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On Learning and Adaptation in the Economyt

W. Brian Arthur

After long neglect by economic theorists, learning and adaptation are suddenly
“hot” as research subjects in economics. Yet in spite of this surge of interest, it is
hard to find much justification for why economics should concem itself deeply with
learning and adaptive behavior. The new literature convinces us that learning
models are useful in spelling out processes of adjustment to the standard equilibria
of economic theory; and it raises fascinating questions about what it means to
recursively incorporate new information into decision behavior. But it also leaves
us with a vague feeling that learning is somehow ancillary to economics—an add-
on of adjustment dynamics to the core theory, not fully necessary perhaps to
theorizing in the field though interesting in its own right.

In this talk I want to argue that learning is not a mere addendum to the standard
theory. On the contrary, when economics gets beyond dealing with very simple
problems, satisfactory theorizing in economics cannot proceed without facing and
resolving key issues that are at heart ones of learning, adaptation, and cognition. I
want to show that thinking about decision making in fact raises fundamental
questions about how we acquire and process knowledge—how we learn and adapt.

The Deductive Metaphor

My argument will be that in dealing with problems that are complicated and not
well-defined, economic agents are forced to reason somewhat differently from the
way our standard notion of rationality pictures things. They are forced to use in-
ductive rather than deductive means of reasoning. They must rely heavily on inter-
nal models of and hypotheses about the problems they are dealing with; and they
constantly monitor, update, and revise these by importing feedback—new data—
from their environment. Thus in dealing with problems of any realistic complica-

T This paper is based on the 1991-92 W. A. Mackintosh Lecture, at Queen’s University, Kingston,
Ontario, delivered November 18, 1991.
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10. The notion of transfer goes back to Edward L. Thomdike’s Educational Psychology, in 1903.
New York: Lemke and Buechner. For a variety of modem discussions on transfer see Gordon H
Bower and Emest R. Hilgard, Theories of Learning, Englewood Cliffs: Prentice Hall, 1981.

11. For evidence and discussion see Thought and Choice in Chess, Adriann De Groot, 1965, in the
series Psychological Studies, 4, Mouton & Co., The Hague, Paris.

12. Julian Feldman, “Computer Simulation of Cognitive Processes,” in Harold Borko (ed.),
Computer Applications in the Behavioral Sciences, Prentice Hall, 1962. See also Feldman's
(unpublished) doctoral dissertation, “An Analysis of Predictive Behavior in an Two-Choice
Situation,” Carnegie Institute of Technology, 1959. Feldman used the binary symbols “+” and V"
which I have here translated into “1” and “0.” I thank Kenneth Arrow for drawing this experiment
to my attention.

13. This is an actual rainfall series for the years 1949-1958 for the Forrest River Mission weather
station in Western Australia. Source: Rajnfall Statistics, Australia, p.xii. Canberra: Australian
Govt. Publishing Service. 1977. The next year's rainfall turned out to be 10.09.”

14. A similar argument has been made repeatedly by G.L.S. Shackle (see for example Epistemics
& Economics, Cambridge: Cambridge University Press, 1972). And of course Frank Knight in
Risk, Uncertainty and Profit, (London: LSE, 1921) makes the well-known distinction between
risk, which can be objectively measured and uncertainry, which can not. See also the excellent
discussion in G. Dosi and M. Egidi, “Substantive and Procedural Uncertainty,” Journal of
Evolutionary Economics, 145-168, 1991.

15. See for example, Behzad T. Diba and Herschel I. Grossman, 1988, “The Theory of Rational
Bubbles in Stock Prices,” Economic Journal, 98, 746—754. See also Robert E. Lucas’s classic
*“Asset Prices in an Exchange Economy, * 1978, Econometrica, 46, 1429—1445. For a general
introduction to asset pricing and financial markets, the reader might consult The New Palgrave:
Finance, J. Eatwell, M Milgate, P. Newman (eds.) 1989, in particular the articles by Ross; Dybig
and Ross; Malkiel; and Connor.

16. Asian Wall Street Journal, March 7, 1992,
17. J.M. Keynes. General Theory of Employment, Interest and Money, London, Macmillan. 1936.
18. The so-called noise trader approach goes part way in the direction of this model. It allows the

existence of heterogeneous traders: “rational,” arbitraging investors, and “irrational” investors who
respond to “pseudo-signals” and the advice of brokers and financial gurus. For example, see Andrei

to the deductive mode, is the solution—the placement of takeoff slots—arrived at?

The deductive solution starts by assuming that the airlines decide in a known
order. Thus, given any arbitrary placement of the first 19 airlines’ takeoff slots on
the 24 hour clock, the 20th could choose its preferred takeoff time. But then, given
any arbitrary placement of the first 18 airlines on the 24 hour clock, the 19th could
also choose its preferred takeoff time, knowing how its decision would affect the
placement of the 20th, choosing behind it. But then, given any arbitrary placement
of the first 17 airlines on the 24 hour clock, the 18th could choose its preferred
takeoff time, knowing how its decision would affect the placement of the 19th and
in its turn the 20th. And so on, back to the first airline to decide. The solution can
be deduced, dynamic-programming-style, from the givens of the problem—the
potential profits of each airline, given the placement of the others.

There are several pleasing aspects to this solution. In exchange for a well-
defined decision problem, it gives us back a well-defined solution. The solution
method is not trivial. It invokes a logic that is clean, relentless, and consistent. The
logic acts step by step on premises that are well-defined: and so the process by
which a solution is arrived at itself becomes mathematics..In turn, in this deductive
mode, economics itself becomes mathematics. The solution is built upon a flattering
view of firms’ behavior as rational, well-informed, and logical. And it rests
comfortably with notions we have inherited from physics of entities following
maximizing principles to the good of the whole. Above all, the solution is orderly
and precise.

