diffextd goods. It contains a
parameter that denotes the ‘level of differentiation’ gating how different the rep-
resentative consumer prefers the goods to be. There areasgibfe interpretations
of this parameter. One interpretation considers the reptasve consumer as the
‘average consumer’ that prefers several goods that ardasjrbut different. In the
second interpretation, the preference for variety wouldrro the heterogeneity of
the individual preferences within a population. Durabled®mespecially, are bought
infrequently and an individual might have a stradgsyncraticcomponent in their
preference structure for them. This component is madea@kplithe interpretation
of the multinomial logit model for a discrete choice as a madgroduct differen-
tiation in Anderson et al. (1992).
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Interactions and externalities

Once differentiation of products is allowed for in a modwdliframework, it might
in addition be assumed that the preferences of the conswoacerning product
varieties are not entirely independent. Examples of thisezsily be found in the
real world, especially in the form of consumption extertiedi. The preference for
a specific brand of clothes for example, might depend prignan quality, but for
many people it is also important whether the brand is fagthtaor not. With a pop-
ular brand of clothes, part of the level of well-being to whigearing these clothes
contributes depends on how many people are wearing clotbesthe same brand.
This is an example of a positive consumption externalityp &nown asetwork
externality discussed in chapter 4.

The core-periphery model of the NEG contains a more elabayake of exter-
nality. In the model manufactured goods are differentiatdde agricultural prod-
ucts are assumed to be perfect substitutes. The manufdcfooels can be produced
in two regions. The labour force for these types of goodsdtily production factor
and is assumed to be mobile. Workers, however, do not combatteeen regions.
They are assumed to work in the region where they live. Bec#ues labour force
is the only production factor, the location choice of the kews as consumers also
determines the location choice of the manufacturing ingiust the producers. Al-
though in principle the number of varieties is endogendus,specification of the
model for monopolistic competition implies that in equiliom the number is fixed.
It is assumed that each variety is produced by a single firmcandequently, the
number of firms is also fixed. With only two regions in totalk tlecation choices in
the model can be described by tingction of firms located in one of the regions; the
remaining fraction will be located in the other. Both mamtfeed and agricultural
products from both regions can be consumed in either regigrear transport costs
only if produced in another region. For convenience, trartsposts are defined by
assuming that shipped goods can be considered ‘icebergsiing that the costs
can be expressed as the fraction of the volume that ‘meltshguransport. This
fraction links the consumption and production of the twoioag and is thereby the
basis for the external effects.

Positive externalities can arise in the region where mafividual members of
the labour force—and thereby the firms—choose to locate. Teagth of the ex-
ternalities depends on the transport costs, because tiseroption in a region can
be formalised as a mix between imported goods and goods gedda the own
region. Firms prefer to be located in the region with the éatchome market, be-
cause in that region the market prices bear no transpor,aostrket prices will be
lower, and demand will be higher. Consumers prefer to loicatiee region with the
largest number of firms, because there they can earn a higakwage. The real
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wage is the nominal wage divided by thece indexin that region. Prices are lower
in the region with products that are not imported. The firmafford to pay a higher
nominal wage there due to the economies of scale. The highkwage for the con-
sumers is dorward linkage while the home market benefit for the producers repre-
sents &ackward linkageThe 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 cagturanevolutionary
process—formalised as the replicator dynamics, also discussed apteln 3—that
determines the rise in population density per region as etifumof the difference in
real wages between the two regions. In the case of relatiiglytransport costs, the
export market will be small and the two regions will operagauly independently.

If transport costs decrease, the volume of exported pradwideincrease. As a re-
sult, the two regions become connected and—due to the ekedfeets—firms will
move to the region with the larger home market. The home nankihat region
will grow until all firms are located there, if the transpodsts are low enough. In
the core-periphery model, the transportation costs thezeferve as a bifurcation
parameter. The bifurcation from one equilibrium to two diuia can be identified
with the bifurcation discussed in section 3.4.1.

Because the external effects in the core-periphery modabbg through market
prices—or, more specifically, in this casansport costs—, they are sometimes la-
belledpecuniary externalitiedn this way, they can be distinguished from so-called
technological externalitiesr spillover effectsThe first are essentiallynarket in-
teractionswhile the latter arenon-market interactionsThis distinction is important
with respect to the First Theorem of Welfare Economics. édkion in the presence
of market externalities is inefficient becausdmaperfect competitiarwhile alloca-
tion in the presence of non-market interactions is inefficdue to welfare effects
not internalised in market prices. In principle a markebedition in an imperfectly
competitive market can be the best allocation that can biexaath, even though it is
not socially optimal.

The distinction between the two types of externalities a&bisvbased on the
perspective of the production side of the economy. The tvpesyoffer different
possible explanations for the emergence of agglomeraiticiesms of the clustering
of firms. Together with ‘thick markets for specialised sKilFujita et al., 1999, p. 5),
they comprise the three explanations for the formation d@igtrial clusters already
identified by Marshall (1920). According to Marshall (192@ujita et al., 1999,

p. 4-5), clusters of firms might be explained by:

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

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

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

The third explanation is intuitively clear, but is difficuti model without intro-
ducing assumptions that can effectively only be regardetblask boxes’. In the
literature they are sometimes referred tcasmunication externalitie€ommuni-
cation externalities can be thought ofsxial interactionsas discussed in section
5.2. Location choices of consumers are often determineddipffs that contribute to
their level of well-being, but are not allocated by markef§iciently or inefficiently.
Many people prefer to have neighbours, or at least they ptefiive in a commu-
nity, ranging from a village to a mega-city. Some of the reamsoan be identified
with market interactions, such as the presence of shopsidmdimarket interactions
are likely to play an important role as well.

A methodological issue arises regarding the presence efredteffects—pecu-
niary or communication, and in general. The neoclassieahé&work is able to illus-
trate the Pareto-efficiency of an allocation governed byketgprices, under well-
specified conditions. If for some phenomenon—in this caséoaggrations—these
conditions cannot be met, it is not immediately imperativeesort to market interac-
tions in an exploratory framework. If the neoclassical feavork is to be abandoned,
a multitude of alternatives emerge. As was argued in ch@ytbowever, a model
of human behaviour will still have to reside primarily on detive logic since it
cannot be based on universal laws. If the assumption of tiséeexe of non-market
interactions leads to the equivalent of a black box in certdplanations, it can
still be useful in others. The citations below, illustrate tliscourse in contemporary
economic science. Glaeser (1999, p. 6) for example, writ@sglea for integrating
non-market interactions in urban research:

‘Krugman (1991) shows that a brilliant theorist can explain cities withoahn
market interactions. But it is less obvious to me why one would want to.dthgo
flow of ideas and values that occurs through face-to-face interactioro@#ye most
interesting feature of city.

On the other hand, Fuijita et al. (1999) argue that explaittiegemergence of ag-
glomerations by the presence of increasing returns to saalbe particularly helpful
if some elements in the environment change:

‘The larger point is that by modelling the sources of increasing returnsptatial

concentration, we are able to learn something about how and when teases
may change—and then explore how the economy’s behaviour will ehgitigthem.
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With a focus on the production side of the economy, this migghiinterpreted as
a choice for keeping the economic analysis within the spb&economic theory.
A similar preference is expressed in Fujita and Thisse (2002303), explaining
why market interactions are sometimes preferred over narket interactions as
the main element in the mechanism that results in an agghioer

‘Pecuniary externalities are also better studied within a general equilibricamé-
work to account for the interactions between the product and labour@tsrkmong
other things, this allows one to study the dual role of individuals as worketsan-
sumers!

Nevertheless, the role of non-market interactions, e#lséechnological or commu-
nication externalities, also received attention in therteconomic literature. In this
thesis, the modelling frameworks focus on residential lagel and agglomerations
will be assumed to emerge primarily as a result of non-marketactions. The role

of non-market interactions will be explored especially liapter 8.

Locational sorting

The research questions in chapter 1 concern the land matiespatial economics
literature in which this topic is addressed belongs maiolgub-discipline of ur-
ban economics. As discussed in section 5.2, urban econ@sgarch traditionally
devotes a substantial part of its attentioriaod useand cities. One way of accom-
modating insights from the use of models of imperfect coitipatand agglom-
eration externalities from regional economics in urbamecoics is the concept of
endogenous local qualityr endogenous amenif$trong and Walsh, 2005). Endoge-
nous local quality can be defined as a characteristic thagsmdent on the location
choices of other agents. Itis an external effect, but at [gas of its social value will
be capitalised in the price of land. Although conceptualdacg the policy implica-
tions of addressing endogenous quality are difficult to antéor. The main reason
lies in the feedback mechanism that follows when it is assuthat households are
mobile. The feedback mechanism this assumption intrododghkt be interpreted
dynamically as follows:

» People choose a location based on price and quality,
« The location choices affect both price and quality of theations,
» People revise their choices.

If quality is exogenous, the dynamics conform in principgdeat regular process of
finding a market equilibrium. Unfortunately, this mechamis already not very well
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defined in the neoclassical model, as discussed in chaptéredmechanism, how-
ever, becomes really complicated if location choices, igand prices all have an
impact on each other. Equilibrium selection in a model witd@genous quality con-
forms to acomplex dynamical systerit contains both market interactions that can
be shown to be consistent with the neoclassical urban edosanodels and might
possibly be assessed in a self-organising system. It cant@in-market interactions
as well, which result in non-linearities in terms of intgpdadencies in the prefer-
ence structures that deviated from the neoclassical liaetivity model. Existing
literature that deals with this type of non-market intei@ts and its relation with
complexity usually adopts the tersocial interactions

Social interactions and complexity

Koopmans (1957, p. 150-154) already sketched the outlihteedype of general
equilibrium model that could eventually replace the Arrbebreu model if the clus-
tering of economic activities had to be accounted for. Thenrahastacle according to
Koopmans (1957, p. 154) referring to Koopmans and Beckm&®7), is a formal

one:

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

In economic theoretic terms, the mathematical tools refangrily to indivisible
goodsandincreasing returns to scalelThe search called for by Koopmans might
be identified with the development of tools that support ffmesmatic investigation
of the properties of nonlinear—a@omplex—dynamical systems. This not only ap-
plies to the role of increasing returns in the explanatioagglomeration formation.
Elsewhere in his book in a discussion economic dynami¢&oopmans mentions
the ‘linearity of the behaviour equations’ (Koopmans, 1957179) as one of the
‘two main limitations of the tools used’ in the ‘last twentgars’(Koopmans, 1957,
p. 179) at the time of his writing in 1957. The other limitatics the ‘highly ag-
gregative character of the variables’(Koopmans, 195778) ih dynamic economic
models.

The mathematical tools for handling indivisible goods ancréasing returns
are provided by the New Economic Geography (Krugman, 19@jltaFet al., 1999).
The NEG adopts the same selection mechanism as in evolutigame theory—the
replicator dynamics—, based on the fractions of a population choosing a region
where the utility is above average, resulting in a Nash dquilm. The utility in
the core-periphery model can be interpreted as the real. Wéngereal wages in the
regions are connected through transport costs.
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Parallel to the development of NEG in the last decade aftitezabn social inter-
actions has emerged, sometimes referred tdes Social EconomidiNSE) (Becker
and Murphy, 2000; Durlauf and Young, 2001). The modellingrapches adopted in
this literature are similar in their mathematical struetto the core-periphery model
of the NEG. One common feature is the reliance on techniques §ame theory.
Especiallyevolutionary game theorfWeibull, 1995) offers practical tools for equi-
librium selection in the presence of interactions and bednditionality (Young,
1998). The references to evolutionary game theory mightt bésinterpreted as a
way of applying theories from complex dynamical systemsdonemics (Durlauf
and Young, 2001). The focus of the NSE, however, is diffeféfiile the NEG starts
from the inherent difficulties of formulating a general diium model that can
account for emergent agglomeration, the NSE has a backdiounathematical so-
ciology rather than economics. It defines choices in a fraonkewhat resembles the
work of Coleman (1990). But whereas the models by Colemariraggiently lin-
ear activity models in a spirit similar to neoclassical emoits, the NSE stresses
the complexity that might result from the non-lineariti€fscertain types of social
interactions. A second difference with mathematical dogipis the economic con-
text to which many research problems refer to in terms ofetatimplications. Peer
group pressure concerning alcohol abuse for example, méghtt in high costs for
a society. Policy measures based on a traditional, nedcdhfmmework—usually a
tax—intrinsically fail to address peer group effects, duéhbehavioural assump-
tions that exclude social interactions. Following Brockl @urlauf (2001), a large
part of the literature is devoted to the econometric ideaifon of social interac-
tions (Manski, 1995), using a discrete choice frameworlscbdte choice models
(McFadden, 1973, 1984) are common in econometric appicstiThe addition of
interdependencies in the preference structures, thoeghilts in characteristics of
the models that can only be addressed using tools from thesémaf complex sys-
tems (Anderson and Arrow, 1988; Arthur et al., 1997; Blumd Burlauf, 2006).
Finally, Brock and Durlauf (2001) even refer explicitly tp&ein and Axtell (1996)
and also other linkages between social interaction modelgagent-based modelling
exist (Durlauf and Young, 2001).

Locational sorting and general equilibrium willingness to pay

The presence of social interactions can in principle betified econometrically
(Brock and Durlauf, 2001). This has inspired the develogmé&new tools with ap-
plications inenvironmental economici support of property valuation (Palmquist,
2004; Bayer et al., 2002; Sieg et al., 2003). The derivatiba marginal WTP in
hedonic pricing on the basis of the current price also initpfiassumes that the util-

141



5.7

Land use and welfare in economic theory

ity remains unchanged at the maximised level. If it is sutggbghat non-marginal
changes in the local quality level might induce househotdsibve to other loca-
tions, a demand function would needed to be specified so ¢&maequilibrium prices
could be derived together with a specification of supply.&se hedonic prices are
considered market equilibrium prices where consumersmiagitheir utility level,
equating demand and supply should always result in pricasrémain consistent
with utility maximisation. Stated differently, the calation of endogenous equi-
librium—market clearing, or hedonic—prices depends on thigyevel in spatial
equilibrium as an endogenous variable. The endogeneiteattility level and more
specifically, its dependency of the specification of suppl¢t demand, characterise
a special type of location choice models that has been dawelfor property valu-
ation. These are the so-callegtational sorting model¢Bayer et al., 2002; Bayer
and Timmins, 2002; Timmins, 2003).

Central in the welfare analyses of locational sorting medkekthe concept of a
general equilibrium to payGE-WTP) (Smith et al., 2004). A GE-WTP should be
able to account for the value of non-marginal changes in sadlysexplicit distribu-
tion of local public goods, thereby extending current hédnicing methodology.
Commonly, such a GE-WTP is derived as a Hicksian WTP adjusteehidogenous
prices. Endogenous prices are typically enforced by a nhalkaring condition,
often a fixed supply, constraining the relocation of a pofotain response to the
changes in local quality. This strongly resembles the patfutthe basic urban eco-
nomics models in the Alonso tradition. For a closed city mdaaerban economics,
however, the city size is also endogenous. Therefore, a GIP-WNat allows for vari-
ation in the total amount of land used for residential puepasuld be a suitable
basis for further exploration of the combined welfare effeaf quality and quantity
aspects. This concept will be explored in chapter 7.

Conclusions

This chapter presented an overview is on the approach tousedvithin different
sub-disciplines of economics. The main conclusion is thattpitalisationof the
value of amenities in the price of land is the theme on whichtrdoutions from
urban economics, public finance, and environmental ecarsogin be united.

As far as spatially explicit economic issues are covered a@instream eco-
nomics, models that are part of the neoclassical traditemmot account for the
emergence of agglomerations. Recently, spatial econonagissbenefited from the
applications of game theory and models of increasing retunereasing returns are
implied by models of product differentiation in the New Eoomic Geography. Al-
though these models are mainly adopted in regional ecomss#tizereby lacking
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an assessment of land use—they offer formal concepts in wiuntplexity has a
clear meaning against the background of neoclassical etigedn terms of external
effects.

Locational sorting models integrate welfare notions frorham and environ-
mental economics. The key issue of capitalisation is addcks locational sorting
models by means of endogenous prices following a specdiitafiboth demand and
supply. Through their relation with the literature on sbameractions, locational
sorting models can be identified with the literature on caxiy.
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Chapter 6

An evolutionary interpretation of the

Alonso model






6.1

Introduction

This chapter presents the complete derivation of the moagl@/ed in the next
two chapters. The final model can be considered a real nggtiMasystem (MAS)
and will be implemented as such in chapter 8. The startingtphowever, will be

the traditional Alonso model (Alonso, 1964). Although telaly restrictive in its

applications, the original Alonso model is very flexible faysting alternative inter-
pretations and adding extensions. The main step in the numfelation concerns
a reinterpretation of the original model asarolutionarymodel. The basis for this
reinterpretation is an analogy with a population game freotigionary game theory
discussed in chapter 3.

Furthermore, a stochastic variant of this population gafieeva for an addi-
tional reinterpretation of a spatial equilibrium. Basedtla best response interpre-
tation of CES utility function in chapter 4, the stochastipplation game variant of
the Alonso model can be shown to be consistent with a modelrepsentative
consumerThis model provides a pragmatic general approach to thenatodation
of apopulationin a welfare analysis. It can be interpreted as a simplifiedtional
sorting model, while at the same time welfare effects arerdgssly captured in a
quality-adjusted price index as the single indicator.

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

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

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

3. An evolutionary selection mechanism will be defined tolesgthe possibili-
ties of ‘growing’ a city, by means dfelf-organisationwithout resorting to an
optimisation method that would lack a behavioural intetgtien at the level
of individuals.

Special attention will be devoted to welfare contributidrttee city size. It will be
shown that an endogenous city size allows for an integratiovelfare notions from
urban and environmental economics; the latter based otirexiscational sorting
models. This integration will be exploited in the welfarabses in the next chapter.
This chapter is organised as follows. In section 6.2 a deledf elements is
made that will be used as a characterisation of the land m&Bketion 6.3 revisits
the Alonso model and develops a basic evolutionary equivalit. This equivalent
will be generalised as a stochastic population game in 6hd¢hwin turn can be
interpreted as a model of a representative consumer in antasf the model in
developed in chapter 4. A model with several populationkheilised to demonstrate
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segregation by income—a general feature of existing sortiegels—as a more
advanced type of self-organisation in section 6.5. Se@&i6rtloses this chapter with
conclusions.

Basics of the land market model

To combine several welfare measures concerning land usaipfain one mod-
elling framework, three aspects will need to be addressadvance. The first is the
specification of the good that is being allocated. The charasation of demand and
supply on a market as a means for decentralised allocatitwe isecond aspect; the
third aspect concerns the formalisation of the locatioria®of individuals.

The main good allocated will bepace measured by its surface area. Space
serves as an abstraction of land, because it allows for aatépaof the demand for
land from the location where the land is traded. Only land mseonsumers will
be taken into account. Neglecting producers in an econossiessment of land use
decisions implies that the only land use type reflecting tlesgnce of humans will
be residential. It rules out the possibilities of condugtinwelfare analysis that in-
cludes the effects of location decisions by firms. The inign of firms would also
require including the effects of wage formation, labour ititgh and other general
equilibrium effects into the analysis. Although all the$eets are important for an
overall assessment of welfare effects in a spatially ekpmlantext, they are likely to
interact with—rather than determine—the welfare effectsotllprices. Therefore,
neglecting production allows for a better focus on the djme@le public policy with
respect to land use issues.

A market in which land is traded can in principle be charasést as part of
a pure exchange economy. This is primarily a reflection offéee that no land is
being produced. Once owned, land can be considered an Bsmdet prices for
residential land use modelled in urban economics are ofienred to asent A rent
facilitates defining housing expenses for an individual boasehold as a part of a
budget for consumption of space in a repetitive time intervanthly for example.
This introduces the possibility that the consumer of thespsnot by definition the
owner of the piece of land. Land would be owned by means dalréhdowments
and can be rented from the owners by other consumers. Thésrém return on
the asset for the owner. The main implication of assigning laroperty as an initial
endowment in combination with a rental market is that latidgiare assumed to be
fixed. This assumption continues in all versions of the mddekloped. It is believed
that the characterisation of the land market as a rentaleharkhis way is sufficient
for analysing the role of the government and its policy imstents for a possible
regulation of the market. In terms of trade, there is no funeiatal difference with a
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regular pure exchange economy if only one time period isidensd because paying
the rental price allows the tenant to consider the rentedespi& own for that period.
If a tenant virtually rents the land he owns, the usual zetartz® of income from
endowments and expenses for consumables applies. Ficatigidering rent as the
return of the asset facilitates closing the model with respe the land market in
terms of ‘general equilibrium’, because land lords can bsigagd explicitly and
their welfare level can be analysed within the model if neaeg Interpreting the
land market as a rental market also implies that the buildewor will be neglected.
The decision of whether or not to develop is taken by the ovanewners, of the
land. It will be assumed that all land at a location—that ig, Whole parcel—wiill
be developed or not. Land is either used as residential spde#t undeveloped as
nature or agricultural land. Parcels can be owned by mone d¢in@ individual and
an individual can in principle own shares of several parcelsurban economics
it is often assumed that land owners are different from membgthe population
(‘absentee landlords’). That assumption will be sustainethis chapter, but might
later be relaxed, as will be discussed chapter 7.

From the separation of space from location it can be condludat space is
perceived as a differentiated good. It is differentiatedhia first place by location
and in the second by the location characteristics. A lonatfwice will be interpreted
as the choice for one of the available varieties of the ‘pobdgpace. As it will be
assumed that each agent will only rent a certain amount afespfione variety at
a time, the choice for the variety reflects his location chola the basic modelling
framework developed in this chapter, a given total and fiaiteount of space is
divided into M separate locations which can be imagined as parcels orcgtis'.
Each grid cell either has a residential land use type, ormebise type. The latter can
be interpreted as nature or in some cases also as agriciall@ving the tradition
in urban economics, the grid cells will be distributed finstaoone-dimensional line.
Extensions to a two-dimensional grid will be introduced lapter 8.

Evolutionary game theory (EGT) will be used as a referendet ior modelling
the location choices of individual agents in a populatio®.TE—and especially pop-
ulation games—offers a relatively simple approach to amadythe collective be-
haviour of one or more populations. A population consistgrinciple of a very
large number of identical agents. Each agent chooses & Sitigtegy out of a set of
possible strategies. If choosing a strategy is identifigt alioosing a location, EGT
offers a suitable basis for a location choice model. In asgstage, using techniques
from agent-based modelling, agents can be modelled ettplas individuals. This
approach will be followed in chapter 8. The normative imation of this approach
is the identification of spatial equilibrium with the defigirquilibrium concept in
evolutionary game theory: the Evolutionary Stable Stra{&$5S). The details were
discussed in chapter 3, where it was noted that the ESS caonis&lered a refine-
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ment of the Nash equilibrium in classical game theory. Tlees one issue to be
addressed when adopting EGT as the basis for a locationechwmdel is the relation
between a Nash equilibrium in a population game and a magkefilerium on a land
market. This will be done along similar lines as the two-agendel developed in
chapter 4. Instead of a learning algorithm, a populatiorr@ggh will be adopted.

