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0. Introduction
The experimental and computational literature oertZintelligence” (ZI) agents that has
flourished after Dhananjay K. Gode and Shyam Susdéitlocative Efficiency of Markets
with Zero-Intelligence Traders: Market as a Parfaibstitute for Individual Rationality”
(1993a), is presently questioning parts of conwerai microeconomics. In an experiment
with artificial agents, Gode and Sunder showed #wemhe of the most relevant findings of
economic theory are robust to modifications of tmehavioral assumptions adopted for
economic agents. Specifically, they provided evadethat under some conditions, very weak
individual rationality requirements are enough tain the equilibrium price and quantity
that standard supply-and-demand models would heedigted, and an efficient allocation of
resources. Under an appropriate trading mechanismpnly required that individuals trade
at no loss, i.e. sellers never sell below theirt cosd buyers never pay more than the
maximum sacrifice they are prepared to make faolgact. The two authors concluded that it
is primarily the market institution that ensuresstbutcome, while “the effect of human
motivations and cognitive abilities has a secortkomagnitude at best” (1993a, p. 133).
This finding has momentous implications for econoithieory: in conjunction with the
Sonnenschein-Mantel-Debreu theorem, it hints thatividual rationality is neither a
necessary nor a sufficient condition to obtain tagty properties at the macro level (Sunder
2007). Unsurprisingly, then, Gode and Sunder’'sclarthas had a strong, if controversial
impact on the profession. Sunder (2006a, 2006b) Rhitip Mirowski (2002) came to
criticize the detailed study of micro behavior tikhtiracterizes much of today’s economics,
and suggested a new direction of research, coratemngrinstead on institutions and structures.
Others continued to focus on individual economibawor, trying to incorporate the lessons
learned from the ZI simulations in different wageme ventured into testing whether Zero-
Intelligence can be a good predictor of observdthbier, especially in financial markets (e.g.
Farmer, Patelli and Zovko 2004), while critics weger to draw attention to situations in
which human rational agents outperform ZI trad&reyer, Huang, Nelson, and Plott 2002).
Nonetheless, the admittedly provocative “Zero-lidehce” terminology fails to
properly clarify what intelligence and rationalidye. Did the ZI simulations really eliminate
any form of individual rationality, and focus oretktructure of interactions only, as Gode and
Sunder claimed —or was there a minimum level abnality that could not be dispensed
with? Are individuals who are able to keep awayrfronprofitable exchanges unquestionably
deprived of any cognitive capabilities, and canythrmuly be said to be mechanically



responding to externally imposed constraints oMif?at is at stake is not much the “Zero-
Intelligence” label itself, but rather the more gead issue of how important are the cognitive
limitations of human beings for aggregate propsrtiesocio-economic systems.

Answering these questions is difficult, all the a0 as the partial equilibrium setting
of Gode and Sunder’'s experiment, with induced, -Eepl market supply and demand
schedules, does not facilitate integration of thesults into theoretical models of resource
allocation, typically formulated in terms of utjlifunctions, preferences, and endowments. To
be sure, this methodological choice had deep ldstiaroots, as the two authors were inspired
by a previous, seminal article of Vernon L. Smit®§2) —who in turn, borrowed the basic
analytical framework of Edward Chamberlin, a knowtarshallian, who performed a
pioneering experiment on the organization of marketl948. Science is incremental, and by
building on preceding work, market experiments hkept alive the Marshallian tradition,
which has meanwhile lost ground in most other pafrtsconomics. Ironically, the novelty of
the laboratory experimental methodology was conmbimgh an older analytical framework.

That two-good supply-and-demand schemes date backant earlier stage of
development of the economics discipline may yetdshght on the notion of individual
rationality that is incorporated in the ZI methaolgy and on its implications for economic
theory. In this article, | look at Gode and Sundeontribution through the lens of the works
that laid the foundations of the partial equilibnuframework of analysis. The earlier
literature contains explicit discussions of theuasgtions, features, and limitations of this
approach, and may help to establish its role indiig Gode and Sunder’s strong result.
Founding texts, dating back to a time in which wundiial optimizing behavior could not be
taken for granted, also offer a variety of potdhtianlightening reflections on the cognitive
skills that are involved in trading.

| refer to Alfred MarshallRrinciples of Economi¢sl890), but also to the lesser-known
Jules Dupuit (“De la mesure de I'utilité des travaux publicd844, and “De I'influence des
péages sur I'utilité des voies de communicatior84%). Not only did the latter anticipate
many of the basic concepts to be used in partiallibgum supply-and-demand models,
including consumer surplus arguments, long befoaeskiall; but also, most significantly for

the problem at hand, his analyses involve indivislweno avoid losses, but are content with

! Jules Dupuit (1804 — 1866) served as a civil esmyirfor the French government. He was in charge of
roads and waterways in various regions, and therkedofor the municipal water system in Paris. Heswa
involved in economic policy debates, and publistvédkly on economic topics.

2 An English translation of Dupuit's 1844 articlatiled “On the Measurement of the Utility of Publi
Works”, came out in 1952, while only a sectionlod 1849 article has been translated, under tiee“@h Tolls
and Transport Charges” (1962).



this relatively modest result, and do not go asamrto try to maximize their gains. Thus,
despite the obvious diversity of Dupuit's and Gaed Sunder’s contributions, not least
because of the time and space distance that sepdh@m, they exhibit a striking similarity,
in that they basically portray the same kind ofiwictlal behavior, within the same analytical
framework.

Reference to older writers does not imply that Hritcle engages in historical research
stricto sensyin fact, | avail myself of historical material agool to guide my questioning on,
and to structure my interpretation of, ZI modelgefically, | draw on Marshall and Dupuit
to elaborate an alternative interpretation of Zlhdeor; to clarify the meaning and
implications of a particular assumption of Gode &uwhder's model; and finally, to identify
the limits of applicability of the ZI methodology.