The solution has other pleasing properties. It is self-consistent in that if other
agents behave according to the deductive solution, then I as the representative agent
should behave according to the deductive solution. It is self-enforcing in that if
other agents behave according to the deductive solution, then it would not be in my
interest—I would be less than rational—to deviate from it. And if implemented
perfectly, it confirms the deductions that went into it; it is a (perfect foresight)
rational expectations equilibrium.

As an internal system of consistent logic, the solution here is a success. But to
be an accurate picture of reality it must fulfill several requirements. It requires a
correct definition of the problem on the part of each agent, which in this case
stipulates knowledge not just of his own locational preferences given the placement
of other firms, but the locational preferences of other firms given all possible
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genetic algorithm. We find that early in the experiment the price settles to random
noise about fundamental value. But after some time, mutually reinforcing trend-
following or technical-analysis-like rules begin to appear in the predictor popula-
tion. These begin perhaps as simple extrapolation predictors, but because they vali-
date each other they are able to gain a footing in the population of active predictors.
Eventually a slowly changing “ecology” of hypothesis-predictors becomes estab-
lished, with self-reinforcing technical trading rules very much part of the system.23

We find no evidence that market behavior ever settles down; the population of
predictors continually coevolves. One way to test this is to take agents out of the
system and inject them in again later on. If market behavior is stationary they
should be able to do as well in the future as they are doing today. But we find that
when we “freeze” a successful agent’s predictors early on and inject the agent into
the system much later, the formerly successful agent is now a dinosaur. His
predictions are unadapted and perform poorly. The system has changed. From our
vantage point looking in, the market—the “only game in town” on our computer—
looks much the same. But internally it coevolves and changes and transforms. It
never settles.

Conclusion

Economists have long been uneasy with the assumption of perfect, deductive
rationality in decision contexts that are complicated and potentially ill-defined. Yet it
has not been clear what to put in its place. From the reasoning given above, 1
believe that what humans actually use in these contexts is inductive reasoning: they
recognize patterns; construct representations and internal models based on these;
use these as working hypotheses, possibly carrying out a good deal of deduction
based on them; and strengthen or replace them as they receive feedback from their
environment. If this is true, learning and adaptation are no longer addenda to the
core theory, they become central to it in problems of high complexity.

I have also argued that inductive reasoning is perfectly amenable to analysis.
The model of Feldman’s experiment shows that we can study analytically the
dynamics of pattern recognition, hypothesis formation and refutation. Finally, I
believe that inductive reasoning goes quite some way toward explaining supposedly
“anomalous” behavior in financial markets.

intermediate level of problem complexity, we may not want to toss away the
deductive solution. Agents might use some behavioral process not based on
deductive logic that brings them to the deductive solution. They would then indeed
behave “as if” they were fulfilling the deductive solution. But the question of
whether actual behavior, in some unconscious way, by some unforeseen process,
using some unstated reasoning, mimics purely logical behavior is one to be settled
empirically from problem to problem, not assumed.

Let us move farther up the scale of complexity and confront the deductive
metaphor with the game of Chess. In Chess the rules, preferences of the players (to
win, lose, or draw), and starting positions are known and certain. It is a well-
defined two-person zero-sum game; therefore it possesses a solution in minimax
strategies. This solution could in principle, much as before, be arrived at by
deducing backward from all possible end-games to the opening move. But here we
are well beyond being able to fulfill the requirement that the player can compute the
solution. Because of the combinatorial complexity of the game (it has been
reckoned that there are about 10120 possible moves), no player, no analyst, and no
computer to date has come anywhere remotely close to “solving” Chess. In the
deductive mode of analysis then, there is a theory of chess. But the theory is no
longer an operational one. It merely an existence proof together with a design for a
solution algorithm, both ghostly objects with no operational meaning in terms of
delivering hard moves or strategies. And of course it is no guide to real, human
Chess play. On our scale of problem complexity, Chess appears to be well beyond
the ability of humans to fulfill the requirements of the deductive metaphor.

The Complexity Boundary

Where does this leave us? I believe we can say that the deductive metaphor
works well for problems in economics where the givens of the problem are known
and available, and the computations required are not demanding. But there appears
to be what I will call a problem complexity boundary beyond which arriving at the
deductive solution and calculating it are unlikely or impossible for human agents;
and beyond which other agents cannot be relied upon to carry out their part of the
deducing process. Beyond this boundary where the requirements fail, there are
often no instructions on how to proceed logically; so that away from the prescribed
solution—*out of equilibrium”—the problem becomes ill-defined and the deductive



