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INTRODUCTION TO THE SERIES

This series consists of a number of hitherto unpublished studies, which
are introduced by the editors in the belief that they represent fresh
contributions to economic science.

The term economic analysis as used in the title of the series has been
adopted because it covers both the activities of the theoretical economist
and the research worker.

Although the analytical methods used by the various contributors
are not the same, they are nevertheless conditioned by the common
origin of their studies, namely theoretical problems encountered in
practical research. Since for this reason, business cycle research and
national accounting, research work on behalf of economic policy, and
problems of planning are the main sources of the subjects dealt with,
they necessarily determine the manner of approach adopted by the
authors. Their methods tend to be ‘practical’ in the sense of not being
too far remote from application to actual economic conditions. In
addition they are quantitative rather than qualitative.

It is the hope of the editors that the publication of these studies will
help to stimulate the exchange of scientific information and to reinforce
international cooperation in the field of economics.

THE EDITORS

ORRADRE LIBRARY

UNIVERSITY OF SANTA CLARA
SANTA CLARA, CALIFORNIA



PREFACE

In recent years there has been a steady increase in the investigation of
both theoretical and applied problems of decision making under un-
certainty. To facilitate communication and the exchange of ideas as
they are developing, the National Science Foundation has sponsored
the NSF-NBER Conference on Decision Rules and Uncertainty. Four
conferences have been held to date: the first two at the Massachusetts
Institute of Technology in May 1971 and January 1972, the third at
the University of Iowa in May 1972, and the last at Princeton University
in March 1973. There were a number of papers presented at each of
these conferences and their titles are given in an appendix following the
bibliography. After the Iowa conference it was decided to publish a
volume. Because of prior commitments many of the papers presented
at these conferences do not appear in this volume while, on the other
hand, several additional papers have resulted from post-conference
interaction and are here included. Although this volume is not strictly
a proceedings, we felt that it would be instructive to include not only
papers but comments as well.

In addition to an introductory essay, this volume is roughly divided
into three parts. Part 1 comprises two papers that deal with the con-
ceptual development of the conditional expected utility framework.
Part 2 includes five papers on various micro-aspects of behavior under
uncertainty. The five papers in part 3 are concerned with welfare
economics and general equilibrium. The last paper, as indicated by its
title, was originally a comment on the Kesten—-Stigum paper. Since it
also provides an excellent discussion on uncertainty and on the problem
of modeling an appropriate equilibrium concept, we felt that by making
it the last paper, it would also serve as a concluding remark for the
volume.
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CHAPTER |

SOME INTRODUCTORY REMARKS ON BEHAVIOR
UNDER UNCERTAINTY

M. Balch and S. Wu

1.1. Introduction

In the past few decades, economic theorists have become progressively
engaged in developing models to account for the presence and impact
of real world uncertainties. A4 priori reason for this interest is obvious
enough: the assumptions of ‘deterministic’ theory sometimes appear to
be rather far removed from reality'. Indeed, the ‘usual’ microcontext
is in many cases more faithfully described by recognizing uncertainties
that are real world typical for that context, and which contribute to its
operational definition in a significant way. An entrepreneur, for example,
may have to decide ex ante whether to commit resources that could
turn out to be inappropriate ex post; thus, as events would have it, an
unproductive and unmarketable sunk cost. On the other hand, the
decision not to commit could result in an opportunity forgone, since
the ability to seize such opportunities may depend upon having some
sort of resource structure already in place?.

Our purpose in this essay is to offer an informal discussion of how
uncertainties affect economic behavior, and how behavior in turn
influences the nature and incidence of uncertainty. These microfounda-
tional questions have attracted attention not only because they are of
interest in their own right, but, more broadly, for their explanatory
power concerning the very structure of economic systems and the evo-

lution of economic processes.
' Of course models compete with one another on the basis of their relative power to
explain and predict; this relative power, in turn, depends upon the primitive assump-
tions on which the competing models rest.

In a competitive world in which adjustment costs increase sharply with rate of adjust-
ment.



2 M. Balch and S. Wu

An economic actor is concerned with the course of his future, which
course is shaped jointly by his own actions and by circumstances beyond
his knowledge and control — and so in this way from one moment to
the next. Of course some moments are more significant than others
since, by and large, decision makers seem to respond to a status quo
(in the broad experiential sense) by maintaining it. Time is irreversible
in the true economic sense: opportunities may sometimes arrive but
then vanish soon after, and disasters, once visited, leave their effect for
some time to come. What makes this interesting is that a decision maker
can often contribute essential ‘karma’ to his environment by putting
himself in the way of such contingencies, or by avoiding their incidence.
His actual choice in any context depends upon how he believes action
may resolve and, when there is uncertainty about this for at least some
options, upon his attitudes with respect to the bearing of risk. Thus one
option may appear ‘quite “interesting”, but “risky”’ while, by compa-
rison, another appears * “less exciting”, but “reasonable” and “secure™ .

In section 1.2 we discuss these perceptive and attitudinal determinants
as they bear in general upon economic behavior, and as they derive
from environmental context. In particular, we note the intrinsic presence
of endogenously created uncertainties, and suggest a contextual explicant
for the hypothesis of risk avoiding behavior®. In section 1.3 we look
at the mechanisms by which actors in a decentralized economy reduce,
generate and redistribute uncertainties. These not only encompass the
markets, of course, but a variety of topics in industrial and social
organization as well.

1.2. Behavioral Determinants

The characteristic feature of a decision problem under uncertainty is
that the generic option must be implemented before its precise outcome
can be known (though some options may appear less vague in this
respect than others). A rival’s reaction to an oligopolist’s price reduction

3 The theory of risk-avoiding behavior has emerged as perhaps the most significant
analytic contribution of the uncertainty view, and its application to a considerable
spectrum of economic settings will be apparent throughout. This hypothesis is ‘testable’
when consequences can be represented in a linear space; otherwise we shall be using
the term ‘risk-aversion’ in a heuristic sense.
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cannot be known until price has been reduced; the resolution of a coin
toss cannot be known until the coin is tossed; and similarly, the profit-
ability of a capital expansion cannot be known before the decision to
expand has been executed (in so far as its resolution depends on future
market conditions).

The determinants of individual behavior that operate in a world of
uncertainty subsume (in the ‘proper’ sense) those that operate when
action stands in a one-to-one causal relationship with its outcome®. In
such latter circumstances a decision maker’s perception of causality is
‘perfect’, and his attitudes in respect to the bearing of uncertainty simply
do not come into play. The micro-models of conventional theory are
by and large characterized on this ‘perfect everything' view: they are
conceived in a way that collapses future time to the present, and in
such fashion that current environment is perfectly and commonly®
perceived by all. Thus it is usually assumed that all decision-relevant
‘truth’ may be perfectly acquired in principle, and that this is costless
to effect in practice. When this necessarily involves the world as it will
be ‘tomorrow’ - as, for example, when production is recognized to be a
process that takes place over time and requires commitments that must
be made ex ante - then an appropriate deterministic variant is called
for: viz. that all actors enjoy perfect (and perfectly validated) foresight.
Whether in this way or by simply assuming that production is instant-
aneous and that every production period is (somehow) perfectly isolated
from all others, it follows that firms produce so as to maximize profit:

* There is a complementary sense in which the behavioral determinants that operate
under uncertainty may be understood to ‘subsume’ those which operate under condi-
tions of certainty. For example, consider a von Neumann-Morgenstern expected utility
maximizer whose preference order 2Z over a lottery set #(X) (where X is some convex
subset of an underlying space of commodity bundles in R say) is represented by a
cardinal utility indicator u: X — Re. The assumption of risk aversion for 2= on Z(X)
is represented by concavity of u. Convexity of the ‘certainty world’ preference sets
P, ={xeX|xZy}={xeXux) = u(y); for every ye X (where Z on X is just
the restriction of 2 on .#(X)) is an automatic consequence of the assumption of risk-
aversion for 2= on #(X). This serves to indicate the power of model-theoretic robus-
tification: one is hard-put to rationalize behavioral assumption « for certainty model 4
(which assumption is usually made for purposes of analytic convenience), but this
appears as an automatic consequence of a ‘more palatable’ behavioral assumption f§
for uncertainty model B, where B subsumes A.