With this approach, | show that ZI agents are ict 'ndowed with more-than-zero-
intelligence, despite the label that was attributethem. Because individual choices must be
utility-improving in order for Gode and Sunder'suét to obtain (although they need not be
utility-maximizing), they involve some degree oftiomality, somewhat in between
optimization and total lack of intelligence. It fmlvs that rationality in economics is more
complex than commonly believed, including not ouatiity maximization, but a larger set of
behavioral rules. Although acknowledged since teey/\origins of the discipline, this wider
notion of rationality is still poorly understoodhdneeds further exploration.

| also provide evidence that in the original expemt performed by Gode and Sunder,
Z1 behavior was in fact “augmented” with an addiabassumption, which is of a behavioral
nature and presupposes some (positive) degrealividnal rationality. Finally, | emphasize
that the partial equilibrium setting and the asstiompof a competitive environment allowed a
particularly simple representation of agents’ bebragi.e. random choice from a given set),
S0 as to make it appear “unintelligent”; howevemare complex model of individual choice-
making would be necessary if one, or both, of tresseimptions were removed.

The rest of the paper is organized as follows. i&ed reviews the salient points of ZI
trading models and spells out the questions todoeeased later. Sections 2, 3, and 4 contain

the main arguments, and the last section concludes.

1. “Zero-Intelligence Agents”: constrained behaviorand its effects
The original motivation for the ZI project came rmioGary Becker's claim (1962) that
essential features of economics such as downwapihgl demand functions can be thought

of as macro-level consequences of individual bedravirules less restrictive than those



implied by utility maximization. A second source wmifspiration was Smith’s suggestion
(1962) that a variety of trading mechanisms, nst Walrasian tatonnement, might yield very
similar equilibrium price and quantity predictidns

In an effort to better understand the reasons lyidgrthese findings, Gode and Sunder
performed an experiment in which human traders, sshmotivations, expectations, and
attitudes towards risk would be difficult to coritfor, were replaced by programmed robots
that submitted random bids and asks —hence theo-lteelligence” label. The two authors
adopted a partial equilibrium framework, and diddieaders between buyers and sellers.
Following Smith’s (1976) induced value theory, theydowed each buyer with valuations
(i.e. the price below which she could profitablyybtor a certain number of units of a good,
and each seller with costs (i.e. the price abovielwshe could profitably sell), again for some
number of units; each trader’s valuations or costse supposed to be private information.
Valuations of unitg, j + 1 of buyer satisfiedvij = v; j + 1, while costs for unitg j + 1 of seller
i satisfiedc ; < G ; + 1; traders had to buy/sell thgl? unit before buying/selling thejr+ 1™,
Aggregate demand and supply curves could be olgta@inghis basis, by sorting, respectively,
individual valuations from highest to lowest, andividual costs from lowest to highest. The
intersection of these two curves corresponded & dbmpetitive equilibrium price and
quantity that standard partial analysis would predi

Consider, for instance, an experimental market liclv buyers are willing to buy five
units (A, B, C, D, E) at a maximum price of 10 far8 for B, 6 for C, 4 for D and 2 for E; in
turn, sellers would accept to sell five units (V, W Y, Z) at a minimum price of 9 for V, 7
for W, 5 for X, 3 for Y and 1 for Z. In competitivexjuilibrium, price is in the range of 5 to 6;
buyers’ units A, B and C, and sellers’ X, Y andaZe traded; total gains from trade (i.e. the
sum of consumer’s and producer’s surplus) add ukstoThe question then is what types of
individual behavioral rules and what trading ingtins enable agents to reach this solution.

Gode and Sunder considered two cases, hamely ZI-H (nconstrained) agents that
simply chose bids and asks at random over someefamdined range, and ZI-C (C =
constrained) agents that also chose at randomywéerg prevented from selling below their
costs or buying above their values. Following amaldshed tradition in experimental
markets, exchanges followed double auction rulegets could post any bid order and sellers

% In addition to the introduction to the 1993 aejcBunder (2004, 2006b) provides a detailed acaufunt
how the project came about.
* | thank Robert Sugden for suggesting this example.



could post any ask order at any time. Buyers weze o accept posted asks and sellers were
free to accept bids at any time; if a bid and araakched or crossed, a transaction occurred.

Under these conditions it turned out that, withiWZkraders, transaction prices were
extremely volatile, with no convergence to the cetitye (partial) equilibrium; but with ZI-

C agents, volatility was significantly reduced gmretes exhibited a tendency to approach the
theoretical equilibrium prediction, though with sermoisé. Besides, taking Smith’s
definition of the allocative efficiency of a markas the ratio of the actual to the potential
gains from trade (i.e. the sum of consumer’s amdlygeer’'s surplus), Gode and Sunder found
that efficiency was low with ZI-U agents, but cldeel00% with ZI-C agents.

What are the reasons for this result, astonishinfyrst sight? A crucial point is the
imposition of the “C” condition, which in line witlBecker (1962), was interpreted as a
budget constraint. Gode and Sunder saw it as a édrimarket discipline”, considering that
the trading institution itself forbade traders toylor sell at a loss because they then would not
have been able to settle their accounts (19934dl2f). The constraint was thought to
eliminate one source of inefficiency, arising whesretraders engage in unprofitable trades.

But this is not enough. In the case of the aboampte, for instance, the “C” condition
holds if unit A is traded with V, B with W, C witl, D with Y, and E with Z, but this
produces only 5 in total surplus, i.e. 33% efficgnit is thus essential to find some way of
ensuring that units for which buyers’ willingnessgay is highest are paired with units for
which sellers’ willingness-to-accept is lowest, amdnversely, that buyers with low
willingness-to-pay and sellers with high willingset®-accept are prevented from trading.
Ideally in our example, first A should be tradedhnz, then B with Y, and finally C with X,
while the remaining units should not be exchandealla

The assumption that agents act at random, sulgebietconstraint that they never sell
below their costs or buy above their values, cbaotds to generate this effect, because it
implies that buyers with the highest values tenghdst the highest bids, and are willing to
accept a wider range of asks posted by sellers ¢amdersely for sellers). This is still
insufficient to guarantee the result, though; th&hreuld also be some mechanism of pairing
buyers and sellers that reduces the magnitude eoiwhipility of the efficiency losses arising

when traders fail to negotiate profitable tradasy@ys cannot find suitable sellers), and when

® Gode and Sunder reported that the root mean sjangation of transaction prices from equilibrium
prices tended toward zero as the number of traiosescincreased, and that regression of the roonregaared
deviation on the transaction sequence number yieddgmificantly negative coefficients (1993a, pR9431).



extramarginal traders (i.e. those whose valuesostsclie to the right of the intersection
between supply and demand) displace intramargimesg ¢hose to the left of the intersection).