S, pue[[oY Suisn swin 0) AW Wolj pAeIdudld 3q 03 sioorpard-sasayiodAy mau mof
-[e am ‘sasayodAy Jo 39s paxiy e Jo peaysu] “sioyorpard g9 Sursn yoes syuade pazuo
-indwiod Q[ PIM ‘Topoun STy JO sauTy Yy Suore AmNSu] 9 eIueS I I8 Judauadxa
19)ndwios e dn 135 198] Ul 9ARY | pue J9[ABT, [Ned ‘Iowed preyory ‘pue[joH uyor
*SISATeUR [eonewIAYIEW PIEpUElS Uey) Joyiel wnduwod
oy uo uonejuswLadxs pafjonuod ammbaz Aew paurpno isnf aaey | [opowt Jo 2dKy
ay o suoneotdun Sy JO UORBUTUIEXS [[NJ 108} U “pazATeue A[ISes aq 10u Aew UMOp
9SS 19AU 1Y STUa JOIABYI] I9}IEUI JOYIAYM JO PUR YIJRIOS LIOL) PILIE]S JoyIet oy}
Jt 9810wo Y31 3eym Jo suonsanb 1apeaiq Yy, ~9[qels A[LrEUONN[OAS 10 jqeuoddns
A[reranw are s1o301paid Jo sasse[d 1eym Surzdeue Aq apI9s 03 INOLJIP 9q J0U
Kew A9y ], ‘sarmoafuos are s10301paid 2anoe jo uonemdod paxnu g pue sojnu Surpen
Teo1uyo3) JO ouadIoud AN Y) INOqE aA0qe dpeu aAey | sjutod Ay 9sM09 JO
‘K101 mou Juurojdxa skempe
‘Suidueyo skeme aq 03 1axprew AP JO AduIpUIN AP—iIolARYaq 30ud JO sorureup A
Jo  ssauuado,, 3y 01 ppe JOYUNJ P[NOM SIY, 'SOUO PAIOIIUO JO 13§ JIAL) WOIJ SIUO
PIO pIeosIp pue s10301pard Mou tLI0j 0 SJuaSe MO[[e O] JUBM P[NOM Im pUy ‘sopen
JIUN-UOU JOJ MO[JR O} JUem PINOM A\ ‘Spaau Aipinbr] wopues Aq 10 ssaooxd yse
-pue-piq oY Ut S3199J2 Sy1-tumuenb £q paonponur 20ud Suipopun ur ssouwopuer
[eMmoR JO SI2MOS JOJ MO[[E O JUBM JYSI oM [9POW JJBIOGR[ I0W B U] ‘JoU Ued
K10003 2AnONpap 9 samyeay urerdxs ySrw 1931ew Y Jo A0 paseq A[Teonsieal
JI0W ® Jeyl moys 03 1axrew 3y Jo uamord payrduns AySny e pasn aaey |
«'SMOAIDU,, S8 PIQLIISIP 3q A[UTELIID P[NOD 1axIeW
"oy 18 Os ‘S[aA9] Sunambsip ‘YSy 18 paouereq ssof J0 azowr aq ySrw , pIard,, pue
A3}, SB PaqUIOSIP 3q Pnoo Jey Surypowos ‘sjusde [enpIAIpUI UL 9SBD ST Ul Jey)
935 0] AI9Y uoneULSEW! YONW 00} e 10U P[NOA JI Ing 'SUOHOWS OU SBY ISINOD JO
193 rew 9y JO [dpow MQ) *AorInooe Funsesao] JE[IWIS MOYS P[Nod s103orpald yioq
‘101A8Y43q 158d JO Siseq 9y uQ 'ssof Jofew B—ysesd ¢ 19FS1n pue s10101pard-[[as
19410 31EPITRA P[MOd eyl Wmumop & Jo Anjiqissod ayy s1orpard uorsioasy “Suidng
woyy sijoxd Y31y poanunuod s10mpasd SutMO[[0)-pual], “SO[IU IN[eA-[EIUSUIEpUN]
-0}-UOISIAX puR SI[NI Suimorioj-puan yloq SuuLoiuow ore SISpRN Auew
18 pue Y3y suo Apusoar paaput sey aoud smnsse ‘9jdurexa 10 19¥IRW € Yons
0}, SsouLanif,, Io , SSAUSNOAISU,, 10  ssaupassaidap,, se yons spoow [esiojoyolsd
3quIOSE 0} J[qe 9q PIJPul IYSTM M SIOUBISWINOID JWOS JIPUN ‘YLNO
“paxmu 3q A1

€T

ur Jng "UONOE [RUOIRI [[NJ 01 A[qBUIWIR JOU 3T JBY) SIOUBISWNDIID JIPUN JWOIINO
9]qeYoraI JWOS 3A3YIe 03 Aem anTea e ur idwane Ajdwis Kayr—aoysnes suewny
‘Arepunoq A1xa[dwos wojqoid sy puokaq ‘ases o ut jeys asodoxd o1 Sundway
ST [ "SIX9UOJ UOISIOP JudWIFeurl UTBLID Ul JOIABYS] [E9IS0[-URY3-SSI] IGLIOSIP
01 Aem © se Su101/SuDS JO BIPI Y} PIINPONUI UOWIS LIGIIY ‘0Fe swn SwWog