This is germane to the logical construction of the conventional view ; thus, while data
set D may not be relevant to the choice problem that faces actor «, he could know this
information if indeed it were relevant.
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a well defined univalent function of known parameters. In logical
complement to this view of production, individuals are assumed to
choose market baskets and make investment decisions under conditions
that leave no room for doubt, anxiety, hope or regret. Traders meet,
not bilaterally, but with impersonal commodity and factor markets
that are perfectly perceived by all who may be concerned. These markets
convene costlessly and clear on the instant, by virtue of a tatonnement
process that informs economic actors as surely as if they were Newtonian
mass particles in a gravitational field®.

In the real world, however, the actual consequence of an action may
depend upon uncertain circumstances that lie beyond the decision
maker’s control”. That is, notwithstanding the decision maker’s ability
to exercise some conditionalizing influence over his environment,
preferred consequences can no longer be guaranteed by action alone.
The choice of an option, then, must depend upon the decision maker’s
relative evaluation of ‘pure’ consequences as well as upon his judgments
concerning their relative likelihoods (given implementation of the alter-
natives for which they are conditionally relevant).

When relative likelihoods can be described according to known
statistical distributions, then the decision context has ‘full information’
spirit: actors are universally privy to the same characterizing data set of
probability laws. In such cases choice is founded on risk attitudes alone®.
When relative likelihoods cannot all be so described — and this is quite
the common real world situation — then the basis for ‘universal per-
ceptive agreement’ erodes, and an individual's personal appreciation of
context becomes relevant to choice. Indeed, two actors may look at

5 This is not to say that economists have not for some time been quite aware of the
presence and impact of market imperfections, but rather that the formal models that
attempt to deal with these imperfections still rest, by and large, upon an essentially
static tatonnement framework, and thus necessarily bypass those questions that are
associated with the bilateral (multilateral) phenomenon. Cournot equilibrium among
competing oligopolists, for example, conceives what is in fact an ‘extensive’ process
(one that evolves over time in stepwise fashion) as one that may be characterized in
‘normal’ form (in which strategic options are simultaneously played, once and for all).
While this sort of time-collapse is perhaps a not unreasonable place to begin analysis,
it does bypass questions of judgment, learning, and reaction to unexpected changes in
circumstance. Economic intercourse to come is surely no less vague than the evolution
of a chess game between two human beings. Cf. also footnote 11.

Beyond the strategic (or contingency) possibilities for that action.

These subsume, of course, those behavioral determinants that would operate under
conditions of certainty.
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what ostensibly appears to be the same context but still have different
judgments as to how uncertainty is likely to resolve.

We may consider two codeterminants by which context-perception
can differ among actors.

1.2.1. Information

Ignorance about one’s (non-statistically characterizable) environment
and/or its inherently unclear future plays a fundamental perception-
shaping role. It is sometimes possible to reduce one’s ignorance by
acquiring ‘meaningful’ information, although this is not always the case®.
A decision maker may find it most difficult, for example, to collect and
assess information regarding uncertainties that are generated by the
interrelated nature of human behavior'®. This is perhaps most evident
in any bilateral context (or more generally, in a multilateral context
with a small number of participants) where the action of one has a
direct bearing on the welfare of the other and where both have a (non-
singleton) set of such options from which to choose. Since the typical
situation is one of conflicting self-interest, each may attempt ex ante to
bluff or otherwise hide useful information from the other, or to rest
upon what he considers to be better staying power; ex post, there may
be possibilities for reneging or for other externality-producing forms of
morally hazardous behavior. The point is that uncertainty generates
from the fact that neither player can completely know the preferences,
judgments and options of the other, nor how these will change with a
change in circumstances, nor therefore the precise influence that his
action will have upon the behavior of the other''.

° Even when this may be feasible - as when an unalterable state of nature obtains in
truth but has yet to be discovered - the (uncertain) benefits of additional information
may be prejudged not worth the costs of acquisition.

'® We concur with Professor Kurz (chapter 13) that uncertainties of endogenously
created origin (which of course include all future market prices) appear to be more
significant for economic theory than those of the ‘natural disaster’ variety.

"1 This subject area is formally addressed by the models and solution concepts of game
theory, of which three have achieved some preeminence.

The notion of the core focuses on the question of where economic blocking power
resides within an actor-set in which coalition formation is permissible. However, this
model employs the notion of a ‘value’ for every coalition that does not depend upon
the behavior of the complementary coalition.

The notion of a Nash equilibrium suffers from this shortfall in another way. It deals
with a decentralized actor-set whose participants have agreed to act simultaneously,
but with no other form of contracting allowed. Moreover, the model is *full information’
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1.2.2. The interpretive filter

An actor’s perception of current truth and future likelihoods is colored
not only by his (imperfect) information about the present, but also by
his experiences and understandings of the past. Heuristically speaking,
these constitute the interpretive filter through which ‘raw’ data pass on
their way to becoming subjective judgment. Thus, two actors may look
at the same ‘horse race’ and prejudge its outcome quite differently, each
according to what he ‘knows’ at this moment in time. In particular,
a professional speculator will specialize in obtaining relevant informa-
tion as a primary input to his decision process. But he acts finally because
he believes that his judgments are more accurate than others that may
currently prevail, and this wisdom is based upon his cumulative past
experiences with, and ‘savvy of, the information-gathering activity.
Average long-run return to ‘betting’ or speculative activities is not so
much a matter of luck as it is one of better perception, and thus depends
upon the accuracy of both data collection and its interpretation.

1.2.3. The bankruptcy endpoint and risk-avoiding behavior

With respect to attitudes on the bearing of uncertainty, it would appear
from the existence of a wide variety of insurance markets and from a
host of nonmarket ‘insurance-surrogate’ activities that we shall explore
below that choices are biased, by and large, toward a preference for
‘security’, whenever the (opportunity) cost of achieving this is not too
high. This tendency toward risk-avoiding behavior (as characterized, in
the ‘simplest’ case, by a concave utility-of-wealth indicator) may be
understood in the following way. Suppose an act may result either in a
favorable outcome or, as events might have it, in an unfavorable one.
This unfavorable contingency, if realized, would bring the decision

in spirit since the option set for each is known to all. The solution concept is then
developed in terms of (statistically) mixed strategies which, because of the full informa-
tion and simultaneity assumptions, do not depend upon ex ante anticipations of ex post
reactions. This is the game-theoretic analogue of the instantaneous tatonnement
concept of a market.

The notion of a Nash bargaining game does attempt to account for the presence of
threat and counterthreat possibilities in the sense that this is tacit backdrop for the
formal description of the model. Because of such mutually sub-optimal possibilities
the solution concept revolves on finding a ‘fairly’ bargained division with respect to a
distinguished starting point (the status quo). Again, however, the model is full informa-
tion in spirit.
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maker closer to the ‘bankruptcy endpoint’ of the ‘endowment (or wealth)
half-line’ on which all economic actors necessarily live. This endpoint is
‘fuzzy’, of course, because the meaning of bankruptcy is itself a matter
of context, but its presence and import for the decision maker is clear
enough in a world that does not support the debt of (demonstrable)
paupers without limit'2 In such a world, bankruptcy is (and is seen by
all as) an absorbing barrier: the closer one comes to it, the more difficult
(in a stochastic sense) it is to escape; once there, the supply of credit
to the actor in question, and therefore his effective opportunity for
escape, vanishes altogether. Given this sort of environment, we might
expect an individual to be more protective of his current wealth (as
measured, say, by how much he will pay for any ‘test’ gamble) the closer
is this endowment to his bankruptcy endpoint®>.