Alonso revisited

First, the traditional Alonso model (Alonso, 1964) will béagted for an interpreta-
tion of differentiation by local quality and the relationttvhedonic pricing discussed
in chapter 5 will be highlighted. Fujita and Thisse (200Z9).derive the Alonso
model starting with the following maximisation problem:

maxu (z, ) s.t. z4+ps=y—t(r). (6.3.1)
Here,y isincome angb is the rental price per quantity, of space The transportation
costst are a function of the distance,to the CBD. In a more general interpretation,
r can be thought of as the coordinate of the location. The hitlisedefined as:

x{y_t(’")_z s.t u(z,s)zu*}. (6.3.2)

S

]

p(r,u”) =m
2

3

This definition shows the relation between a bid rent fumctad an expenditure
function which would be part of the dual problem of (6.3.1)expresses thwill-
ingness to payer quantity of space to attain a utility level of. Because of the
assumption that is strictly convex, it is strictly increasing in; z can be defined
as a function (by inversion) of andu*. The bid rent can therefore be written as a
function of s only, or

p(r,u*):maxy (r) = z(s;u )
5 s

(6.3.3)

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

u =vp(r,u*),y—t(r). (6.3.4)

It expresses the fact that the demand that corresponds tmpthmised bid rent is
equivalent to the demand that would result from a traditiomaximisation of utility.
This is due to the maximisation of spaeegin (6.3.3) and the definition of the indirect
utility. Assuming a homogeneous population, supportechbysame problem (6.3.1)
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for every individual agent, spatial equilibriumis defined by the same level of utility
for every agenty*, regardless of her location, Market equilibrium prices in spatial
equilibrium are therefore only a function of the locatien,

pr(r)=ply—t(r),u]. (6.3.5)

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

p* (Trnax) = PA. (636)

This results from the general conditiph (r) > p 4, meaning that for the land owner
the revenues from residential use need to be at least eqreittearned from alter-
native (for example agricultural) use.

Bid Rent and local environmental quality

In addition to their use in urban economics, equilibriunrces are also commonly
interpreted as bid rents in the hedonic pricing literatwo#tofving Rosen (1974).
Analogous to a willingness to pay, a bid rent can be definedhenbtasis of the
expenditure needed to attain (or maintain) a given levetitifyu Rosen proposed a
perfectly competitive market for the characteristics tésiand houses, making use
of the bid rent concept, thereby referring to Alonso (Ro4&74, p. 38). He defines
a bid rent as a willingness to pay, according to:

u(y —ps;q) =u". (6.3.7)

The parameteq is an exogenous quality index or public gdaxt amenity As dis-
cussed in section 5.2 public goods seldom play an explilgtirothe analysis in ur-
ban economics. Occasionally the existence of a CBD is jadtlfiy the assumption
that a composite public good is supplied there. Howeveniggested in Scotchmer
(1986, p. 68, footnote 8), the distance to the CBD might besiclamed an amenity in
itself. Quality would in that case depend on the locatigrand could be expressed
asq(r), representing théocal quality. Therefore, in the following equationswill
replacer in the original Alonso model. This is consistent with Ros&fa74, p. 34)
referring to ‘locational decisions in characteristics agathough this section fol-
lows Scotchmer (1986), rather than Rosen (1974). Scotclit886) 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, ¢, in spatial economic models.
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expenditure function in the derivation of the bid rent, detisg of all expenditures
except those for housing. Her derivation can thereby ebsilyompared with Fujita
and Thisse (2002) as referred to in (6.3.2). The maximisairoblem then reads

maxu (2, s;q) s.t. Z+ps=u. (6.3.8)

The bid rent is defined as

p (g, u) = max { y—=z s.t u(z,8;q) = u*} . (6.3.9)

Z,5 S

Again, with z strictly increasing iz, substitution byz(s; ¢, v*) allows the bid rent
to be written as a function of only:

p(q7u*):maxy7’z(5;(bu )
s S

(6.3.10)

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

*

u*=vp*(9),y:9]. (6.3.11)

Expression (6.3.11) reiterates the congruency of the bit tiee land price in mar-
ket equilibrium, the hedonic price as a function of the |agpadlity, and the market
equilibrium as aspatial equilibriumin which the level of the (indirect) utility is in-
dependent of the location. Transportation costs are nieglea this analysis. In the
original Alonso model, the transportation costs affectititérect utility through an
effect on the income. In the variant presented here, a gireffact is achieved by
an immediate impact of the local quality level. It has theaadage that (6.3.11)
already captures the intuition behind hedonic pricing i ititerpretation followed
in this thesis. Since the level of utility is independent leé guality, the land price
apparently compensates for quality differences betweeatitans.

6.3.2 Continuous Alonso model with a Cobb-Douglas utility

To illustrate the solution procedure in urban economias Litlity function will now

be specified. As before, a special variant of the Alonso véllsed in which utility

is affected by a quality leved;, and transportation costs will be neglected. The utility
of the individual household or agent will be represented @phb-Douglas function

u(s,zq) =21 7P. (6.3.12)
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The agent chooses how to divide his income between an ambtarid s, and all
other consumables, while considering the local quality, as given. It is assumed
that all incomey, will be spent. The price of land is denotedand the price of
the consumption bundle is normaliseditoThis can alternatively be interpreted as
taking money as the unit in which the bundle is expressedalseesection 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 ithdirect utility function

vy, p;q) = 5% (1— ) yp~ P (6.3.14)
This corresponds to a demand for land given by
o=y (6.3.15)
p

Resorting to @opulationinterpretation is common practise in urban economics (see
section 5.2). It will also facilitate the translation to arokitionary model in section
6.3.4. At a given locationy;, the number of agents in equilibrium will be equal to
n. Conforming to the original context, hereis interpreted as the distance to the
exogenously given central business district (CBD). Thaltamount of land used at
that location is equal to an infinitesimal small amodnt

ns = dr. (6.3.16)
Combining (6.3.15) with (6.3.16) yields

n=U_ P4 (6.3.17)

s By
If it assumed that the total number of agems, is fixed, this expression can be
used in the integral that may be considered as an expreskiba @onservation of
agents’. Assuming a one-dimensional, symmetric city, thealmer of agents living
between the CBD and city bordety, is given by

TA
n(r)
/ o=dr = §N. (6.3.18)
0

Substitution of (6.3.17) in (6.3.18) results in
TA

5 [Py =4, (6.3.19)
0
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In urban economics, it is often presumed that a spatial bguiin exists. This equi-
librium is characterised by a level of utility that is equat &ll agents if the pref-
erence structures of all agents are identical. The equifibutility level, v* is fur-
thermore assumed to be optimal in advance, adhering to t@assical origin from
which the original model was derived. Actually optimalityagnbe verified latéx
The equilibrium utility level is therefore equal to the lIéeéthe indirect utility at all
locations:

v(r)=u". (6.3.20)

Next, the quality levelg, will be specified. To remain consistent with the original
Alonso model, it will be assumed that the quality dependshendistancer, to
the CBD. This can be achieved for example by adopting theviafig definition of
quality:

1
q(r)= T

Although many other definitions are possible, (6.3.21) hasbenefit of a straight-
forward interpretation of a steadily declining quality ébas the distance to the CBD
increases, while the quality level is exactly equal @&t the CBD.

Using the indirect utility function (6.3.14), the local kmprice,p, can be ex-
pressed as a function of the locatien,

(6.3.21)

pr)=a*(1+7)77. (6.3.22)

i L o 1_p) 1P . o .
Here,a* = |=-37 (1 - 3) y . If the incomeyy, is given, the term* only
contains the equilibrium utility level,* as an unknown. Substitution of (6.3.19) in
(6.3.22) yields

TA
*

a —xar 16} 1—
ﬂyo/(l—&-r) ﬂdr—ﬂy [67(14-7“)

@R

TA
}0 — 1N (6.3.23)

Solving this expression for the location of the city bordey, results in
a+rg%9—1:§Q;?ﬂN. (6.3.24)
(0%

The distancer 4, between the CBD and the city border determines one halfeof th
city size, measured in the number of agents. It is common arueconomics 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—Pefe—depends on thepportu-
nity costsof alternative land use. Usually this land use is identifiéith\agriculture.
Expressed as a condition, the owner of the land will requpgae at least as high as
the market price for the agricultural product that could bag on the same land:

p(r) > pa. (6.3.25)

Since the equilibrium utility level,*, also applies to the residential land at the border
of the city, the condition can be used for eliminatimg First

p(ra)=pa=a" (1+ra) 5 (6.3.26)

Or
@ =pa(l+74)7. (6.3.27)
Substitution of (6.3.27) in (6.3.24) results, after somanipalation, in

(1+74) [1 1+ rA)%‘l} _B=yy (6.3.28)
2pa
This expression must be solved for numerically, for example by usinglasection
method(Press et al., 2002).
With a numerical value for 4, the entire model is solved. For later use, it will be
convenient to normalise the number of agents per locatigdy, to 2z /dr through
division by%N. This allows for the interpretation of the integral

TA TA
n(r) _ fa(),
2/ Ndrder/ ol =1, (6.3.29)
0 0

as an analogue to@mulative probability distributionAn example of this popula-
tion density distribution is given in figure 6.1 using the graeter values stated in
table 6.1.

In line with Fujita and Thisse (2002), this variant of Alorssmodel 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.

155



6.3.3

An evolutionary interpretation of the Alonso model

x/dr

Figure 6.1: Continuous case/ = dr).

16} 0.25
v 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 analysialise they are in principle
the result of an emergent market equilibrium. However, iditaah to the simplifying
assumptions concerning the homogeneity and the diviilufithe agents, the most
problematic assumption is the existence of an equilibriefiotehand. The problem
with this assumption will be shown to be identical to the peot of how market
clearing prices are established in chapter 4. An evolutipe@proach to market
clearing in the Alonso model will be discussed in section4.But first a discrete
variant of the Alonso model is introduced.

A discrete Alonso model with a Cobb-Douglas utility
A first step toward the derivation of an evolutionary variafthe Alonso model

consists of specifying a similar model with discrete looas$ of finite size, with an
indexj replacing the location coordinaten the continuous model. Instead &f, a
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location size ofA is used, with

In principle, the location size can vary per location, butehi# will be assumed
for simplicity that all locations are of equal size. Inste#dhe integral (6.3.18) a
summation is used by means of expressing the conservatageots:

M Moy M
anzzzzﬂizpj:%]\f_ (6.3.31)
j=1 j=1"7 Y4

Using the same utility function as before, an adjustmenisis emade for specifying
the location by an index;, instead of the distance As a result, the indirect utility
at locationj is expressed by

v =3 1= yp P (6.3.32)
Again, the equilibrium indirect utility level is indepenateof the location, hence

v; = u*. The price at locatiop is given by

pj=aq)”, (6.3.33)

- 1 36 -5 17" oq i ituti i
with a* = {Fﬂ 1-p5) y] as in (6.3.22). Substitution of (6.3.31) in
(6.3.33), followed by a normalisation to a population dgndistribution results for
the discrete case in

M

20" A v/8
o S =1 (6.3.34)

A comparison with

j=1

M N M
2y Nj =2 x;=1, (6.3.35)
j=1 j=1
reveals that
M M
arA v/B
doap=—=Y gt (6.3.36)
j=1 BNy j=1 ’

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

qv/ﬁ
k=1 9k

157



An evolutionary interpretation of the Alonso model

A more formal solution is presented in the appendix.

Finding the optimal city size for the discrete case is moabeitative than for
the continuous case. The equilibrium city size is now exg@dsy thenumber of
locations M. The condition of the land owner in terms of opportunity sogtmains
the same:

Pj 2 PA- (6.3.38)

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

Pa > pa. (6.3.39)

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

/8
1
dn > —. (6.3.40)
pa «
From (6.3.34) it follows that
24 - /8 1
Combining (6.3.40) with (6.3.41) results in
M-1
=8y g (6:3.42)
j=1
with
2A
g% 1 pad (6.3.43)

R 1 1N -rad
Expression (6.3.42) can be used in a simple recursive #goiin which locations
are added as long as the condition holds. This proceduradsfile maximisation
of the overall welfare level since/a* ~ (u*)l/ﬁ. From (6.3.41) it follows that the
value of1/a* rises as the number of location¥,, increases.

Once the optimal number of locations is determined as desgtrabove, the
population densities can be plotted. For reasons of camsigt the values far; /A
will be used again, rather than the values pfThe reason for this lies in the possible
confusion that might arise by interpreting the plot as a baply, while the width of
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Figure 6.2: Discrete case{ = 0.1).

Figure 6.3: Discrete approximation of figure 6. (= 0.001).
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the bar still represents the location sizeTherefore, the surface and not the height
of each bar represents the number of agents per locationstAefiample 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, tiqeigalence between the
continuous and the discrete Alonso variant can be verifieditatively by making

a plot for A = 0.001 as in figure 6.3. It shows that this plot is virtually identica
to figure 6.1 of the continuous model; the stylised facts atisa 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 atgein a discrete Alonso
model as introduced in section 6.3.3 has several drawbdck the continuous
case, the main drawback is the lack of a description that ehmexplain the process
of finding the equilibrium. Besides the problem of marketcieg that also appeared
in the discussion of standard neoclassical exchange modélapter 4, the Alonso
model also fails to explain how the equilibrium utility ldv&merges. One possible
way of assessing the latter issue involves the translafitrealiscrete Alonso model
to an evolutionary model. The detailed interpretation efphocess at the individual
level will be postponed until section 6.3.6. First, an ietting starting point will
be highlighted by introducing threplicator dynamicgWeibull, 1995; Hofbauer and
Sigmund, 1998) of evolutionary game theory (see also sedti®):

with © = )" z;v;. The dynamics result in an equilibrium solutioniif = 0. If
x; > 0 for all j, the equilibrium solution is achieved if

v =7. (6.3.45)

Stated differently, the equilibrium utility level,*, in section 6.3.3 can in this ap-
proach be considered identical to tneerageutility level, 7 in (6.3.44). As in chap-
ter 4, it can be assumed that the demand for land at a locaflbberequal to the

supply:

TLij = %NZ]@ = A.

J

(6.3.46)

However, as long as the equilibrium of (6.3.45) is not redotiemand will not be
equal to the supply in the sense that the supply does not gretspmnd to the optimal
amount for every individual. In line with chapter 4, tisequilibriumland price will
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be assessed by using (6.3.46) for the total amount of moriesedffor the location,
divided by the available amount of land. Rewriting (6.3,4Bis price can be written
as
1 x;8Ny

Pi= 4"
The total amount of money offered in (6.3.47) for locatipis expressed as the
fraction, z;, of the total population on one side of the CBM/2, times the partj,
of the incomey, the individual agent spends on space.

Next, the opportunity costs for the land owner will need tddden into account
to determine the city border. This can be achieved as foll@andition (6.3.38)
might be interpreted asrainimum pricehe land owner requires to receive. The land
owner will only accept the market price from residential,uisé is higher than the
rent from agricultural use. This can be formalised as a fireaket price that is equal
to themaximunof the prices from residential and agricultural rent:

. (6.3.47)

pj = max{p;,pa}. (6.3.48)
Inserting (6.3.47) in the indirect utility function, (632),
v; =yp; q], (6.3.49)

closes the model. In (6.3.49) the constant tepig1 — ﬁ)(l’ﬁ) are left out for
convenience, because the valugsa$ independent of the location.

The evolutionary dynamics that lead to the equilibriumribsition of agents is
presented in figure 6.4. The plot shows the result of a numdritegration over time
of the system of 50 coupled ordinary differential equationthe type (6.3.44), with
the substitutions discussed above performed. Time runsffight to left to maintain
the visibility of the stationary population density distition that can be compared
with figure 6.2.

The approach followed in this section illustrates how bbghequilibrium utility
level and the optimal city size can be made endogenous lpdinting a simple evo-
lutionary mechanism. Since the resulting equilibrium isritical to the equilibrium
of the discrete variant of the Alonso model in section 6.8 account of the stylised
facts can be maintained. Here, they are given an emergenpistation which allows
for the interpretation of the Alonso model in terms of an edataryself-organising
systemnin terms of a complex dynamical system, as discussed in ehdpt

Spatial equilibrium as a Nash equilibrium

The concept of an evolutionary stable strategy (ESS) wasdated in the sections
3.4 and 3.5. Since the same replicator dynamics were useektios 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 stateeoétblutionary discrete
Alonso variant is a ESS. Since the ESS is a refinement of thé Nasilibrium,
this implies that the spatial equilibrium can be interpdets a Nash equilibrium
in a population game. Because the location choices aredmmesl strategies, this
interpretation can be adopted in a very general sense, #lsoutthe Cobb-Douglas
specification of the utility function or the disequilibriupnice as in (6.3.47).

In principle any land use pattern can be thought of as thdtresatrategic in-
teraction between all agents involved. If no agent has amitice to move in a given
configuration, the land use pattern apparently conforms‘best response’ of the
individual agent to the location choices of all other ageAtshis level of abstrac-
tion, similar approaches can be found in Page (1999) and éttal. (2001). The
more specific approach followed here defines strategicaoten within the context
of the original Alonso model, while the equilibrium land ysattern can be iden-
tified explicitly with a Nash equilibrium in a population gamit thereby projects
elements from alternative approaches to land use modéddheg to traditional eco-
nomic concepts, while adding the notion of self-organisastill. Furthermore, in
section 6.4 the strategic interaction at the level of theupettipn will be interpreted
again in terms of fractions of the income spent, in line with &nalysis of chapter 4,
identifying the population with a representative consumer

However, since the Alonso model is restricted to an exoge@RD, the model
in this chapter does not—contrary to Page (1999) and Ottdr @GD1)—, address
the issue of the emergence of agglomerations. This issuéwipostponed until
chapter 8. First, another step will be taken. The replicdyoramics was introduced
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in this chapter without a behavioural justification. Thdifisation will be presented
next.

A behavioural interpretation of evolutionary selection

One possible way for the interpretation of the replicatonaityics in terms of the
behaviour of individual agents is supplied by the modehatation®, adapted from
Weibull (1995, p. 155-158) and Beinaand Weibull (2003). Starting with a popula-
tion of fixed size consisting aV nearly identical agents, the probability of one agent
currently at location changing his location is assumed to be a combination of two
probabilities. The first is the probability of meeting an migieom location;. Given
the assumption thaV is very large, this probability might be considered ideaitic
to the population frequency at locatignz;. The second probability is based on a
comparison between the utility levels at both locatibasd, explained below. The
probability of an agent switching from locatiarto locationj will be denotedPr;
and can—following the considerations above—be written as

. zj - Pr(v; —v; > —¢) i v
J n
Pri=93 1S a, Pr(v—v>—e) i=j (6.3.50)
i#j

with e = €; — ¢;. If it is assumed that has auniform distribution, the probabil-
ity density function is only defined over an interval b] (Ben-Akiva and Lerman,
1985):

0 rz<a
fl@)=¢ 7/ a<z<b . (6.3.51)
0 x>b

The cumulative distribution yields

0 r<a
F(z)=9 =% a<z<b . (6.3.52)
1 r>b

Within the relevant intervalg, b], this distribution can therefore be written as

F(z) = Z:Z =az + 8. (6.3.53)

3 For a derivation of the replicator dynamics closer to the original context of genetics, see
the appendix of this chapter.

163



An evolutionary interpretation of the Alonso model

Here,a = 1/(b—a) and = a/(b — a). Using (6.3.53), the probability that de-
pends on the comparison between the two utility levels canrfiten as

Pr(v; —v; > —¢)=F (vj —v;) = a(v; —v;) + . (6.3.54)

The comparisony; — v; > —e, in the first term of (6.3.54) might be interpreted
as a decision rule for the individual agent, similar to theisien rule introduced in
chapter 4.

Next, a balance between inflow and outflow can be construotezV/éry location

n n
T = E x;Pr — E x;Pr}

i i
n . . n . .
= ijPr;- + z;Pr; — Z z;Pr] — z;Pr}
J#i J#i
= ijPr;- - inPrg = ijPr;- — ;. (6.3.55)
j=1 j=1 j=1

Substitution of (6.3.54) in (6.3.55) results in

n n
& = Zm‘jmiF (v; —vj) — Zmiij (v; —v;)
j=1 j=1

= Zm‘jmiF (v; —vj) + zjz, F (v szm] F—U;)
JFi j#i
— 22 F (v; —v;)

:ijxi[a (vi —v;) + 6] — Zxx] v;) + B
i=1 71

=2ax; |v; — ijvj
j=1
= 2ax; (v; —T) . (6.3.56)
Apart from the coefficiena 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 behaviowrstification for the
use of the replicator dynamics in section 6.3.5. The chdimeloth the mechanism
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of (6.3.50) and the uniform distribution for the stochastiane are rather arbitrary.
However, they resemble similar elements in the procedurédioving the equivalent
decision rule for a CES utility function in chapter 4. Funtim@re, in chapter 4 the
market equilibrium was interpreted as a Nash equilibriufinaotions of the income.
A close relation between the discrete variant of the tradél Alonso model and
a standard two-agent exchange economy model will be showeriso for logistic
distribution fore in section 6.4.

The relation between the ESS in this chapter and the Nashiegqum in chap-
ter 4 conforms to the standard interpretation of populatiames in evolutionary
game theory. In classical game theory a mixed strategy isteamty interpreted as
a randomisation of pure strategies to be played by a singlataghe probabilities
are translated to fractions of the population playing ptrategies individually in a
population game. In chapter 4, the mixed strategy was @itatslto the fraction of
the income spent on land. From (6.3.47) it can be learnt tlmsame interpreta-
tion applies to the population model developed in this obiafthe total amount of
money spent on space at locatipwas shown to be equal to the fraction of the total
amount of money spent on land by the entire population. Timisumt was equal to
n; By = x;BY, which is consistent with the model of product differentiatpre-
sented in section 4.7. The fixed fractigh,of the income spent on land results from
the Cobb-Douglas utility function. It might be generalisgec CES function, as will
be discussed in section s644.

Finally, the mechanism applied in chapter 4 was inspiredhayliterature on
learning in games. Learning can be interpreted as an egohny mechanism at the
individual level. This also stresses the relation betwéembiodel developed in this
chapter and the model presented in chapter 4 in terms oftémoland the selection
of equilibria that allow for a normative interpretation. i$hnterpretation will be
applied in the welfare analyses in chapter 7. First theimgldietween the individual
and the population model will be made fully consistent intike&t section.

The Alonso model as a stochastic population game

The previous section noted that the introduction of thetsstic term in (6.3.50) is
similar to the introduction of the stochastic term in theidien rule in chapter 4.
Applying the same specification as in chapter 4 directly irapproach analogous
to the derivation of the replicator dynamics in the previsestion, results in an
evolutionary dynamics related to it. Alternatively, thtechastic Alonso variant can
be interpreted directly in a non-dynamic context as a reiiation of the Alonso

model and a logit choice model, as in Anas (1990). This sedtil show that the

equilibrium solution of the resulting stochastic variahtlte discrete Alonso model
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An evolutionary interpretation of the Alonso model

can also be interpreted as a model of a representative censuithh a preference
for product variety similar to the use of the model by Dixita®8tiglitz (1977) in the
New Economic Geography (Fujita et al., 1999). Finally, vathinterpretation of the
choice model for the representative consumer in terms osteddogit model, the
models of this section and of chapter 4 can be united for a Qi €unction.