The double auction trading mechanism provides te ¢ondition for appropriately
pairing buyers and sellers. It is a standard doaietion rule, also included in Gode and
Sunder’s experiment, that when two or more bidspreasks) are posted, only the highest
(resp. lowest) is operative. This rule gives ptioto higher bids over lower bids, and to lower
asks over higher asks; together with the constdaraedom behavior of agents, it favors
intramarginal traders over extramarginal ones, anplies that buyers with high values
(hence, with high expected bids) and sellers vath tosts (thus low expected asks) are likely
to find trading partners first. In addition, theuidte auction allows multiple rounds (thus
increasing the probability that buyers find suitalskllers), and allows traders to observe
market data (so that intramarginal buyers can marekly outbid, and intramarginal sellers
can more quickly undercut, extramarginal buyers seilérs).

A further feature of this path is that it leadsdirey prices toward the predicted
equilibrium level, by progressively dampening priegjustments over time. Although
individual units are not necessarily exchangededrder in which they appear in supply and
demand curves (so that actual transaction pricesetmes are above the demand curve or
below the supply curve), price priority rules madkes possibility less likely. As highest-value
buyers and lowest-cost sellers complete their &reiens and leave the market, the set of
possible bids and asks narrows, and the rangeasibie transaction prices correspondingly
shrinks; as even more units are traded, the spbsdible bids and asks narrows further, and
so on, so that the last transaction price is liltelige at or near the equilibrium leel

Gode and Sunder pointed out that the double aunterhanism differs from Walrasian
tatonnement (1993, p. 120); in fact, it draws dradition of thought that can be traced back
to Marshall. While the Marshallian cross has oftegen understood as an equilibrium
condition only, one line of interpretation (Chambei948, Tricou 1994, Leijonhufvud 2006)
emphasizes that Marshall's conception of the maaketvs sequential, bilateral transactions
in which each pair of traders negotiates a pricel supply and demand conditions change

after each transaction —as in double auction. &iddtcontracts, disequilibrium exchanges and

® Chamberlin (1948, p. 102) and Smith (1962, p. 1dB3erved that demand and supply schedules
continually alter as trading takes place. When m@tragt is made, a unit is withdrawn from the marleetd the
demand and supply schedules are shifted to theireft way that depends on this unit's position be t
schedules. Thus if lower cost/higher value unies aded first and if all trades must take placahie area
bounded by the supply and demand curves (i.e. tbendition holds), prices have less and less ranraty as
the trading process occurs, and eventually tencatdvihe level that corresponds to the intersectibithe
(initial) demand and supply curves.



multiple prices distinguish this approach to pfieenmation from the Walrasian, characterized
by a multilateral, simultaneous transaction at(th@que) equilibrium price (Tricou 1994, p.
26). Indeed, the very favorable properties of tkehange dynamics generated by double
auction rules —such that in our example, first Arégled with Z, then B with Y, and finally C
with X— are sometimes referred to as “Marshallignaimics” or “Marshallian path” (Cason
and Friedman, 1993; Easley and Ledyard, 1993; Bretval., 2002).

In sum, the orderly outcomes that can be obsert/éteasystem level appear to depend
mainly on market institutions, i.e. “market disan@” that imposes the budget constraint, and
the trading rules under which a Marshallian patleryes. Hence, strong individual rationality
assumptions seem unnecessary. Gode and Sund@reteer these results as reinforcing the
idea put forward by Becker, that “households mayirbational and yet markets quite
rational” (1962, p. 8). In their own wording,

“Adam Smith’s invisible hand may be more powertuhh some may have thought; it

can generate aggregate rationality not only frodividual rationality but also from

individual irrationality” (1993a, p. 119).

The question that | address in this paper is whethie interpretation is correct: is it
right to argue that the “C” constraint is a form raairket discipline, imposed from trading
institutions on individual behavior? If not, to wihextent, and under which conditions, does
enforcement of the C restriction depend on ageatgnality? Do any additional behavioral
assumptions play a role in yielding efficiency anddrice convergence? Finally, under which
conditions is it possible to model trade at no Isssply by assuming that agents randomly

choose bids or asks from a predetermined set?tAmpt to answer these questions follows.

2. The constraint: market discipline or individual rationality?

To establish whether Gode and Sunder’s interpogta@f the “C” condition as market
discipline is warranted, | first examine whethetritly represents a budget constraint, as the
two authors suggested. On this basis, | try tosssaat degree of individual rationality may

be needed to meet the constraint.

2.1  Budget-constrained or utility-improving behavior?
The C condition is defined on the basis of the epig of “valuation” and “cost”, widely used
in market experiments but not much in microeconoanguments, typically framed in terms

of preferences, utility functions, and endowmemtsa pure exchange economy with two



goods, a valuation denotes the maximum amount ofl gbthat an agent would give up to
obtain one unit of good 1, and represents this tageullingness-to-pay for good 1. Within
this framework, a cost can be symmetrically defimadthe reciprocal of a valuation, and
denotes willingness-to-accept good 2 against goodokt denotes here a subjective notion
independent of technological conditions —this isywike a valuation, it is supposed to be
private information in most market experiments (®Mi982, p. 935).

These concepts derive from Dupuit and Marshall, wit@duced them as indicators of
the “strength of individual desire” (Dupuit 1844, 94), i.e. of the utility an individual
attaches to a good (expressed in terms of anothed)gDepending on heterogeneities in
preferences, different people may attach differanlities to the same good; further,
valuations and costs need not be constant forahe sndividual, whose willingness-to-pay
for the first units may be higher than for the daling ones (and conversely, willingness-to-
accept may increase with the number of units). Reape not supposed to know others’
valuations or costs; at most, they may attempgteess” them (Dupuit 1849b, pp. 12, 16).