To illustrate this net of ideas, it may be useful here to have an im-
pressionistic look at how imperfect perception and risk-averse attitudes
affect some aspects of economic life. The general theme is that economic
actors are often perceptively bound to the local circumstances in which
they find themselves and that aversion to unknown circumstances has
a tendency to promote ‘middle-of-the-road’ policies that remain stable
over time. We shall have more illustrations in section 1.3.

1.24. Entry
The nature of the capital decision is that liquid resources must be
embodied in those specific non-liquid forms that are called for by the
process and, once this precommitment takes place, the return to real
productive capital is thereafter inextricably bound to the market fate
of the process at hand. In neoclassical language, we may say that un-
certainty associates to long-run equilibrium price. (For simplicity; more
precisely, uncertainty associates to the profit stream.) If this price should
realize substantially smaller than would be necessary to justify the
capital decision, then the firm may be forced into bankruptcy. Of course
a decision to expand is taken in view of this possibility and rests upon
entreprencurial judgment concerning prospects for success.

The entry decision is something more than just a garden variety
limiting case of the generic expansion question because of characteristic

'2 This would be seen as an inferior risk by the market that faces our Principal Actor.
'3 Cf. the remarks of Professor Ross (chapter 6) for a complementary view of this same
question.
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differences in the nature and magnitude of associated uncertainties. To
begin with there is the quantum character of the real-productive capital
requirement itself, which is typically bounded from below because of
set-up indivisibilities or for other reasons having to do with economies
of scale. This induces an uncertainty atom of corresponding magnitude
that contributes to the fundamental entry barrier; i.e. an entrepreneur
must be prepared to accept this atom of uncertainty or find others to
share its incidence. In addition, however, a new entrant must survive
the rigors of the birth process itself, and thus faces a spectrum of prob-
lematic questions that established firms have already weathered. These
have to do with initial bugs in the production/marketing process, and
with establishing market positionl in the company of less vulnerable
rivals who may act to frustrate this purpose. To meet these and other
such contingencies an entering firm must maintain sufficient internal
flexibility in the form of liquid and semi-liquid reserves: external credit
is typically limited for a firm that has not yet demonstrated its earning
power (we shall return to this credit aspect just below). Thus, while
prospects for a successful passage through the birth canal enhance with
scale of flexible reserves, the barrier to entry increases as well.

The entry decision in respect to human capital has similar features,
of course. In this connection we may emphasize the role of risk-aversion,
which has obvious significance for the question of occupational choice
and, thus, interesting implications for the theory of profit and distri-
bution.

1.2.5. The credit constraint

Bankruptcy is a natural Darwinian feature of the economic process;
firms do fail for their inability to survive random shocks in market
environment. Thus, the random profit flow of any given firm may some-
times be negative. This could happen whenever production is interrupt-
ed'?, for example, or because of random shifts in demand'®. If such
conditions should continue of sufficient magnitude over a sufficiently
long period of time, and if survival prospects should appear to be thus

'+ Say due to the nonavailability of essential inputs, or to a sudden prohibitive rise in their
costs.

'3 Perhaps because of a shift in tastes, or aggregate income (when income elasticity is
greater than 1), or due to the advent of new substitutes that render the firm’s current
operations uncompetitive.
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dimmed, then the firm may be forced into bankruptcy. Indeed, as we
have remarked more generally above, this possibility is self-aggravating:
risk-averse investors and creditors will not support a firm that appears
to be headed for economic ruin. Thus the firm faces an externally imposed
credit constraint which assumes binding force at precisely the worst
moment so far as the question of the firm’s survival is concerned'®.

Of course the result of bankruptcy is that owners would lose their
equity and managers would lose their employment (as well as jeopardize
their possibilities for similar future employment). Given this, and in
view of the credit dynamic just noted, firm management is moved to
take internal arbitrage measures in precaution of debilitative market
shocks. In respect to the profit stream, for example, firm management
has operational control over its intertemporal distribution through
choice of dividend/investment policy. Realized profits are divided
between dividends (discretionary current period return to owners) and
investment, where investment may be undertaken so as to promote the
vitality of the future profit stream'’. The point is that the uncertainty
characteristics of this stream are not independent of investment path,
and the tradeoff between current dividend versus (uncertain) potential
for continued dividend-generating vitality is a reflection of managerial
risk preferences on this matter'®,

e Of course this contrasts with the *perfect everything’ view which holds that firms do not
face a budget constraint. Rather, inputs may always be purchased - through borrowing,
if necessary - so long as present discounted value of the profit stream is positive.

In the real world, however, the presence of a potential externally imposed credit
constraint leads the firm to self-impose a limitation on both the amount and the rate of
borrowing so as not to jeopardize its borrowing power at times when credit is critical
for its survival. This policy decision — which depends upon characteristics of the debt-
equity market — sets the firm’s short-run budget for operating capital purposes.

We may have demand uncertainties in mind, for example, where advertising flow (as
viewed in this investment role) has some positive effect on (random) sales flow, and
where the ability of the firm to withstand random market shocks depends in a positive
way on its relative market position. We shall discuss other conditionalizing mecha-
nisms in the section that follows.

This replaces the simpler perfect foresight notion that firms act so as to maximize the
present discounted value of their profit streams. Of course this rule is predicated on the
idea that all actors (and especially those who supply capital) perceive the same stream,
and that there is no uncertainty regarding its ‘premature’ truncation due to bank-
ruptcy.
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1.2.6. Price formation

We observe stable prices in a wide variety of real world sectors. While
traditional theory must regard this pricing phenomenon as something
of a theoretical anomaly, such policies make clear economic sense once
it is recognized that they are implemented under and have influence
upon intertemporal uncertainty.

When a firm produces consumer goods, for example, it may prefer a
stable price policy on the basis of the behavioral characteristics of its
generic buyer. Consider a population of ‘information myopic’ individuals
whose natural perceptive capacities — relative to the complexity of the
world in which they live — are limited. Quite heuristically, we may have
in mind that what an individual ‘knows’ (is aware of, however ‘vaguely’)
isa‘ “diminishing function” of generalized experiential and psychological
“distances” ". This intrinsic form of uncertainty is reducible to some
extent through the acquisition of data but, even so, costs of search are
positive and personal resource endowments are limited. Since trans-
actions costs are also positive, individuals ‘come to market’ at their own
discrete time epochs and do so by first visiting those firms which,
according to their subjective preconceptions, offer greatest ‘promise for
satisfaction’. If these confrontations between preconception and reality
(now immediate, and therefore well-perceived) are not sufficiently
‘disturbing’ to warrant further search, then planned purchases will be
(more or less) carried through. These experiences, in any case, contribute
to the preconceptions that will operate at future (individual) purchasing
epochs.

Now suppose that a firm sells consumer goods or services on an
essentially repetitive basis (for example, a restaurant, or a grocery store)
and has decided upon a stable price policy. This firm may well acquire
goodwill capital in the form of a ‘clientele’ market; i.e. its random
demand flow is drawn from a sub-population that contains some
significant ‘core’ of firm-loyal purchasers. The explanation is simple
enough: in the absence of reasons for searching out other firms, many
consumers may prefer to continue purchasing under relatively familiar
conditions. More preferable conditions may well exist, but not so far
as our ‘myopic’ consumer is aware (or is disposed to search out). The

' In general, when discrete individual purchase plans are (randomly) aggregated over a
population stock, resultant demand activity has the character of a random flow.
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habit effect, in other words, may thus be understood as a generalized
form of risk-aversion in the context of a heterogeneous and differentially
perceived world. By ignoring random short run signals to raise price
(so long as these are thought to be ‘transitory’), the firm does not chance
a long-run contraction in its clientele market; for once a consumer is
driven to search elsewhere, he may never return (the habit effect again,
this time under more preferable conditions, newly discovered). On the
other hand, because demand visits our model firm as a flow, a randomly?>°
timed short-term reduction in price may not have anything like the
immediate and dramatic impact that follows under perfect information
assumptions, especially if it is true that event-specific advertising and
word-of-mouth diffusion effects amount to little more than random
noise.

