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1 Introduction

Regret occurs when the ex-ante optimal decisions turn out to be ex-post suboptimal.
This kind of behavioral characteristic is common and supported by our life experience
and experimental literature (Loomes, 1988; Loomes and Sugden, 1987; Starmer and
Sugden, 1993). To formally analyze this natural regret-averse preference, Bell (1982)
and Loomes and Sugden (1982) introduce the regret theory that formally defines
regret as the disutility of not having made the ex-post optimal decision. The regret
theory is then further axiomatized by Sugden (1993) and extended by Quiggin (1994).

In traditional economic analysis of competitive firms with uncertain output price
s(Sandmo 1971; Broll 1992; Viaene and Zilcha 1998), many studies consider purely
risk-averse firms without taking the regret-averse preferences into account. Recently,
Wong (2014) investigates production behavior of a competitive firm under both risk-
aversion and also regret-aversion. For tractability, he adopts the additive separable
function proposed by Braun and Muermann (2004) and Muermann et al. (2006). By
doing so, Wong (2014) provides a sufficient condition under which the optimal output
level of the regret-averse firm under uncertainty is less than that under certainty.
Thereafter, several authors, for example, Niu et al. (2014), Egozcue et al. (2015), and
Broll et al. (2016, 2017), obtain different sufficient conditions to assure the regret-
averse firms to produce less than firms without uncertainty.

In this paper we extend the theory by investigating the effects of both regret-
aversion and regret-neutrality on production. We compare the optimal output levels
of both regret-averse and regret-neutral firms with purely risk-averse firms under
uncertainty and firms under certainty:.

We first show that the regret-neutral firms will surely produce more than its
purely risk-averse counterparts and surely produce less than firms under certainty.

Thereafter, we give sufficient conditions to ensure the regret-averse firms to produce



more than both purely risk-averse and regret-neutral counterparts. We also study the
comparative statics of the optimal production such that the regret-averse firms will
produce more when they are more regret-averse.

To give more insights, we consider a simple binary model wherein the uncertain
output price can take on either a low value or a high value with positive probability.
Using this binary model, we show that the regret-averse firm could optimally produce
more than purely risk-averse firm, especially when the low output price is very likely
to prevail. This weakens the conditions set in the general case for the regret-averse
competitive firm and give us insight to set the conjectures that in general the regret-
averse firms will produce more than risk-averse firms, and the more regret-averse they
are, they will produce more. The findings in this paper provide valuable complements
of existing results and are useful for production managers in their decision on the
production.

The rest of this paper is organized as follows. Section 2 delineates the model
and develop properties for the competitive firm under uncertainty when the firm’s
preferences exhibit not only risk-aversion but also regret-aversion or regret-neutrality.
Section 3 further studies properties of regret-aversion on production in a binary model.

The final section concludes.

2 The Theory

In this section, we delineate the model of the competitive firm under uncertainty
when the firm’s preferences exhibit not only risk-aversion but also regret-aversion or
regret-neutrality. We provide sufficient conditions under which the optimal output
levels of the regret-averse and regret-neutral firms are larger than that of risk-averse
firm. We also study the comparative statics of the optimal output levels when the

regret coefficient changes.



2.1 Model setting

We first briefly introduce the model. Consider a competitive firm which produces
a single commodity with uncertain output price P and the output level Q > 0,
according to a special cost function C'(Q) satisfying C'(0) = C'(0) = 0, C'(:) > 0,
and C”(-) > 0.1 The support of P is [P, P] with 0 < P < P < oo and the firm’s
final profit is given by II = PQ — C(Q). To account for the regret that ex-post

suboptimal decision has been made, Wong (2014) introduces the following bivariate

utility function:?
V(IL 1™ — II) = U (1) — pG(I1™** —11) . (2.1)

Here, II"%" is the maximum profit that the firm could have earned if the realized
output price is known in advance. Furthermore, if we have observed the realized
output price P, II"™** would take the form that II"**(P) = PQ(P) — C|Q(P)] with
C'lQ(P)] = P. U(-) is a von Neumann-Morgenstern utility function with U’(-) > 0
and U”(-) < 0, accounting for the firm’s risk-aversion. While G(-) is a regret function
such that G(0) = 0, G’(-) > 0, and G”(-) > 0.3 The parameter 3 > 0 is a constant
regret coefficient, indicating the extent of the regret-aversion.