Dynamics

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

Pr(v; —v; > —¢) (E]

172Pr(1}j70i>76) =
i#]j

(6.4.1)

With e = ¢; — ¢; from adouble exponentiadlistribution, the probability can be
written as

exp (vi/p) (6.4.2)

Priv =y > =6 = (=) = o (o)

This implies a slight abuse of notatigrbecause the multinomial logit (6.4.2) ac-
tually reflects a comparison ef with v; from all other options, but it stresses the
analogy with (6.3.50). Starting again from (6.3.55), buthw(6.4.2) substituted re-

4 See Benaim and Weibull (2003) and Blume and Durlauf (2003) for a more concise nota-
tion.
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n

Ty = E .IﬁjPI‘;- —
Jj=1
n

= Zﬂ?jPré- + x;Prl —

J#i
:i:ij( ) + x4 1—ZF (v; —vj) | —a;
Jj#i Ve
Zi%‘F(vi —szF v; — vj)
j?é’i j#i
_ZxF i)+ @i F (v; — ;) leF 2 F (v; — v;)
J#i VED)
n
ZZJCF v; — vj) —xle v — V)
le
:ijF(Ul UJ)_J%
j=1
exp (vi/p)

TS oxo (v /) 6.4.3
Z;'Lzl exp (v /1) ( )

The main difference with the interpretation of the replozatlynamics in the pre-
vious subsection is the absence of imitation in the basiécehmechanism. In the
derivation here it is implicitly assumed that the infornoation quality, disequilib-
rium price, and potential population density for all locas is publicly available.
This assumption is rather strong, but it can be consideredrtirg point. Given
this assumption, the dynamics can still be represented ejatively simple set of
ordinary differential equations.

As discussed above, the logistic distribution in the défere between error
terms in the discrete choice variant suggests a relatioh thi#¢ CES function in
chapter 4. This relation can now be finalised. First, in linthwhapter 4, the dy-
namics for thdogarithmof the indirect utility will be derived. Based on (6.4.1)eth
choice mechanism can be written as

Pr(Inv; —Inwv; > —¢)i#j

1—> Pr(lnv; —Inv, > —)i=j - (6.4.9)
iZ

J _
Pr; =
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The transition probability resembles the expression ferftaction of the income of
the individual spent on land in chapter 4:

Pr(lnv; —Inv; > —¢) = F (lnv; —Inv;) = ijp (I vi/ 1)
> j—1exp (Inv;/p)
1/p
= Zj‘?lv}/" (6.4.5)
Finally, after the substitution of (6.4.5) in the dynamidg¢&4.3) results in
) vil/”
T; = W — . (6.4.6)
Next the indirect utility function (6.3.49),
vj = ypj_ﬁq], (6.4.7)
can be substituted in (6.4.6). Taking logarithms of (6.4e8)lts in
Inv; =lny — flnp; +vylng;. (6.4.8)
Next an error term from a double exponential distribution ba added:
Inv; + pe;; =Ilny — Blop; + ylng; + peij, (6.4.9)
followed by a multiplication withl /:
% (Inw, + peyy) = ilny - gln (0 /4"") +i5 (6.4.10)
As aresult
—B/u
Tj = (pj/qu) (6.4.11)

s (i) "

The dynamics (6.4.6) can be written as

(pﬂ' / % /B) o , (6.4.12)

.i‘j = — — .C(J].
) B/n
M
E:k:1 (Pk/qz/ﬂ>
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It can be shown that (6.4.11) converges to (6.3.37) if 0. It means that if the
process reaches its stationary equilibriurh,— 0 for all j—and the variance of
the error term reduces to zero, the solution is identicah¢osquilibrium population
distribution found in section 6.3.3. Substitutiornygf= z;3Ny/A in (6.4.11) results

in
—B/p
B
Z;@ Tk [ a4y

Solving forz; (see appendix) and taking the limit finally yields

q“_f/(ﬁﬂb) qv/ﬁ
limz; = lim J = J . (6.4.14)
R LI v

This expression is identical to (6.3.37).

An alternative, non-dynamical, introduction of a stoclagriant of the Alonso
model is presented in Anas (1990). The indirect utility filme (6.4.9) can be thought
of as a result of the maximisation of

wij (55,2 05,6i5) = 552" gl e, (6.4.15)

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

Aggregation

The model developed in this section allows for direct agatieg of the welfare
level for N agents. It facilitates the interpretation of the socialfere function as
the indirect utility function for aepresentative consumerhe expected value of the
logarithm of the individual indirect utility, maximised ev all possible optiong, is
given by (see section 4.8, the appendix of 4)

M
~ hl ’Uj
5(_ma§\4 Inv;;) = pln g exp ( m > . (6.4.16)

=1..
J i=1

Since this expression is based on the distribufitiz) = Pr(lnv; +¢;; < z), a
monotonic transformation leaves the result unaffectedabge

Prilnv; +¢;; < x) = Pr(v;e® < e®). (6.4.17)
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As a result, the expected maximum level of utility for theiindual agent is given
by

5( max v; %) = Zv“ . (6.4.18)

It follows that with a speC|f|cat|on of the indirect utilityhction according to

vjess = 8% (1= B) " yp; e, (6.4.19)
the social welfare function can be written as
NE( max vje) = BP1-p) P ygr, (6.4.20)

whereY = ny and

I
I
wfE

N

Moo\ Mo
— J _ J
G= Z<ﬁ> =D | . (6.4.21)
j=1 j=1

. B
p J

Expression (6.4.21) represents a prices index; its rolditliscussed in more detail
in section 6.4.3.

The aggregated value represented by (6.4.20) actuallyistered a summation
of the expectedevel of utility for all individuals. It is identical to thenidirect utility
function of the representative consumer, as applied indiselrore-periphery model
in the New Economic Geography (Fujita et al., 1999), as wéllshown in section
6.4.3. The expected value in (6.4.18) has a position sirtoldine level of utility in
spatial equilibriumy*, in section 6.3.

This is more apparent in the comparison with (6.3.45), tleeaye indirect utility
level in the replicator dynamics. With the population déesiinterpreted as choice
probabilities, the average indirect utility,= Ej”il v;, is identical to theexpected
indirect utility level. However, due to the presence of thechastic terms, the in-
terpretation of (6.4.20) as social welfare functions only valid with a very large
population of agents that are identical up to the idiosyicri@rm, ¢;;. Separate
draws from the distribution for this term should be preserthie preference struc-
ture for every agent, for every location. This restrictisrone of the motivations of
the translation of a similar model into an agent-based modelulti-agent system
in chapter 8.

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

M . B+u
V=A[1-p)Y]"" (Z q,ﬁ*) : (6.4.22)
k=1
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It follows that social welfare with endogenous prices isyanfunction of the quality

of all sites and the number of sitels]. Assuming that the population relocates itself
over the initial supplyM can be kept fixed and the impact of local changes in quality
on social welfare can be examined. This function will be gsed further in chapter

7.

Representative consumer

The main benefit of adopting the dynamics of (6.4.12) andeitstion with a CES
utility function is the possibility of interpreting the lation choices ofV agents in
terms of consumption by a singtepresentative consumerhe relation between a
CES utility function for a differentiated good and the muodtimial logit model ap-
plied in this chapter follows therefore Anderson et al. @P8oser than the special
interpretation of this relation presented in chapter 4. U$eof a representative con-
sumer is often criticised because of its lack of realism.é@presentative consumer
representsV individuals, this can alternatively be interpreted as gsiwidentical,
average individuals, as shown in section 6.4.2. It can beeatghat the problematic
interpretation of the representative consumer in the maeletloped in this chapter
mainly originates in the difficulties that arise when usihg behavioural rules of
the averageagent. If the step of a translation to an evolutionary moslébilowed
by a second translation inraulti-agent systejrit can contribute to land use mod-
elling within economics by means of systematisaggregatiorof a population into
heterogeneoumdividuals. This will be shown in chapter 8.

From the Cobb-Douglas utility (6.3.12) it follows that eyexgent in the popu-
lation spends a fractiof of his income on housing. The total income of all agents
is equal toY = Ny. The representative consumer—representing the entire-popu
lation—therefore spendsY on housing. Per location; SNy = p;A is spent, as
noted in section 6.3.6. This is consistent with a Cobb-Dasigtility function for the
representative consumer with a CES sub-utility functionldod as aifferentiated
product. This function is similar to the use of the Dixitgiiiz (Dixit and Stiglitz,
1977) function in the New Economic Geography (Fujita et 2999). Its use has
the benefit of capturing all the necessary information ortiagpaelfare in a single
indicator.

The representative consumer has the following utility fiorc
U(S,2Z)=8Pz'75. (6.4.23)
Here,S is the total amount of space used, adjusted for quality, paimed below. It
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is the sum oved/ locations of sizeS;, according to

s=3s, (6.4.24)

As indicated, the income of the entire population will beenpreted as the income
of the representative consumer. The amount of money spdandris the sum over
all locations with a pricey; per location:

M
Y =2+ p;S; (6.4.25)
j=1

The total amount ofjuality-adjustedspace will be defined as

1/p 1/p

~ M ~ M
S= >80 = (a;S;)"| . (6.4.26)
j=1 j=1
Here,
a; =g’ (6.4.27)

for simplicity, sinceq, 8 and~ are all considered constants. Following Fuijita et al.
(1999, p. 46-47), the maximisation of (6.4.23) with resged6.4.25) will be per-
formed in two steps. The consumption of space will be treatedquivalent to an
expenditure minimisation problem where the expenditursgate will be minimised
according to

M i M e
min» p;S; st S= | (a;9)"| . (6.4.28)
j=1

j=1

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

> piSi = (pi/a;) (a;S;). (6.4.29)

j=1 =1

From first order conditions, it follows that

a:9.:)P ! as
s = Gy 643
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Substitution of (6.4.30) in (6.4.29) results in

L \/(p=D) i
a;S; = (pi/ai) 3. (6.4.31)

[Zjle (Pj/aj)P/(pfl)} 1/p

Consequently, the amount of money spent on space by thesesyia¢ive consumer
can be written as

M M (p—1)/p
Z (pifai) (a;S;) = [Z (pi/ai)p/(p_l)‘| S=GS. (6.4.32)
i—1 i=1
With
a\ 15 v
G = ’) 7 6.4.33
E:Qj (6.4.33)

J
as theprice index the budget constraint can alternatively be written as
Y = Z+G8. (6.4.34)

From here on—in the second step—maximisation of the utilibcfion (6.4.23) can
be performed with (6.4.34) as the budget constraint. Thassimndard maximisation
problem and yields

V,a)=p°1-8""Pyes, (6.4.35)

for the indirect utility function.

This function can be interpreted as tbecial welfare functiorfor the popula-
tion. Feenstra (1995, p. 636) points out that a demand fom@s in (6.4.38) can
be derived from a representative consumer’s indirecttyfilinction, but states that
this function is amonotonic transformationf “... the sum over individuals of the
expected value of maximised utilit}. It means that the aggregate welfare measure
needs to be transformed before it can be interpreted asitanigih social welfare
function. Here it is shown that if the indirect utility foretindividual consumer fol-
lows a Cobb-Douglas specification in which the error terndideal after a logarith-
mic transformation (see also Timmins, 2003), the represiwetconsumer’s indirect
utility function is simply the sum of the individual utilitfunctions. It follows that
if the monotonic transformation is applied at the indivithezel, the indirect utility
function of the representative consumer can be interprditedtly as the utilitarian
social welfare function, without further transformation.
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Comparing (6.4.33) with (6.4.21), it can be concluded that 5/(8 + u).
The evolutionary selection by a population gfagents of the equilibrium solution
can therefore be considered equivalent to the solutiong@tbblem for the repre-
sentative consumer. In this case land is considered aetiffieated good, while the
representative consumer has preference for variety, 8x@ddn a constant elasticity
of substitution that is equal @ = (3 + )/ .

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

The total quality-adjusted amount of land demanded is gisen

- BY
=". 6.4.36
§="5 (6.4.36)
Using (6.4.31), the quality-adjusted amount of land deredrat locatiory is equal

to

- (p./a_)l/(pfl) .
Sj=;8; = =S
1\ (p—1)

_ _ (pifay) — Y. (6.4.37)

S (pi)a)"

For the amount of land demanded (without quality adjustinérfollows that

_ (pi/a)"Y BNy
Sl (prfar)” 7Y b

—B/p
/B

_ (pj/qﬂ' ) BNy
B —B/p p.

M B D;

Sl (o /@) !

BNy

pj
= Nl'j@

pj

J

Which is consistent again with the previous subsections.
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Nested logit

A final observation concerns the interpretation of the sédcdtion decisions taken
by the representative consumer in terms of a logit modelhénsame way as was
derived in chapter 4. It will be shown that the correspondiraglel is anestedogit
model (Anderson and de Palma, 1992; Train, 2003). The clyieesingle agent can
be represented as shown in figure 6.5. The Cobb-Douglaty dtiifiction (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 utilityibmc

U(s.2) = [p5n + - g ze] "

, (6.4.39)

The fraction of the total income the representative consuspends on space
at locationj is equal to the fraction of income spent on space timedrdwion of
the fractionof the income spent on space. The amount of the total incormt gm
space in spatial equilibrium should be equaPig;, = Prs Pr; s and the demand at
locationj is equal to

_ Prg, ¥V

S
J D

(6.4.40)

In terms of probabilitiesPr; s can be read as the conditional probability; conditional
on the probability that the entire income is spent on spacthd Cobb-Douglas case
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this product of probabilities was equal t:;. For the general specification (see
Anderson and de Palma, 1992), the fraction of the incometgspespace reads

14 pg
exp <1n 8 +lnIg )
M2

Prg = — —— . (6.4.41)
exp (lnﬁ +;;+1n Is) +exp (m(pm :2‘2+1nlz)
The fraction of the fraction spent on land is the same as befor
exp (ln ajflnpj)
Prjjg = — - . (6.4.42)
Zk:l exp (ln akl;lnpk)
In (6.4.41), the following definition was used
M Ina; —Inp;
Inlg = ps aneXp (]pj)
=1 H2
M
=2y (a;/pj)"/"
j=1
Y (p2—1)/p2
= —In | D" (ps/ay)/ >V
j=1

Here, use has been made of the fact that= (1 — p2)/p2. A comparison with
(6.4.21) reveals that

Inlg =-InG. (6.4.44)

Together within Iz = In1 = 0, which corresponds to the role of the néraire,
the nested logit formulation highlights the role of the prindex in a two-stage
optimisation procedure. The first stage determines thegfate income spent on
quality-adjusted land; that part is distributed over thealns in the second stage.
This interpretation can also be applied in case of a poudati in the first stage the
probability is set equal to the fraction every individuaeegs on land, for example
as a time average as in chapter 4. The second stage could tasebe identified
again with the distribution of individual agents over thedtions, as in this chapter.
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Sorting

The model developed in this chapter can relatively easilgdspted to enforce seg-
regation of income classes using only endogenous prices@mdternalities. This
segregation can be interpreted as an extension of the dooteplf-organisation
to population of heterogeneous agents. Segregation byn@ds important in the
original sorting models because this property corresptmdsatificationin econo-
metric estimation. Stratification implies that individe&laracteristics—in the model
presented here restricted to income—can be enforced tdaterweith location char-
acteristics in the final equilibrium, in the presence of egetwus prices. It allows
the researcher to differentiate the benefits from changditevel of amenities ac-
cording to, for example, different income groups. Thisrilistional aspect of spatial
welfare will be discussed in chapter 8. Endogenous sortamghe illustrated using

0.25

0.2 i
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0.1 -
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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 6t4as to be assumed that
the preference structure depends on the individual ctenatits. In the simplified
model, in addition to the idiosyncratic componegy, the only individual character-
istic is the income. A specification of this dependency thaforms to the possibility
of econometric estimation, is

Inv;; =Iny; — Bilnp; + v1lng;

— Bolny;Inp; + y2Iny; Ing;. (6.5.1)

It implies the following definitions of individual-level &fficients:

Bi = b1+ B2lny;, (6.5.2a)
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Yi =71+ 72 Iny;. (6.5.2b)

Simulation results—following numerical integration—aregented in figures 6.6-
6.8. Here the population is divided into four groups of eggiaé. Disequilibrium
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Figure 6.7: Equilibrium type I for figure 6.6/f2 < 0).

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

1 i
pj = ﬂzk:1 5,k Ny (6.5.3)

Starting with a uniform distribution of all groups shown igdire 6.6, two possible
equilibrium configurations can arise, depending ongtym of 3, in (6.5.2a). The
value ofv, in (6.5.2b) is kept at zero, to show the effect of sorting lgoime only.
In figure 6.7,8: is negative. It means that the group with a higher income dpen
a lower percentage of their income on housing than the lomeme groups. The
lower income groups consider space more important thanigfrehincome groups.
In this example, the actual amount of money spent on housimgvertheless still
higher for higher income groups than for the lower ones. Eelt is a concentration
of the higher income groups closer to the CBD. Figure 6.8 shitwe opposite. If
higher income groups find space more important, they wilitipzsthemselves away
from the CBD. In this way, the models show an example of endoge segregation
according to individual characteristics.
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Figure 6.8: Equilibrium type Il for figure 6.6 2 > 0).

Conclusions

The main result of this chapter is the derivation of a coesistelation between an
evolutionary interpretation of the Alonso model from urlemonomics and a repre-
sentative consumer. First, the dependence of the level bibemg on the distance
to the CBD through transport costs in the original Alonso eladas replaced by a
more general dependence through an exogenous amenityadjbhistment was fol-

lowed by the introduction of discrete, instead of continsidacations. The discrete
case was finally reinterpreted as a population game basdwtondterial concerning
evolutionary game theory collected in chapter 3.

Although the discrete and continuous cases in this chaptes vestricted to a
Cobb-Douglas utility function, it was shown in section gt the discrete case can
be generalised to a CES utility function for a differentthtgppod. This formulation
has the advantage that it allows for an interpretation ofoalststic variant of a
population game, while the social welfare function can dleainterpreted as the
indirect utility function of a representative consumer.eTiirst interpretation can
serve as the basis for an agent-based model, since theiemalytdynamics already
defined the behavioural rules at the level of individualse Tétter facilitates the
welfare analysis for simplified cases.

Finally, the evolutionary assessment of a traditional ag@gration model as
the result of self-organising individuals was extended tmadel with four sub-
populations. It was shown that with a preference structuae is dependent on the
individual—or in this case group—characteristics, it is floigsto enforce segrega-
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tion of the groups by means of endogenous prices only. Tkigtreorresponds to
the stratification of income groups in econometric sortirgdeis. Endogenous sort-
ing can be used in a differentiation of benefits from changdsdal amenity levels

according to income, as will be shown in chapter 8.

Appendix

This appendix derives the analytical solution for the pafiah frequency distribu-
tion of (6.4.14). The starting point is (6.4.11), repeatecehas

1/p
B
(/%)
=, N (6.7.1)
D k=1 (qZ/pk)
Substitution of (6.3.47) in (6.7.1) results in
1/p
s
(4/])
= RN (6.7.2)
D h=1 (QZ/%)
Reordering yields
. qy/u
l_j—&-ﬂ/u _ - J v (6.7.3)
Sty (a7 /)
or
UG
L J
Ti= W LAC DN (6.7.4)
M vy /.8
[ k=1 (qk/xk) ]
Finally, using the identity
M
ZFl x; =1, (6.7.5)
allows the denominator of (6.7.4) to be written as
M 1/# [L/(ﬁ—‘r,u) M
B _ v/(B+n1)
{Zkzl (qz/xk) } = Zk:l q ) (6.7.6)
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Substituting back in (6.7.4) solves for the population trecy:

q’y/(ﬁﬂt)
J
ORI
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Chapter 7

Welfare analysis in spatial equilibrium






7.1

Introduction

The population model developed in chapter 6 defines a soeilfdre function for a
population of agents in a spatial equilibrium. The welfaneel in spatial equilibrium
plays a role in both urban economics and hedonic pricings Thapter employs the
model from chapter 6 in several types of welfare analyseedas the interpreta-
tion of the model as a stylised, theoretical version tdcational sorting modelAs
discussed in chapters 1 and 5, locational sorting model®aeatly introduced loca-
tion choice models that help extend hedonic pricing methodthe valuation of the
benefits from non-marginal changes in local environmentality. Palmquist (2004,
p. 59) notes that:

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

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

The price for land in locational sorting models is deterrdiiea market equi-
librium that resembles the Alonso model in urban econontfesugh it is usually
with a fixed total supply of residential space. By adding tb&an of total amount
of consumed land from urban economics, both quality and tifyaaspects of land
use are combined in a single consistent welfare measurbatrsénse, this allows
for a welfare analysis that simultaneously addresses twbeothree welfare issues
discussed in chapter 1, related to land use and concermdglalicy:

1. the optimal distribution of residential space,
2. the distribution of local public goods, or amenities.

Furthermore, adopting the interpretation introduced @tisa 6.4, a simplified sort-
ing model can be considered a model of a representative g@isin that model,
the notion of spatial welfare might be captured in a singtBdator: the price index
for quality-adjusted land prices. This index will be showrbe useful in the inter-
pretation of a so-called general equilibrium willingnesgay for either change in
local amenity levels or the number of locations developeddsidential use. It will
be demonstrated that the dependency of the welfare funatiche number of devel-
oped locations can in theory be operationalised in the asm® ofopen spacas a
pure public good. The welfare contribution of open spaceidestified in chapter 1
as the third issue in land policy.
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7.2.1

Welfare analysis in spatial equilibrium

This chapter is organised as follows. Section 7.2 discusserelation between
locational sorting models and hedonic pricing. Sectiondris8usses the efficient al-
location of land in the presence of simple agglomeratioereslities that can be
interpreted as network externalities, analogous to theudison in chapter 4. How
the model can be used in an assessment of a tendency to urbar ispllustrated
in section 7.4. Section 7.5 discusses in detail the probledealing with the mu-
tual exclusiveness of use and non-use of land in a consistfdre measure. This
concerns the effective contribution of open space to thel lef/social welfare in an
agglomeration. Finally, section 7.6 concludes this chrapte

Hedonic pricing and locational sorting

This section discusses the original motivation for loaaicsorting models. Starting
with the concept of hedonic pricing, it will be shown that &cdtinterpretation of
the marginal change in the price as a marginal willingnegsagowould imply that
agents do not move after the distribution of local publicd®s changed.