A stable price policy thus appears to reduce uncertainty for both
buyer and seller: what the buyer has experienced before he expects to
experience again; and the firm hopes to secure a relatively stable future
profit stream through the isolation of its market.

When a firm produces intermediate goods, on the other hand, pref-
erence for a stable price policy may stem from different reasoning. In a
world of uncertainty firms do face an operating capital constraint (cf.
footnote 16) which is divided between actual production activities and
supporting precautionary and speculative reserves that are intended to
promote the continuity of product flow at minimum cost. Thus, buffer
input inventories may be held against the possibility of bottleneck
shortages. Or, even when the bottleneck question is not at issue, input
inventories may be speculatively purchased at low-price moments.
In general, inventory costs tie up operating capital-time and thus reduce
average rate of product flow (therefore also average quantity of inputs
purchased). When these considerations obtain for the buyer of an
intermediate good, the supplier firm may be led to prefer an inter-
temporally stable pricing policy which it supports by carrying sufficient
inventory to meet ‘normal’ random fluctuations in demand; it is typically
the case that the seller enjoys comparative cost advantages in the storage
of its product. For the supplier firm such policy eliminates demand
uncertainties that would otherwise derive from speculative assault on
its product. On the other hand, such policy eliminates the speculative

20 End of season ‘clearance sales’ do not fall under this rubric.
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motive for the buyer and diminishes his concern with respect to the
precautionary question. If the income effect that associates to a stable
(as opposed to a random) price policy offsets the concomitant costs of
storage for the supplier, then he will adopt a stable price policy which
— under competitive influences - is preferred by all.

In addition to the foregoing there are reinforcing game-theoretic
considerations that may also obtain regardless of the nature of the
product. From the viewpoint of rival firms in an oligopolistic setting,
price policy is one of the most ubiquitous and visible aspects of both
firm operation and game-strategic ‘intent’. Generally speaking, a history
of stable prices not only reflects the feasibility of using standby capacity
and operating inventories as buffers against random shocks, but may
also suggest that rival firms find it mutually beneficial to thus weaken
the possibility of spontaneous price warfare (regarded as suboptimal
by all).

1.3. Structural Responses to Uncertainty

As with any other science, the wellspring for economic theory is, of
course, the real world. Economic actors face, generate, influence and
bear uncertainty in many ways. To explore the broad theoretical impli-
cations that follow from the presence of uncertainties we may be guided
as to questions of significance by the structural mechanisms that exist for
their manipulation. This is our approach in the sketch that follows.
To mitigate the impact of undesirable (and personally incident) con-
tingencies, an actor may hope to trade the uncertainty atoms to which
they associate in markets that are expressly constituted for this purpose;
or he may attempt to influence contingency likelihoods and/or to
mitigate contingency impacts through structural changes in the atom
that are within his power to effect. On the collective level, society has an
interest in lessening the impact of uncertainties on-its members, and in
particular for those who would appear to have the least ability to bear
them. Legislation and other social mechanisms are institutionalized to
protect such unfortunates, while to government falls the more active
discretionary welfare role: through direct policy intervention, govern-
ment promotes greater stability and less uncertainty in the economy
and, when necessary, also acts as an insurer of last resort. We shall
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have a closer look at these market and non-market mechanisms in the
subsections that follow.

1.3.1. The markets

An atom of uncertainty may associate to the future market value or
profit stream of a real productive asset. If capital requirements for this
asset are so large that no one actor is willing to assume the full burden
of undesirable contingencies, then the securities market provides a
mechanism for sharing the financial incidence of the atom however it
may resolve. An investor simply chooses his own scale of incidence,
according to his attitudes on risk-bearing and his perception of the
atom, and in view of current market price and his own endowment?'.
The securities market thus plays an essential economic role with respect
to uncertainty that (1) arises in the productive sector, and (ii) is pre-
dominantly borne by risk-averse investors; by diffusing the financial
incidence of ‘large-scale’ atoms, risky activity is the more readily under-
taken.

Of course the ‘common’ sharing of an uncertainty atom may still
appear too risky for some, and a spectrum of financial instruments will
frequently arise so as to discriminate prevailing risk-bearing attitudes
and perceptive judgments in an ‘optimal’ way. Thus a corporation offers
debt instruments as well as common stock. The former have priority in
the event of bankruptcy, but will pay a prespecified interest however
large are the returns to total capital. The terms of these instruments are
adjusted by management so as to optimize the (uncertain) returns to
capital (relative to the ‘predominantly held’ risk attitudes of its equity
holders, say, and subject to other characteristics of the capital market).

Not every uncertainty atom of the asset type can, however, be shared,
nor may an owner wish to have it shared. A ‘sharing’ market may not
exist when the service-producing flow of an asset is intrinsically in-
divisible; home ownership is a case in point. But even when the securities
market for such an asset does exist it may function quite weakly when
the control of that asset is tied to a decision-making unit for which a
significant question of moral hazard is involved. The case of human
capital is an important example. Since indenture by contract is illegal,

! For example, when uncertainty associates to the future spot price of a given commodity,
producers may wish to hedge by sclling some part of their product on its current
forward market.
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the possibility of ‘irresponsible’ or incompetent behavior on the part
of a debtor becomes a significant consideration for any lender. In
consequence, loans are small scale and are offered only to preferred
risks; left to itself, the capital market provides for an underallocation
in human development. On the other hand, even when an uncertain
asset is market-sharable, a decision maker may prefer to retain full
ownership of that asset. Of course this will happen whenever its current
market value is too low in view of the decision maker’s speculative
judgments concerning atomic resolution. The classic example is Knight's
entrepreneur. To this person, who is more willing to bear the uncer-
tainty than anyone else, falls whatever profit may obtain. An entre-
preneur may also choose to retain full ownership if this is linked by
investors to his latitudes for managerial control. Schumpeter’s entre-
preneur is one who earns his profits by transforming his uncertainty
atom through inventive means that are not perceived by others at the
crucial time; the point is that he must be free to implement these means.

Whether the decision maker purchases or sells an uncertainty atom,
or some share of an atom, depends upon how he believes it may resolve.
Before deciding, he may have some antecedent options for acquiring
further information. He may simply let some time go by in order to
observe the atom in evolution, as for example in the case of any new
prospectus. Or he may perform some small scale test after the fashion
of a Bayesian, to better determine what may already be the ‘truth’, not
yet discovered; for example, an oil firm will test a new field by sending
down a few taps. Or he may decide to search out possible substitute
atoms, to better assess the merits of the one in question; the search for
a better job opportunity and the search for the minimum price are
familiar examples. Such measures for the acquisition of decision-
relevant information are typically limited in principle, especially when
an atom cannot be realized except over time. But even when it is possible
to know an atom in perfect detail — as perhaps in the case of the oil
firm above — this process may be too costly to effect in practice. A
decision maker must weigh the costs of acquiring information against
the perceptive benefits gained from it; he may accordingly choose to
face some ‘residual’ uncertainty rather than incur the cost of further
search.

A securities market provides for the common sharing of a given atom,
however it may resolve. An insurance market, on the other hand, pools
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resources from a class of atoms that have common uncertainty character-
istics in respect to an unwelcome and well-specified contingency E.
More particularly, it is usually the case that random realizations of E
within this class are thought to be ‘reliably’ governed by stochastic law,
and that one such occurrence bears little or no causal relation to any
other. Then members of this class may pool insurance premiums ex ante
to spread the impact of realizations ex post; these would otherwise fall
on the unfortunate few. Each atom bearer will pay a small known
premium in exchange for mitigating the possible impact of a substantially
larger loss. In most cases this function is orchestrated by insurance
firms because specialization enables them to take better advantage of
the law of large numbers, and it is this law on which the insurance idea
rests. By reducing the financial burden of at least some sources of large-
scale shock, the insurance markets thus allow both households and
firms to specialize in their respective consumptive and productive
activities without having to precommit large contingency reserves.
Indeed, such requirements could be prohibitive in the absence of insu-
rance possibilities, and some atoms might not be held in consequence.
Insurance markets thus'have a qualitative effect on aggregate scale and
scope of economic activities similar to that which is promoted by the
existence of securities markets.