As a result, the production decision problem of the competitive firm reads:

max B{U[LI(P)] - SG[" (P) ~ 1I(P)] } (2.2)

Here, E(-) is the expectation operator with respect to the cumulative distribution

function, F(P), of the random output price P.

'We follow Wong (2014) to assume the strict convexity property of the cost function. This
assumption reflects the fact that the firm’s production technology exhibits decreasing return to
scale.

ZWe follow Wong (2014) to use his notations. Braun and Muermann (2004) and Muermann et
al. (2006) also use similar notations.

3Wong (2014) imposes this assumption to indicate that the more pleasurable the consequence
that might have been, the more regret will be experienced. We modify the assumptions G’(-) > 0
and G”(-) > 0 set by Wong (2014) to G'(-) > 0, and G”(-) > 0.



The first-order condition is then given by:
H(Q) = E{{U/[0(P)] + B/ (P) — I (PP - '@} =0, (23)

where an asterisk (*) indicates an optimal level. The second order condition is satisfied
(Wong, 2014).

Since the seminal work of Wong (2014), several authors, for example, Niu et al.
(2014), Egozcue et al. (2015), and Broll et al. (2016, 2017) compare the optimal output
levels for regret-averse firms under uncertainty and under certainty. In this paper, we
extend their study to compare the optimal output levels between the regret-averse
and purely risk-averse firms.

To make comparison easier, we denote the optimal output level and optimal profit

by Q. and IL,(P), respectively, when the firm is purely risk-averse; that is, 5 = 0.

For (., we have:
EAUML(PP - C'(@.)]} =0 (24)
Since U’(-) > 0, it is clear that
E{UILP)IE - C(QI]} < E{UIL(PNIP ~ C'(Qu)]} =0 < E{U'[L(P)][P ~ C'(@.)]}

As a result, we get P — C'(Q.) <0< P —C'(Q.).

Evaluating H(Q) at Q = @, and applying Equation (2.4), we get:

H(Q.) = BE{G I (P)~TL(P)[P - C'(Q.)]}
= BCov (G'I™*(P) ~TL(P)}, P) + BE { &' (P) ~ TL(P)|} [E(P) — C'(Q.)

— BE {G'[Hmaw(ﬁ) . n*(ﬁ)]ﬁ} — BCQ.)E {G’[Hm‘“(ﬁ) . n*(ﬁ)]} .

Thus, as long as

E {G’ [T (P) — IL,(P)| P

Foo
p oty -y



H(Q.) > 0, and then, according to Equation (2.3) and the second order condition,
we have Q* > @),. To find out the meaning of the above condition clearly, we define

the following function:

(I)(P) _ / G/[Hmam(P) — H*( ]

= ~) dF(P) forall Pe[P,P].
P E{G/[Hmax(P)_H*(P)]} (P) € [P, P]

It is evident that ®'(P) > 0, ®(P) = 0, and ®(P) = 1. Thus, we can interpret
®(P) as a cumulative distribution function of P. Hence, condition above can be also

expressed as Eg(P) > C'(Q.); that is, as long as the transformed expectation of
uncertain output price, Fg(P), is larger than the marginal cost of production C(Q,),

regret-averse firm will produce more than its purely risk-averse counterpart. We will

discuss this issue more in the following subsections.
2.2 Regret-neutral competitive firm

Over here, we discuss whether the regret-neutral competitive firm will produce more
than the purely risk-averse firm. To do so, we consider a special case with G'(-) =
m, a constant. This corresponds to the regret-neutral firm. In this case, we get

®(P) = F(P) and Eg(P) = E(P). The condition Eg(P) > C'(Q,) is then the same

as E(P) > C'(Q,). From Equation (2.4), we know that
Cov (U'[IL(P)], P) + E{U'[IL(P)]} [E(P) - C'(Q.)] = 0.