MOUY IN\ MOY

¢'PAULSP-{[ 3q PAIIOUOD ST 1F0[ IARINPaP
S® Iej St U9A9 1S jep swajqord—uonesrduwod jo swsjqoid ur Sunyew-uorstosp
uewny 7024 3unodsfjal A[a1emooe Jo asuas SIy ur snoroSu A[[eIOIABYaq 3Ie Jey)
SOMUOUOO3 UL SILIOAY} PUE S[9POLI JONOSU0d ST am moy ST uayy Sunjse we | leym
"IOIABYSQ UBWINY JO SINI[BMIIE PIAIISQO ‘as10a1d a3 uo paseq K109yl OrwOU0dd
JO uomoONNSuU0d AY ‘40814 [D401ADYIq pue w:.ounﬁsmmu onsiearun K[qissod
nq ‘usA13 uo paseq Surzuoays [es1S0] 198X ‘40814 IANINPIP UIIMIAQ UOTIOUNISTP
€ 9w 0} 319y [nJasn 3q yJru J] jIoureq Arxajdwoos-wojqord syp puokaq Supew
UOISIO3P ueWINY JO SINITEaX 9y $3z1uS00a1 ey sormuouodd ur Surzuoays sodoxd
N0 A1red om JYSII MOY Uy ;SUOISIOSP 1B JALLE sjuade uewmy op moy Arepunoq
Aixapdwos worqord sty puokag :somuouoss ur swajqord om) sasrer sty
"1991J9 §S9] IO 1318aI] JO saouanbasuoo Awres jeys sauo :Arepunoq sup puokaq
SUOISIO3P A)EW Op SUBWINY 19X "PAUYIP-[[3M»10U ST M3ITA Jo jutod [eorSof e woyy
Io1Aeyaq [euonel Jo Joydelow 9ARINPIP Y} JO SPUBWISP 3 193w 0) uodn par[ax
3q 10uued A)rTeEUOnEI URWNY 1915 Arepunoq Arxajdwos wajqoid ayy puokaq Jeys st
Surdes wre | Jey\ pauyap ou st Afreumdo uewp ssa] Sunoe,, os pue ‘pouLyap-[[t OS[e
st Jo1aeyaq Surzrumdo ‘pauryop-nt st wajqord e arayp “Ajreumdo ueyy ssaf 108 Lo
sauo parestdwod ur A[rewsndo 10e suewny swajqoxd arduts ur searoym 1eyy Surkes
Jou ure | 3dNON “PAULIP-[[oM 10U ST (s Sutfesp are Loy wojqord a jeyy areme
Ajareq are A3y sip op AU USYM 18] U] "PIULIP-[[M 10U IIE 1Byl SUONEMIIS UL
A1qeuoymoo symb suoisLAp ew suewny sonoeid ut os Jou St SIY 19X “d[qissodun
$oW033q Sunjew UOISIAP ‘PAULSP-[[I 3W022q swalqoad pue 10w 3q 03 [rey S130]
Jo syuswanmbal o1 aroym ‘Arepunoq Arxojdmod oy puokaq Jeyy wass Kews i
sapom A[3utsudins st ‘aA91]3q | ‘A[o1emooe pue A[qerjal
SIYI Op Ued A3y} YOTYM I8 [9A3] 13 Ing *91R[NO[ed UD) KU} pue ‘90Npap uvd suewIng]
*SIO3YD) pue 90}-081-01], US9MIIQ UL A1YMIUIOS 3q PINOMm I ‘sowres prepuels uf
*Azznj 351009 JO 1 $31| Arepunoq sty 31aym Apoexy ‘e e sesado jou ueo toyderouw



22

his constant motivation to trade is well founded or irrational. While is easy to see a
subjective motive for investing here; it is not possible for the agent to settle the
desirability of trading by any logical test.2!

Second, all wrading rules here forecast on the basis of patterns in past prices;
therefore if some emerged that produced sustained, genuine profits they would be
examples of profitable technical trading in action. Technical trading would then be a
valid outcome in this market. Can this happen? Likely it can with trend-following
rules. These have the property that may be self-reinforcing or self-validating in the
population of active predictors: If a subset of investors is using trend-following
predictors, and the market price has risen recently, they will buy; and this will
enhance the probability that the price will indeed go up; thereby enhancing the
accuracy of such predictors. (In the real market, moving average rules predict the
direction of prices correctly about 52% of the time.22) Such self-reinforcing rules
would therefore tend to linger in the active set and become a mutually supporting or
symbiotic subpopulation in the “ecalogy” of active predictors. Of course, if such
rules profited over the long term, they would need a substrate of predictors that lost
on average. This might automatically be provided by agents who start with and
monitor less successful predictors. (Or it might be provided in the real world by
agents buying or selling in the market for liquidity or hedging reasons or by a
constant flow of new entrants to the market.) Of course if the market started with no
such rules active, they may face a threshold problem in gaining a footing in that
their accuracy depends on the number of other such predictors active. But I don’t
believe this is a major problem. Trend following is extrapolation; and extrapolation
is often validated by chance, so that “technical” predictors could easily emerge as a
robust and healthy subpopulation.

Third, the population of active predictors would likely see a balance between
simple, robust rules or predictors, and elaborately thought-out, conditional ones.
Elaborate predictors based upon highly special conditions (“the market will go up if
conditions A, B, G or V, but not R, C, and S hold”) may show great accuracy
when invoked, but being conditional they will pertain only to very particular price
circumstances that occur rarely in the price history. There will few recurrences of
such circumstances to validate them, and so their high correctness will be offset by
their rarer chance to be validated. Simple predictors may tend to show the opposite:
lower accuracy but frequent validation. The predictor population that emerges will

actual fact, this does not appear to be true. Humans use characteristic and
sophisticated methods of reasoning in contexts that are complicated or ill-defined.
To get an idea of how these work we need to go back and think about some basics.

What we are interested in is how agents in the economy make decisions in
complicated problems; how they act upon the information available to them; in other
words, how they use what they know. But “knowing” and “learning”—the
updating as it were of knowing—are not straightforward. They are subtle affairs.
Cognition is not perfectly understood by any scientific discipline. But what is
understood is crucial for us to think about, and it is worth reviewing here.