The market for a particular contingency E may fail to form for a
variety of reasons. It may fail to form if its base (those who choose to
insure) is not sufficiently large. Since the ‘risk (or loading) component
of an insurance premium varies inversely with the size of the base?2,
and demand for insurance varies inversely with premium, this implies
a threshold size for the class in question below which its market will
not form.

An insurance market may also fail to exist by reason of moral hazard:
according to Arrow, in situations (i) where the occurrence of E is in some
measure subject to the behavioral influence of the insured, and (ii) when
the insurance policy might (by its very availability) alter incentives and
therefore the probabilities upon which the insurance company must
rely. The existence of fire insurance, for example, might induce some

*2 This would follow, for example, if the decision rule for determining the load involved
covering a selected "loss interval’ in the Neyman-Pearson sense. The point is that the
distribution for average (per-atom) loss peaks more sharply toward its mean as the
size of the base increases.
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people to be less careful with matches. The point is this: in the absence
of effective means for inspection and control, this generates a ‘morally
inflated’ probability number p(E). The market for E may function
nevertheless, but if so the insurance premium is perforce inflated in both
its actuarial and loading components, the latter because per-atom losses
relative to the mean are inflated in the probability sense?®. The effect
on demand is as before. Indeed, an insurance market may not form at
all if the effects of moral hazard are unknown in a stochastic sense
(historical data do not exist) and when subjective assessments for p(E)
are, in consequence, too large to support the market. In the same way,
insurance markets are typically nonexistent for contingencies that
depend not only upon the behavior of a would-be insuree, but upon the
behavior of other economic actors as well. Such endogenous uncer-
tainties are usually singular for the situation at hand and, in general,
cannot sensibly be described according to stochastic law.

It is sometimes possible to increase the base of an insurance market
through the elimination or reduction of moral hazard, provided that the
costs of doing so (these are typically passed on to the insuree) do not
offset the demand effect of a lowered net premium. Common practices
include inspection and control, and coinsurance. Insurance companies
generally offer lower premiums to those that choose a policy with a
deductible or some other form of coinsurance (of course there is no
transaction or enforcement cost here). To purchase life and health
insurances it is not uncommon that health examinations are required.
In the case of fire insurance, buildings may be subject to periodic
inspection and to the installation of appropriate fire prevention equip-
ment.

When an insurance market fails to exist (or when its premium is
prohibitively large), an atom bearer may choose to self-insure by filling
his portfolio with assets that are both ‘uniformly more secure’ (than the
atom) and ‘sufficiently liquid’. Thus the savings activity is, in part, a
homemade form of ‘catch all’ insurance. In the case of the nonexistence
of a particular insurance market, savings may be less efficient than
purchasing a more specialized insurance against E (were this possible)

23 While the use of variance as a surrogate for ‘risk’ is well known to imply some strikingly
counter-intuitive results, we may chance an appeal to it here for heuristic purposes:
the variance of a binomial distribution increases as p(E) — . It is interesting to note
that the typical insurance market is one for which p(E) is ‘small’.
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but may be second best in the insurance sense. In the event that self-
insurance is not feasible, then these uncertainty atoms will not be held
and the associated economic activities will not be undertaken.

1.3.2. Private non-market mechanisms

While the factors that contribute to the resolution of an uncertainty
atom may be exceedingly complex and in some intrinsic measure beyond
the determination of its bearer, he may nevertheless have options for its
strategic transformation; for the creation of a new isotope, as it were.
The theory of the firm, as before, is a good vehicle for illustrating the
conditional nature of uncertainty.

Firms have a variety of control instruments for manipulating the
uncertainty characteristics of both revenue and cost streams. These
include inventory, employment and price policies that are designed (i)
to influence, channel or better define the behavior of those who populate
the firm’s markets, and (ii) to organize production in an optimal way.
One of the most prevalent internal instruments for these purposes — basic
for production processes that flow over time — is some form of the buffer
inventory or standby capacity mechanism. By these devices the firm
may smooth its product flow in the face of randomly fluctuating market
conditions. When output is storable, say, then current sales are taken
from buffer stock and this is replenished at the least-cost>* convenience
of the firm. Or the buffer role may be shared by the existence of standby
capacity and other input stocks. When output cannot be stored, as in
the production of electricity for example, then factor reserves assume
this role alone. By thus internalizing ‘small-scale’ shock, the firm is able
to achieve a more stable relationship with the outside world. Wages,
input employment rate and output price — as ‘external connectors’
under firm control — may remain relatively stable. So far as the firm is
concerned, such stabilities not only help to reduce production costs,
but may also increase revenue by promoting the accumulation and
conservation of goodwill capital (i.e. its markets).

On the input side of the picture, the firm may attempt to secure the
relative smoothness of factor flows. By contracting with a supplier as to

24 If, for example, random fluctuations in demand are sufficiently regular, and short-
run average production cost is sensitive to scale, then a smooth-production-and-
buffer-inventory policy will be cost minimizing in the stochastic sense.
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quantities, prices and delivery dates, both parties tie down at least some
aspects of their respective uncertainty atoms. The supplier is now more
sure of demand; the firm, of supply. Such simultaneous contractual
determination of both quantity and price may appear to be an over-
determination from a tatonnement view of the market. But when markets
flow over time and evolve under conditions of uncertainty, actors may
choose to make some precommitments based upon their own judgments
concerning priorities and their ability to meet these commitments,
rather than chancing what might otherwise turn out to be ‘opportunities
forgone’. The point is that such contracts constitute only a proper subset
of all transactions, and are undertaken between actors among whom a
‘priority’ relationship exists. The price-guided allocation mechanism
continues to function, but its cutting edge is composed of those trans-
actions that retain the ‘spot’ character of conventional market theory.
These ‘transactions on the intertemporal margin’ absorb the full brunt
of market uncertainties, while those under contract follow developing
trends when the time for recontracting falls due.

The mechanism for securing labor supply is necessarily somewhat
different because of the human non-indenture aspect noted earlier. But
an entrepreneur may nevertheless be willing to enter a one-sided
contract that obligates him in respect to wages and other conditions of
employment (though typically not so far as long-term duration of
employment is concerned, for obvious reasons). In particular, by offering
a constant wage that does not depend upon random realizations of
revenue flow, the firm thus accomodates the ‘smooth consumption
stream’ preferences of its labor force. If, on the other hand, labor were
paid according to its randomly fluctuating value of marginal product
(as computed ex post according to actual sales), then higher turnovers
and training costs might result with (random) short-run changes in
demand; the grass may appear to be greener with respect to employment
opportunities elsewhere. Of course random layoffs could result in even
more dramatic losses in firm-specific human capital. Firm management
is thus under a strong incentive to implement production techniques,
inventory mechanisms and wage policies that promote the continuity of
employment. When this continuity is threatened by labor itself, in the
form of an organized threat to strike, then bargaining in good faith is a
mechanism for working out management/union differences with no
interruptions in product flow.
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On the output side of the picture, as we have seen, firms will attempt
to create income and goodwill effects for their consumers by maintaining
a stable price policy. In addition, such a policy diminishes the likelihood
of debilitating price competition.

1.3.3. Industrial and social organization

The ability of a firm to control future market conditions is of course
limited. A particular market may have life and death characteristics of
its own which are simply beyond the influence of the firm. Rather, the
sense of influence is reversed, and this contributes in some essential ways
to the organization of the productive sector. In general, firms have a
tendency to structure so as to internalize and thus reduce the impact of
intrinsic production and market uncertainties. More particularly, this
is commonly achieved through the risk-smoothing characteristics of size
and diversification.