Since Cov (U’[H*(P)], 15) <0, we get E(P)—C"(Q.) > 0. Denote the optimal output
levels of the regret-neutral firms by 7. Consequently, we can assert that for regret

neutral firm, Q) > Q.. The result is summarized in the following proposition:

Proposition 1 The regret-neutral competitive firm will surely produce more than

its purely risk-averse counterpart; that is, @, is greater than Q..

One may believe that “regret-neutral” is “no regret”, and thus, it should be the
same as “risk aversion”. We note that “regret neutral” is different from “risk aver-

sion”. “risk aversion” is when § = 0, and thus, it is “no regret”, while “regret-neutral”
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is when “G” = 0” which includes the case in which 5 # 0. We have three cases: (a)
“G" > 07 (regret aversion), (b) “G” = 0" (regret neutral), and (c) “G” < 0”. Case (c)
is not interested, and thus, we do not discuss it in our paper. Since “regret neutral”
is when “G” = 0” and S could be different from zero. Thus, the optimal production
of the regret-neutral competitive firm is different from its purely risk-averse counter-
part and from Proposition 1, we confirm that the regret-neutral competitive firm will
surely produce more than the purely risk-averse firm.

Let II* (P) = PQ* — C(Q*) and G,(-) be the regret function of the regret-neutral
firm. For the regret-neutral firm, G/ (-) = m > 0, and hence, from condition (2.3),

we obtain:

H,(Q2) = Cov (U'IL,(P)), P) + E {U'IL;(P)] + Bm } [E(P) = C'(Q3)] = 0.

From the above formula, we can get E(P) — C'(Q%) > 0. Let Q° denote the optimal
output level when the uncertain per-unit price, P, is fixed at its expected value, E (]5)
For Q°, we have C"(Q°) = E(P). Thus, we can conclude that the regret-neutral firm

produces less than firms under certainty. The result is summarized in the following

proposition:

Proposition 2 The regret-neutral competitive firm will surely produce less than

firms under certainty; that is, Q7 is smaller than Q°.

Combing Proposition 1, we can conclude that Q° > Q* > Q.. For the general
regret-averse firm, we cannot assert that the regret-averse competitive firm will surely
produce less than the firms under certainty without imposing any condition. In fact,
some previous studies, including Wong (2014), Niu et al. (2014), Egozcue et al. (2015)
and Broll et al. (2016, 2017), have presented different sufficient conditions to assure

that the regret-averse firms produce less than firms under certainty.



2.3 Regret-averse competitive firm

In order to study the behavior of the regret-averse competitive firm, we need to

compare the covariance Cov (G’ [T ( P) — 11, (P)], ]5> and the positive value
E{G/"(P) ~ L(P)|} [E(P) - C'(Q.)

to generally determine the sign of the term H(Q.). For this purpose, we first present
the following lemma to determine the sign of Cov(¢(X), X) given X € [X, X] and

¢(+) is convex:
Lemma 3  For convex function ¢(X) with X € [X, X], we have:

1. if ¢(X) >0, then Cov((X),X) > 0;
2. if ¢/(X) <0, then Cov(p(X), X) < 0;
3. if ¢'(X) <0< ¢/(X), and

(a) if Egb(f() > ¢(X), then Cov(gb(f(),f() > 0; or

(b) if E¢(X) > ¢(X), then Cov(p(X), X) < 0.