It follows that valuations and costs of one gooddmmns of the other are subjective
notions, depending not only on an individual's emgwnt (or income), but also on
preferences. In a sense, these concepts can bghthafuas partial equilibrium equivalents of
the Marginal Rate of Substitution. A valuation éits the properties of a MRS, as it is
nonincreasing in the number of units assigned sakgect; nondecreasing induced costs are
the counterpart of noninecreasing buyers’ valuatidrhings do not significantly change in
experimental environments, where values and costsiduced by the experimenter, because
inducing values and costs ultimately means creasingfructure of incentives (through a
system of monetary rewards) that drives subjeetato behaving as if their preferences were
really reflected in these values/costs, under asaiation assumption (Smith 1976, p. 275).
Hence values and costs always represent indivighedérences and utility in some sense.

Therefore, the C constraint is nobadgetconstraint, contrary to Gode and Sunder’s
own interpretation. The prohibition to trade in egs of values means that a buyer is not
allowed to buy good 1 if its price in terms of goddxceeds the quantity of good 2 she is
willing to give up in exchange of one extra unitgdod 1. In fact, buyers were prevented
from engaging in transactions that would resulbwer levels of utility for them; it would be
entirely different to impose that buyers should makoices from their feasible sets of trades.

This ambiguity may have arisen out of the assumpti@mt a buyer's endowment of
good 2 equals the value she attaches to a unibad §. But Gode and Sunder did not say it

explicitly in their paper; what's more, it would la@ unnecessarily restrictive assumption. Of



course under bankruptcy laws and other regulatiansagent can at most give up her entire
endowment of good 2 in order to get an additionait of good 1: the importance of
settlement of transactions for the functioning adrkets, strongly emphasized by Gode and
Sunder, is reflected in the fact that personal theasually places a limit on what one can bid.
But to the extent that both goods yield a posititiety, an individual may be willing to give
up lessthan her entire endowment of good 2 to get momgoofl 1. Ruling out this possibility
is a restriction on individual preferences thatddoet derive from the standard assumption
that agents meet their budget constrdims a matter of fact, other experimental studies o
markets explicitly rule it out. For instance Kagelarstad, and Levin (1987) performed an
experiment with no formal injunction against bidglim excess of one’s value. Anticipating
that some subjects would do so, they endowed thigiman initial “capital balance”, to which
gains were added and losses subtracted; subjeotsevaapital balance dropped to zero or less
were no longer allowed to bid. It is clear thentthapital balance, or endowment, and
valuation are distinct concepts.

A similar argument holds for sellers. In a purehege design with two goods, costs
are not really incurred by sellers to produce thedy as noticed above, the constraint only
concerns sellers’ willingness-to-accept, which is sabjective notion depending on
preferences. Thus, the condition that must be mehat they do not engage in utility-
diminishing sales.

In sum, the constraint in the ZI-C experiment doespush agents toward meeting their
budget constraints, but toward engagingtiity-improving transactions. The trade-at-no-loss
condition that Gode and Sunder imposed should rdieerenamed trade-at-nuHity-loss.
Subsequent efforts to extend the model to geneagallilerium settings (Crockett 2008;
Gjerstad and Shachat 2007) are clearer in thiseots@ms they explicitly interpret the
constraint as imposing (weak) utility improveme@ode and Sunder’s insistence on the
budget constraint probably arose out of their neleaon Becker’'s 1962 article, showing that
individual irrational behavior may be consistentthwregularities at the aggregate level,
provided agents choose from their opportunity Bett Becker used a general equilibrium
framework, in which the distinction between endowimand preferences appears more
clearly; the shift to a partial equilibrium settisgems to have added confusion, so that in
effect, ZI-C behavior does not take up Becker'sgasgion.

" A similar point has been made by Gjerstad and I$t5@007).
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The question, then, is what brings utility-imprayifehavior about. The subjective
character of the C condition and the analogy whidn MRS indicate that it results to some
extent from individual intelligence or rationality certain cognitive capacity; its origins in
Dupuit and Marshall, outlined above, support thigipretation. One may even go as far as
Gjerstad and Shachat (2007), who interpret the Zte@dition as a sort ofationality
constraint following Luce and Raiffa’s interpretation of i@tality as an attribute of all
agents who attempt to take part in trades thatodl@iminish their utility (1957, pp. 192-193).

Gode and Sunder had rather interpreted the C donddas an effect of market
discipline, because their artificial agents weralipged with no learning or optimizing
algorithm, and above all because their experimedésign allowed them to enforce the
restriction from above by inducing agents’ valuexl aosts, and by programming the
experiment so as to automatically disable bids abh@ues and asks below costs; in fact, they
acted as a centralized, perfectly informed authar@pable of controlling agents’ behavior.
But these conditions are stronger than what isigdgby double auction rules alone, and can
hardly be interpreted outside the controlled enmviment of the lab: a central authority could
only enforce the C condition if it knew subjectslwes and costs (which is unrealistic), and if
it interfered with individual choices (which is atlds with free market principles). In the
absence of such strict controls, institutions céh isnpinge on individual behavior by
creating incentives to adopt utility-improving belwa; but this process presupposes, again,
some cognitive capacity of the individual, who skiole able to respond to such incentives

and possibly to learn —which would require a manghssticated modeling framework.