With respect to the production process itself, for example, contingency
reserves of one form or another (output and input inventories, spare
parts and maintenance pools) increase proportionately less than scale
because the uncertainties that call them forth increase in the same way.

With respect to the markets, there are a variety of typical organiza-
tional forms and optimal strategies that arise in response to character-
istic market uncertainties. Market demand for any given commodity,
for example, may be subject to sudden and permanent collapse; its
market day in the sun may vanish under a shift in tastes or because of
technological advances that render it economically obsolete. The firm
diversifies its product mix so as to divorce its fate from that of any one
product line and, more generally, in order to isolate its markets in the
long run from uncertainties of the substitution type.

In addition, a firm may face the uncertainty of securing raw materials
during times of prosperity and distributive outlets in times of recession.
The impact of these contingencies depends upon relative market power
in respect of global transformations of the competitive environment.
Thus an increase in scale, perhaps through horizontal merger, may
provide sufficient mass not only to weather such circumstances but
indeed to capitalize on them to further improve competitive position.
The firm may also consider shifting such uncertainties backward and
forward through vertical integrations, at which loci they may pose a
diminished threat to long-run survival. When this appears to be the case,
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such benefits must still be weighed against the costs — and, indeed, the
uncertainties — of entry into new and specialized activities. In this
connection it may prove optimal to arrange for something less than full
integration; the franchise and principal/agent mechanisms are familiar
examples®®. By preserving the profit incentives that attend a decentral-
ized structure, this sort of arrangement allows both parties to focus
upon their comparative advantages for dealing with source-specific
uncertainties, while at least some of the (dual) uncertainties that would
otherwise obtain at their common transactions node are ‘washed away’
according to the provisions of the contractual arrangement. A national
manufacturer, for example, has the size to buffer uncertainties that
relate to the availability of inputs; its regional franchised outlets are
better suited to dealing with local variations in demand. An individual
franchise operator is assured of perfectly elastic supply up to some limit
at prespecified price. The parent firm, on the other hand, enjoys demand
stability through decentralization. Moreover, this decentralized and pro-
fit-sharing marketing structure promotes an optimal value for total profit,
with tradeoff between short-run profit and total market share at the stra-
tegic option of the parent (through choice of costs to its franchised outlets
and subject, of course, to uncertainties that associate to its own costs).
While vertical and/or horizontal reorganization thus enables a firm
to insulate itself from market uncertainties, these uncertainties may
remain undiminished for weaker rivals to bear in full. An oil shortage,
for example, whatever its origin, impacts first upon the ‘independent’
companies; these depend upon allocations from the reserve inventories
of the ‘major’ companies, and the order of priority is perfectly clear.
This last example illustrates a phenomenon that holds in greater
generality. By way of reducing uncertainties that attend to their own
environments, risk-averse actors often succeed in shifting them for others
to bear. This contributes an interesting dimension for a welfare-con-
scious society, since uncertainties are typically shifted to and are borne
by those for whom an unhappy realization would have the greatest
relative impact?®. We have noted above that in the productive sector

25 Contractual arrangements between buyers and sellers are more restrictive in nature;
they constitute a surrogate for vertical integration when the costs of such integration
are considered to outweigh their benefits.

26 Strictly speaking, the freedom to impose such externalities is implicit for a laissez faire
system.



Introductory remarks 21

this sort of dynamic promotes the growth of monopoly power, and
conversely. This tendency is countered to some extent through anti-trust
law, which delimits at least some forms of integration. In this way it may
be possible to prevent the shifting of contingency burdens and thus
preserve a small firm sector that would otherwise tend to shrink.

Society sometimes provides institutional relief for individuals who
act myopically or who may experience personal difficulties that could
not ‘reasonably’ have been prevented. For example, Aid to Families with
Dependent Children provides some help for single parents who find it
impossible to rear their children with sufficient material sustenance;
Medicare and Medicaid provide relief for the indigent, the aged and the
poor. A welfare society might rationalize these and other such transfers
as the ‘indemnity’ of a grand insurance scheme, with ‘premiums’ supplied
through tax monies at large. Welfare-conscious individuals may collect-
ively reason: there but for the vicissitudes of life goes any of us. Un-
employment compensation is similar, except that employers are required
to contribute to the fund; the productive sector thus assumes partial
responsibility for insuring its work force against layoff. Social Security,
on the other hand, requires individuals to assume responsibility for
their own retirement years. This statistically rationalized and globally
based insurance program provides minimal subsistence benefits for
those elderly who will turn out to have suffered an inability to escape
from a neighborhood of poverty.

A welfare society also challenges the traditional dictum of caveat
emptor, on the argument that the subtleties of misrepresentation are
easier to practice than they are to recognize, especially by individuals
whose competence and resources for this purpose are naturally limited.
Thus some information/watchdog activities may be more efficiently
dispatched in the public sector. Pure food and drug legislation is a
familiar example; the licensing or certification of a variety of specialized
agencies (physicians, lawyers) is another.

Because of its enormous capacities for absorbing shock, the state often
functions as an insurer of last resort. It is common practice, for example,
to provide ex post relief for entire communities that have been struck
by natural disaster. In addition, the state may subsidize some insurance
programs that would not otherwise function adequately from the social
point of view, perhaps because of significant possibilities for moral
hazard, but in any case when nonsubsidized premiums would be so
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large as to discourage the participation of a socially optimal base. Health
care insurance is a case in point.

Finally the state, through direct intervention, plays a unique role in
maintaining the stability and reducing the uncertainty of the general
economy. Through the use of automatic stabilizing mechanisms and
other monetary and fiscal policy instruments, it thus attempts to ‘correct’
and stabilize random fluctuations in macrovariables, especially those
which may significantly affect investor confidence, and to move the
economy away from a suboptimal equilibrium. The state may also
employ transfer mechanisms such as investment credit and a preferred
rate for capital gains so as to mitigate uncertainties for risk-averse
investors. It may focus on a particular target sector through the use of
policy instruments that effectively reduce or reshape the uncertainties
of that market. The price support of agricultural products and the soil
bank program operate to stabilize activity in the farm sector, where
production and investment are particularly sensitive to changing
market conditions; in this case the concomitant manipulation of
inventory reserves is, perforce, administered by the state.
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CHAPTER 2

ON THE FOUNDATIONS OF DECISION
MAKING UNDER UNCERTAINTY

Peter C. Fishburn

2.1. Introduction

This paper is an exposition of the conditional subjective expected utility
theory for decision under uncertainty developed in ref. [9]. The formu-
lation used in the theory is based on three things: acts, states and
extraneous scaling probabilities. The last of these is included for ma-
thematical tractability and with an eye on the scaling of utilities as
suggested by the expected utility theory of von Neumann and Morgen-
stern [6, 11, 25]. Further discussion of extraneous scaling probabilities
will be deferred to section 2.3, following a more complete treatment of
the basic act-state viewpoint that underlies our theory.

The act-state viewpoint that we shall adopt has early traces in the
development of theories of games of chance and insurance, and is greatly
influenced by Savage’s formulation for personalistic decision theory [ 20].
In this formulation, an individual decision maker is to select an act
(which might specify a sequence of actions to be implemented over a
period of time) from a set F of acts when the holistic outcome or conse-
quence of his decision depends both on the act selected and on which
state in a set S of mutually exclusive and collectively exhaustive states
of the world obtains (occurs, is realized, is the ‘true state’). It is generally
presumed that the decision maker is uncertain about which state is the
true state and that this state (the state that obtains) is not itself affected
by the act that is implemented. Jeffrey [13, 14] criticizes this latter
aspect of causal independence between acts and states and develops a
theory that allows for interdependence in the sense that the decision
maker’s probability measure on the states can differ depending on which
act is selected. As noted elsewhere [6, 16] it is always possible to re-

25
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formulate an apparently interdependent situation in such a way that the
presumed type of independence is obtained, even though a much more
cumbersome arrangement may result from such a transformation.