Determining the sign of the covariance of one random variable and its function is
an important problem, with many applications. However, existing studies are mainly
designed for completely monotone functions, see, for example, Egozcue, et al. (2009,
2011a, 2011b) and the references therein for more information. However, sometimes,
the function studied is not monotone on the entire support. Lemma 3 gives an easy
and concrete approach to sign the covariance of one random variable and its convex
function discussed in our paper, which enables us to develop properties for the regret-

averse competitive firm. Now, we turn back to study the regret-averse firm. We define

¢(P) = G'[IT"**(P) — I1,(P)]. It can be shown that

o(P) = G (P) ~IL(P)[(Q(P) - Q) ,

¢'(P) = G"[IIm(P) — IL(P)NQ(P) — Q) + G"[I™*(P) — IL(P)]Q'(P) .
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Since Q'(P) = 1/C"(Q(P)) > 0, G"(-) > 0, and if we further assume that G”'(-) > 0%,
we conclude that ¢”(-) > 0 and ¢(-) is a convex function. As a result, applying
Lemma 3, we obtain the sign of the covariance C'ov <¢(]5), ]5> . In addition, recall that
P <C'(Q,) <P, C"[Q(P)] = P and C"(-) > 0, Thus, we have Q(P) < Q. < Q(P)

and ¢'(P) < 0 < ¢/(P). From the above discussion, we have the following result:

Proposition 4 If G"(-) > 0, the regret-averse competitive firm will produce more

than its purely risk-averse counterpart; that is, Q* is greater than Q., when EG'[II"**(P)—

IL(P)] > G'[I™*(P) — IL.(P)].

When the competitive firm is regret-neutral, the condition EG'[II"**( P)—II.(P)] >
G'[lIme*(P) —I1.(P)] holds automatically. As a result, Proposition 1 is a special case
of Proposition 4, a proposition with more general result.

The intuition for Proposition 4 is as follows: If EG[II™**(P)—II,(P)] > G'[IT"™**(P)—
IL.(P)], it follows from Lemma 3 that G'[II"**(P)] is positively correlated with P.
Introducing regret-aversion to the firm makes the firm raise more concern about the
disutility from the discrepancy of its output level, Q(P) — @Q,, when high realizations
of P are revealed. To minimize regret, the regret-averse firm optimally adjusts its
output level upward from @, to Q* with Q* > Q..

We note that the above condition is sufficient, but not necessary. This leads to

the following property.

Property 5 As long as

Cov (G (P) = TL(P)], P) = —F {G'[1™*(P) ~ IL(P)]} [E(P) - C'(@.)),

we have Q* > Q.. This implies that negative correlation between G'[II"™**(P)—11,(P)]

and P is allowed, as long as they are not too negatively correlated. As shown before,

4This assumption has been made by many authors, see for instance Wong (2014), Niu et al.
(2014) and Broll et al. (2016, 2017).



whenever Eg(P) > C'(Q.), the regret averse firm would produce more than purely

risk-averse firm.

Broll et al. (2017) present sufficient conditions under which, the regret-averse firms
produce more than firms without uncertainty. Recall that Q° is the optimal output
level under certainty. Since E(P) > C’(Q,) and C"(-) > 0, we have Q° > Q.. Then,
under conditions designed by Broll et al. (2017), we can also get Q* > Q° > Q..

However, to get Q* > Q°, Broll et al. (2017) not only require EG’[IT™**(P)—T1°(P)] >
G'[II™e=(P) — TI°(P)], they also set the regret coefficient § > 3, > 0. Here, II°(P) =
PQ°—C (Q°) and f3 is a specified value. In this paper, we directly compare Q* and
@, and thus, we allow the regret coefficient § to be any positive value; that is, under
condition EG'[II™**(P) —I1,(P)] > G'[II"™**(P) — I1(P)], any regret-averse firm will
produce more than its purely risk-averse counterpart, even its regret coefficient [ is
very small.