Superficially, because we tend to think in fixed, laid-down categories, we tend
to think of knowledge as data or facts, organized into these fixed categories, the
information set. In this superficial model of knowing, an agent might notice that the
Dow Index is running at 2955. He stores this fact in the Dow category in his
information set; therefore he knows this. Tomorrow, he finds the Dow is at 2978.
He revises his information set. He updates, ergo he has learned. In this model,
“knowing” means being cognizant of data that are boxed within a category.
Learning means revising these data: updating values, quantities, and parameters
according to new information from outside and modifying behavior as a result.

This is fine for many purposes as an approximation. But we need to go deeper.
The world—certainly that part of it that has to do with economic decision-making—
does not come to us pre-packaged in our minds in the form of fixed categories or
conceptual models that we can use to forecast, analyze, and act upon. Our
knowledge, together with the concepts, notions and models we use to represent it,
is created, put together over time by us and by others in society as a whole. As
Schrodinger put it in Mind and Matter: 6

The world is a construct of our sensations, perceptions,
memories. It is convenient to regard it as existing objectively
on its own. But it certainly does not become manifest by its
mere existence. Its becoming manifest is conditional on very
special goings-on in very special parts of this very world,
namely on certain events that happen in a brain.

What we do then in acquiring knowledge, is .:9 just notice, say, that the Dow



1(I3YM [133 10U UBD 3Y IOJAUIY ], 'SPOYIW J3YI0 Uty Janaq eiep ised oy ur  3siou,,
Sumy jo Jnsax oyI—,30uByo,, 31U 10  [eas,, St Ised ay1 ur KorInooe s Jo1orpard
B IOI0YM 3[113s 0} Aem OU ST Y, *STYY 39S 01 Juade ue Joj Keam 2AR3(qo Ou S
U9 JuoWLIdX S UewP[9,] UT SB Ing ISTXD 198 Ut Jou pIp Jey Aranorpard-wianed e
Uo paseq ‘snoumds a1am 3t ANTeNIOR UT JI IN0 PAJTU 3G P[NOM UOLBALOUI YINS ISINOD
JO "159AUT 03 ARUDUT ARI(QNS JUBISUOD © dARY Ad1) al0jaray ] ‘s1yoid arming oy
$19q poo3 2q 01 readde Jey pue e1ep 1sed uo [jam pauuopad tey sioorpaid Jo siseq
3 U0 153AUI S)UdTe [IpOw ST U] “91e[NO3dS 0} UONBANOW OU ARY AS13 3I0JIIAY
‘010z skemre are s;youd jo suoneloadxa ,s19pen ‘S[OPoW prEpUEls U “[[e I8 JoNIew
Y} Ul 3peN O} JUBM P[NOYS SIOISIAUT AYMm 03 19mSUB SUNSAIANUT UL SIALS 11 9SIL]
“[opou Jaxrew paseq A[9ARINPUT ST (M SJuTod [RIDAIS SYBW O) JUBM |
0z 2Wn 1940 95ueyd [im siojorpaud
3anoe jo uoneindod oy jo uonrsodwod [[eI9A0 oY) puy ‘samioddns Ajemnu
—oandepe-00 3q Aew s13y30 ‘s101n3dwod 9q Aew s10301paid Jo sIsSE]D SWOS
"S9A[OA3-00 $10301paId SANSE JO 195 3y PuR JUSPUAIP-00 AIOJAIA AU SIOIIPALY
"s10301pard 1210 Jo uonemdod ays jo uonisodos sy uo spuadop 101o1pard usALS €
Suisn jo Amqmyosd 10 ssomy ay, “szor01paid 10 sesapodAy Jo Ing—sarvads Jo jou
—.£80[095,, Ue 9AEY 9M ‘pUBIOY Uyof Wy Joyderow B mouoq o, ‘ureSe jemooe
swooaq Aatp soueyd £q-sdeyaad mun peddosp Afuelodma are £au 10u 1 o[qeiyard
Ppue Jjemooe are A3 se 3uof se uodn paioe are sasayiodAYy 10 SI01IPAL] “STY Op O
SUOY 1193 uo puadap saAjasmaYy) sorureup oud oy Ing 61 110M sorureudp soud
MOY JUTILINAP 0} SUIAR UT SPOYISW SARINPUI PUB SANONPIP UT ABWN[N Y} 35N O
931} AIe SIOISIAUL JBY} ASUIS IPIM Y3 UT  [EUOREI,, ST AU JONIEW U JBY3 0NON
"K1o1a) mau  Suuojdxa,, semre st 1 1 se readde
Aew 3 ‘sased JO [eIALD Isow Yy up 3dooxy ‘teadar Joad [m Kloroafen aoud ap
tep asoddns 0 uoseaz ou st azoy 1983 UJ “JotAeyaq d[dunrs Aue moys 1o 3945 pmoys
K10109(en ST Je1R UOSEAI OU ST AP Ing A10100(en Swreukp ‘poresrduod Ajpwanxa
Ue JO SISISUOD IRyl Suo—uwmnuqInbo ue je st JoRIeW oy Jey 313y Aes pmoo
9M "Wn 3| Jo Swos uonorpaud 1521100 3o adoy WS 153q 18 YPIM ‘WOPUERI UXI
93re & 0} readde Aew Loy siuade enprArpUI oY 0, *s[qeIdIpaIdun pue pareoridwioo
e siuowaAowm 2oud ‘fopowr onSIUIULANGP Jdwils SIY U USAS ‘Snyl
198 Tiep pay A3ty e—sooud
1sed 19A0 SUONEWINSY WO UMO SIY JO S[3POWI ULIOJ ST Op Ued Juade Yoes [y
"pareoridwioo A[amanxa 9q o3 Ay st § uonouny 3 os pue ‘soeds—J ur wnnuRuod