WTP for marginal changes

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

s (g5,u*) = ™ [p (g5, u*) 9] = s™ [p (g5, "), u']. (7.2.1)

Resulting from the first order conditions, the bid rent in iBgrium is essentially
equal to theprice, or the marginal rate of substitution; therefore
. Ou* /0s 0z}

p; = —8u*§az = —a—;. (7.2.2)
This observation leads to the following justification ofnghedonic prices to derive
a willingness to pay (WTP) for marginalchange in amenity level;, with the equi-
librium amount of spaces}, kept fixed. Starting with the assumption that a change
in the amenity level affects both the demanded quantityrad la, and—through the
budget constraint—the demand for the raraire, the marginal change in the price
following a marginal change in the quality level can be deposed as (Scotchmer,
1986 and Haab and McConnell, 2002, p. 250)

dp 8p@+6p%

== — 7.2.
dq 0sdq 0z 0q (7.2.:3)
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With the price taken from the budget constraint= (y — z)/s, and keeping the
amount of land fixed, the first part of the right-hand side igado zero and (7.2.3)
reduces to

op* 1 0z
- _ -7 7.2.4
dq s* Oq ( )
In terms of small, but finite, changes, (7.2.4) can be int&tgut as
s*Ap* + Az = 0. (7.2.5)

Using as a definitiolV TP = —Az, it follows from (7.2.5) that this WTP is suf-
ficient for compensating the change in pridey*, following the change in quality,
according to

y—WTP = (24 Az)+ (p* + Ap*) s* = z + p*s”*. (7.2.6)
As a result,
v(y—WTP,p*;q) =v(y,p'q) =u". (7.2.7)

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

The WTP for an amenity improvemendq = § — ¢ for tenants, is equal to the
change in priceAp*, that can be derived from the hedonic regression on the qual-
ity, ¢, times the equilibrium quantity*, consumed. For a marginal change, 7.2.7 is
always valid. For a non-marginal change, however, it worlgly that local equilib-
rium rent and equilibrium demand for space remains unchérigeerms of a rental
market for space, this assumption translates toctimaitionthat the individuals in
the population will not move to other locations in resporsehanges in;. Hence
the interpretation follows that moving costs are suffidightgh to prevent the pop-
ulation fromresorting This has inspired the search for a WTP based on endogenous
market equilibrium pricesp, or general equilibrium willingness to pa¥sE-WTP)
(Smith et al., 2004). The following subsection is based datirey the utility level in
spatial equilibriumy*, to a GE-WTP.

General equilibrium willingness to pay

Locational sorting models contribute to the valuatiorrétare by defining a general
equilibrium willingness to pay (GE-WTP) per individual byn(@h et al., 2004):

v(pf,y = WTPgr; @) =v (9}, 4 45) - (7.2.8)
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Here,p; denotes the equilibrium price corresponding to a changa frector (of all
locations)q to g, where the index signals that the location choice for the individual
might have changed in the new equilibrium. This GE-WTP is @sted with the
general definition of a Hicksian (partial equilibrium, orostirun) WTP for changes
in the quality level of a public good only, keeping equiliom pricesp*, fixed:

v(p5,y = WITPpg:d;) = v (05,43 45) - (7.2.9)

While (7.2.8) intuitively makes sense, the problem is to fimeltew location choices
and the new equilibrium prices. The value 16fT P g critically depends on the
definition of the new market equilibrium. In short, a meclsamneeds to be designed
that derives consistent values fgf. This mechanism is then applied to calculate
the equilibrium values of a counter-factual equilibriumat is, the equilibrium with
hypothetical changes in the values of the quality levetshhé literature on locational
sorting, the total supply of housing is often taken to be fix@ssuming that the
population would resort over the existing stock of housd® 3pecification of both
demand and supply introduces endogenous prices, and yheekefinition of the
‘general equilibrium,’ in the model.

The assumption of a fixed supply resembles the fixed suppliopation, A, in
the discrete location choice model of section 6.4, togetitr a fixed number of
locations,M. If consumers are assumed identical, the level of utilitg mew market
equilibrium, after changing the state fraqito q, is given by the following indirect
utility:

v; [ (@), y;8] = ul. (7.2.10)

Section 6.4 also showed that the fixed supply per locationerinéted as ao-
vacancy constrairt-introduced the Nash equilibrium, while the Nash equilibriu
implies the same level of utility at every location for idieal agents. Hence, the
market equilibrium bears all features of the spatial efyiilim «*. When the market
equilibrium of a locational sorting model is identified withspatial equilibrium, it
can be conjectured that a general equilibrium willingnegsaly is likely to value the
difference in utility of two spatial equilibria. In generdtl is to be expected that

@t £ Ut (7.2.11)

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

v[p* (@), y -~ WI'Pgp; @] = u”. (7.2.12)

Both connotations of the market equilibrium shed diffeegitts on a GE-WTP. The
relation with a hedonic bid rent facilitates an interprietatin terms of adjusting,
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or compensating, a pure Hicksian willingness to pay for thgitalisation of qual-
ity changes in the rent. From the perspective of a spatialiequm, the GE-WTP
would be a monetary measure for comparing the welfare levebo different si-
multaneous distributions of agents and amenities. ThexefoGE-WTP could also
be read directly as a monetary measure for a changpdtial welfare

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

V(Y,G)=Nu =p°(1-8)"" Py, (7.2.13)

allows for the interpretation of the model of chapter 6 ag/bs&td locational sorting
model, from which a theoretical value for a GE-WTP can be @ekrivurthermore,
since the quality-adjusted price indeX, is also a function of the number of de-
veloped locations)/, the concept of a GE-WTP can be extended also to include a
comparison of the welfare levels between two different lasel configurations. This
welfare measure would correspond to the basis of an ideatisst-benefit analysis
assessing different land use options, as discussed inestbpt

Efficient allocation of land

The relation between the population model and the modehtorepresentative con-
sumer demonstrated in chapter 6 offers an interesting wafpdo that the spatial
equilibrium is optimal, in the neoclassical sense. At tlaniidual level, the expected
level of utility was shown to be the same for every agent. &t tespect, the spatial
equilibrium seems to be Pareto optimal, because no agenttearse a better lo-
cation without making another agent worse-off. Howeveis rossible—at least in
principle—that all agents could be made better off with aeddht set of market
land prices, similar to the discussion on efficiency in sect.6. This is not the case
with an exogenous quality level at each location, but witllogenousjuality lev-
els—interpreted asxternal effects-, improvement of the overall level of well-being
is theoretically possible.

Chapter 6 showed that the level of utility at market equiilibr prices and the
utility level in spatial equilibrium are the same. Based ba &inalogy with initial
endowments in an exchange economy;, it was assumed thatahavailable amount
of space per location was fixed. This observation can be asaskess the optimality
of the residential equilibrium for a city with/ locations. The starting point is the
social welfare function

max U (S Z) —§°7\F st Y =7+GS. (7.3.1)
5.7
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The price index(=, in the budget constraint will not yet be specified. The appen

to this chapter shows how the utility function in (7.3.1) ¢adeed be considered a

utilitarian social welfare function in the traditional senU = Nu, if p = 1. Since

p was identified with the error term added on purpose to sugpdirect behavioural

interpretation of the indirect utility function, a diffeneapproach is needed for 1.
First of all, it is observed that because the total availabe®unt of land is fixed,

S; = A, for all locations;j (no vacancy), the amount of the first good, the combina-

tion of quantities and qualities of lan§, is essentially fixed as well:

1 1
o /P Y /p

§= 155-’ = 1> (4"s,)"

j= j=1

=A

M 1/p
3 (q]/ﬁ)p] . (7.3.2)

Jj=1

The only degree of freedom in optimising the utility functitherefore concerns the
nunéraire,

M
Z=Y-A> p; (7.3.3)

j=1

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

Y
ps = xj%7 (7.3.4)

without specifying the fraction;, of the total incomeY = Ny, yet. Substitution
of (7.3.3) in (7.3.4) yields

Z=(1-p)Y. (7.3.5)

The demand in (7.3.5) always corresponds to the solutio.8fX), irrespective of
the value of the price indexz, for quality-adjusted land and thereby independently
of the fractions;;, in (7.3.4). This is in line with the Cobb-Douglas specifioatof

the upper-level decision, concerning the division of tt@me between land and all
other goods. And since the value of the entire vector of ivastx, was determined
as a Nash equilibrium of a population game, an analysis &intd the one from
section 4.6 can be applied here at the level of the individgaht.
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In chapter 6, the evolutionary selection mechanism thatltes in the Nash
equilibrium,

q7/(6+u)
=
Tj = M ~/(B+m)’ (736)
k=19
was based on indirect utility function
Inv; + pe; =Iny — Blnp; + yIng; + pe;. (7.3.7)

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

i (s5,2q5) = 552 Pq)erss, (7.3.8)

with respect to lands;, and the nuréraire,z, subject to the usual budget constraint,
y = z+p;s; and neglecting the constant tefiin 3+ (1 — 8) In (1 — §) in (7.3.7).

Since both the quality;;, and the ‘circumstances?, are exogenous, by virtue
of the remaining Cobb-Douglas utility function, agents ozaximise their utility for
given pricesp. Because the Nash equilibrium (7.3.6)usique and optimal from
an evolutionary perspective, the price vector represgrttie market equilibrium,
p*, supports an efficient allocation of land. The distributidagents represented by
7.3.6 guarantees that the expected level of utility is teesat every locatioh

Efficiency in the presence of agglomeration externalities

In the presence of an agglomeration externality, that imédised as aetwork ex-
ternality similar to the one introduced in 4.6, a difference will appleatween the
market equilibrium and the social optimum. In addition te #xogenous quality;,
anendogenous location quality;, will be added. This endogenous amenity is equal
to the local population density and it represents a simpigosgeration effect, as it
attracts agents to locations where other agents are pr&sm#use it is only a local
effect, it is insufficient to enforce an endogenous CBD, bdbges allow for a simple
assessment of the internalisation of the value of an endagesimenity in the value
of land.

If the local population density is considered a real extitgnahe total amenity
level—the combination of; andx;—will remain exogenous, not affecting her op-
timisation problem. The logarithm of the correspondingiriect 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
Inv; + pe; =lny — flnp; +ylng; + dInx; + pe;. (7.3.9)

The endogenous amenity now appears as a direct dependetiey/sirategic choices
of other agents. This formalisation conforms to the spetificn of a multinomial
choice model with social interactions (Brock and Durlaf02). It can be inserted
in a numerical solution procedure, for example the set ofutmary differential
equations for the CES dynamics in section 6.4.

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

i (s, 2:05) = 8502 7Pq) (p Jy)° et (7.3.10)

Using the same approach as in section 4.6, the optimal demmaicen by

_(B+\ y
5 = <1+5> z, (7.3.11)

Substitution of the demand functions in (7.3.10), resultsi indirect utility function
that is the same as (7.3.8). As noted in section 4.6, demafd.3nl1) is higher
than in case external effects are not internalised. Thisrwhtion can be used in the
definition of a price that yields the same demand as in (7)3.11

5 146
pj=p (M) Dj- (7.3.12)

It follows that the optimal price—the price of (7.3.11) in rker equilibrium—, de-
notedp?, will be lower than the market price if the local density ipkéxed.

For a fixed total population size€Y, and allowing for the number of locations,
M, to be endogenous—as in section 6.4 by using the conditioectifty opportu-
nity costs,p; > pa,—, lower prices imply a lowen/. This is because the optimal
price will drop below the opportunity costs from alternativse at the boundary of
the agglomeration. This is illustrated in figures 7.1 and A2 optimal allocation
of land in the presence of agglomeration externalities didaherefore imply that
agglomerations should be smaller than a market allocafibis. corresponds to the
general notion that if positive externalities are inteised in the price of land an
efficient allocation of land will yield a smaller agglomeaat than in market equilib-
rium (Fujita and Thisse, 2002, p. 179-182). This sectiomghtihat this result can
be applied to models with local social interactions, intetgd in terms of land use
models in traditional urban economics. It can be conclutietia distinction arises
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Figure 7.1: Alonso variant with network externalitiest internalised.

between the socially optimal and the market equilibriumrfardels that allow for
agglomeration externalities—ancial interactionsin the presence of externalities,
the market allocation generally results in an oversupphaod.

However, the strict internalisation of endogenous amesiti terms of external
effects as in the neoclassical framework, would fail to detige to the interpreta-
tion of the quality aspect. Capitalisation of the value ofexogenous quality level
is in accordance with an optimal allocation of land. The tjoesarises of what
determines the ‘inefficiency’ of the allocation, if the valof an endogenous qual-
ity level is capitalised analogously. Put differently, aokssical perspective on the
allocation of land would only ‘accept’ exogenous amenitdany types of ameni-
ties—other than the network externalities presented here-ikaly to depend on
the location choices of other agents, especially in the &ion of land use patterns.
The contribution of this interdependency to the level oftigphavelfare can in theory
be captured by the measures used in this chapter, as longcas pr the market
equilibrium are accepted as they are. This applies, howewdy for the locations
for which residential use is considered optimal, as will beven in section 7.5 and
chapter 8 in the discussion on open space.

Prioritising

Another, relatively simple, welfare analysis can be basethe social welfare func-
tion, (6.4.35), of section 6.4. The value of ‘marginal résm’ 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 imprdvo yield the highest
general equilibrium benefit for the entire population.

Differentiation of the social welfare function (6.4.35)tlvirespect tay; results
in

3‘/ M B‘i’l‘« 1
_ - -1
5gf=:7Aﬂ[U~—ﬁ)Yf'ﬁ <§:q£*“> T (7.4.1)
J —

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

T < 7.4.2
R (7.4.2)
The only term in (7.4.1) different for every location q§?7 f ? > 1, a

B
marginal change in quality for the location with th:g]hestamemty IeveI will yield

the largest effect on social welfare.zgﬁ—u < 1, the value ofqﬁ" " will be deter-
mined by1/¢;. This implies that in this case a change in quality at thetlonawith
thelowestlevel will have the largest impact on social welfare.

This result can be explained as follows. Assuming that thesjchcratic element
in the preference structure does play a r@leg, 0, prioritising according to (7.4.2)
basically depends of < 3, or the ‘weight’ of theprice, 5, relative to the ‘weight’
of the amenity ~, in the preference structure (7.3.9) of all householdsc&imme
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level of utility is the same at every location, the welfargant can also be analysed
at locations where there is no change in amenity level, blyt arthange in price
or—according to (7.3.4)—equivalently population densityA higher welfare level
can only be achieved at these locations if a part of the ptipnléeaves the location.
Because the size of the total population, as well as the nuofbecations, is fixed,
agents can only migrate to the improved location.

Focusing again on the district where there is an increasengndy level, the
net increase in welfare for this district reflects a tradebetween quality improve-
ment and the ‘dis-utility’ of the higher population densigtlowing the migration
of people attracted to the improved location. The tradeésoffpparently optimal at
the location with the lowest amenity level 4f < ( and at the location with the
highest amenity level ify > (. Because of (7.3.6), in equilibrium:; ~ ¢;. There-
fore the location with the lowest amenity level has the |dvpegpulation density. In
conjunction with the corresponding direct utility funatidor the individual agent,
uj = sle—ﬁq], it can be concluded that if space is preferred over quality (5),
the negative impact of an increased population densitybgithinimal at the location
where the population density is lowest. By the same argunifentality is preferred
over spacey > f3), the negative impact of an increased population densilybei
minimal at the location where the existing quality level ighest.

Because of the large number of simplifications in the modwed,leas to be careful
when drawing conclusions for policy implications. Nondéss, of the two possibil-
ities in (7.4.2), the preference of space over quality seemsflect the tendency of
urban sprawl in cities, or at least the tendency of peopledeatio suburbs or nearby
villages. A municipal policy offering more facilities in ¢hcity centre—as the loca-
tion with the highest population density—as a counter megssiikely to have a
limited effect in this case.

Open space as amenity

In the framework used thus far, land as a market good is cardbirith a local pure
public good that can be interpreted as the local qualitylleXéth respect to the
discussion on elements needed for a framework for addigeassocially optimal al-
location of land in chapter 1, the focus until now has beely onl land used for a
commercial purpose. This section adapts the framework#integration witlopen

space If open space is considered an amenity, its social valuéeaterived using
valuation methods developed in environmental economarsexample contingent
valuation or hedonic pricing. In that case, open space ivhqgood under-supplied
by markets and the state would be called to intervene. Thegtion of open space
could in this perspective be interpreted as the direct sulppthe government of a
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good that contributes to the well-being of all consumersvihich cannot be allo-
cated efficiently by markets.

In terms of land use, however, open space is an alternatiwdausther land
use types such as residential space and agriculture. Egeeiif space is interpreted
analogously to a natural capital stock as in resource ecmsoihis ‘non-use’ type
competes with other land use types. If residential spacenmiket good bought
by consumers, the production of it can be viewed as a landersion process. In
that case, the land owner—or landlord—obtains a position ebdyzcer in the mod-
elling framework. The conversion process is captured byodywtion function that
uses land as natural capital as the production factor (jriputhe production of resi-
dential space (output). This perspective not only highghe mutual exclusiveness
of use and non-use due to the same production factor, it dtsesafor a consistent
interpretation of rent, both in terms of the rental price fiesidential space and the
income from capital for the land owner. With open space asaralacapital stock,
an interpretation as pure public good is possible stillolild for instance be justified
to treat the volume of the capital stock as a factor that diréafluences the level of
well-being (utility) of individuals positively. A similaconcept is commonly applied
to a pollution stock in some resource economics framewavkgre the stock has
a negative impact (Dasgupta andaldr, 2000). Treatment only as a capital stock,
however, does not address the exclusiveness of non-ussess. u

To focus the discussion, this section distinguishes beatvike local amenity
value capitalised in the price of land and open space as apubiéc good with
status as natural capital stock. The difference is thateidbation of the former
the land use type is still residential, while at the lattegssentially concerns non-
use. This approach marks an important difference with deglassessment by Wu
and Plantinga (2003). There, open space is treated as admeality of negligible
size. Closer to the analysis in this paper is the work of $frand Walsh (2005),
where open space has a quantity measure that competes siithngal space. The
difference is that Strong and Walsh (2005) assume that reeilfapacts result from
spillover effects instead of a resource stock. The maireigssunder what conditions
open space can be protected. Often the loss of open spacssided a public ‘bad’
(Dasgupta and Fller, 2000, p.73). If the well-being of a society is affecbydboth
the presence of open space and the consumption of spacesidental purposes,
the question arises as to how the two can be balanced. Gieefa¢hthat location
choices reflect a demand, a paradox seems to occur as in theopje would not
choose to live at the cost of open space if they knew that &s VYeould negatively
affect their utility level. This perspective seems to bepmrped by Polora et al.
(2005). They show that in a contingent valuation study catefliin the Netherlands,
the respondents appear concerned about the space that@daiecas require at the
expense of other land use types, because the WTP for an addifiootected area

196



751

decreases if the total number of protected areas exceess thr

One can argue that the destruction of open space has a pitstitemma or free
rider quality, where some choose to enjoy open space by beeirst to actually
live inside of it, causing a chain reaction. This sectionyéeer, opts for a different
interpretation, as the paradox seems persistent even lukatohservation of open
space is be enforced by zoning.

Problem statement

If it is assumed that the price inde%;*, reflects the equilibrium price-quality levels
of a given M residential locations, an expansion of residential lareltos\/ + 1
locations, using the social welfare function (7.2.13), thelfare effect would be
captured in

V(Y,G) =V (Y ~ N-WTPgp. G) . (7.5.1)

If the expansion td/ + 1 residential locations takes place at the expense of a pure
public good, both effects need to be combined in one WTP. Ehis essence the
consequence of the mutual exclusiveness of land use typen &n area that could

be perceived as pure public good, the welfare measure gainon-use’ expresses
existence valueNo existence value can be measured if the same area is used fo
residential purposes. Instead, the welfare contributibarpadditional amount of
land—as anconsumption goodogether with the local amenity—will need to be
valued. The following approximation is proposed:

V(Y +N-WTAgp,G*) =V (Y, G) (7.5.2)

Expression (7.5.2) maintains thagganeral equilibrium willingness to acceff6E-
WTA) is assumed to capture the required monetary-equivalempensation that
results in the same level of social well-being, otherwideiaed by expanding the
residential area. In other words, this GE-WTA reflects theimimm value of nature
at the location (with the inded/ + 1) to be developed. The GE-WTA therefore
indirectly defines the value of open space as a pure publid.goo

This value is only suitable in the context of a cost-benefilgsis (CBA) if it
can play a role in the decision of whether or not to developv@mtion from devel-
opment—orprotectionof nature at that location—would be feasible in an urban land
use context, if the GE-WTA can be relatedrémt from ‘non-use’, or

ppAi =N -WTAgg, (7.5.3)
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where the subscript p of the land pricep refers to protection at locatioh The
location! is assumed to be of siz&. Finally, the condition to be tested is

pl,p 2 Dlr- (754)

The CBA thereby addresses the following question: Doesgheidentified with the

GE-WTA in (7.5.3) exceed the rent that the land owner couldixecas a market rent
from residential use by tenants? Condition (7.5.4) is iregpby urban economics lit-
erature where a similar expression determines the cityds@slopportunity costs for
the land owner. If in this model it is assumed that society ®aihthe undeveloped
land—stressing its ‘public’ character—, adopting (7.5¢8), in (7.5.4) the value of

nature might be thought of @®cial opportunity cost€Condition (7.5.4) maintains
that while society would be as well off protecting the area@sgeloping it, market-

like conditions would enforce protection.

Solution

Welfare considerations can be based on the correspondiirgéh utility function:
V=YG". (7.5.5)

Expression (7.5.5) can be used instead of (7.2.13), becagelifferences in wel-
fare levels are to be accounted for and the constant termbeaeglected. Going
back to (7.5.2), the aggregate WTA can be written, using 8y &

A\ B
N -WTAgg =Y (g) —1. (7.5.6)

Using (7.5.6), condition (7.5.4) implies

G
M1, = BY Ty <Y (G*ﬁ - 1) = DPM+1,p- (7.5.7)

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

B+u
ey +1< | — . (7.5.8)
I VA ]
Defining f according to
f=Boarer +1) (1= zarg0) ", (7.5.9)

198



the conditionf < 1 can be verified graphically in figure 7.6 for several ranges fo
xp+1 andg. Fulfilment of the condition implies that the virtual renbfn protect-
ing the location from development is indeed higher thardessial rent. Protection
therefore can—in theory—be enforced if the price for land gtlacationi is defined
as the maximum of residential and ‘protection’ rent:

ﬁl = maX{pl,p7pl,r}~ (7510)

This rent should be taken into account by the individuagraig (7.3.8):

Inv; =Iny — fln [max{p; p,p;r} +vIng; + €i;, (7.5.11)
where
N-WTA
Py = fc"’f. (7.5.12)

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

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

The model developed here strictly assumes that the ownettseafesidential
areas are absentee landlords, following the urban ecosamadition. Due to the
Cobb-Douglas specification of the aggregate direct utiiopvever, the total amount
spent on land will always equalY’, independent of the number of developed loca-
tions. This means that the result will remain valid if puldignership of the residen-
tial area is assumed, where all individuals earn an equakgfahe aggregate rent
(cf. Fujita, 1989, ch.3). Such an interpretation wouldyfubmply with the interpre-
tation of the virtual rent as opportunity costs. Using théfare measure suggested
in this section, the monetary value of one additional dgwedblocation can be de-
rived. If this value is interpreted as the social opportyeibsts, reflecting a virtual
income from rent on open space as a hatural resource, thesetapity costs are
shown to exceed the market value of the same location baséttome residen-
tial rent. This might resolve the apparent paradox thatanshen it is suggested
that consumers can in principle control the amount of op@tejpy 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 of5.
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appropriate demand in their location choices. If individagents take these oppor-
tunity costs into account in their location decisions, oppace would be protected.
This result suggests an alternative approach to existingattan methods for esti-
mating the benefits of open space, while taking into accawentrtutual exclusiveness
of land use versus non-use.