In the above, we focus on the comparison of the optimal output levels of firms with
f > 0 (regret-averse firms) and § = 0 (purely risk-averse firms). In the following,
we turn to compare the optimal output levels of two firms with two different positive

B’s. To this end, we study the comparative statics of the optimal output levels when

the regret coefficient 3 varies as shown in the following proposition:

Proposition 6  If G"(-) > 0, the regret-averse firm’s optimal output level, Q*,

satisfies the following: if EG'[II"**(P) — IL,(P)] > G'[II"™*(P) — I1,(P)], then Q*
will surely increase with an increase in the regret coefficient 3.
One could interpret the regret coefficient [ as “if the firm’s regret coefficient

is larger, then the firm is more regret-averse.” Thus, from Proposition 6, we get the

following property:

Property 7 If G”(-) > 0 and EG'[I"**(P) — IL,(P)] > G'[II"™**(P) — IL,(P)], then

if the firm is more regret-averse, then it will produce more.

10



2.4 Regret-neutral firm versus regret-averse firm

In the following, we compare the optimal output levels between the regret-neutral
and regret-averse firms. To fully evaluate the effect of regret function, we assume the
von Neumann-Morgenstern utility function U(+) is the same. Recall that the optimal
output levels of the regret-averse firms and regret-neutral firms are denoted by Q*

and @), respectively. We have:

H(Q") = B {{U'IT(P)] + BG' ™ (P) — I (P[P - C'(Q)) } =0,
H,(Q;) = E{{U'IL(P)] + BG, 17 (P) — IL(P)}P - C'(Q})]} =0,

where IT* (P) = PQ* — C(Q*) and G,,(-) is the regret function of regret-neutral firm.

Evaluating H(-) at Q7, we have

H@Q) = E{{UG(P)] + A6 I (P) — (PP - (@3]}
= BE{{GIm(P) — IL(P)] - G, [ (P) — I, (P)} [P - C'(@;)}
— BCou (G (P) ~TL,(P)}, P) + BE { G/ (P) ~ TL;(P)] — m}
<[E(P) - C'(Q})],
Then according to the first and second order conditions, we would have Q* < (>

)Q* if H(QY) > (<)0. From Proposition 2, we know that a sufficient condition for

H(Q:) > (<)0 is as follows:

Cou (/117 (P) = IL(P)], P) = (<)0;

EG'[I™*(P) —II;(P)] = (S)m.
Consequently, from Lemma 3 and Proposition 4, we have the following Proposition:

Proposition 8 If G"(-) > 0, the regret-averse competitive firm will produce more
(or less) than its regret-neutral counterpart; that is, Q* is greater (or smaller) than
Q. when EG'[II™=(P) — II*(P)] > (<)G'[II™*(P) — II*(P)] and EG'[II™**(P) —

n’

II:(P)] > (<)m.
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3 A binary model

To get more insight, in this section we analyze a simple binary model in which P
takes on the low value, P, with probability ¢ and the high value, P, with probability
1 — g, where 0 < ¢ < 1. In such a binary model, the right-hand sides of Equations

(2.3) and (2.4) become

({U'[IT"(P)] + BG'[IT™**(P) — II*(P)]} [P — C(Q")]
+(1 = {U'IT(P)] + BGII™*(P) — I (P)]}[P = C'(Q")] = 0. (3.5)

and

qU'IL(P)][2 = C(Q.)] + (1 = q)U'[IL(P)][P — C"(Q.)] = 0. (3.6)

We define the following threshold value:

(3.7)

p={1-UIe @I - 019 }
UpQr—c@HP-c@n)

where Q% is the quantity of output that solves
Im*(P) - [PQ* — C(Q")] =TI"**(P) - [EQT - C(Q7)] -
Comparing @Q* and @, yields the following proposition.

Proposition 9 In the binary model, if G"(-) > 0, the regret-averse firm produces
more than the purely risk-averse firm; that is, Q* > Q., if the probability that P = P

is above the critical value, g* which is defined in (3.7).