Although our formulation derives from Savage’s, it differs in one
major respect. In his theory, which is detailed in his book and in the
final chapter of ref. [6], each act is a function from S into the set of
consequences. We shall use act-state pairs rather than consequences.
This change is caused by the fact that in most practical situations the
specification of an act and a state will not determine a unique conse-
quence. That is, there is residual uncertainty that is not removed by the
states formulation. Savage’s viewpoint can be seen as an idealization in
which all relevant uncertainty is accounted for in the definitions of states.
We have simply relaxed this ideal viewpoint.

Because of this relaxation, Savage’s notions of constant acts (which
assign the same consequence to each state) and other special types of
acts are inapplicable. This may be just as well since these special acts
do not often correspond to any real courses of action. Our approach
therefore sidesteps one of the most criticized aspects of Savage’s theory.
But in so doing, it necessitates the adoption of substitute procedures to
handle certain things that Savage deals with through the medium of his
special acts.

For one thing, we shall posit direct preference comparisons between
pairs of act-event pairs, of which act-state pairs are a special case.
Savage applies the individual's preference relation to pairs of acts
throughout his development: comparisons which correspond to our
act-event comparisons are handled in his system by comparisons
between special types of acts.

Second, we no longer have the natural utility comparisons among
consequences under the different states that prove so useful in Savage’s
and others’ [1, 5, 8, 18, 21] derivations of a subjective expected utility
model. Because of this, we shall use a special structural axiom that
permits some utility comparison between act—event pairs under different
events.

These and other aspects of our formulation and theory will be devel-
oped more precisely in the next three sections. In the ensuing section we
shall consider our act-event formulation and conditional subjective
expected utility model apart from the use of extraneous scaling probabi-
lities and mixed acts. Mixed acts will be introduced in section 2.3 and
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used in our basic set of axioms in section 2.4. Later sections present
additional axioms and definitions which extend the usefulness of the
basic model.

2.2. Act—Event Pairs

Since certain important aspects of the approach to decision under
uncertainty that we shall examine can be discussed apart from conside-
rations of extraneous scaling probabilities, we shall begin without the
latter aspect. With this omission, two primitive sets of our theory remain.
The first of these is a set F of acts f, ¢, . .., which are viewed as the actual
or feasible courses of action open to the decision maker. The second is
a set S of states of the world s, s/, ..., each of which describes certain
potential realizations of aspects of the decision maker’s environment
that are not subject to his control. Subsets of S are called events, which
we denote by A, B, C, .... The empty event is . By ‘4 obtains’ we
mean that some s € 4 obtains, or that 4 contains the true state.

To effect some generality we shall not assume that all possible events
are relevant to the concerns of the decision maker. Instead, we suppose
that the set of relevant events is a Boolean algebra ¢ of subsets of S,
with § itself in & This means that ¢ is closed under finite unions and
complements: if A, Bee¢, then 4 U Beg, and if Ae¢, then S — 4 =
{s:seSand s¢ A} is in ¢ also. Throughout, we shall let ¢ = ¢ — {J},
so that ¢ consists of all events in ¢ except for the empty event J. For
Aec¢, 8(A) = |A N B: Becj is the Boolean algebra on A induced by e.

In this section the decision maker’s preference relation > is applied
to act—-event pairs in F x ¢. We interpret (f, A) > (g, B) as ‘f given 4 is
preferred to g given B, or that the decision maker would rather do f
under the assurance that 4 contains the true state than do g under the
assurance that B contains the true state.

There are several potential problems with this viewpoint. First, if
An B = 3, the comparison between (f, A) and (g, B) may seem to
require simultaneous suppositions that each of two incompatible events
obtains. Actually, when comparing (f, A) and (g, B) we would expect the
decision maker to imagine what might happen if f were used and some
state in A were the true state, and then realign his thoughts to imagine
what might happen if g were used and some state in B were the true
state. His introspection about these two possibilities would then result
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in a preference (or indifference) judgment between the two. In this light,
statements such as ‘it is better to free Mr. Accused when he is in fact
guilty than to convict Mr. Accused when he is in fact innocent” would
be considered relevant in our approach.

Second, if A and B are not identical but have a nonempty intersection,
then there is the possibility that the desired comparison between (f, A)
and (g, B) might end up as a comparison between (f, 4 » B) and (g,
A n B)due to a conscious or unconscious effort to reconcile the different
conditioning events. Although such an effect might arise in practice,
it can be minimized in the scaling procedure by avoiding comparisons
between intersecting but different events®.

There 1s a third aspect of our use of > on F x ¢ that, as far as I am
aware, is unique in axiomatizations of subjective expected utility. This
aspect involves the use of > with pairs (f, A) in which A4, while not
empty, might be regarded as virtually impossible by the decision maker
and have zero probability in his subjective probability measure on e.
So long as A is not logically impossible or self-contradictory, and we
would expect this much of events in ¢ that are not equal to (¢, there
seems to be no a priori reason to exclude such events from comparisons
under >. For example, although you may assign zero probability to
the event that New York City will disappear into the Atlantic Ocean
before 1980, this event is not logically impossible (as of 1972) and it
may not seem unreasonable to consider preferences between act—event
pairs that include this event?.

2.2.1. A conditional subjective expected utility model

The numerical representation model for > on F x &' that we propose
consists of a real-valued utility function u on F x ¢ and a finitely
additive probability measure® P, on &A4) = {A N B: Bee¢} for each
A €€ such that, for all ,geF and 4, B, Ce¢/,

Since Savage’s theory applies > to-acts, it might seem that his approach avoids prob-
lems of this sort. However, it appears that his system poses similar if not more serious
problems by the way in which relevant comparisons are assumed between special acts,
which in many cases are unrealistic fictions that have little relation to available courses
of action.

See ref. [20], p. 39, for further remarks on this aspect.

P, is a finitely additive probability measure on the algebra &(A) if and only if
PyA)=1, P(B) 20 for each Be¢A), and P,(Bu C) = P,B) + P,(C) whenever
B,CegA)and BN C = .
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(f, A) > (g, B) if and only if u(f, A) > u(g, B), 2.1
ulf, Av B) = P, g(Au(f. A) + P, g(Bu(f, Bywhen A n B = @, (2.2)
P(A) = PAB)P4(A) when A € B < C. (2.3)

Property (2.1) is the usual order-preserving property for utility.

Property (2.2) is an expectation equation. When 4 and B are disjoint,
it says that the utility of f given 4 U B equals the weighted sum of the
utilities of f given A4 and f given B, where the weights are the decision
maker’s probabilities for 4 and B conditioned on their union A U B.
(Note that P, 4zA4)+ P, 5B) =1, and that (2.2) allows the un-
conditional probabilities of A and B, Pg(A) and Pg(B), to be positive
or zero.)

The natural extension of (2.2) is given by

u(f, A) = [ qu(f; s)dP 4(s). (2.2%)

The correspondent of this for our mixed-act theory is discussed in section
2.6. According to (2.3), if P(4) > 0, where P = P, then the expression
displayed above is the same as

1
u(f, A) = PA) {4u(f; s)dP(s).

If P(A) = 0, this latter expression is inapplicable but the former ex-
pression is unaffected.

Property (2.3) is a natural chain rule for the P, measures, and it
plays an important role in extending (2.2) to (2.2*). For example, if A4,
A, and Ay are three mutually disjoint events in ¢’ whose union equals A,
then (2.2) gives

u(f, A) = P(A, v AjJu(f, A, U A3) + P (Az)u(f, A3)
= P(A; U APy, 4(Aulf, Ay) + Py o a(Aulf, 45)]
+ P (A3)u(f, A3).
Property (2.3) applied to this then yields

u(f, A) = P (A u(f, Ay) + P(Aulf, A;y) + P(A3u(f, As),

which is a necessary prerequisite to the derivation of (2.2%).