1T

‘uTured[—eIep Mou [RIM PIB] USYM SUOISN[IUOD MIU 0] SUILOD ‘YIIM J[GELIOJUIOD
SI SOIWOU0Y9 Aem ® ul 9zA[BUB PUB J0NPIP PUB UOSEII 9m ‘saouanbasuos
Sunednue pue peaye 3unjoo] 18 pood A[arerspowr aq o) readde paspur om
‘suoneuasazdar yons usAl) “Furures] pue Surmouy Jo 10adse suo A[uo st sty
uapuadop-yied st ‘Surures o LOS S USALS ‘pIOM SOOI Y], *APUSISFJP
e1ep sures oy uodn 108 Aew A3y ‘pauwioy daey A3y suonejuasadar [emydasuos jo
¥001s 2y} ut $90uIYIP Sunnsal Yim ‘ised S ur saoudLIAdXS JUAIFFIP 01 pasodxa
u23q aaey 3[doad om J1 1eys smofjoy 11 suondaoiad a103s pue sziwedio o1 yorym
ur—sauo Jewnrxordde uayo—sauoIareo Surpuy ur sary 1t Jo wed Jofew v ,'s108],,
Burmuooe Ajduwis jou uay st a3pamouy Juumboy “aj1f Jo senranoe Aun oy [re
ur ‘Apuelsuoo pue Apqns ‘oreas pueid ssaf e uo suaddey s1daouod o suoneuasardor
Jo 2oeds oYy I9A0 Suryoreas suy1 “9sInoo JO Jurenb pue aguens syoof J| ‘snoraqo
00} [[e S2W033q uoneIudsaIdar S—Aes ‘WSTUIBN—AIMIND J9Yloue ul pajuerd
0y udye) 1o 1sed ay3 ur SUOSWOS £q PIsn YIOMIUTelJ € 18 Supjoo] ‘A[[eUOISEI00 Ing
"STY) Op oM areme A[prey are 9z ‘m Surpddess are am woyqord oy jo suas axew
sn sdjay 1eyp—ylomowreyy fenydoouod e—uoneuasaidal e puyy 03 ST JI0M I JO
wed J[NOLJIP Y} 19YM ‘YOIeIsal Ul ALIea]o ISOUI ST 39S I “asn Ioje] JOj 11 Isnoy
‘3 Jo asuas yew ‘uondsorad mau oYy 9ziueSIO UBD JUO YOIYM—ISISO[D SOUIOD
2UO YOIy 33§ O} SUONEIUISAIAAL MO ISA0 YIIBIS B JAJOAUT UBD J1 ‘U9YJO Sk Isnf ing
"suoneluasadar 10 souogares paulyop-[jam ozt eep mau Surddorp jo sonew B 3q
pasput [[om Kew suondaoiad £10suss mau Jo uLoy o ur 9gpapmouy Suumnboy
'919[08q0 2uI093q A3y se
SUO P[O SUIPIBISIP PUB [NJISN WY PUL IMm SB SIUO MIU SUNONNSUOD Swn O} SWn
WOy ‘PHOM IO JO SUOUDIUSILda4 PIINGII PUR P[ING ANUBISUOD IM SNYJ, "UOnde
9pm3 0} pasn pue paIols 3q UBO SUONBAIISQO [NJISN PUE UOHBULIOJUT YOIYMm Ul
SaImonNs [e19uds asow pue 13y3ry ot suoneuasaidar mo  Supjunyd,, ‘(amiesanr
£3o1oyoAsd oy ur sourey pue sewayos) sylomourey [emydoduos 1ONNSUOD Ip
*00} S[9AJ] 32y31Y 18 SIYI Op 9M Ing °10J J1asit dFenSue| asn om 1By SI 1BY) ISUIS
B U] "SUONOUTSIP JINUTU MO[Te 18y pue suondaoiad mo Jo syoadse [nyosn szureununs
12y} souoFales Suneard 18 pood ‘S[AAJ] 1SIUL I JB USAD siy) Surop 18 pood
9q 01 readde s\ ‘s1ayo £q uodn paarde pue [nyasn Yloq are Koy J1 saL0SaeD ISP
uodn Sunoe pue ‘sauo3ares asayp 10y spaqef [emdaouod Sunean ‘sauodaled ojur
suondsoxad mo jo urensd Surziuedio £q  uonepyur,, JO IO , X3pU] MO(],, € JO 1doouod
Y} 1ONASUOD 0} ISITJ PAAU IM “%€ " 18 FUIUUNI ST UOTBJUT JBYl JO ‘GSHT I8 ST XIpU[



20

There is no reason to suppose that an agent monitors only one predictor in the
market. Each predictor is a hypothesis and the agent may want to hold several in
mind simultaneously and monitor each for their current predictive accuracy. I will
assume that each agent:
(f) monitors at most M predictors; and updates the forecasting accuracy of
these when the new price is revealed. (In general, we might allow agents to
change their set of monitored predictors; but here will suppose the set for
each is fixed)
(g) forms a composite predictor from the most accurate subset M’ of his M
predictors, (say, the best three, or best one, or all predictors) by weighting
these according to their accuracy in the standard way
(h) buys, sells, or holds, as this composite predictor directs.

We are now back in a world quite similar to the one of the Feldman experiment.

What are the dynamics of prices in this market? Define the overall set of
investors’ hypotheses or predictors as

H={Hy, ..., HqY; Hy?, ....Hy?% ...; HiK, ..., HyK).

where Hji is the ith predictor that the jth agent chooses to monitor.