Conclusions

This chapter used the model developed in chapter 6 as the foadifferent types
of welfare analysis. Because the equilibrium solution fos imodel can be identi-
fied with the model of a representative consumer, it fatdigdhe interpretation as a
theoretical version of a locational sorting model. Locagibsorting models are used
in property valuation as an extension of hedonic pricingti®a 7.2 demonstrates
how the level of welfare in locational sorting models can fiteripreted in terms of
land use models in urban economics. Generally only thengitiess to pay (WTP)
for marginal changes in the local quality level can be detiire hedonic pricing.
As quantity and price are considered to be fixed in the déowatf this WTP, it
is implicitly assumed that the agents do not move to otheatlons in response to
the change in quality. While this assumption can be maintbinease of marginal
changes, a WTP for non-marginal changes requires the spgicfiof both demand
and supply and the introduction of endogenous prices. Sime&VTP in hedonic
pricing is consistent with a Hicksian consumer surplusatimnal sorting models
introduce a WTP that is adjusted for price changes, the ‘gépeuilibrium willing-
ness to pay’' (GE-WTP). Section 7.2 argued that ‘general i’ corresponds
to a spatial equilibrium in urban economics. Therefore, a\@EP could also be
read directly as a monetary measure for a changpatial welfare

The supply of housing in locational sorting models is oftaken as fixed, as-
suming that the population will resort over the existingcktof houses. The model
of chapter 6 can be used for a consistent definition of a GE-WiiliPam endogenous
number of locations, a feature adopted from the models iarugzonomics. Section
7.3 showed that this same feature also allows for an assassiihe efficiency of
the distribution of land. If a simple type of agglomeratiotieznality is introduced,
the allocation is no longer efficient. Although this obséiais consistent with the
neoclassical perspective on external effects, an interjioe of agglomeration exter-
nalities as endogenous amenities is preferred. A GE-WTReisdhwelfare measure
that accounts for the capitalisation of the value of locadlifys exogenous or en-
dogenous.

Section 7.4 applied the concept of locational sorting t@al@carginal changes.
It showed that the ratio of the coefficients for quality and@®in the preference
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structure can be used for identifying the location thatdgethe highest marginal
increase of social welfare for the entire population, feileg a marginal local quality
improvement. It suggested that if space is preferred ovalityuimprovements at the
city centre will have limited effects on reducing urban sgra

Finally, section 7.5 introduced the concept of a GE-WTA as asuee for the
value of open space. In theory it can capture the willingnesaccept using less
space for residential purposes. Converted to social oppitytcosts for land, the
virtual rent received as a measure for the value of open sgmaeepure public good
was proven to exceed the market rent for residential useecgdime location.

7.7 Appendix

7.7.1 Equivalent problem for the social planner

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

M M

max 2 nu;j (sj,z) st Ny=Nz+ ijA, (7.7.1)

J j=1

is essentially the same as

M
max$72'0 st Y=z+3 (& (Aqf) , (7.7.2)
S,z — 7
' J=1 \9;
where

M M N
§=38=3" (Aqf). (7.7.3)
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The equivalence follows from lacking a degree of freedom &ximising.S because

of the supply constraint per location. Therefore

M M
anuj = NZLL']'UJ'
j=1 j=1

,Nz B 1- ﬁ ’Y

_N,Zl B( ) le B ’Y

=z f’Aﬁle Pql. (7.7.4)
Next, from
X M X ﬁ
Aﬁle f’( @) = (Y aq | . (7.7.5)
j=1
it follows that
2\ B
M q?
S el h (J) 5 =1 (7.7.6)
=1 M3
> 4a;
j=1
And finally, given > z,; = 1 the solution is given by
j=1
7
q,
xj; = MJ - (7.7.7)
> ar
k=1
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7.7.2 Simplified expression for plotting figure 7.6

In this subsection of the appendix the expressions thattesmplifying (7.5.7)

plotted in figure 7.6 are derived.

v/ (B+w) Zk qv/ B+u)
1

Anr+1
ML= S0t /(5 T
Zk 7/(ﬁ D) Zk:l qz/(ﬁ H)
’Y/(5+#)
= < ey (L o).

M
Zkfl v/ (B+w)

M+1
Z _1q v/ (B+p) B 3 + qw/(ﬁﬂL) qM(flJr#)

k=1
MA+1 ~v/(B+u) M+1 _~v/(B+w)
k=1 QZ g > k=1 QZ g
=1 —zmq1).
B+
TM+1 ‘IX4/(+1 Y

(1—zp41) 224:1 qz/(ﬁﬂt)'

B+
Q%EA & 1 1
Zk ) q’Y/(ﬁJrN) (1 —zp41) '

(7.7.8)

(7.7.9)

(7.7.10)

(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 extensif the model pre-
sented in chapter 6. Furthermore, it will be implemented esmputational model
that conforms to the specification ofnaulti-agent systefMAS). In line with the
previous chapters, the attempt to find a balance betweeretiefits from an agent-
based approach in terms of behavioural interpretation ca®s made by individu-
als and the normative interpretation from the traditioredcelassical framework and
game theory, guides the strategy of constructing the model.

Although the behavioural rules of the two-agent model dgwedl in chapter 4
were relatively simple, special attention was given to tlerarcognitive interpreta-
tion of information processing capabilities of the indiwad agents in the bargaining
variant. The only information the two agents exchangedistes of proposed price-
guantity pairs. No further information regarding the otagent's characteristics or
preference structure was required for the agents to makedbeisions. Occasion-
ally, the term ‘agent-based model’ is reserved for this typmodel, consisting of a
few agents equipped with relatively advanced behaviowstuh contrast, a ‘multi-
agent system’ consists of a large number of agents with raihgle behavioural
rules (Axtell, 2000). In general a MAS focuses more on thdegpas that emerge
from the interactions within a large population of simpleats. It can conform to
the identification of the interactions at the levels indiats as the origin of com-
plexity in a complex dynamical system. This chapter focuseshe formation of
land use patterns using an MAS. The implementation of theeinaslan MAS al-
lows in principle for the interpretation as amtificial society (Epstein and Axtell,
1996). However, since the behaviour of the agents is stétikely abstract, the in-
terpretation as awarmor particle systencan be applied as well. The model in
this chapter serves as an example of a system consistingafja tollection of
semi-autonomous agents organising itself in spatial petteelying only on simple
decisions rules. In line with the evolutionary game thdoadtmodels in chapter 6,
the economic interpretation is supported by the fact thatadpents act myopically
only in their self-interest. The stationary spatial—and ke&requilibrium can be
considered a Nash equilibrium.

Chapters 1 and 5 discussed the literature stressing therebeetween discrete
choice, evolutionary game theory, and statistical phydig@erature in which the
interpretation of a dynamical discrete choice model as alffied multi-agent model
is employed also exists (see for example Brock, 1997; Brocktdommes, 1997).
Finally, regarding the application of an MAS to land use nilialg, related models
can be found in Page (1999) and Otter et al. (2001), but thegad@ccount for
price formation on a land market. Tlmmplementatiorof a discrete choice model
with interactionsas an MASis—to the knowledge of the author—an addition to the
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existing literature. Consequently, the combination o€dite choice and an MAS in
a single framework will be labellelulti-Agent Discrete Choice ModéMADCM)
throughout this chapter.

With an MADCM land use model, two types of computational ekpents will
be conducted. The first is a special type of experiment thatocdy be conducted
with an MAS. This concerns the relaxation of tmean-fieldassumption of the pop-
ulation model. Once agents can be distinguished indiviglitis possible to restrict
the information they receive. The compact representatidieoreplicator dynamics
and related evolutionary dynamical systems usually conrtbe @rice of the assump-
tion that each individual has a probability of meeting alietindividuals. With the
discrete choice variant and interaction through disélgpiilim prices, this assumption
can be translated foerfect informationlt is implicitly assumed that the agents will
move to the best available location based on the informatgarding the prices,
quality levels, and population densities fdt locations. With an MADCM, this in-
formation can be restricted to a reduced number of—poss@rigaom—Ilocations.
Experiments with imperfect information can shed light oa thbustness and stabil-
ity of certain agglomeration patterns.

The second experiment concerns a more applied interpretafian extension
of the model in section 7.5, regarding open space. This @rpet addresses the
distributional effects, if open space is—in addition to aepublic goods—also
considered a source of positive external effects, affgagimality level and the land
price of the locations next to the open space. Only highermegroups are expected
to be able to afford living at these locations. The policysfien arises whether the
GE-WTA the higher income group is supposed to pay for a smatigiomeration
in return for open space is relatively higher or lower them@E-WTA for the lower
income group.

This chapter is organised as follows. Section 8.2 presenisra detailed de-
scription of the MADCM developed in this chapter, with a fecon land use in
section 8.3. Section 8.4 presents two extreme cases. Thedirserns an extension
of the Alonso variant of chapter 6, representing a land usdetnaithout external
effects. The second is a variant of Schelling’s segregatiodel (Schelling, 1978)
by means of an example of a land use model based only on ekéffezts. Section
8.5 devotes itself to a variant of a model originally develdfy Beckmann (1976),
which can be interpreted as an Alonso-type of model with atoganous central
business district (CBD). Section 8.6 presents the resulta f computationally ori-
ented experiment with imperfect information. Finally, e 8.7 discusses a more
policy motivated simulation run, exploring the equity ingaltions of open space ex-
ternalities. This chapter finishes with a discussion anctlesions drawn in section
8.8.
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8.2

8.2.1

MADCM: general concepts

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

Model construction

The Multi-Agent Discrete Choice Model (MADCM) is based or tliscrete choice
formulation as a stochastic population game and its relatith the CES preference
structure for a representative consumer, discussed int@h@pThe starting point is
the dynamics of equation (6.4.12) from section 6.4 repelated:

(pj/ 4 m>_m _ (8.2.1)

- 224:1 (pk/qz/ﬁ)*ﬁ/# - Ty

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

'y

oM
Pr (lnvm- — lnvi_’k > *,u&;’jk) = Mjivl/ﬂ (822)
k=1 "k
Here, the stochastic term, ;;, = €,; — €1, consists of the difference between the
idiosyncratic elements in the preference structure of ageagarding locationg
and k. The model of (8.2.1), however, still relies on a represémeof agents as
a continuum The computation of the equilibrium solution for (8.2.1)ndae per-
formed as a numerical integration of a system of non-lingdmary differential
equations. The interpretation of the model as a stochagpalption game is based
on the equivalence of a probability density distribution flee location choices of
a population of agents with identical preference structarexcept for the stochas-
tic term ¢, ;,—and the density distribution of the population. This intetption
amounts to the assumption that the population is so lardétttan be considered a
continuum. As a result of the immense population size, tlesjohcratic components
of the preference structures form a continuum as well, teeauery value fog; ;i
is represented by some agént
Alternatively, instead of a distribution of the populatidansity, the stationary
equilibrium for (8.2.1) can be considered a probabilitytritisition for the location
choice of theindividual agent. This interpretation conforms to the identificatién o
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the logit choice model (8.2.2) as the solutiaty (= 0) for (8.2.1) for allj. It also
corresponds to the way the model in this chapter is congiué large but limited
number of N agents are implemented A5objects and each agent is equipped with
an individual decision rule, with (8.2.2) as the basis fooadition as in chapter 4.
The corresponding conditiorahdirect utility function can be written as

Inv;; =In(ay;) — B; Inp; + v Ing;, (8.2.3)

but variants of (8.2.3) can be used as well, as presentee ifollowing sections.

With (8.2.1) interpreted as a type of algorithm for finding tumulative proba-
bility density (8.2.2) ad’ (¢), the population game can be considered a special way
of integrating a probability density functiorf,(¢), as in

F(e) = / £ (e) de. (8.2.4)

Integration by means of an evolutionary selection mecmaigssiecessary for (8.2.3),
because the equilibrium price vectpr(x) depends on the demands—as the vector
of population densitiess—at all locations. In this way, the Nash equilibrium that
results from integrating (8.2.1), can be considered an elawf self-consistency
that in as a static solution would conform to the definitiorratfonal expectations
(Brock and Durlauf, 2001). Self-consistency refers to thieitson in which the in-
dividual expectations concerning the population distidou matches the realised
distribution. Consistent with the original concepts frowolationary game theory,
self-consistency emerges from a process that requiresaotyiye of bounded ratio-
nality in the models developed in this thesis.

The analogy with (8.2.4) also allows for an alternativegnétion algorithm. An
MADCM can be interpreted as an MAS implementation of (8.Bylineans of a type
of Monte Carlo integrationJudd, 1998), inspired by the use of simulation methods
for discrete choice models (Train, 2003). In an MADCM, thecstastic terms in the
individual preference structure will be replaced by theueal of actuablrawsfrom
the distribution of this term. This means that every agdastassigned values from
the double exponential distribution ef; for all locations;. Whereas this stochastic
term was interpreted in chapter 4 as the ‘circumstances’dffiacted the choice of
a single agent at a given moment in time, here they are irgtrgras an additional
motivation for the individuaf for preferring locatiory. This term is supposed to be
known by the agent, but unknown to the observer (see alsonibedg and Levine,
1998, p. 106). Draws are taken once for preference strictfrall agents, which
requiresM x N draws from a double exponential distribution.

1 The utility function reflects the value of the level of utility for the individual agent, ¢, condi-
tional upon her location of choice being location j.
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In this way, the local population density can be expressethaswumber of
agents at a given location, divided by the population size density can be con-
sidered as an approximation of the logit model. This apgraasimilar to the ap-
proximation of the logit model as a time average, discussegction 4.3.2. With an
evaluation function/;; (e) that has a value of if agenti chooses location and a
value of( otherwise, the population density at locatigrior a population consisting
of N agents, can be written as

N
Z Iij (hl Vij + Hi€q; = max {ln Vi0 + Hi€i0y -+ Inwv;pr + /J,iEZ']\/[}).
i=1

1
N
(8.2.5)

In 8.2.5 the evaluation function is applied to verify whetliee location; yields
the maximumlevel of utility for agent:, taking into account the idiosyncratic com-
ponentsg;, for all M locations. From (8.2.1) it follows that the agent selects th
location that yields the highest level fot v, + u;e,. Although vy is essentially
an indirect utility function, the model allows—as in chapterfor an interpretation
in terms of current relative price differences that needxtteed a threshold defined
by relative quality differences, before agents choosefaréifit strategy. In this case
maximisation is identical with a comparison of the utiligwél at the current location
with the levels at all other locations, possibly followeddynove to the current best
location.

Unlike the usual integration methods of the Monte Carlo typmvever, inter-
action terms need to be accounted for, because the pricis, endogenous since it
depends on the location choices of all other agents, as abtme. Since this depen-
dency can be related to the population densities at the ibations,v;; = v;; (x),

a case obtrategic interactiorresults, similar to that in a population game. The im-
plementation of the evolutionary selection mechanism iatiog to section 6.4.1 is
in this perspective basically dteration in terms of a numerical calculation. In an
MADCM this iteration is supported by an MAS-like behaviolirderpretation. With
respect to simulation methods in econometrics, every sitiul run could be con-
sidered as one possible realisafion

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 x 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 developeithd author.
There is a variety of programmes and libraries of functiamrsaf modeller building
an MAS or an ABM. Popular examples aRrRePastand SWARM In principle, the
MADCM could be implemented using any of these existing platfs. The choice
not to do so was guided by the goal of integrating an MAS withaeanrtraditional
approach, inspired by Monte Carlo integration, descridemla. The possibility of
incorporating an existing high-performance library witmmerical routines—for the
generation of random numbers and the manipulation of nestrievas considered
more important, than tools that facilitate the implementabf agents.

The final version was written in the language C++ (Stroust2@®0). The li-
brary used is th&sNU Scientific Library(GSL), version 1.8. This is a library of
functions inC (Kernighan and Ritchie, 1983), published@sen sourcaunder the
GNU Public Licens€GPL). The architecture of the agents and the populatiored-is
atively simple and can be implemented in any object-ortldaguage such amva
or C++. Since C++ can be considered an extension of the C-langGagewas the
obvious choice for combining the fast and high-quality ntina algorithms of the
GSL with an agent-based architecture.

To facilitate making runs with different parameter valug$yunction written in
the languagePython (version 2.5) was integrated in the programme. Python is a
scripting language originally written in C. The benefit otaigting language is that a
programme does not need todmmpiled—that is, translated to machine cddefirst
before it can be run. The disadvantage of a scripted langisage general, a lack
of performance (speed) compared to a programme written ongited language.
Agents in the MADCM receive their preference structure #talisation by pass-
ing parameter values in a smalnbeddedcript. After initialisation, the benefit of
the compiled language C++ is exploited for the actual runssisting of a large
sequence of changing location choites

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

1. theGNU Compiler CollectiofGCC) was used under both Linux and gg-
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 ugtiae a relatively large
library of functions for building a graphical user interéa@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 mgkums, only a simple
GUI was designed. Use was made of a small set of function foanGLlibrary.
OpenGL is also written in C and was originally developed fighkperformance 2D
and 3D graphics. Integration of OpenGL in a windowing enviment was accom-
plished by theQt library under Linux and Cygwin. Th&LUT library was used for
the MS Windows versions. The translation of the output to s@ithe graphs in
this thesis was performed by a script, written by the authd?yithon that uses data
files as input and returns &TEX-file as output. In theAIpX-file, use was made of the
pstrickspackage.

MADCM land use model

The implementation of the model from chapter 6 as an MADCM divated by
the need of exploring a wider range of external effects. laptdr 7 only a variant
of networkexternalities was introduced. It served as a simple aggdlatioa exter-
nality, or communication externalitin the terminology of urban economics. Only
the population density at a current location contributeth&level of well-being of
the individual agent. Agglomeration forces that can helpl&xing the emergence
of a city require that the level of well-being at one locataepends on the popu-
lation densities at other locations. In line with chaptet &ill be argued that from
a conceptual point of view, these extended externalities icathe context of land
use, best be treated as endogenous amenities or quality. I;ternalisation of the
welfare contribution from these externalities as tradisibexternal effects in a neo-
classical context is of limited use for policy purposes.iRatthe welfare effects of
capitalisation can be accounted for, as would be done inafase@genous amenities
in urban economics and hedonic pricing. Once this integtigat is adopted, a nearly
unlimited amount of endogenous amenities can be definedgimg complex, non-
linear ones. An MADCM is especially well-suited for explogithe effect of highly
non-linear endogenous amenities on the self-organisistesy the resulting land
use patterns, and their welfare effects.

The use of an MADCM as a land use model requires an accountuider of
specific elements. These elements include a two-dimengjoita the implementa-
tion of agglomeration externalities, and the interpretatf disequilibrium land use
patterns.

Grid

The model presented in chapters 6 and 7 was a stylised modeleirdimension.
In the land use MADCM, a grid consisting of 896 hexagons walused to extend
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the model in two dimensions, as plotted in figure 8.1. The @hddor hexagons is
essentially arbitrary, but is expected to facilitate thiiipretation of circular pat-
terns. The grid can be interpreted as all the land availatdeciertain region. In some
agent-based models the grid is wrapped and folded into ayfduut’ shape (Epstein
and Axtell, 1996). This is usually done if onlgcal interactionsare important and

complications at the borders of a grid need to be avoidederGitie explicit spa-

tial interpretation of the grid in the MADCM in this chaptehe grid will not be

wrapped. The borders are considered the borders of thentre@mmplications are
not expected, as agents are either expected to locate iradsynan agglomeration.
If necessary, the borders can be interpreted as naturaétsarFor the distance be-

Figure 8.1: Empty grid for MADCM land use model.

tween the locations an 896 by 88&tance matrixs calculated. Depending on the
type of simulation run, this matrix might play a role in thefarence structure of the
agents (see section 8.3.2).

At the beginning of each run, a population of agents is digteéd randomly
over the grid, illustrated by figure 8.2. The colour of a grill ¢ceflects the local
population density. The darker the colour, the higher thesity.

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.

External effects

The equilibrium solution for most models in previous chapteas consistent with
the static solutions for neoclassical counterparts in udzgnomics, due to the ab-
sence of external effects. By consequence, they can iniplénbe restated in a
neoclassical fashion and the unique equilibrium will beeRapptimal. As noticed
in chapters 1 and 5, the optimal solution comes at the prioexpfaining the ex-
istence of an agglomeration by means of an exogenous pamarkdst frequently
this parameter is the distance to the CBD, usually capturdthihsportation costs.
In chapter 6 this parameter was translated to an exogenoaspter indicating the
local quality—or amenity—level.

Completely in line with traditional welfare economics, artslation is thereby
made from a public good to an externality by making the locglliqy endogenous
Here, endogenous means that the quality depends on theibahaf/other agents.
Since the local quality affects the level of well-being ofagent residing at that loca-
tion, a direct impact on the level of well-being without inteediation through prices
is anexternal effectChapter 4 showed that external effects might give rise titijpie
equilibrium solutions by introducing a degree of interdagence in the preference
structure of agents. In general it can be argued that eXigesagive rise to more
complexity in the sense of complex dynamical systems, since selfagton will
be complemented with path dependency (see also sectio@th)the evolutionary
dynamics introduced in the previous chapter, this type ofgexity will be explored
further by adding an endogenous quality parameter to the RIKND

217



8.3.3

An MAS approach to discrete locations choices with interactions

This chapter extends the exogenous quality parameter byaanpter that re-
flects an endogenous local quality, that in principle canedépon the population
densities at all locations. The resulting logarithm of medt utility function plus id-
iosyncratic term for agentat locationj can be written as

11’1 vij +Mi5ij = hl (Ozyz) — ﬁi lIlpj (X) +'Yz h’l qj +61 111 f” (X) +,U/i5ij~ (831)

In (8.3.1), the level of indirect utility depends on the fian, «, of the income,
y, the agent spends on land, the endogenous pricehe exogenous quality level,
g;, and the location-specific—and possibly individual-speeiffunctionf;; (x) that
defines the endogenous quality level.