To see the intuition underlying Proposition 9, we first suppose that the firm is
purely risk-averse. In this situation, when the realization of the low price is more
likely, the firm will optimally produce less so as to minimize the variability of its
profit at date 1. Thus, the optimal output level, Q., is close to Q(P) and further

away from Q(P), where the former is ex-post optimal when P = P, and the latter

12



is ex-post optimal when P = P. Including regret-aversion in the objective function
makes the firm take into account the disutility from the discrepancy of the output
level Q(P) — Q., should the actual price be high, i.e., P = P. To avoid regret, the
firm is induced to produce more so that Q* > Q..

From Proposition 6, we can easily get the following result:

Proposition 10 [In the binary model, if G"'(-) > 0, the regret-averse firm will produce
more if the firm is more regret-averse; that is, dQ*/dp > 0, if the probability that

P = P is above the critical value ¢* which is defined in (3.7).

In our paper we set the condition G”(-) > 0 in most, if not all, propositions.
We note that in our paper we do not consider the situation in which G"(-) < 0.
It is because the function ¢(-) would not be convex if G"”(-) < 0, and hence, we
cannot use Lemma 3. This makes the comparison of @* and @, unclear. Thus,

we do not consider this situation in our paper. We also note that the condition

EG'[IT"*(P) — 11,(P)] > G'[II"™**(P) — II,(P)] plays a key role in our paper to
compare the optimal outputs of regret-averse and purely risk-averse firms. It is now
clear that in the binary model, when the probability that P = P is below the critical
value ¢*, the condition EG'[II"™**(P) — II,(P)] > G'[I"**(P) — I1,(P)] could fail.
However, kindly note that this condition is a sufficient condition for Q* > @, but
not necessary. Thus even EG'[I"*(P) — II,(P)] < G'[II"**(P) — I1,(P)] hold, we
may not have Q* < @).. Readers may read Property 5 for more information. We note
that in Property 5, the situation that G'[II"%*(P) — II,(P)] and P is too negatively

correlated will not happen in most empirical situations. Thus, we make the follow

conjecture in the paper:

Conjecture 11 Ezxcept the situation that G'[II™*(P) — I, (P)] and P is too neg-
atively correlated (this situation will not happen in most empirical situations), the

regret-averse firms will always produce more than risk-averse counterparts.

13



We also make the following conjecture:

Conjecture 12 In general, if the firm is more regret-averse, then it will produce

more.

4 Conclusion

Some authors, such as Wong (2014), Niu et al. (2014), Egozcue et al. (2015), and
Broll et al. (2016, 2017), have investigated several sufficient conditions under which
the regret-averse firms will produce less than firms under certainty. In this paper, we
extend their studies to develop more properties not only for the regret-averse firms,
but also for the regret-neutral firms. We compare the optimal output levels among
regret-neutral, regret-averse, and purely risk-averse firms under uncertainty and firms
under certainty. We first show that different from the findings in the literature to
show that the regret-averse firms produce less than firms under certainty only under
some sufficient conditions, the regret-neutral competitive firm will surely produce less
than firms under certainty without imposing any condition. We also show that the
regret-neutral competitive firm will surely produce more than its purely risk-averse
counterpart.

Thereafter, we show how to determine the sign of the covariance between a random
variable and its convex function in any general case. This property enables us to derive
the properties for the regret-averse firms. We show that under some conditions, more
regret-averse firms will produce more outputs and the regret-averse competitive firm
will produce more than both purely risk-averse and regret-neutral counterparts.

Last, we set the uncertain output price to take either low or high values with
positive probability. Under this simple binary model, we find the possibility that the
regret-averse firm may optimally produce more than purely risk-averse firm, especially
when the low output price is very likely to prevail. This weakens the conditions set

in the general case for the regret-averse competitive firm to produce more than its

14



purely risk-averse counterpart or when the firm is more regret-averse. Thus, we
set two conjectures in this paper: in general, (1) the regret-averse firms will always
produce more than risk-averse firms, and (2) if the firm is more regret-averse, then it
will produce more.

Together with the existing findings in the literature, the findings in this paper
make a clear picture about the optimal production decisions of both regret-neutral
and regret-averse firms. Our findings could then be useful for production managers

in their decision on the production.
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