2.2 Utility improvement or utility maximization?
To assess the degree of rationality that the Citondpresupposes, it is instructive to have a
closer look at Gjerstad and Shachat’s (2007) cthian a “rationality constraint” is at work in
the ZI-C simulations. Their argument is based ore@resentation of Gode and Sunder’s
bargaining situation in an Edgeworth box, aimingshmw that the restriction that buyers do
not bid in excess of their values and sellers dcseth below their costs is in fact equivalent to
imposing that bids and asks be restricted to tipeupontour set of buyers and sellers.
Gjerstad and Shachat tried to reformulate experiaheenvironments with induced
supply and demand as Edgeworth exchange econowiigst¢o agents and two goods), in
which economic fundamentals such as preferencésy ditinctions, and endowments, are
more easily understood. More precisely, their idetnat given an induced demand function

(i.e. buyers’ valuations, assigned by the experternit is possible to construct a quasi-

11



linear utility function for buyers, such that thaduced demand can be derived from
constrained maximization of this quasi-linear tilfunction; likewise, given an induced
supply function (i.e. sellers’ costs, also exogatpassigned), it is possible to construct a
quasi-linear utility function for sellers, such thhe given induced supply can be derived
from constrained maximization of this quasi-linaélity function®.

This method of converting one theoretical environmeénto another, however,
presupposes maximization as a necessary precandasoindividuals must maximize their
quasi-linear utility functions for their demand aswpply schedules to be well-defined. This is
equivalent to reintroducing an assumption of pelyecational behavior from the very
beginning, thus ruling out the very question of thiee, or to what extent, ZI-C agents behave
(inrationally.

An alternative interpretation of the degree of aadility that is involved in ZI-C
behavior can be found in Dupuit and Marshall, wha ot conceive demand and supply
schedules that indicate the quantities consumerddwouy or sell at each possible market
price, so as to maximize their utility. They didtremvisage individuals who take prices as
given and use this information to determine optio@ntities; instead, these earlier writers
mapped quantities into prices, with a conceptugbeerent in which an individual
determines, for each unit of the good in questiba,maximum price she is willing to pay to
acquire it, or the minimum price she is willingdocept to give it up. In other words, buyers
and sellers determine, respectively, their valuati@nd costs as functions of quantities.
Complex calculations may be needed to do so, asatrahs and costs depend on several
factors (notably the individual’'s income and prefases), and may differ from one unit to
another, but always exist (Dupuit 1849a, p. 110).

Notice that an individual's valuation is an uppemit that he will under no
circumstances voluntarily exceed. Dupuit wrote thlé purchaser never pays more for the
product than the value he places on its utility844, p. 89). Consumers choose the alternative
they value most between an object and the monetarivalent of its price. They avoid utility
losses, and their gains from an exchange are radgsson-negative. Yet buyers’ ability
never to pay more than what they think is the valian object does not imply that they
maximize their utility. Dupuit's consumers wouldcapt to pay any price lower than the
utility they attach to an object, but this priceynee well above the cost of production —hence

8 In passing, this argument calls to mind the stechdesult that if utility functions are quasi-limeand
individuals maximize their utility, then the areathe left of the demand curve, i.e. consumer'plsig; is an
exact measure of a welfare variation, not simplyapproximation. Under this condition, microeconosni@as
preserved the consumer surplus arguments firgtdotred by Dupuit and Marshall.
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even a small price decrease would raise theirfaatisn, without being incompatible with
producers’ need to cover their costs. For each ainihe good, consumers would gain (i.e.
consumer’s surplus would be positive) if the actuahsaction price turned out to be lower
than the maximum amount they are willing to payugthe highest price a consumer is ready
to pay for an object does not correspond to anmapt, but rather indicates, for each unit of
the good, the limits of this individual's willingee to pay. Although their gains are always
non-negative, consumers do not systematically estiivmake them as large as possible, in
Dupuit's view; they never exceed their valuatiorieus always obtaining at least a
“minimum” level of utility, so to speak, but do notaximize utility either. In this perspective,
Dupuit’'s demand schedule represents the relatipngéiween quantity and willingness-to-
pay for a number of individuals: it is the uppeubdary of the set of utility-improving price-
quantity combinations, not lacus of optimal points. Axel Leijonhufvud (2006) comes a
similar conclusion with respect to Marshall's dem@md supply schedules, arguing that they
represent valuations/costs as functions of quastiitot most preferred quantities as functions
of prices. They define the set within which agdmasle at no loss, and are not derived from
individual optimization calculatiofis

This interpretation of the partial equilibrium sippnd-demand framework fits with
the conditions of the ZI experiment, in which fach unit of the good, a buyer gained the
difference between her valuation and the actuadstretion price (symmetrically, a seller
gained the difference between transaction price aa), and efficiency was defined as a
function of these gains; as in Dupuit’'s and Markhalriginal schemes, the area delimited by
demand and supply curves corresponded to the smtosFquantity combinations that would
improve agents’ utility. This interpretation clgadppears in Smith’s seminal 1962 article,
laying the theoretical foundations for experimestadies on markets:

“Each buyer receives a card containing a numbeowknonly to that buyer, which

represents themaximumprice he is willing to pay for one unit of the titous

commodity. It is explained that the buyers are todbuy a unit of the commodity at a

° In support of his argument, Leijonhufvud emphasizieat Marshall drew his supply-and-demand
diagrams with quantity on the horizontal and pooethe vertical axis, while Walras had price onltthezontal,
quantity on the vertical axis. It is the substdntiiference in their approaches that accounts tfis
dissimilarity, he claims, not mathematical conventiAdmittedly, Dupuit drew his demand curve witiicp on
the x-axis and quantity on thg-axis, as Walras. This does not imply any behaViassumption, though, but
conveys Dupuit’'s intuition that valuations are pti information and cannot be observed by thirdigsr
instead, demand behavior can in principle be oleskrwith a thought exercise in which the observadgally
increases the price of a good, and keeps trackeofdtal quantity that is withdrawn from consumptet each
step. The diagram is constructed from an obserwEgs/point, and does not presuppose individuals who
(optimally) map prices into quantities.
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price exceeding that appearing on their buyer'sl;ctrey would bequite happy to

purchase a unit at any price below this numpey]. It is further explained that each

buyer should think of himself as makingpare profit equal to the difference between
his actual contract price and the maximum resepratprice on his card. These
reservation prices generated@mandcurve” (1962, p. 112, my emphasis).

A symmetric argument holds for sellers, so that &msuing demand and supply
schedules “do nothing beyond setting extreme lioitdhe observable price-quantity behavior
in this market” (Smith 1962, p. 114).