Now, each agent monitors his predictors’ accuracies over the last N periods,
using data W periods back to forecast. Thus any price history p(-) = {pt, Pi-1» --
Pi-T), where T'= W + N assigns unambiguous accuracy values to each hypothesis-
predictor. This in turn determines the set of “active” predictors—the ones that are
used—and each agent’s buying or selling behavior in the market. Taking all agents
collectively, this determines excess demand for the stock, and in turn the price
adjustment. Thus, given the set of monitored hypotheses of all agents, there is a
well-defined mapping gy, from the current price history into the next period’s price:

Pw+1 = gH(Pw: Pt-1s --- P1-T)

In this model of market behavior, given the set of pattern-hypothesis-predictors
in use, price moves through the T-dimensional space RT* deterministically. Why
then can not each agent reconstruct this mapping, and predict correctly at each time?
Well, there are many agents, acting on many hypotheses, defined over a price

in other words. Somewhat more subtly, we appear to form internal models or
mental models of the situations we are dealing with, models or representations that
we can use to play out and “rerun” scenarios in our minds. (This is a mechanism
that John Holland and his associates have repeatedly stressed.8) By mentally
simulating what-if questions in this way, rehearsing them and thinking about the
imagined outcomes, not necessarily logically, we come to new conclusions.
Psychologists call this latent learning.

We appear to be superb at secing patterns, recognizing patterns, and matching
patterns. It is by mentally processing patterns that I “recognize” a face as a friend,
or a certain painting I have never seen before as a Vermeer. And we appear to be
able to hold patterns in our minds temporarily as hypotheses—*I think possibly it is
a Vermeer —rejecting or building confidence in the hypothesis as more evidence
becomes available. It is by something akin to pattern recognition we appear to be
good at seeing analogies and structural correspondences.?

We appear to do much of our decision making by finding problems we have
dealt with in the past that are similar to the one we now dealing with. Often these
are problems whose resolutions we have deemed satisfactory, in some way. In the
language of psychology, we transfer experience from one problem to another.10

We appear to have a great capacity to generalize: to reason from the particular to
the universal. We do this not by some primal ability but by using many of the
capacities I have outlined above—in particular those for analogy, transfer and
pattern recognition. If I have sufficient previous experience, I need see only a
corner of a painting to declare it a Vermeer. I see the part, recognize the pattern, and
fill in the blanks, so to speak.

We can see some of these modes of knowing and using knowledge if we think
of how actual human behavior would operate in airline-time-slot model and in
Chess. How would airlines actually decide? Likely they would not deduce
backward, but would formulate hypotheses about how those that follow them in the
booking of slots might react given the decisions they might make. They would seek
out new knowledge and update these hypotheses before booking began as they
gained more information on their competitors' needs and positions. They would act
on past experience with their competitors in such circumstances and transfer it to the
present situation. They might make internal models, and partially deduce forward
on the basis of these. They would allow for many outcomes and seek decisions
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follow (1). They may not be rational. They may not understand the basic arbitrage
of the market. They may be acting on strange or crude or superior information.
Then (1) would not be a good guide as to how price is formed.

Even if I know that other investors are perfectly rational and possess the same
information as I do, and that these facts are common knowledge, notice that (1)
implicitly invokes the common-expectations assumption that there is an objective
method—a unique, implicitly agreed, prescriptive way—to use the information I to
form the expectation E[py41 + di+1 | Ii]. But this is patently unreasonable. The
available shared information I typically consists of past prices, trading volumes,
economic indicators, and the like. These are just sequences of numbers; and once
again there may be many different and perfectly defensible statistical ways based on
many different assumptions and error criteria to use them to estimate or forecast
tomorrow’s price. I might assume that everyone uses the same method to form
expectations. But I have no objective way to figure what this method is. Nor have
other investors. -

And so, exactly as previously, the deductive solution begins to break down.
Not knowing how other investors arrive at their expectations, I cannot form mine in
a well-defined way. And so I must make assumptions—subjective ones—about
how other investors form expectations and behave. I must begin to try to “psyche
out” the market, in particular other investors’ beliefs and expectations. I must try, in
Keynes’s words, to figure out “what average opinion expects average opinion to
be.”17 But this lands us immediately in a world of subjective beliefs, and beliefs
about subjective beliefs. The deductive behavior of (1) no longer has meaning, and
we are propelled into a world of induction. v

A Stock Market Model
How: would prices behave if we were to suppose that beliefs were formed in an
inductive way? Let me briefly sketch out a model that is highly simplified, but will
nevertheless serve to illustrate several points I want to make. 18
I will assume:
(a) A single stock is traded by K investors or economic agents, each of which
is interested in maximizing the value of his portfolio next period
(b) The stock pays a deterministic dividend d every period and there is an
outside interest rate r. (Thus the “fundamental value” of the stock is d/r, the

11

cal process—is a largely static affair. Unless the problem changes, the solution calls
for no updating. Induction, on the other hand—reasoning from part knowledge to a
whole solution by using subjective assumptions or hypotheses—can always be im-
proved by updating the assumptions or hypotheses. Induction calls for a dynamic
approach. It calls for as much feedback on and refinement of the solution and the
ideas invoked to arrive at it as it can get. In other words, it calls for learning.