It should be clear that we intend to obtain a probability measure P,
on ¢(A) for each A € ¢’ regardless of whether the unconditional proba-
bility of A, P(A), is positive or zero. In fact it would be possible to have
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A, 2 A, 2 Ay...such that P, (4,) =0, P,,(A;) =0, ..., with 4,e¢
for each i. When P(4) > 0, P, is completely determined from P by
applying (2.3) to get P (B) = P(B)/P(A) for each Be¢(A4), but when
P(A) = 0, P, need not be prescribed by P. Nevertheless, it exists.

This has significance for the foundations of Bayesian decision theory.
For example, the outcome of an information-producing experiment in
a sequential process may have a smooth distribution with probability
zero for each outcome value. Nevertheless, some value will be observed
and further action will be based on this observation. Despite the zero
probability for each outcome value, our theory tells us that there is a
conditional probability measure over other aspects of the uncertain
states for each conditioning outcome value.

One other aspect of our model deserves mention, and that is the
question of uniqueness properties for u and the P,. Clearly, if F and S
are finite (or perhaps infinite), there may be more than one P that
satisfies the model, and u need not be unique up to a positive linear
transformation. For scaling purposes it seems desirable to ensure the
usual uniqueness properties by some means or another, and we shall
in fact do this through our later use of extraneous scaling probabilities.

2.2.2. Some implications of the model for > on F x ¢

Although formidable mathematical problems preclude presentation of
a set of axioms for > on F x ¢ that imply the model of this section,
it may be instructive to examine a few of its implications.

We shall say that a binary relation > on a set K is a weak order
(in the strict sense) if and only if > on K is asymmetric [a > b = not
(b > a)] and negatively transitive. The latter property says that for all
a, b, ce K, [not (a > b) and not (b > ¢)] = not (a > c) or, equivalently,
a>c=>(a>borb>c) Define ~ (indifference) and 2 (preference-
or-indifference) from > as follows:

a ~ b if and only if not (a > b) and not (b > a),
azZ bifand onlyifa > bora ~ b.

When > is a weak order, ~ is an equivalence (reflexive, symmetric and
transitive) and 2z is transitive and complete (a Z b or b 2 a for any
a,beK).

Three simple implications of (2.1) and (2.2) are:

IMPLICATION 1. > on F x &' is a weak order.
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IMPLICATION 2. If A~ B = @ then[(f, A) > (9, A) & (f, B) > (9. B)] =
(fAUB)> (g9, AU B),and [(f, A) Z (g9, A & (f,B) Z (g9, B)] = (f, A U B)
z(g,AuB).

IMPLICATION 3. IfAN B = (then(f, A) Z (f,B)=(f, A) = (, AU B) =
(/. B).

The first of these should make it clear that we are talking about an
idealized individual with arbitrarily fine powers of preference discrimi-
nation, for in practice it seems likely [7, 15] that indifference may not
be transitive, and there is evidence [22, 23] that even preference is not
transitive in certain situations.

The second implication specifies two ‘sure-thing’ conditions [20].
With 4 and B two nonempty disjoint events, the first of these says that
if you would rather do f'than g when 4 is presumed to obtain, and would
rather do f'than g when B is presumed to obtain, then you would rather
do f than g when some state in A U B is presumed to be the true state.
For example, if you would rather go to a movie than stay home if it
should be snowing outside, and would rather go to a movie than stay
home if it should not be snowing outside, then you would rather go to
a movie than stay home. The second part of implication 2 replaces >
with Z throughout.

The third implication is an ‘averaging’ condition [2] that tends to
average out considerations due to different events. Suppose you consider
act f and, if you could specify which of events 4 and B would obtain,
you would specify A. That is, you prefer 4 to B given f, or (f, A) > (f, B).
Implication 3 then prohibits each of (f, 4 U B) > (f, A) and (f, B) >
(/. A U B), where (f, A U B) > (f, A) would mean that you would rather
specify 4 U B then A4 if you could ‘pick’ one of the two.

This might be clearer if we involve Howard’s clairvoyant [12], who
always knows what obtains and never tells a lie, and Savage’s preference
between news items [13, p. 72]. You are thinking of going to a movie
tomorrow night (act f), and are concerned about whether it will snow.
When you consult your clairvoyant, he will present you with one of
three pronouncements:

A = ‘it will not snow tomorrow night’,
B = ‘it will snow tomorrow night’,
C = A v B = "I refuse to tell you what will happen tomorrow night’.
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Suppose, under commitment to do f, that you would rather hear 4
than B. Implication 3 then says that you would just as soon hear 4
as C, and that you would just as soon hear C as B.

2.2.3. Two more implications

In concluding this section we mention two other implications of the
model. These focus on the inclusion of nonempty events which are
considered to be virtually impossible by the decision maker.

IMPLICATION 4. If A~ B = &, and if (f, A) ~ (g, A), (f, B) > (g, B) and
(ff, AU B) ~ (g,A v B), then (h, AU B) ~ (h, A) for allhe F.

IMPLICATION 5. If A n B = @, if (f; A) > (f, B) or (f; B) > (f, A), and if
(f. A U B) ~ (f, A), then (h, A U B) ~ (h, A) for all he F.

These implications derive, respectively, from the extreme cases allowed
by implications 2 and 3. According to (2.1) and (2.2), if the hypotheses
of either implication 4 or 5 hold, then P, (B) = 0, so that, by 2.2,
u(h, A U B) = u(h, A) for every h in F. Hence, by (2.1), (h, A U B) ~ (h, A).

In terms of the clairvoyant-snow example given above, the hypotheses
of implication 5, namely (f, A) > (f, B) and (f, 4 U B) ~ (f, A), signify
that no snow is preferred to snow under a commitment to go to a movie
tomorrow night, but that B (snow) is considered virtually impossible,
which might be true if our decision maker lives in Miami and tomorrow
is July 1. If this were the case then the novelty value of snow might
well give (f, B) > (f, A).

2.3. Extraneous Probabilities and Mixture Sets

The third and final set used in the axioms of this paper is [0,1], the
interval of real numbers from 0 to 1. The numbers in this set, denoted
a, P, ..., are viewed as probabilities for chance events that need have
no direct connection to the events in ¢. Appropriate extraneous events
could be things like the event that a ball drawn at random from an urn
containing five red and 95 green balls will be red, or the event that a
pointer spun on a circular disk will come to rest within a specified arc
of the disk.

Our use of extraneous events or extraneous probabilities is by no
means novel in axiomatizations of subjective expected utility. Indeed,
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the first outline of such an axiomatization [19] uses an even—chance
event (intended to have probability 3) to scale utility, and Suppes’ later
‘completion’ | 21| of Ramsey’s ideas employs the same device. Extraneous
events or probabilities appear in a number of other theories [ 1,4, 5, 8, 18],
and even Savage [20], while not explicitly incorporating such things in
his axioms, shows (pp. 38-39) how extraneous events can enter his
formulation of the set of states of the world.

The extraneous probabilities in [0,1] will be used to construct mixed
acts in precisely the way that is done in game theory [17, 25] or in
statistical decision theory [3, 24]. With f, geF, 1f+ 1g is an even-
chance mixed act, implemented by flipping a fair coin and using f if
‘heads’ or g if ‘tails’. More generally, each mixed act will be represented
by a simple probability distribution* x on F, with x(f) the probability
that f will be used if x should be adopted. For convenience we shall
refer to such distributions as Acts.

It xand yare Actsand 0 < a < 1, then ax + (1 — «)y, the direct linear
combination of x and y with (ax + (1 — a)y)(f) = ax(f) + (1 — 2)y(f)
1S also an Act. ax + (1 — a)y could be implemented in one stage directly,
or be broken into two stages by first chcosing x or y according to the
probabilities o« and (1 — «) respectively and then implementing the
chosen one of x and y.

2.3.1. Mixture sets
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