It follows that Gjerstad and Shachat’s represematif induced supply and demand in a
general equilibrium setting can be misleading, ttuehe maximization assumption that it
necessarily implies, but that the original Dupuidiighall approach leaves out. The fact that
enforcement of the “C” condition requires some wtlial cognitive effort does not make ZI-

C traders equivalent to utility-maximizing agentgeir behavior is simply utility-improving.

3. The “Marshallian Path”: an effect of the trading institution only?

Recall that in the ZI simulations, it was assumieat in accordance with the principle of
nonincreasing marginal rate of substitutiof), = vi; + 1 for each buyei and unitj, and
symmetricallyci; < cj;+1 for each seller and unit. It was further assumed that traders had to
buy/sell theirj™ unit before buying/selling thejr + 1" unit. This sequencing restriction is
common in market experiments, so that Gode and &ufhid not feel the need to justify it.
Yet Duffy (2006, p. 958) noticed that strictly sgemg, this assumption is not directly implied
by double auction trading rules, and suggesteditimay have played some role in yielding
price convergence and efficiency in the ZI-C céséeed, it may have made it easier for low-
cost and high-value units to be traded earliers tlagilitating the emergence of Marshallian
dynamics. In this perspective, it is important ba@cterize the nature and implications of this

sequencing restriction.

To begin with, the meaning of this assumption islenalear by a leading textbook in
experimental economics: “providing buyers with npl units but restricting them to
purchase the highest-valued unit first implememtsaasumption that individual demand is
downward-sloping”, and that similarly, “requiringelers to sell the lower-cost unit first
induces upward-sloping individual supply functiongDavis and Holt 1993, p. 10).
Sequencing is equivalent to imposing nice individsapplies and demands; then,
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horizontally summing across individual demands sungblies generates well-behaved market
demand and supply schedules.

Do such restrictions on individual demands and beppequire individual rationality?
Looking at Dupuit's work suggests that agents wttabaite monotonically nonincreasing
values to the units they wish to buy (resp. noneksing costs to the units they wish to sell),
and trade theijIh unit before their + 1™ do exhibit some degree of rationality. They drkea
to prioritize their needs, and to evaluate diffénemits of a good in different ways, according
to the importance of the needs they are meanttigfy\samost significantly, agents are capable
of acting consistently, by choosing to acquiretfitee units that have the highest value to
them (or conversely, to cede first the units tiratlaast worth to them). In this respect, it is
instructive to look at one of Dupuit’s illustrativexamples. Consider, he said, that people
need their first two hectoliters of water for stiycnecessary “personal purposes”, attach a
high value to them (say, 50 francs each, at least),buy them first; additional hectoliters of
water, meant “for less urgent and less essentidisie have lower value, and are last to be
purchased. For instance, after the first two héetsl an individual might destine the
following two “to scrub his house every day”, artthah a value of 20 to them; the next six
hectoliters, at a value of 10, to water the garden;hectoliters, at a value of 5, “to keep up
the level of his pond”; the last 80 hectolitersrtiqust 1, to keep a fountain going, and so on
(Dupuit 1844, p. 86). That this consumer’s actioasform to this ranking of needs could be
proven if it were possible to levy a tax on waterjncrease it progressively, and to observe
the quantity withdrawn from consumption at eaclp:stee would notice that the individual in
guestion first gives up the less valuable unit® @ fountain hectoliters), then the more
valuable (those for garden, housekeeping, and 0 on

“A tax of 4 francs per hectoliter, when the pricel franc, will immediately reduce

consumption from 100 hectoliters to 20; a tax dfeéhcs, from 20 hectoliters to 10; a

tax of 19 francs, from 10 hectoliters to four; awdon” (Dupuit, 1844, p. 86).

It would obviously be irrational to give up the \ars units of the good in reverse order.

It becomes then clear that the sequencing restnidias behavioral content. It leads
Gode and Sunder’s non-utility-maximizing agentsatd in a way that still fulfills the key
predictions of the theory of choice based on ytititaximization, notably downward-sloping

demand and upward-sloping supply schedules.

This assumption rules out a broad class of irrafidehavior, including all cases in

which individual supply and demand schedules atenie@. This would have no appreciable
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consequences if it was true that, as argued by @8€d©62), a shift in agents’ opportunity
sets is conducive to negatively inclined demandgasitively inclined supplies even with
irrational individual decision rules. For instan@ increase in the price of a good shifts
consumption opportunities toward other goods, aadlds less chance of consuming this one,
even for an impulsive individual who chooses atdan from her opportunity set. But the
important point of Becker's paper is that this riget at aggregate level, not necessarily at
individual level —irrational decision units are tef”, but not “always”, forced by a change in
opportunities to respond rationally. The expectechand schedule of each individual will be
negatively inclined, although many actual demarftedales will not be; the actual market
demand schedule, instead, will always be negatimelned, all the more so as the number of
individuals is large in a society, because ave@gier many decision units cancels out much
erratic behavior (Becker 1962, p. 6). This is wlay group of irrational units would [...]
respond more smoothly and rationally than a singiewould” (Becker 1962, p. 13Y.

The sequencing restriction that was at work in Zhesimulations is equivalent to
imposing that the actual, not only the expectedpbluor demand schedule of each individual
is nicely behaved; the conditions that were impasethdividual behavior were thus stronger
than those considered by Becker. The mechanisnnig&cbm individual irrational decision
rules to possible rational responses (as refleictategatively sloped demand schedules and
positively sloped supply schedules) was assumedigh and to be so strong as to operate for
all decision units, confirming that they have mtran-zero intelligence.