Section 6.5 introduced some level of heterogeneity by ehterthe single pop-
ulation model to a model with four populations, disting@dhby income and an
income-dependent preference structure. This conceptisamea applied to all coef-
ficients in the MADCM, including

Bi = B1+ P Iny;
Yi =7 +72lny;
51' = 61 + 52 In Yi- (832)

Although in principle every individual can be assigned dedént coefficient, this
chapter uses only a differentiation of the population adicwy to sub-populations,
where individuals in a sub-population have the same coeffisi

Interpretation of the disequilibrium configurations

The MADCM can be analysed from a system’s perspective, bareithe deriva-
tion of the basic mechanism determining how the land margetates in chapter
6. The final land use pattern is interpreted as the statiostatg of what is in prin-
ciple an economy in disequilibrium. Disequilibrium landqgas are quoted as the
price per surface area based on the total amount of monesgdff€éhis means that
in the process of finding a spatial equilibrium, land pricepehd on the consumers’
willingness to pay to achieve the equilibrium utility levebcation choices at dise-
quilibrium prices determine the size of the surface areterkas the average amount
of space per agent. Given the current price, the agent catedebether the amount
of money spent on land at the current location correspontsttactual willingness
to pay. As a result, both the price and the equilibrium wtildvel depend on the
location choices of all other agents.

Two interpretations were possible for the disequilibriuomfiguration of the
model in chapter 6. In line with the two-agent model devetbjmechapter 4, in the
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first interpretation the location choices out of equililbniunight be interpreted as
an ongoing negotiation process in which no agent moves éeforagreement is
reached. In this interpretation price formation out of éqtium can be regarded
best as a process in which bid rents are collected by a brokerdahd owner or
a representative—for every location, acting as a local nmyapctioneer for the lo-
cation. Next, the brokers determine and announce the n@&9IAs a result, price
setting is part of a feedback mechanism and the individuzdtlon choices can be
considered low level elements in high level complex adaptivstem. It would sug-
gest that no agent moves until the equilibrium prices fologiations are established
in a process of collective negotiation. Although this iptetation is suitable in the
context of bargaining with two agents, it does not supply f vealistic picture in
the case of many agents.

The second interpretation of the model in chapter 6, is disoonly feasible
interpretation of the MAS variant in this chapter. It is as®dl that the agents actu-
ally choose a location. Prices are then determined in the sealy described above.
However, since locations are chosen, these prices areuiliveigm prices only in
the sense that the agents appear to be dissatisfied wittctheént location choice.
If they receive an opportunity to move to a better locatitweytwill. The choice to
move is myopic, since it is assumed that the agent deterrttiedsvel of utility for
all—or several (see section 8.4)—locations on the basis ofdh@nt situation, not
taking into account the possible effect of his own move. éligh the entire process
might not give an accurate description of the development time of a real ag-
glomeration, it does not pose any unrealistic assumptiotmerognitive capacities
of the individual agent. In this perspective, the emergesfcan agglomeration in
this chapter is perceived as an abstraction of an evolutygmacess. The behaviour
of the individual can still be considered as more or lesdstalin the sense that he
only acts in his self-interest while improving only his owstation choice, without
being concerned about the overall development of the aggiation or its effect on
the social welfare level of the population as a whole.

Simulation runs with externalities

To illustrate the flexibility of the MADCM and the effect of exnalities, the model
is adapted to encompass three existing models. First, trevaf the Alonso model
developed in chapter 6 is be extended to the two dimensidgdsagd implemented
with agents. This is an example of a model with only exogerasuenities. Next, a
model with only endogenous amenities is presented; a tafdhe Schelling model
(Schelling, 1978). Finally, the two extremes are combimedrie model.

All models in this section consist of 10,000 agents. In th&t tinree examples,

219



8.4.1

An MAS approach to discrete locations choices with interactions

the population is divided into two groups of equal size. Tle groups are distin-
guished by a differentincome level and the preference ttreics income-dependent
according to (8.3.2).

Alonso

The first model uses the distance matrix described in se8t®d. One cell in the
middle of the grid is assigned a function similar to that of BBC All other cells
receive a quality level that depends on the distance to théncthe middle. The
agents have a preference structure that includes an impatttedr level of well-
being of the quality level and the endogenous price at thecpar grid cell they
choose. In terms of (8.3.1) and (8.3.2),= 0, because only prices and exogenous
quality levels determine the location choices. To maintaghose reference with the
original model, by setting; = 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 platdach of the two sub-
populations. The well-known concentric circles appeae diarker the grid cell, the

Figure 8.3: MADCM Alonso variant.

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

Schelling

The second model is inspired by the segregation model ofllBah€1978, p. 137—
166). Here, quality is defined as dependent on the numberighioeuring cells in
which agents of the same sub-population are located. Inst@i{8.3.1), in this
modely; = 0 andd > 0, since only the endogenous quality level plays a role. Both
groups have the same income level. In the original modeld€nb, 1978), a grid
cell was occupied by a single agent and there were no linkegasand market.
To stress the complementarity with the Alonso model in theQ@M here,3 > 0,
implying that the final land pattern is the result of a balabheveen endogenous
prices and endogenous quality levels. The endogenousyjlesél is defined as

fig (%) = { > o 2 (8.4.1)
In expression (8.4.1), the parametgf represents the number of locations that have
at least one agent of the same group as agédhly the six surrounding grid cells
are counted.

In figures 8.4-8.6 the equilibrium patterns for the two saipydations are plotted
separately for three runs with different initial distrilmrts. 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.
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notion of a CBD. Instead, clusters of connected grid cellerg® Schelling’s orig-
inal model served as an illustration of endogenous sedoggdiven if agents were
not categorically averse to living next to an agent of a défe group, neighbour-
hoods were still strictly segregated according to groupattaristics. This effect is
also present in figures 8.4-8.6, as the land use patterng tfvth populations seem
to complement each other. Schelling’s model is considenedod the first models of
social interactions (Durlauf and Young, 2001). It also dswas one of the first agent-
based models (Epstein and Axtell, 1996), even though it wiggally implemented
with the use of coins and a sheet of paper (Schelling, 197B4P).

In the computational experiment presented here, the maidehply serves as
an example of a type of endogenous agglomeration that isatddy a complex
externality. The figures show, that this model also reprssan extreme case of
multiple equilibria. Only the qualitative result of segagign and agglomeration is
obtained; the actual positions of the separate clustensanenique.

Hybrid

Next, a hybrid model that consists of a combination of the previous models is
presented. In this model, the local quality has an exogeasusll as an endogenous
component. Additionally, prices are endogenous, as befdre results of a single
run are shown in figure 8.7. Now, the location of the CBD is dleasible, but seg-

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

regation no longer appears along concentric circles. &dstide clusters themselves
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again form an example of multiple equilibria.

Beckmann

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

N N
fij (x) = TZ djrn; = TNZ djrx;, (8.5.1)
k=1 k=1

with d;, as the distance between locatipand locatiork; 7 is a constant. Expression
(8.5.1) can be interpreted as the average distance to at atjent& Since this
average distance has a negative impact on the level of weighof the individual
agent, in (8.3.1) the parameter for the endogenous qualigssigned a negative
value,d; < 0. The exogenous quality does not play a role in the first twe,run
thereforey; = 0. As before, endogenous prices can be considered a ceatrifug
force/, hences; > 0.

This model represents a relatively general example afratogenousgglom-
eration. The land use pattern resembles that of the Alonstembut instead of
assuming the existence of a CBD beforehand, the CBD emesgasesult of so-
cial—or non-market—interactions. The results from two simulation runs aretplbt
for a single population of 1000 agents in figure 8.8, for twitedént values of the pa-
rameterg; (0.7 and0.35), that determines the impact of the social interaction en th
well-being of the individual agent, relative to the ‘dighty’ of the endogenous local
land price. The parameter controlling the impact of thelsastic termy; > 0, is
shown to enhance the dispersal of the agglomeration folsnvalues ob;. Further-
more, figure 8.8 reveals that the location of the agglomamas not unique. Because
the exogenous local quality does not affect the locationceh@nly the relative dis-
tances determine the final, equilibrium location choicealbfgents. This implies
that many different equilibria are possible. The presericeudtiple equilibria is re-
lated to the coordination game discussed in chapter 3. Thigiymexternality 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 indiffererth&r absolute position.
Similar to the network externality in chapter 4, the quabfythe good depends on
the actions of other agents.

Lock-in

The occurrence of multiple equilibria in the Beckmann vatrief the model in this
section can illustrate a possible interpretatiopath dependencgnd alock-in situ-
ation, discussed in chapter 3, in the context of land use Hiogle=irst, the develop-
ment of the social welfare function for a general Beckmandehgs plotted in figure
8.9. Figure 8.9 shows the evolutionary development oftimaof the individual in-
direct utility levels. In the MADCM implementation of the rdel, the individual
welfare level is in principle a private attribute of the agdhthe agents are forced
to reveal their level of well-being to the modeller, the aggate or sum—based on
the relation between the logit model and the model of a remtesive consumer dis-
cussed in chapter 6—can in this way be translatedstocgal welfare functiomn the
MADCM.

Next, the impact of an exogenous quality level is reintratlg; > 0) and dif-
ferent exogenous quality levels are assigned to diffe@rdtions. Some locations
are regarded asbstaclesand were removed from the distance matrix. As a result,
these locations were not connected to other locations.rmstef distances, two
cells on either side of the obstacles can only be connecteddh a shortest path
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Figure 8.9: Evolutionary development Beckmann variant.

around the obstacles. An example of a grid with obstaclebaws in figure 8.10.
In addition, the locations above the line of obstacles aségaed a slightly higher
exogenous quality level than the locations below the lirtés Tonfiguration gives
rise to two different types of equilibria. The equilibriurgglomeration can emerge
above or below the obstacles, depending on the initial nandistribution of agents.
In figures 8.11 and 8.12, the development of the social weffamction is plotted for

Figure 8.10: Multiple equilibria: Beckmann variant with obstacles.

the two solutions of figure 8.10. It shows that the agglonienaabove the line of
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obstacles yields a slightly higher level of social welfaraerefore, the agglomera-
tion below the line can be consideretbak-in, since in theory a Pareto improvement
would be possible. The obstacles in this example can bedenesl a stylised repre-
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Figure 8.11: Value of social welfare function for 8.10 (Lock-in).

4900

4850 -

4800 -

> 4750+

4700 -

4650 -

4600 . . . . . .
0 20 40 60 80 100 120 140
time

Figure 8.12: Zoom in on detail of figure 8.11.

sentation of natural obstacles, water for example. Thegpiasof natural obstacles,
combined with an evolutionary interpretation of the emamgeof agglomerations,
illustrate the possibility of a current land use pattermpeiub-optimal. A Pareto im-
provement, however, does not seem feasible in this paaticalke 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 dibgum that corre-
sponds to an evolutionary path toward the stationary dyitilin solution. Although
a stochastic component was introduced in the individudiepeace structure, this
component did not result in a perturbation of the systems Tas shown for the
formulation in chapter 6, in which the dynamics of the systgas essentially de-
terministic, although location choices were defined in teahprobability densities.
In the MADCM variant presented in this chapter, the stodbhastm is converted
into a fixed draw from a distribution for all individual-lotan combinations. The
stationary equilibrium is stable only in a stochastic serss some agents continue
to revise their location choices—, but the overall pattertooétion choices remains
relatively stable and is apparently not under the influerfa@nyg notion of random-
ness.

This section introduces a new type of randomness, moreénwith a real per-
turbation of the system. The main goal of the experimentgimesl here consists
of testing the stability of the equilibrium location patiesigainst a distortion from
within the system. This distortion is introduced by limdithe information avail-
able to the individual agent when she is eligible for rexgdirer location choice. As
discussed in the introduction, the replicator dynamicsratated evolutionary mech-
anisms abstract from space. In these models it is impliagsumed that either every
agent can meet every other agent, or that the informationtaddbagents is avail-
able to all agents. In the model variant presented belowy, thr@ information from
a limited set ofrandomlychosen locations is made available to the agents during
each iteration. This procedure can be thought of as an ahstiaof a real reloca-
tion process. In reality, if an agent decides to move, shegeaerally only choose
a new location from a limited set of locations, determinedtly set of locations
where there exists vacancy. In the model presented herecames exists, because
it is assumed that the available land at a location is alwayidetl equally among
all agents located there. Nevertheless, a restriction ef¢location opportunities,
governed by some notion of chance, might be considered alussf in light of the
abstraction of the dynamics already chosen. Instead afgrg account for the real
development over time, the concept of evolution is intralioy means of bounded
rationality. Here, the convergence of the myopic relocapicocess is tested against
the removal of another stylised, neoclassical assumppieriect information

The starting point of the simulation experiments is the Beakn variant intro-
duced in section 8.5, without obstacles. Instead of rengdlie information from all
896 locations, the agents receive information from the 86§ locations. If any of
these locations would yield a higher indirect utility levagents move to a randomly
picked location. It appears that in this model the processetiforganisation might

228



be seriously hampered, as illustrated by figure 8.13 Afteindial attempt to form

Figure 8.13: Transient equilibrium configuration with imperfect information.

an agglomeration, the agents are dispersed again, follbwadw attempts, until the
system settles in its final agglomeration pattern. The spording development of
the social welfare function is plotted in figure 8.14. Theultsfor the social welfare
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0 1000 2000 3000 4000 5000 6000 7000 8000 9000
time

Figure 8.14: Evolution of social welfare of 8.13.

function for various initial random distributions, are fid in figures 8.15-8.16. The
main conclusion drawn from these experiments is that affhdbe final stationary
equilibrium is the same in all runs, the route toward thisildzrium might contain

several transient configurations. In some cases a trarmgiafiguration resembles an
equilibrium and is continued for some time, before the aggration disintegrates
again. This conclusion allows for an interpretation thaggests that—in addition
to the possibility that a current land use pattern reflectsck-In, demonstrated in
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Figure 8.15: Examples of evolution of social welfare with imperfect informatéon
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Figure 8.16: Examples of evolution of social welfare with imperfect information
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section 8.5—a current land use pattern might also reflect pdeary, transient and
unstable configuration. The policy relevance of this cosioln is primarily that the
identification of a given land use pattern with a social optimhas to be made with
caution.

Equity effects of open space

The final experiment serves as an illustration of a more ag@lihd semi-quantitative
experiment. It also continues the discussion on the valuepeh space begun in
chapter 7. In section 7.5, open space was essentially aasic pure public good
at the aggregate level of the entire population and its peEse/as assumed to affect
the level of well-being of the agents, irrespective the eXacation that was sup-
posed to be left undeveloped. This section assumes thatsmaee also affects the
local quality level. Similar to the MADCM variant of the Sdlieg (1978) model of
section 8.4, a non-linear endogenous quality level is thtoed. Instead of the num-
ber of locations in which agents of the same group are locéiere the number of
empty locations characterise the endogenous amenity.

As a result, the price indexy, is not only affected by the number of developed
locations, but also by the endogenous quality level. Theltrésa relatively compli-
cated feedback mechanism that determines the value of tie selfare function.
This mechanism is depicted in figure 8.17 as a conceptuathszhe

Open space (public | Opportunity costs

good), O open space, p,,
A
A4 v
Local lit Social welfare
ocal quality, q | | Price s function, ¥

index, G

Land I

] consumption, S » WTA

Figure 8.17: Conceptual representation of the spatial welfare function

First, the concept of a general equilibrium willingness¢oept (GE-WTA) that
corresponds to the value of open space is repeated in a Badftishion. The social
welfare function for the representative consumer can btemras

V=YG". (8.7.1)
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Since all impacts—prices, quality levels and number of dgwed locations—are
captured in the price index, the GE-WTA for a change in theldgjitim land use
pattern can be derived from

YG P =(Y+N-WTAgg)G". (8.7.2)

This assumes that < V, implying that the level of welfare after the change is
lower than before. This is consistent with tiegluctionin the number of developed
locations when open space is created. From (8.7.2) it fallithvat the GE-WTA can
be written as

N -WTAgp = [(V - V) /V} Y. (8.7.3)

Regarding the MADCM, (8.7.3) implies that the GE-WTA can beragimated if
the value of the social welfare function—in the MADCM simplyetsum of the
individual welfare levels—is known. If a population is died into several income
groups, each group has its own equilibrium welfare levelisTbllows from the
observation that in equilibrium no agent has an incentivetwe. Because agents
within a group are identical (up to the idiosyncratic comg@ainin the utility func-
tion), this also applies to the individuals within a groumrnSequently, a GE-WTA
for each group can be calculated—based on (8.7.3)—, using aDGAM

A population of 10,000 agents is divided into four groups tfue experiment.
The starting point is the Alonso variant, presented in sac8.4.1. The income-
dependent preference structure results in the one-dimmadgiistribution plotted in
figure 8.18. In line with the sorting examples presented apoér 6, the groups with
the higher incomes are located near the CBD. Groups withriime®mes live in
the ‘suburbs’, having a smaller lot size per agent than tleigs with the higher
incomes. The land use patterns of the corresponding MADCRivondimensions
are plotted for the respective groups in figure 8.19. Nexdyge area—by means of
introducing open space—with undeveloped land is claimedlesrated in figure
8.20

A similar procedure is applied to a model that is extended wipostive external
effect for the locations adjacent to the area of open spacksasssed above. The
results are plotted in figures 8.21 and 8.22. The values ®G&R-WTA, based on
(8.7.3), are plotted as the percentage of the income in fi§L2®. Similar values
from a different series of runs with the same parameter gaduwe plotted in figure
8.24.

The results from both series reveal a compensation for titeehincome groups
for the loss of residential space in terms of a benefit fronitpesexternal effects
when the vicinity of open space is accounted for as an exteffeat. Especially the
second series indicates the transfer of the GE-WTA from tbagwith 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 witipen spacéno 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 witlpen spacéwith external effects).

WTA as % of income
WTA as % of income

1 15 2 25 1 15 2 25
Income Income

Figure 8.23: GE-WTA as percentage of income, per income group, without and wigrre!
effects.
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Figure 8.24: GE-WTA as percentage of income, per income group, without and withrread
effects (second series).

income to the group with the second-highest income. An exgtian might be that
due to the external effect of open space at the locationstodie undeveloped area,
price competition primarily results in a relocation of thighrer income group next to
the open space. Since this group is already dominant at tiiz @Rind of corridor
is established from the CBD to the undeveloped area whereigfheincomes are in
the majority. This leaves the two groups with lower incomeary unaffected, as
they already reside in the suburbs. Only the group with tleersg-highest income
is seriously affected because a smaller area remains for bieéween the CBD and
the suburbs, around the corridor for the highest incomes.

This experiment illustrates how sensitive and differaptiavelfare effects from
land policy can become if a welfare assessment in spatidlileium is undertaken
and the impacts of complex external effects are accounteditbough it is difficult
to derive policy implications from this experiment that d@assumed to be gener-
ally valid, the qualitative result might be contrasted vitib ‘neoclassical intuition’.
Since the runs without external effects are based on thesaleariant, the result-
ing land use pattern is essentially ‘optimal’ in the necsieal sense. The GE-WTA
in this experiment is a measure for the welfare loss, duedathation of an area
of open space. As the diagrams on the left in figures 8.23 @ir@veal, the wel-
fare losses are not distributed equally over the incomepgdn this experiment the
welfare loss for the lower income groups is relatively higheecause they resided
at the locations where the area of open space was createdoNations in the re-
maining suburbs are shown to offer only limited compensafldis equity aspect of
land use planning can only be assessed in spatial equitibbut appeals to logical
reasoning. Even though the land use pattern is Pareto-aptm unequal distribu-
tion of welfare losses might require an additional compgasaif this is politically
preferable.
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If external effects are taken into account as endogenousitie® optimal pol-
icy measures might become less intuitive. Although the éighcome group was
expected to be compensated most for the welfare loss—beohtimebenefits from
new attractive locations next to the open space area—tha&deoo of the exper-
iment shows that these benefits might become even largeneaéxdpense of the
second-highest income group. As a result, the welfare [bdsedatter is larger than
in the case without external effects. The presence of emingeamenities might
therefore have consequences for compensation policiesdahaonly be discovered
using computer simulations. However, due to the presenaauttiple equilibria
in this type of model—depending on the specification of theogedous ameni-
ties—the possibilities for conducting quantitative analysising econometric esti-
mation methods might be limited.

Discussion and conclusions

This chapter introduced the new concept of a Multi-AgentcBite Choice Model
(MADCM). An MADCM can be considered a discrete choice modéhvinterac-
tions, implemented as a multi-agent system (MAS). To thestedge of the author,
no examples of this specific combination exist in literatlree theoretical consid-
erations as well as a number of technical details concerthiegonstruction of an
MADCM were discussed in this chapter.

A wide range of possible externalities was explored using/l&ibDCM imple-
mentation of the model developed in chapter 6. The preseherternalities com-
bined with evolutionary dynamics can be interpreted as fosghnising market
economy. Chapter 7 already concluded that the role of a gaovent facingagglom-
eration externalitiess likely to be different from the traditional position dedith in
neoclassical microeconomics, stressing the internalisaf external effects in order
to achieve a Pareto-optimal allocation. Chapter 8 amplifissobservation. Chap-
ter 7 argued that agglomeration externalities might beidensd rather endogenous
amenities, although internalisation was in theory possibl network externalities,
where only the presence of other agents at the same locdfenteal the level of
well-being of the individual agent. Internalisation wolde a nearly impossible task
for the more complex externalities discussed in this chhapezause the dependency
is extended to more locations.

As the Alonso model is part of the neoclassical traditiois iot surprising that
the variants presented in this chapter with onlyexwgenoudocal quality vector
yield a unigue solution. Results from neoclassical econsiman then be transferred
to a spatial context. Emergent agglomerations can only plkaed by the presence
of positive externalities. Externalities not only jeopaedthe Pareto efficiency of the
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equilibrium solution, they can also give rise to multiplaigipria. Since agglomera-
tion externalities are positive external effects, theygiaa rise to a positive feedback
mechanism at the system level and be interpreted analogthedoordination game
in game theory, presented in chapter 3. If the attractivenéa location is primarily
dependent on the presence of neighbours, the agent mighglbsheose a different
location together with the group of neighbours. If the agerit the neighbours do not
coordinate their collective location decision, the higtofthe sequence of individual
location decisions will determine the locations chosert@ygroup. From a research
point of view, this type of path dependency poses a problerause the number of
equilibria can become very large. The model supports onlyaitative interpreta-
tion, in the sense that if history determines the equiliorioutcome completely, the
resulting land use pattern becomes nearly random. As a goesee, a quantitative
interpretation—including econometric estimation—mightdime impossible.

However, if the set of possible equilibria can be classified limited number
of types, each type could still be assigned a specific int¢aion. Again, similar
to a coordination game, there might be a ranking of equdipassible in terms of
their payoffs. A limited set of possible land use patterns loa ranked according to
their level ofspatial social welfareln that case, all equilibria correspond to a Nash
equilibrium, but only one will béPareto superior If the current land use pattern is
Pareto inferior, a theoretical possibility for a publicigglleading toward #&ransition
to the optimal solution exists.

In addition to the possible existence of a lock-in situationthe current land
use pattern, additional caution must be taken with the wneeifaterpretation of the
current pattern as a result of imperfect information. Satioh runs in which the
number of candidate locations is limited for the agent wheriores her location
choice, reveal the possibility of transient agglomeragitimat might eventually be
replaced by a different land use pattern, yielding a higbeellof social welfare. In
the context of land policy, these disequilibrium dynamiaggest that an existing
configuration might be unstable.