At this point let me say a word about the term “rational.” We use “rational” in
economics to describe only behavior that would conform to the logical, deductive
decision mode outlined above. If we use “rational” in its wider sense to connote
intelligent, sensible, savvy, or reasonable behavior, then it coincides with our
economists’ perfectly-rational-deductive mode of behavior only in fairly simple
problems where the deductive requirements are fulfilled. Beyond the complexity
boundary where these requirements fail and problems become ill-defined, real
rational behavior—intelligent behavior—is forced to use subjective assumptions
and temporary hypotheses to reason from part information in the problem to a
whole solution. It requires that inductive reasoning take over. Of course, both
deductive and inductive modes are normally present, but the deductive one is much
more limited in the complexity it can cope with, and when it becomes overloaded it
recedes in importance to give way to the inductive mode.

Coming to grips with this wider definition of “rationality” in economic decision
making therefore means coming to grips with inductive behavior in complicated
economic decision making. We therefore need to look at inductive reasoning more
closely; and to explore the style of theorizing that might capture it works.

Hypotheses and Refutations

I have now given a lengthy answer to the question: how do human decision
makers proceed in the context of complicated or ill-defined problems? In most
problems of complication, they proceed in a fairly predictable and simple sequence:
they look for patterns; construct representations and internal models based on these;
use these as working hypotheses; carry out deductions based on these hypotheses;
and strengthen or replace these models or hypotheses as they receive feedback from
their environment. Interestingly, humans appear to be able to hold in mind several
internal models or working hypotheses at once, making quick switches among the
ones they act upon as fresh data validate or negate them.
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Myself, I certainly do not believe there is a well-defined answer, given this
information. Even if we had a longer data set going back 200 years, I know of no
prescriptive logical forecasting procedure would be more defensible than many
others. The common-expectations assumption that all agents share the same
knowledge of the process generating next period’s variables and use it in the same
way is only valid when agents have knowledge of the actual mechanisms generating
the series. This is reasonable maybe in well-defined cases like roulette or coin-
tossing but not in the case of rainfall or in many economic situations. Absent such a
mechanism, we are forced to admit that the formation of expectations is not well-
defined: perfectly intelligent agents might use very different methods in
extrapolating the series. Some may posit an underlying model generating the series.
Some may look for outside data on other variables and try to incorporate these. Still
others may use the given data alone, and fit a time-series, or do a linear
extrapolation, or fit a non-linear model like a neural net. Even those using the same
forecasting method may have differest error criteria.

Thus, usually in economic problems it is not reasonable to suppose that the
probabilistic process generating variables of interest is known and shared by all—
that the common-expectations assumption is valid.}4 On the contrary, it is usually
unknown, and reasonable men and women may use very different subjective
methods—different pattern-recognition devices, different hypothesis-predictors—in
forming expectations. This may seem a finicky point; but it is not. A high
proportion of problems in economics involve expectations and the standard analysis
of most of these invokes the common-expectations assumption to arrive at a
deductive theory. Proceeding without it can lead to very different results, as I will
now show.

Financial Markets

The striking thing about financial markets is that the standard theory is
completely at odds with practitioners’ views of the market. In the standard theory of
financial markets, in particular of the dynamics of stock prices, very few outcomes
are possible. The price of a stock settles either to “fundamental value”—the
discounted worth of its dividend stream—with perhaps some noise or
perturbations, or to exponential increase driven by rising expectations.!5 In this
theory the market is efficient in the sense that today’s price discounts in all
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show that this sort of behavior is not nebulous; it is perfectly amenable to analysis.

To make a model of Feldman'’s experiment, let us suppose the experiment con-
tinues indefinitely; and that each subject possesses what I will call “pattern-hypoth-
esis-predictors” that he monitors at each step—rules or functions that map the im-
mediate past pattern of digits at each time into a 1 or a 0 which serves as a forecast
of the next binary symbol or digit. These rules are hypotheses in the sense that the
subject holds them in his mind as conjectures on how the digits are generated. For
example, the hypothesis that the sequence is alternating would be a function that
“recognizes” the last observed digit as 0 or 1 and maps it into 1 or 0 respectively.

Of course many such predictors or hypotheses could be formed. For
concreteness, let us suppose each subject is capable of looking back at past patterns
at most four digits. Each predictor then maps all possible four-bit sequences into 1
or 0. There are 16 different four-bit sequences. Therefore there are 216 or 65,536
possible rules or functions—predictors—for mapping the 16 possible patterns into
a 1 or 0. This is a large number. We will suppose the subject monitors or holds in
mind some small, possibly very small, subset of these hypotheses-predictors, Hj,
Ha, ..., HN, and assess their predictive accuracy at each step. (This subset is fixed
through out the experiment.) Let us further suppose that the subject uses or acts
upon the predictor that has been correct most often in the last ten trials to predict the
next symbol in the sequence. I will call this the active predictor or hypothesis. (We
can also suppose that he numbers his predictors, and in the case of ties he chooses
as active the one with the lowest index-number.)

Let us now focus on the process of how predictors or hypotheses from the
given set become active and used, or discarded back into the group that is merely
passively monitored over time. Now, because we are assessing predictors on their
accuracy in the last ten trials and the accuracy ten trials back requires input from the
four digits preceding this, the last 14 symbols tell us unambiguously which hypoth-
esis-predictor is the most accurate and therefore the one used. So we will be able to
look at the dynamics of the predictors if we look first at the dynamics of the se-
quence taken 14 digits at a time. Consider then the binary sequence taken 14 digits
at a time. This lives, so to speak, in the space of all fourteen-bit binary patterns. A
typical point or state in this space might be 01101100001010, where the digits are
arranged with the rightmost the most recent. At the next time, we lose the oldest,
leftmost digit, and gain a new one on the right. So our point can transit into
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