This result supports Duffy’s claim that sequenciagan additional assumption, not
directly and exclusively derived from double augtitrading rules, and that as such, it
contributes to explain Gode and Sunder’s resulteesSing the importance of individual
cognitive capacities in bringing about Marshall@ynamics, however, does not necessarily
mean that institutional features play no role. Eheay well be circumstances in which price
priority rules have a bearing on the behavior afreenic agents, by providing incentives for
them to trade their high-value and low-cost uniitst;f but modeling the process of

endogenous emergence of the sequencing propedyppeses some capacity of individuals

19 Interestingly, this idea was anticipated by Malisiahere are many classes of things the need for

which on the part of any individual is inconstditful, and irregular. [...] But [...] the variety antthe fickleness

of individual action are merged in the comparativedgular aggregate of the action of many. In largekets,
then —where [...] persons of all varieties of tastespperaments and occupations are mingled togethbe—
peculiarities in the wants of individuals will compsate one another in a comparatively regular tjcadaf
total demand. Every fall, however slight in thecpriof a commodity in general use, will, other thsiraging
equal, increase the total sales of it; just as r@realthy autumn increases the mortality of a ldogen, though
many persons are uninjured by it” (Marshall 18901I1.19, 111.111.20).
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to respond to incentives in their best interest, possibly to learn, and would require a more
sophisticated model of how non-zero-intelligenceras react to their environméht

4, ZI-C behavior as random search
One reason why ZI-C behaviour was interpreted astelhgent may be that it was modeled
in a very simple way, with a high degree of randesm—it is as if agents’ choices were
determined by the throw of a multi-sided die thatid pick one option from an appropriate,
predefined set. This is also a strength of theppra@ach, which has been seen as a “bottom of
bottom-up processes” (Duffy, 2006), i.e. a benchkmiar assessing the contribution of
specific institutional features, or of human coymitabilities, in experimental settings:
“the value of this approach lies in building thenmmal, necessary restrictions on
directed random search that achieve the desirecom#&. The ZI approach aids in
formulating these restrictions, by greatly simphfy agent behavior, allowing the
researcher to concentrate on the institutionatiotisins” (Duffy 2006, p. 967).
It is then important to carefully spell out the ddions that make this particular
approach suitable to model utility-improving cha@gceiving rise to nicely behaved supply

and demand functions. Once again, comparison \aitlee literature is of help.

First, Gode and Sunder's adoption of a partial ldgium framework ruled out
interdependencies among markets for different goadd entitled them to rely on induced
value theory to assign values and costs to agdiisterdependencies were taken into
account, valuations and costs could no longer kentaas exogenously given; they would
result from a choice process in which each agentidvoonsider several factors to determine
her willingness to give up one good in exchangeardther. In this case, agents’ behavior
could not be modeled as random search from a gbetnbecause agents would need to
modify the set itself if circumstances (includingpse prevailing on the markets for other
goods) changed. This was clear in Dupuit, whoazéid Jean-Baptiste Say’s example of

1 Whether institutional features suffice to bringoab Marshallian dynamics in the absence of any
sequencing issue is less clear. One version oZklexperiment, implemented by Gode and Sunder tbars,
eliminates the sequencing assumption by assigranl gader the right to buy or sell one unit othg authors
report that they did obtain price convergence dfidiency also in this case (1993, p. 122). Buttheo version,
by Brewer et al. (2002), leads to opposite res@Btewer and co-authors endowed agents with multiplis,
and eliminated the sequencing assumption by supgdkat supply and demand are continuously refrbsie
agents trade and units are removed from the market,units (with higher or lower value/cost) arilatited to
them, in a way that keeps market supply and dersahddules constant over time. They found that utigese
conditions, no tendency to equilibrium appearsliCAimulations.
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“a working-class family whose income allows, afsatisfying its most basic needs, to

spend 30 sous each week to buy meat; if meat ¢6s¢®us per pound, this family will

demand three pounds a week; if it costs 15 sougijllitonly demand two pounds”

(Dupuit 1849a, p. 113, my translation).

Dupuit’s objection consists in observing that

“the consumption figures of this example are peshapdly chosen, because they

presume that whatever the price of meat, the amadestined to buy this good will be

the same, which is hardly admissible, becauseriadd&now what this family will do to

substitute for the pound of meat it does not bugmvit costs 15 sous” (Dupuit 1849a, p.

113, my translatioriy.

In sum, agents determine their values and costakiyg into account their endowment,
current prices, and the availability of substitud®sl complements, and modify them in case
of relative price changes. Clearly, such behavaor lcardly be modeled as simply singling out
an option at random from a given set: utility-imging choices do not appear unintelligent
outside the partial equilibrium framework. Behaviotes have to be suitably modified to

extend the ZI approach to many-good cases (se€mgkett et al. 2007).

Second, the ZI approach has been conceived fompetitive environment, and may be
difficult to extend to other market structures. Attedly, the notion of perfect competition is
harder to define in a double auction market in Whikbere is no unique price known to
everybody, and agents essentially behave as prtem’. In a sense, however, the
framework chosen by Gode and Sunder can be thadiglsquastcompetitive, insofar as one
single agent’s action is unlikely to exert a strangpact on the system as a whole. The
question is, then, which conditions allow genera{jizthe ZI approach to environments in
which one agent’s behavior may affect market outem

Dupuit’'s work may be instructive in this respeachuse it mainly deals with monopoly
cases. In his description, a monopolist does notkbuyers’ willingness-to-pay and tries to
“guess” it, sometimes by “just going ahead at rant{Dupuit 1849b, p. 16). Businesspeople

in this position “have already made good prograssthis way, added Dupuit, thus hinting

2 In Marshall, “the list of demand prices for tealimwn out on the assumption that the price ofeeof§
known; but a failure of the coffee harvest wouliseathe prices for tea. The demand for gas isdidblbe
reduced by an improvement in electric lighting; am¢the same way a fall in the price of a partickliad of tea
may cause it to be substituted for an inferiordhgaper variety” (Marshall 1890, III.111.23).

3 Nor are competition conditions characterized byigh number of traders in this case, because
experimental markets typically involve a small nenlof participants. Indeed, one of the main resafts
experimental economics is that the equilibrium préahs of conventional models, founded on perfect
competition assumptions, are fulfilled even witHes as six to eight agents (see e.g. Smith 19824p).
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that also with this market structure, simple bebeali rules still yield good results.
Nevertheless, a monopolist cannot fail to noticat tthe demand schedule is downward-
sloping. Based on this awareness, the monopoligtteral to mobilize higher cognitive skills
in order to increase gains; in particular, Dupugisted that attempts to guess consumers’
willingness-to-pay may trigger efforts to devisécjprg policies conducive to make them pay
as much as possible, by putting in place priceriisoation schemes that sometimes take
highly sophisticated formi& In sum, such a market structure leads individt@frm beliefs
and expectations about others’ behavior and t@aemrdingly —thus suggesting that random

choice from a given set is unsuitable to modeltytimproving behavior in this case.