The final experiment in this chapter focuses more directlthenwelfare effects
of capitalisation in relation to resorting. Section 8.7whd how the effect of exter-
nal effects from the vicinity of open space—in addition to tiadue of open space
as a pure public good as discussed in chapter 7—can give risguity concerns.
Due to the capitalisation of the value of open space as amraity, it is possible
that only higher income groups can afford living next to tipe space. In the ex-
periment conducted in this chapter, following the relamatafter the creation of an
‘eco zone’ resulted in a significant transfer of welfare lbssn the group with the
highest income to the group with the second highest incortteoAgh this result is
difficult to generalise, it illustrates the sensitivity bEtequity considerations on how
endogenous amenities are defined.
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Summary and conclusions






9.1

9.2

Introduction

This thesis explores several aspects of a welfare econgpioach to land use and
land use planning. The main aspects addressed are the bptioation of land,
the capitalisation of amenity values in land prices and #laesof open space. The
decision was taken to address these welfare issues whikdogévg a modelling
framework. The final model is suitable for presenting a uniyapproach to the
aspects mentioned above. Although the final model is bourtidoyse of a certain
type of functional form—a utility function with a constantsticity of substitution
(CES)—its specification can accommodate a wide range of cBaghermore, the
chosen specification allows for a consistent integratiomaafitional economics and
an agent-based computational approach. It offers an éenary perspective on the
land market, while simultaneously maintaining a relatiagthweoclassical welfare
economics.

In this final chapter, section 9.2 presents a summary of theiquis chapters.
Section 9.3 draws conclusions based on the answers to tharcbesquestions of
chapter 1.

Summary

Beginning with a sketch of the general position of a govemnimelative to a market
in the neoclassical framework of microeconomics in chaftes few issues were
raised. First, a spatially explicit assessment has onlgne become part of main-
stream economics mainly due to the impossibility of accimgyfor the emergence of
agglomerations in the general equilibrium model by Arrowl &ebreu (1954), that
is dominant in economic theory and by consequence also ilicaértor economics.
In economics, themergence of an agglomeratiogfers to the formation of a cluster
of consumers, producers, or both, because of economicneaafith the neoclassi-
cal framework it can be shown that under specified conditioa@sillocation of goods
by a market is optimal. These conditions have two implicaifor the behavioural
model at the level of individual agents. The first implicatie the elimination of all
interactions other than those mediated by prices. If onlyketanteractions are ac-
counted for, agents can not choose to locate in the viciriigaoh other even when
that would facilitate social interactions. In other wordegcial communication can
not be integrated in the neoclassical framework. Produzansot benefit from the
spillover effects on their productivity that might resulbim the presence of other
firms in the same area, followed by informal exchanges ofsdiathe neoclassical
framework, social interactions and spillovers are idezdifasexternal effectgeop-
ardising the efficiency of the market allocation. The sedomalication results from
the condition that production takes place only at non-iasigg returns to scale. In-
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creasing returns are equivalent to product differentmatibthere is a preference for
variety on the consumption side of an economy, two produots different brands
for example, are not perfect substitutes for the consumgma Aonsequence, con-
sumers are willing to pay slightly more for their preferreatiety and the producers
need not sell their product for a market price equal to theginal cost of produc-
tion. Hence, their profit will increase with the volume ofithgroduction. As product
differentiation is effectively not allowed in the neoclasd framework, products can
not be distinguished by theiocation of production. As a result, clusters of produc-
tion cannot be accounted for in neoclassical economics.

As both non-market interactions and product differertiatire considered mar-
ket distortions in the neoclassical framework, the tradiil normative role of a gov-
ernment would consist of eliminating them, to restore thtnogl market allocation.
However, because agglomerations can only be explainedsuwyrasg the presence
of these distortions, the welfare economic position of aegoment in a spatially
explicit economic context needs to be redefined. Regardind policy, this posi-
tion specifically concerns the economics of land use witheesto agglomerations.
The starting point for redefining the role of a governmentsamoin this thesis is the
relatively recent adoption of models in mainstream ecowsrtiiat serve as alterna-
tives to the neoclassical framework. Many have an origitnéresearch ocomplex
systems

Since a complexity approach to land use theory is occadjopedsented as a
radical alternative to neoclassical economics, its origidiscussed in more detail
in chapter 2. There, it is argued how mathematical biologye-@speciallyevolu-
tionary game theoryroffers a methodological basis for integratingystems ap-
proachwith methodological individualisniThe first is needed to accommodate in-
sights from the theory on complex dynamical systems in a tnedpecially regard-
ing adaptation and self-organisation. The latter suppgbegustification of adopt-
ing a proxy for fundamental laws of human behaviour, if atitidividual level the
behaviour is specified as conditional rule-based decisladg/idual-based and sys-
tems approaches are therefore not necessarily oppositas.dvolutionary perspec-
tive, both can be considered complements. Individual dmtisiles define the postu-
lates of a deductive system. Their position in the model @astiessed, if in a com-
putational model the algorithm is implemented as indivichidects equipped with
these rules, resulting in an agent-based model. This agpiesometimes called a
generativeapproach to social science (Epstein, 2006).

Chapter 3 focuses the discussion of chapter 2 more spelgifmakhe topic of
complexity. Although complexity science is sometimes présd as a field of re-
search itself, it does not offer a ‘complexity theory’. Ctexp3, therefore, identifies
two types of complexity relevant for answering the resegabstions in this thesis.
The first is related t@omplex dynamical systemssually concerning coupled sub-
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systems with non-linear feedback mechanisms. As the gletesariptions of these
systems adhere to a systems approach, in line with chaptiee 2ole of complexity
in evolutionary game theory is stressed in order to arrivenainterpretation at the
level of individual behaviour. Especially the position bktso-calleccoordination
gameis highlighted, as it supplies a consistent interpretatibmultiple equilibria,
bifurcations, path dependency, and lock-in. The seconel ¢ygomplexity concerns
computational complexitfComputational complexity deals with the issue of the pos-
sibility of and time involved in solving mathematical prebis. It does so by giving a
definition of computation that relies on the description bf/aothetical machine for
implementing recursive functions: the Turing Machine. 8&se the design of mod-
ern computers is still based on this description, the déimibf computation can be
used in the argumentation that computer models, includijggmtbased models, are
not fundamentally different from models consisting of dipres. This observation is
consistent with the use of agent-based models in the gérerdéductive approach
discussed in chapter 2. These two types of complexity do matediately refer,
however, to a complementarity with neoclassical econoniikerefore, in chapter 3
both are related to the role linear algebra plays in the Bas@tal framework. Fol-
lowing Koopmans (1957), the conditions—or postulates—tleding the behaviour
of individuals in neoclassical economics ensure that th@cehsets of consump-
tion and production are linearly independent. As a consecgievhat is optimal for
the individual agent is also best for society, defined as time of all individuals.
The postulates are identical to the conditions referreah tohiapter 1, limiting the
interactions between agents to market interactions orfilg. rble of complexity in
neoclassical economics can therefore be identified witiptbblem of aggregation
and rationality in the presence wbn-market interactions

Chapter 4 applies the material collected in chapter 2 ance8tlly to the elemen-
tary context of a two-agent two-goods pure exchange econboilpwing Bowles
(2004) the Pareto efficiency of market allocation—that ishatheart of neoclassi-
cal economics and defining the role for the state—is congidierde problematic.
Although its normative interpretation is clear, the forioatof equilibrium prices
at which supply is equal to demand lacks a consistent ird&afion as a process.
In chapter 2 evolutionary game theory was already selectedfeamework that al-
lows for an integration of a systems perspective on seléigation with individual
rule-based behaviour. This framework is adapted in chapteraccommodate an
evolutionary approach to market clearing. The evolutigragsproach developed is
based on best response dynamics, in a way that—to the knosvtddhe author—is
a new addition to the existing literature. Based on a utflityction with a constant
elasticity of substitution (CES) and its relation with tlegit model in the literature
on discrete choice (Anderson et al., 1992), a simple rukethaecision is defined
that corresponds to a best response to a given price. Thigdsgsmnse can be in-
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terpreted as the fraction of his income the agent preferpeéad on the good. The
demand function can be reconstructed from this by dividgftaction of the in-
come by the price. This approach allows for a translatiorhefrhaximisation of a
utility function, to the direct use of the correspondingifedt utility function in a
simple behavioural rule. Two implementations of this maatel explored. In accor-
dance with the neoclassical metaphorical interpretaiorauctioneer is introduced
who quotes disequilibrium prices. The prices are shown tveme to the same
equilibrium prices as in the neoclassical model. For reddyi high values of the
CES however, the process may fail to converge and the chaitie dynamics that
follows are caught in a strange attractor. In the secondeémphtation, the role of
the auctioneer becomes superfluous and the agents areddvola bargaining pro-
cess. This process converges to the neoclassical equifitsolution as well; also
for relatively high values of the CES. The bargaining modelkpnted in chapter 4
is different from the existing literature on bargaining gaganand is actually inspired
by the literature on learning in games. Its implementationfearms to a minimum
level of cognitive capabilities and thereby to a generadipproach to the neoclassi-
cal market equilibrium. Chapter 4 also introduces rudiragnéxtensions to product
differentiations and the interpretation of network ex#dities analogous to the coor-
dination game in chapter 3.

Chapter 5 presents an overview of the existing economisatiire on land use
and welfare, highlighting similarities with the basic cepts applied in the context of
a two-agent bargaining process in chapter 4. From a welfznsppctive, the similar-
ities between the literature on the capitalisation of tHee@f amenities in the mar-
ket price for land in urban economics, public finance, andrenmental economics
are stressed. Concerning complexity issues, the emergdragglomerations, and
game theoretic assessments of interactions, the role @fm@geconomics is con-
sidered leading after the introduction of tNew Economic GeographiKrugman,
1991; Fuijita et al., 1999). Although the models show affigitya conceptual level
with the issues discussed in the previous chapters, lant ussially not addressed
in regional economics. Special attention is devoted in tgrap to location choice
models recently introduced in environmental economicgitally intended for ex-
tending the hedonic pricing method, in principle they pdava basis for integrat-
ing welfare concepts from urban economics and environrhentaomics. The first
concerns optimal land use, the latter concerns the cegaitadh of amenity values.
Furthermore, the econometric estimation procedures stegdor these so-called
locational sorting models, are based on the literature screlie choice with social
interactions. This literature offers a complexity pergpecon the relation between
discrete choice models and statistical mechanics and ssiowilgrities with evolu-
tionary game theory.

Chapter 6 develops an evolutionary reinterpretation ofAtlemso model in ur-
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ban economics. An extension of this model with stochastioréerms supports two
interpretations. Based on the analogy with discrete chmiodels, the model can
be interpreted as a population game. Interpreted as a mbdakpresentative con-
sumer, a direct relation with the two-agent model develdpethapter 4 is evident.
The latter interpretation facilitates the welfare anaysbnducted in chapter 7. The
firstinterpretation is the basis for the implementation asi#ti-agent system (MAS)
in chapter 8. Both can be related to a utilitarian social arelffunction that reflects
the level of welfare in spatial equilibrium. In the poputatigame interpretation it is
consistent with the evolutionary notion of fitness; for tepnesentative consumer it
is simply the indirect utility function.

Chapter 7 is devoted to several types of welfare analysist, Ehe relation be-
tween locational sorting models and hedonic pricing isutised. Locational sorting
models are originally developed as an extension of hedaitmg models. Whereas
hedonic pricing is primarily suited for estimating the witiness to pay (WTP) for a
marginal change in local amenity level, locational sorting defines aP/éh the ba-
sis of endogenous land prices, that result from a new madkslilerium in response
to non-marginalchanges in amenity levels. Locational sorting is espsciaterest-
ing in the context of this thesis, because it offers a comstsnterpretation of the
welfare effects of capitalisation. Section 7.3 reintroghlithe network externalities
from chapter 4 in the model of chapter 6 as local agglomeratidernalities. The
main result of the welfare analysis, is that, although imaisation of the value of
these externalities—restoring the Pareto efficient allonadf land—is possible in
theory, an interpretation &ndogenous amenitiesmore appealing. Finally, chapter
7 shows that the model from chapter 6 can in principle alsopiptied to assess the
value of open space. In the existing locational sorting reotthe total supply of land
for residential use is usually assumed to be fixed. Sincesthad bf social welfare in
spatial equilibrium in the model of chapter 6 also dependfiemumber of locations
that are developed, the value of open space can be relategeioeaal equilibrium
willingness to accediGE-WTA) in a society for not enjoying more residential space
Furthermore, it is proven that with a translation of this 8HA to equivalent oppor-
tunity costs, the concerning parcel would not be developbib. interpretation offers
a theoretical basis for uniting the virtual value of landnfrealuation methodology
with the real market price for the same area.

The model developed in chapter 6 is translated to a spegialdfa multi-agent
system (MAS) in chapter 8. This chapter introduces it aduwti-Agent Discrete
Choice Mode(MADCM). There are economic theoretical, as well as comianal
theoretical, motivations for this translation. In an MADCMdividual agents are
equipped with a decision rule and assigned the values ofsdfamn the distribu-
tion of the idiosyncratic component in the preference s$tmgcof the equivalent
logit choice model. This procedure resembles Monte Catiegiration methods in
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econometrics. It allows for regarding a simulation ressloae of the many possible
realisations, instead of the more abstract interpretatiderms of probabilities in
chapter 6. Additionally, it facilitates a consistent imtetation of the results with a
finite number of agents. The chapter illustrates the pdggilif introducing more
complex types of externalities and how they can be accomtaddia the evolution-
ary development within the model. While complex externadittan result in patterns
that might seem more realistic at first glance, the numbepse$iple equilibria also
increases. Therefore only rather stylised situations tlhibe accounted for, though
these situations do offer insights into the phenomena thatbe important in the
context of land policy. After it is shown that the MADCM cancaenmodate several
classical examples of land use models, a number of expeténenonducted. The
first concerns the possibility that current land use pasteefiect a lock-in situation,
instead of an optimal configuration. With a combination obletionary develop-
ment, an endogenous agglomeration—based on social intergetand the pres-
ence of obstacles in a grid, multiple equilibria can be dfeeskin distinct types. An
example is presented with two types, where one is Paretersugo the other. In
the second experiment, the number of locations the indalidgent can select for
improving his level of well-being is restricted. This candmnsidered as an example
of imperfect information. Simulation runs for certain paweter values show evo-
lution toward an optimal land use pattern that may contaim @nseveral transient
configurations. This experiment reveals a different redspnaution with the iden-
tification of the current land use pattern as optimal. Thedtekperiment concerns
an extension of the assessment of open space in chapterpénfspace is not only
considered a pure public good, but also the source of pesitkternalities, equity
concerns may be different. In a model where the group withhthhest income is
located closest to an exogenously given CBD, this same gsoalso likely to be
able to afford higher market prices for locations next to seaawith open space, if
open space is accounted for as an externality and its vatapitalised in the market
price for land. In the simulation run presented, the secaghldst income group is
driven away from their original locations as a result of talpgation, thereby facing
a higher welfare loss when open space externalities ara tat@account.

9.3 Conclusions

The research questions formulated in chapter 1 can now lyecaed. They are the
basis for the conclusions of this thesis.
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9.3.2

Welfare economics for a land market

The first question concerns the translation of concepts fraditional welfare eco-

nomics to the context of land policy. This translation wagested to be problematic,
especially because of the need for agglomerations exitesdf emergent agglom-
erations have to be accounted for. Since a market allocatittnexternal effects is

not Pareto efficient in the neoclassical framework of micom®mics, this question
was initially intended to address the efficient allocatibtaad in the presence of ag-
glomeration externalities. However, as was noted alreadhapter 1, the allocation
of land usually also involves the allocation of characterssof different parcels. If

the discussion is restricted to residential land use, tbation characteristics—in a
first assessment—might be considered local pure public g@vdsmenities. This

means that at the level of a location, resident consumeifibé&om the presence of
the amenities but cannot be excluded from consumption ichatally. This does not

mean however, that the individuals do not pay for the amesyitis their value in part
determines the market price for land at the location. If [sr@mbnsidered a differenti-
ated good with the amenity on it corresponding to its quaditeel, the capitalisation

of the value of a local pure public good does not affect theiefficy of the market

allocation of the land.

This perspective offers an alternative interpretationggflameration externali-
ties, as they can also be consideesdlogenouamenities. Although this perspective
does affect the efficiency of land in the strict neoclassieaise, it is consistent with
the usual interpretation of a pure public good as an extrease of an externality.
The price of land might therefore not support an efficierdadtion of the land itself,
but the price partially capitalises the value of the extitira. The role of govern-
ment in terms of spatial welfare economics is therefordyike be concerned with
the level of social welfare in spatial equilibrium, instezcfficiency considerations.
For the individual agent this level of spatial welfare isriteal to the expected value
of the indirect utility function for all locations. The spatequilibrium is defined as
the market equilibrium on the land market, with the locadias varieties of land as
a differentiated good.

The role of complexity

The second research question concerns the role of theorismoplex systems with
respect to price formation on a land market. Similar to thet fiesearch question,
this question was originally supposed to deal with the presef agglomeration ex-
ternalities. With some applications of complexity scieatready present in regional
economics and social economics, the use of computer siiongatvas likely to be
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Summary and conclusions

necessary, because as with the interpretation of extdesadis non-market external-
ities, typical ‘complexity phenomena’ such as the exiséeat multiple equilibria
were expected.

To answer this question a different strategy was finally eho$he neoclassical
framework assumes that markets clear, although the frankeda®s not offer a de-
scription of the process in which equilibrium prices areabbshed. This omission
is of special interest in the context of policy in which marké#iciency is implic-
itly presented as the result of an emergent process. Althaugubstantial part of
the existing literature on social interactions originates-or at least shows simi-
larities with—evolutionary game theory (EGT), no direct bgegtions of EGT were
found that deal with a reinterpretation of the standard gtasof neoclassical eco-
nomics. Before assessing the role of non-market intenagtio this thesis, market
interactions were cast in a framework of best response disara allow for an
interpretation of an efficient market allocation in termseff-organisation.

This approach was limited to utility functions with constefasticity of substitu-
tion (CES), but nevertheless offers—under certain conmitiea way of interpreting
a market economy as a self-organising system. A second beheaflopting a best
response approach to a CES utility function is the possgjlmfia direct interpretation
of the indirect utility function in terms of a relatively spte decision rule. Further-
more, this interpretation was consistent in the contexivofagents as well as in the
context of populations. And since in the answer to the firseagch question it was
argued that the level of well-being in spatial equilibriussentially corresponds to
the indirect utility function, this rule-based interpriéba is still consistent with an
assessment of spatial welfare.

Because external effects can be accommodated in this frarkeag relatively
simple extensions, the answer to the second researchauastds to be differenti-
ated. Evolutionary game theory in conjunction with CESitytfunctions enables an
interpretation of an economy as a self-organising systerthd presence of external
effects, this resulting equilibrium might not be unique #éinel possibility of path de-
pendency and lock-in situations need to be taken into ad¢c&umally, although the
value of some types of externalities can in principle beritased in the price of
land—in order to restore the Pareto-efficiency of the aliocat, an interpretation
as endogenous amenities is preferable. This interpratatis part of the answer to
the first research question. Without internalisation, mdkeffects can still easily be
integrated in the rule-based decision; supporting a moskiggnary perspective on
the market as self-organising system.
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9.3.3

Policy implications

Regarding the third question, concerning the applicaboit spatial welfare eco-
nomic concepts in land policy and land use planning, maiohceptual insights are
offered. With respect to the position of a government re¢ato a land market, the
main conclusion following the answers to the first two reskeauestions, is that a
strict neoclassical perspective on the allocation of lamé anarket good does not
necessarily maximise social welfare. Internalisationhef ¥alue of external effects
is in most cases not possible. It is also more consistent &dheoretical point of
view to consider many external effectsexsdogenous amenities

Central to the answer to the first research question is theepdofspatial wel-
fare. The operationalisation of the concept is relatively difficFollowing the exist-
ing locational sorting models applied in environmentalreics, the measurement
of a willingness to pay for improvements in amenity levelattis corrected for en-
dogenous land or housing prices is possible under soméctsts. However, these
methods usually assume a fixed total supply of land. In theésithit was demon-
strated that for a theoretical model this supply can be esisgd. Further research
is needed on the possibility of integrating an endogenopgplgwf land in econo-
metric estimation. However, a trade-off always needs tgteeétween the degree
of realism possible and the derivation of quantitative itesdue to the existence of
multiple equilibria in models with more complex externialit

The concept of spatial welfare also plays a role in the assasisof the value of
open space. Even without the operationalisation and mewmsunt of a real value, the
approach sketched in chapter 7 offers a conceptual pergpect the preservation
of open space that is under the pressure of expanding ditigtead of measuring
a willingness to pay for a protected area, the value of urdpee land might be
assessed in terms of a general equilibrium willingness teatcthe forgone con-
clusion of a city’s expansion. This GE-WTA would have to beetietined by using
a spatial social welfare function; but above all a consisteterpretation requires
that society defines opportunity costs that reflect contigbuo the level of welfare
from virtual income from undeveloped land. The result frdra MAS experiment
in which the part of the value of open space is also capithlisehe value of the
adjacent locations, stresses the need for a differentiatidenefits according to in-
dividual characteristics, especially income. It means ifr@pen space is concerned
society is required primarily to consistently valuate wihags, rather than to pay for
something a government could acquire.
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Summary in Dutch

In theorieén rond de economie van de publieke sector is de taakvegdilgsen
overheid en markt veelal gebaseerd op het uitgangspuntagategen in beginsel
optimaal door een markt kunnen worden gealloceerd. De eicidient vooral in
te grijpen in speciale gevallen die worden opgevatvalistoringen van de markt
De centrale vraag in dit proefschrift is hoe deze taakverdededefinieerd dient
te worden op het gebied vanimtelijke ordening Is de allocatie van ruimte door
een grondmarkt ook optimaal? Of kan de overheid alleen aanrhaatschappelijke
taak voldoen door ruimtegebruik te plannen? Hoe draagttalijpordeningsbeleid
bij aan maatschappelijke welvaart? Wat zijn de voorwaaxaem een transitie naar
duurzaam ruimtegebruik

In dit proefschrift wordt een aantal aspecten van een wels@egonomische be-
nadering van grondgebruik en ruimtelijke ordening verkddelvoornaamste aspec-
ten zijn de optimale allocatie van grond, de kapitalisesiag de waarde van voor-
zieningen in de grondprijs en de waarde van open ruimte. #vas gekozen deze
welvaartsonderwerpen te verenigen in de ontwikkeling vemmodel. Hoewel het
uiteindelijke model beperkt is tot het gebruik van een dpea@ functie, een nuts-
functie met een constante elasticiteit van substitutieS};Ean met deze specificatie
een groot aantal onderwerpen worden behandeld. Bovendiehdt model zodanig
worden gespecificeerd dat op een consistente wijze tradigaeconomie metgent-
based modelleringagent-based modellingan worden gitegreerd. Hiermee kan
systematisch de bijdrage van theé@nerond complexe systemen aan de ruimtelijk
economische theorie in kaart worden gebracht. Dit proeifsdbvert een bijdrage
aan de bestaande literatuur door op een consistente enenigijme ogenschijnlijk
zeer diverse concepten—traditionele en alternatieve—tenanml te combineren en
toe te passen.