5. Summary and discussion
The ZI methodology yielded interesting results, talied on an analytical framework that is
little used today, thus giving rise to potentiaffidulties in interpretation. My study of the
foundations of this approach in the work of itsefathers hoped to shed light on its
presuppositions, meaning, and implications, s@ &getter assess Gode and Sunder’s findings.
Of course, Dupuit and Marshall’s writings are urfsispcated by modern standards, but
they contain reflections on founding issues that @ften left implicit or taken for granted
now. Reading them in light of the questions that Zlh simulations raise has helped to show
that the very construction of the two-good suppig-elemand model requires agents to have
some cognitive skills. In fact, the ZI project didt entirely remove individual rationality, and

did not study the effects of the market institutany.

One question then is whether economics needs thdilirationality at all. While the
discipline is widely perceived to impose strong, raalistic individual rationality
requirements, some of its main results do not dgpenthem. Proofs of existence of general
equilibrium for a competitive economy hardly rely optimization assumptions, as they
merely assume that Walras’ law holds, i.e. thatdetidconstraints are binding for all
individuals —which according to Becker's (and th@onde and Sunder’s) interpretation is
tantamount to assuming nil rationality. To be suhe proofs also require excess demand

functions to be homogeneous of degree zero andnoanis, but this does not necessarily

4 For instance, railway passengers, unlike merclsasdior which a classification is possible, “must b
left to classify themselves” (Dupuit 1849b, p. ZOhis is often done with a host of measures, difféating as
much as possible the comfort provided for passengeras to discourage the better-off from trageima lower
class: the poor conditions in which third-classseagiers travel are not intended to hurt them, Baiglit, but
are a sort of insurance “against the avarice ofittie (Dupuit 1849b, p. 24).
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presuppose stronger restrictions on individual leehe. Homogeneity of degree zero only
means that purely nominal changes have no effadt,cantinuity of the aggregate demand
function may not only result from all consumers ingvstrictly convex preferences, but also
from individual demands that exhibit discontinuti@rovided the economy is lafge

By contrast, the fundamental theorems of welfarenemics do rely on strong
individual rationality requirements: the assumptittrat agents maximize their objective
functions is needed to prove that a competitivalibgum leads to an efficient allocation of
resources, andiceversa that any efficient allocation of resources cansbstained by a
competitive equilibrium. Finally, and somewhat oddktability analyses incorporate an
irrationality assumption, first highlighted by Fkdin Fisher (1983, p. 85). Since little is
known about agents’ behavior out of equilibriumisitlssumed that agents always behave in
the same way, whether they are in equilibrium dr theey are supposed to make consumption
or production plans without taking into account fhessibility that they may be unable to
complete their desired transactions, and that @riceay change —which is obviously
unreasonable out of equilibrium. In this perspegtihe ZI methodology only challenges the
association between efficiency and strong individtaionality assumptions in welfare
economics; and it does so only to some degreeubecas shown, it does not fully remove
individual rationality.

It is unclear whether it would be desirable, andsiele, to lower the degree of
individual rationality that is assumed in economiodels. A line of thought that goes from
Becker (1962) to Gode and Sunder (1993) suggesasswer in the affirmative, meaning that
the “invisible hand” is more powerful than commorthought (Gode and Sunder 1993, p.
119). But Fisher (1983, p. 9, p. 85) suggests austhat no algorithm of market adjustment is
satisfactory if founded on irrational individual Hevior; sensible assumptions on agents’
rational behavior are essential, in his view, tdldowa reliable theory of market price
formation. All in all, the forms of individual ratnality that are relevant for economics seem
to be more complex than commonly believed, inclgdiot only utility maximization, but a

variety of behavioral rules, in between optimizatand total lack of intelligence.

Another question concerns Gode and Sunder’s suggesiat rationality can be found
at two levels in an economic system —the individaald the market. Trading rules

incorporated in a market institution such as theibd® auction are “a consequence of

!5 presentations of the definitive existence residtsbe found in Debreu (1959) and Arrow and Hahn
(1971, Chapters 2-5). Benetti and Cartelier (199@mine the rationality requirements of existenuofs.
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individual rationality because they evolve out nélividual choices over time” (Gode and
Sunder 1997, p. 606); a set of rules can be seenkasd of “institutional codification” of
human thinking, which arises out of “successivenerhents of individual rationality” over a
large interval of time, and “trains and protectssleational traders —if the trading rules are
‘smart’, the traders need not be” (1997, p. 623).

But, if market rules are the ultimate product oémtg’ rationality, Gode and Sunder’'s
experimental design presupposes that, once thangradechanism has been built and put to
use, there is no need for agents to be rationahars:. at this stage, some or all of them can
be replaced by robots acting at random.

This paper’s insistence on how individual ratiotyalcontributes with institutional
features to achieve price convergence and effigiersuggests a refinement of this
interpretation. The market rules that disciplingiwdual behavior are the product of previous
individual behaviors, but they have not been cckatece and for all. They continuously
require individuals’ consensus and even active emdwn in order to function properly;
Gode and Sunder themselves noted that “Rules aemingful only if individuals follow
them” (1997, p. 606, fn. 2). Instead of seeingvidlials as passive subjects and institutions
as fixed entities with a given, unalterable rolemiay be more appropriate to emphasize
agents’ active participation in bringing about tkeults that institutions are meant to achieve.
The present paper suggests that individual and réagdge” (i.e. codified into existing
institutions) rationality are at work simultanegysind co-evolve.

So far, there has been limited work in economicdow this process may take place.
Rediscovering the older literature as a tool taddight on a recent contribution on this issue

suggests the need for further research in this area
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