In hoofdstuk 1 worden de onderzoeksvragen geformuleenst Berdt de ach-
tergrond geschetst, te beginnen met een bespreking varsitep@an een overheid
ten opzichte van een markt, volgens het neoklassieke kadbs micro-economie.
Een ruimtelijk expliciete benadering van economische smagraakt pas sinds zeer
recent deel uit van de reguliere economische theorie. Dib@al het gevolg van
de onmogelijkheid demergentievan agglomeraties te verklaren in het algemeen
evenwichtsmodel van Arrow en Debreu (1954), dat de ecorareitheorie domi-
neert. Het bepaalt ook voor een groot deel de manier waarnabmstrumenten
in de economie van de publieke sector zijn gedefinieerd. Odel@emergentie van
een agglomeratie wordt in de economie de formatie van eesteclom economi-
sche redenen verstaan. Dit kan een cluster zijn van congameproducenten, of



Summary in Dutch

beide. Met het neoklassieke kader kan worden aangetooruhdat bepaalde voor-
waarden de allocatie van goederen door een markt optima@kize voorwaarden
hebben twee implicaties voor het gedragsmodel op het nivaaindividuele agen-
ten. De eerste implicatie behelst de eliminatie van allenasr van interacties, an-
ders dan de interacties die verlopen via prijzen, ofwatktinteractiesindien in een
analyse alleen marktinteracties worden meegenomen,dbvestgeen economisch
gemotiveerde reden voor agenten om zich in elkaars nadlifeevestigen, ook al
zou hetsociale interactieyergemakkelijken. Anders gezegd, sociale communicatie
kan niet worden gategreerd in het neoklassieke kader. Ook kunnen prodecent
geen voordeel ondervinden vapilloversdoor de aanwezigheid van andere bedrij-
ven in hetzelfde gebied, bijvoorbeeld door een informete/igseling van ideén.
Deze uitwisseling zou immers bestaannigt-marktinteractiegn daarvoor is geen
ruimte in het neoklassieke kader. In het kader zouden zowathle interacties als
spillovers vallen onder dexterne effectedie de efficéntie van de marktallocatie in
gevaar zouden brengen. De tweede implicatie volgt uit dewaarde dat productie
plaatsvindt onder niet-toenemende meeropbrengsteneoame meeropbrengsten
kunnen worden beschouwd als het equivalentpauctdifferentiatie Wanneer er
aan de consumptiezijde van de economie een voorkeur vasgch&idenheid bestaat,
zullen bijvoorbeeld twee producten van verschillende raenkiet volledig inwissel-
baar zijn voor de consument. Als gevolg daarvan zijn consuemebereid iets meer
te betalen voor de productsoort van hun voorkeur. Dit steltipcenten in de gele-
genheid hun producten tegen prijzen op de markt te brengelmodien de marginale
kosten van productie liggen. Daardoor zal hun winst stijpigeen toenemend ge-
produceerd volume. Omdat productdifferentiatie niet éyestaan in het neoklassie-
ke kader, kunnen producten niet worden onderscheiden.nmwntelijke context
betekent dit dat producten ook niet kunnen worden ondeideheaar locatie. Het
ontbreken van toenemende meeropbrengsten in het neekladsider vormt daar-
door een tweede belemmering voor het verklaren van agghtiasr

Aangezien in het neoklassieke kader zowel niet-mark@atérs als productdif-
ferentiatie worden opgevat als verstoringen van de mackt,de traditionele, nor-
matieve rol van een overheid bestaan uit het elimineren gaa derstoringen, om zo
de optimale marktallocatie te herstellen. Omdat agglotier@chter alleen kunnen
worden verklaard onder de aanname dat deze verstoringeveaignzijn, dient de
welvaartseconomische positie van een overheid in een elijket context opnieuw
te worden gedefinieerd. Met betrekking tot grondbeleid bagbij deze positie voor-
al om de economie van het grondgebruik in relatie tot aggtaties. Als startpunt
voor de herdefinitie van de overheidsrol is in dit proefdtigekozen voor het rela-
tief recente gebruik van modellen in de reguliere econone@liernatieven vormen
voor het neoklassieke kader. Veel van deze modellen vindenobrsprong in het
onderzoek naaromplexe systemen
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Bovenstaande overwegingen leiden tot drie onderzoeksurag

1. Hoe kunnen traditionele concepten uit de economie vanutdéee sector,
zoals efficéntie, optimaliteit en rechtvaardigheid, worden vertazd@dr een
grondmarkt?

2. Wat is de rol van theorén rond complexe systemen in de formatie van grond-
prijzen?

3. Hoe kunnen de ruimtelijke equivalenten van welvaartsesosche concepten
worden toegepast in beleid?

In hoofdstuk 2 wordt gesteld dat mathematische biologie—ethrmameevoluti-
onaire speltheorie-een methodologische basis biedt voor het integreren van een
systeembenadering en methodologisch individualisme. dysteembenadering is
vereist voor het onderbrengen van inzichten uit de theaiecomplexe dynamische
systemen, vooral met betrekking tot adaptatieelforganisatiein een model. An-
ders dan de natuurwetenschappen kennen de sociale wetppsolgeen universele
wetten. Deze kunnen eventueel wel worden benaderd, indidrag op het niveau
van het individu wordt gespecificeerd als voorwaardelighgregels gebaseerde be-
slissingen. In een evolutionair perspectief geven begaaidels en beslissingen op
het niveau van individuen aanleiding tot complex gedrag eaggregeerd niveau.
Individuele beslisregels kunnen worden opgevat als deitlefirvan postulaten in
een deductief systeem. Met een model worden in dat gevatai@nplicaties van
universele wetten verkend, maar van de aannamen die delewdebakt. De posi-
tie van individuele beslisregels in een model kan worderaberkt wanneer in een
numeriek model het algoritme wordtiggplementeerd als een verzameling afzon-
derlijke objecten die zijn uitgerust met deze regels. Eegalgk model wordt een
agent-based mod¢hBM) genoemd. Een ABM kan een verklaring geven voor een
sociaal-wetenschappelijk fenomeen mits het fenomeen eresienulatie kan wor-
den gereproduceerd. Deze aanpak wordt somsgeaeratievebenadering van de
sociale wetenschappen genoemd (Epstein, 2006).

In hoofdstuk 3 wordt de discussie meer specifiek gericht opiderwerp ‘com-
plexiteit’. Hoewel ‘complexiteitswetenschap’ soms wagdpresenteerd als een zelf-
standig onderzoeksgebied, bestaat er geen eenduidigpledteitstheorie’. Daar-
om worden in hoofdstuk 3 twee vormen van complexiteitigatificeerd die van be-
lang zijn voor het beantwoorden van de vragen in dit proeiicBe eerste vorm is
gerelateerd aan complexe dynamische systemen en heetairtestsckking op aan
elkaar gekoppelde deelsystemen met niet-lineaire tepmimechanismerfded-
back. Omdat de algemene beschrijving van dergelijke systemereenkomt met
de systeembenadering zoals besproken in hoofdstuk 2, wohdiofdstuk 3 de rol
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van complexiteit in evolutionaire speltheorie benadrukt t8 komen tot een inter-
pretatie op het niveau van individueel gedrag. Vooral detigpogan het zogenaam-
de codrdinatiespelwordt belicht, omdat het een consistente interpretatidthieor
meervoudige evenwichten, bifurcaties, padafhankelifkba een lock-in. De tweede
vorm van complexiteit die van belang is in de volgende hdoldsen isnumerieke
complexiteit(computational complexity Numerieke complexiteit heeft betrekking
op de mogelijkheid om wiskundige problemen op te lossen etijdidie dat kost.
Het hanteert een definitie van berekening die berust op eschbging van een
denkbeeldige machine voor het implementeren van recarsigwties, deTuring
Machine Omdat het ontwerp van moderne computers nog altijd is gelvdop de-
ze beschrijving, kan de definitie van berekening wordenujkbter onderbouwing
van het betoog dat computermodellen, waaronder agenttasdellen, in funda-
menteel opzicht niet verschillen van modellen die bestaaneaugelijkingen. Dit
betoog is consistent met het gebruik van agent-based reodiellde generatieve,
deductieve benadering zoals besproken in hoofdstuk 2. isvormen van com-
plexiteit verwijzen niet onmiddellijk naar een mogelijlkedatie met de neoklassieke
economie. Daarom worden beide aan het einde van hoofdsteiksBie verband ge-
bracht met de rol die lineaire algebra speelt in het neocldke®conomische model.
Koopmans (1957) toont aan dat de voorwaarden—of postulat@nhked menselijk
gedrag defiréren voor het neoklassieke kader afdwingen dat de keuzsvetingen
voor consumptie en productimeair onafhankelijkzijn. Als gevolg daarvan is wat
optimaal is voor het individu, ook het beste voor de maatspijaDit volgt omdat
de maatschappij is gedefinieerd alssenvan alle individuen. Deze postulaten zijn
dezelfde als waarnaar verwezen werd in hoofdstuk 1, waad Wenadrukt dat zij
de interactie tussen agenten beperken tot alleen mangaties. De rol van com-
plexiteit in de neoklassieke economie kan daarom wordédegéficeerd met het
probleem van aggregatie in de aanwezigheid van niet-nmaekéicties.

In hoofdstuk 4 wordt het in hoofdstuk 2 en 3 verzamelde ma#¢tbegepast op
de elementaire context van een pure ruileconomie met tweetaig en twee goede-
ren. In navolging van Bowles (2004) wordt de Pareto-effitie van de marktalloca-
tie—die de kern vormt van de neoklassieke economie en tevens dan de over-
heid definieert—als problematisch beschouwd. Hoewel de atexwe interpretatie
duidelijk is, bestaat er geen eenduidige, consistentepiretatie voor de formatie
van evenwichtsprijzen—waarvoor aanbod gelijk is aan vradgpraces In hoofd-
stuk 2 was evolutionaire speltheorie al gekozen als eenrl@ategeschikt is voor
de integratie van een systeemperspectief op zelforgammsatindividuele beslissin-
gen gebaseerd op regels. Dit kader wordt in hoofdstuk 4 Zzgdemngepast dat het
geschikt is voor een evolutionaire selectie van een magkteicht. Het selectieme-
chanisme is gebaseerd bpste repliek-dynamicgbest response dynam)c®p een
wijze die—voor zover bekend bij de auteur—een nieuwe toevioggétekent aan de
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bestaande literatuur op dit gebied. Gebaseerd op een natigfumet een constante
elasticiteit van substitutie (CES) en haar relatie met dgitimodel in de literatuur
rond discrete keuzédiscrete choice(Anderson et al., 1992), wordt een eenvoudi-
ge, op regels gebaseerde keuze gedefinieerd die overeenmiairaen beste repliek
op een gegeven prijs. De strategische keuze betreft déefraant het inkomen die
de agent wenst te besteden aan een bepaald goed. Dezeiestkategvorden ver-
taald naar een vraagfunctie, door de fractie te delen dogrigge In plaats van het
maximaliseren van een directe nutsfunctie, kan de bijletde indirecte nutsfunc-
tie worden afgeleid als verwachtingswaarde op basis vaprxtaande strategie.
Twee implementaties van dit model worden verkend. In ovestsgnming met de
neoklassieke, metaforische interpretatie van de totktanthg van een markteven-
wicht wordt een veilingmeester jgroduceerd. Anders dan in het neoklassieke mo-
del, maakt de veilingmeester telkens de prijzen ‘uit evehtti(disequilibriurm be-
kend. Er wordt aangetoond dat in een herhaald proces varepatdm van de beste
repliek door beide agenten, de prijzen ‘uit evenwicht’ rd@evenwichtsprijzen van
neoklassieke model convergeren. Bij relatief hoge waardem de CES kan het
echter voorkomen dat prijs niet convergeert naar een vadt piaarna de daarop
volgende chaotische prijsdynamica eventueel in een ‘vdeeattractor’ terecht kan
komen. In de tweede implementatie wordt de rol van de veitiegster overbodig ge-
maakt, door de agenten te verwikkelen in een onderhandglinges. In dit proces
convergeren de prijzen naar het neoklassieke evenwickthipeelatief hoge waar-
den voor de CES. Het onderhandelingsmodel dat gepresénteedt in hoofdstuk
4 verschilt van de bestaande literatuur inzake onderhemgdsipellen; het is vooral
geinspireerd door de literatuur ovieren in spellenDe implementatie komt overeen
met een minimum aan cognitieve vaardigheden en voldoetrdsaaan de eisen voor
een generatieve benadering van het neoklassieke maritietenin hoofdstuk 4
worden ook eenvoudige uitbreidingen naar productdifféatie géntroduceerd, als-
mede een interpretatie van netwerkexternaliteiten incgyi@imet het cordinatiespel
uit hoofdstuk 3.

In hoofdstuk 5 wordt een overzicht gepresenteerd van de&ede literatuur op
het gebied van grondgebruik en welvaart. Hierin worden daemnkomsten bena-
drukt met de concepten die in hoofdstuk 4 zijn toegepast todéext van een onder-
handelingsproces met twee agenten. Wat betreft de belagdah het onderwerp
‘complexiteit’, de emergentie van agglomeraties en detlspetetische benadering
van interacties, wordt de rol van regionale economie—memntteductie van de
Nieuwe Economische Geografie (Krugman, 1991; Fujita etltaR9)—als leiding-
gevend beschouwd. Hoewel de modellen van de NEG op con&ptiveau ster-
ke overkomsten vertonen met de onderwerpen die zijn besprivkde voorgaande
hoofdstukken, wordt grondgebruik in de regionale econangestal niet behandeld.
Met betrekking tot het onderwerp ‘welvaart’ worden de oeskomsten in de lite-
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ratuur over de kapitalisering van de waarde van de voonzigm in de marktprijs
voor grond in urbane economiearpan economigs openbare finanén en milieu-
economie beklemtoond. Voorts wordt in hoofdstuk 5 spe@aledacht gegeven aan
de locatiekeuzemodellen die recent zijirgeoduceerd in de milieu-economie. Oor-
spronkelijk bedoeld als uitbreiding van Hedonische prijsmethodbkedonic pricing
method, reiken zij in beginsel een basis aan voor de integratienaaartsconcep-
ten uit urbane en milieu-economie. De eerste hebben bétigekip optimaal grond-
gebruik, de tweede op de kapitalisering van de waarde varzigongen. Bovendien
zZijn de econometrische schattingsprocedures die worderggsteld voor deze zo-
genaamde ‘locationele sorteermodellel@cétional sorting modejsgebaseerd op
de literatuur over discrete keuze met sociale interacbeze literatuur biedt een
complexiteitsperspectief op de relatie tussen discratedmodellen en statistische
mechanica. Bovendien bestaat er een verwantschap metiemaite speltheorie.

In hoofdstuk 6 wordt een evolutionaire benadering van hensb-model uit
de urbane economie ontwikkeld. Een uitgebreide variantditamodel, waarin een
stochastische foutterm is toegevoegd, blijkt twee inttadies te ondersteunen. Ge-
baseerd op de analogie met discrete keuzemodellen, kanduel morden opgevat
als een populatiespel. In de interpretatie als model vanrggmesentatieve consu-
ment bestaat er een directe relatie met het twee-agentahmoas ontwikkeld in
hoofdstuk 4. De laatste interpretatie vergemakkelijkt édvaartsanalyse die wordt
uitgevoerd in hoofdstuk 7. De eerste interpretatie vornthaks voor de implemen-
tatie als eermulti-agentsysteerfmulti-agent systemMAS) in hoofdstuk 8. Beide
interpretaties kunnen worden gerelateerd aan een uglitwciale welvaartsfunc-
tie die hetwelvaartsniveau in ruimtelijk evenwictiteergeeft. In de interpretatie als
populatiespel is deze functie consistent met het evolatierbegrip ‘geschiktheid’
(fitnesy, terwijl het voor de representatieve consument eenvodeélimdirecte nuts-
functie is.

Hoofdstuk 7 is gewijd aan verschillende typen welvaartseses. Eerst wordt
daartoe de relatie tussen locationele sorteermodellere@oniische prijzen bespro-
ken. Locationele sorteermodellen zijn oorspronkelijkvdkkeld als uitbreiding op
hedonische prijsmodellen. Waar hedonische prijzen prig@schikt zijn voor het
schatten van de bereidheid te betaMfillingness to PayWTP) voor een marginale
verandering in het lokale voorzieningenniveau, défian locationele sorteermodel-
len een WTP op basis vandogengrondprijzen die ontstaan in het nieuwe markt-
evenwicht in reactie opiet-marginaleveranderingen in de voorzieningenniveaus.
In de context van dit proefschrift zijn locationele sorteedellen met name interes-
sant, omdat zij een consistente interpretatie van veteoli¢é welvaartseffecten van
kapitalisering bieden. In paragraaf 7.3 worden de netweekealiteiten uit hoofd-
stuk 4 opnieuw gatroduceerd in het model van hoofdstuk 6; nuadglomeratie-
externaliteiten Het voornaamste resultaat van deze welvaartsanalyse eedaex-
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ternaliteit ook opgevat kan worden asdogene voorzienindgnoewel een interna-
lisering van de waarde van deze externaliteiten in begimagelijk is—waarmee
de Pareto-effi@ntie van de allocatie van land hersteld zou kunnen wordsms|®tte
wordt in hoofdstuk 7 getoond hoe het model uit hoofdstuk &ingipe ook kan wor-
den toegepast voor het bepalen van de waardepan ruimteln de bestaande loca-
tionele sorteermodellen wordt het totale aanbod van land woningbouw meestal
verondersteld gegeven te zijn. Omdat het sociale welvaaetsu in ruimtelijk even-
wicht in het model van hoofdstuk 6 ook afhankelijk is van le¢ake aantal ontwik-
kelde locaties, kan de waarde van open ruimte worden geesthban de bereidheid
van een maatschappij af te zien van meer woonruimte in eemalgn evenwichtsbe-
schouwing general equilibrium willingness to acce@E-WTA). Bovendien wordt
aangetoond dat met een vertaling van deze GE-WTA naar oJenexstige opportu-
niteitskosten @pportunity costs de betreffende locatie niet ontwikkeld zou moeten
worden. Deze interpretatie biedt een theoretische basishai samenvoegen van de
virtuele waarde van land uit waarderingsmethoden met eete @sarktwaarde voor
hetzelfde gebied.

Het model dat is ontwikkeld in hoofdstuk 6 wordt in hoofds&ikertaald naar
een speciaal type multi-agentsysteemulti-agent systejn In hoofdstuk 8 wordt
het géntroduceerd als een multi-agent discreet keuzemddalti-Agent Discrete
Choice ModelMADCM). Er bestaan zowel economisch-theoretische alserigk-
theoretische redenen voor deze vertaling. In een MADCM wwiddividuele agen-
ten uitgerust met een beslisregel en krijgen zij de waar@entrekkingen uit een
verdeling van de persoonlijke component in de preferetntiesiur van het overeen-
komstige logit-keuzemodel. Deze procedure vertoont @rdt@msten met Monte
Carlo-integratiemethoden in de econometrie. Dit maaktnhegelijk het resultaat
van een simulatie op te vatten als een van de vele mogelijesages, in plaats
van de meer abstracte duiding in termen van kansen, zoalgofustuk 6. Daar-
naast biedt het een consistente interpretatie van de at=ulinet een eindig aantal
agenten. Het hoofdstuk toont de mogelijkheid meer complexenen van exter-
naliteiten op te nemen en laat zien hoe deze kunnen wordegrgetatacht in een
evolutionaire ontwikkeling in het model. Hoewel complextegne effecten kunnen
resulteren in patronen die er op het eerste gezicht resalistiitzien, neemt ook het
aantal mogelijke evenwichten toe. Als gevolg van het laaksinnen alleen meer
gestileerde situaties en fenomenen worden verklaard.|lillegamin bieden deze
situaties inzicht in fenomenen die belangrijk kunnen zipowhet grondbeleid. Na-
dat is getoond hoe in een MADCM enkele klassieke grondgkbrodlellen kunnen
worden ondergebracht, worden enkele experimenten uitgdv®e eerste heeft be-
trekking op de mogelijkheid dat het huidige grondgebruikpan een lock-insituatie
weerspiegelt, in plaats van een optimale configuratie. Matembinatie van evo-
lutionaire ontwikkeling, een endogene agglomeratie—gedyaksop sociale interac-
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ties—en de aanwezigheid van obstakels, kunnen meervoudigevichten worden
gegroepeerd volgens verschillende typen. Er wordt eerbbembil gepresenteerd met
twee typen, waarbij dé&n Pareto-superieur is aan de ander. In het tweede expe-
riment wordt het aantal locaties waaruit de agent kan kiexerzijn welbevinden
te verbeteren, beperkt. Dit kan worden beschouwd als eerbeelnl van onvolle-
dige informatie. Simulatieruns voor specifieke paramegamnden tonen aan dat de
evolutie naar een optimaal grondgebruik enkele tijdelg&afiguraties kan bevatten.
Dit experiment openbaart een andere reden om voorzichtzgjrtemet het opvat-
ten van de huidige grondgebruikpatroon als zijnde optimtdat derde experiment
heeft betrekking op een uitbreiding van de behandeling p&m ouimte in hoofdstuk
7. Indien open ruimte niet alleen wordt opgevat als een palleatief goed, maar
ook als een bron van positieve externaliteiten, kan datlgemchebben voor recht-
vaardigheidsoverwegingen in het grondbeleid. In een mwdalin de groepen met
hogere inkomens zich het dichtst bij een exogeen gegevaruaeigevestigd heb-
ben, zijn dezelfde groepen waarschijnlijk ook in staat megearktprijzen te betalen
voor locaties grenzend aan een gebied met open ruimte nimglien ruimte wordt
opgenomen als extern effect waarvan de waarde wordt gekapérd in de markt-
prijs voor grond. In een getoonde simulatierun wordt alsotgehiervan de groep
met het opéén na hoogste inkomen weggedreven van haar oorspronkieljiges,
waardoor deze groep wordt geconfronteerd met een grotéever welvaart indien
externe effecten van open ruimte worden meegenomen in dgsana

Hoofdstuk 9 bevat een samenvatting en de conclusies, digehaseerd op het
beantwoorden van de onderzoeksvragen. De voornaamstiisienaidt dat in een
welvaartseconomische benadering van ruimtelijke ordeaan consistente toepas-
sing van het begrimaatschappelijke welvaart in ruimtelijk evenwidiglangrijker
is dan het streven naar markteféiotie. De rol van theorén rond complexe syste-
men komt naar voren in de integratie van marktinteractiesmeg-marktinteracties
in een economische analyse. Niet-marktinteracties kutmnenbij worden opgevat
alsendogene voorzieningémplaats van externe effecten. Dit perspectief leidt er toe
dat de taakverdeling tussen overheid en markt minder sdéb&gn in het neoklas-
sieke kader. Verder onderzoek naar de invulling van dezeéadeling in specifieke
beleidstoepassingen is daarom noodzakelijk.
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