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Although most economics and social science textbooks describe
Bayes’ rule as the basic principle of probabilistic inference
combining prior information with additional information from new
observations, it is widely observed in the laboratory experiments
that people’s information processing systemically deviates from
Bayes’ rule. Here we illustrate how receiver’s prior-biasedness
affects players’ strategic incentives and welfare implications in the
“costless” and “costly” models of signaling. From these examples
we draw an interesting welfare implication that the receiver’s
prior-bias may work as a welfare-enhancing device even in the
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beliefs that non-Bayesian inference is a sign of human irrationality
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I. Introduction

Most economics and social science textbooks describe Bayes’ rule
as the basic principle of statistical inference combining prior
information with additional information that comes from new
observations, and consider non-Bayesian updating to be an irrational
bias which leads to sub-optimal outcome. In contrast, laboratory
evidences show that people’s information processing systemically
deviates from Bayes’ rule (e.g., Benjamin, 2019; Charness and Dave,
2017; Charness and Levin, 2005). Nonetheless, the theoretic research
on non-Bayesian updating in economics has been mainly confined to
decision-theoretic environments (e.g., Epstein, 2006; Epstein et al.,
2008, Benjamin, 2019). Hence, there still remain the questions of how
the non-Bayesian bias works in terms of players’ strategic incentives
and welfare implications in other strategic settings.

Recently we have witnessed that the research on the effects of
non-Bayesian biases in the strategic environments began emerging.
Lee, Lim and Zhao (2020) examine how non-Bayesian updating,
specifically prior-biased inference, affects players’ strategic incentives
and welfare implications in the model of strategic information
transmission. The introduction of prior-bias creates the conflicting
tradeoff. On the one hand, the decisions made by a receiver are
distorted by her prior-bias. On the other hand, knowing the
receiver’s biasedness, a sender has an incentive to deliver more
informative signals. Thus, whether prior-bias improves social welfare
depends on the relative size of these two effects. They find that
prior-bias is a welfare-enhancing device and the social welfare in the
model with prior-bias exceeds that in the standard model without
prior-bias. Their findings are also related to Heifetz, Shannon and
Spiegel (2007)’s result that, albeit not about non-Bayesian updating,

in almost every game and for almost every type of distortion of a
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player’s actual payoffs, some degree of distortion is beneficial to the
player because of the resulting effect on opponents’ play.

Another paper, de Clippel and Zhang (2019) expand the analysis of
information design (also referred to as Bayesian persuasion) by
accommodating non-Bayesian receiver who is prone to mistakes in
probabilistic inference. They find that even if the receiver is
non-Bayesian, the sender can effectively persuade her to take a
desired action by controlling her informational environment.

In this paper, applying Lee, Lim and Zhao (2020)'s idea, we
investigate how the presence of prior-bias changes players’ incentives
in the models of signaling and check what kind of implication we
can draw from those. The positive prior-bias, as a simplified version
of confirmation bias, captures agent’s biased inferences drawn in
favor of the current belief. This prior bias in belief updating has long
been documented in the psychology and experimental literature (Pitz,
Downing, and Reinhold, 1967; Geller and Pitz, 1968; Pitz, 1969, etc).

Specifically, we illustrate the notion of prior-biased inference and
welfare implications in the restricted cheap talk game and two
examples costly signaling models, the beer-quiche game (Cho and
Kreps, 1987) and the Spence (1973)’s job market signaling. We show
that in certain conditions non-Bayesian bias may lead to the
emergence of new equilibria and better payoffs or even Pareto
improvements.

The remainder of the paper is organized as follows. Section 2
introduces the concept of prior-bias and the equilibrium concept in
the presence of prior-bias. In sections 3, we apply the idea of
prior-biased inference to the binary cheap talk game, the Beer-Quiche
game and Spence’s job market signaling environment. We conclude

in section 4.
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Il. Prior-bias and Related Equilibrium

We assume that the receiver is prior-biased as in Epstein (2006)
that provides an axiomatic foundation and representation theorem of
prior-bias.l) Following Epstein (2006), the receiver with prior-bias

draw inferences in the following way: for a signal m, -
¢+ Im)=0—a)uls Im)+ap,(+) (1)

where p,(«) is the (common) prior and u(+ [m) is the Bayesian
update of p,(+). a=(0,1) indicates the degree of prior-bias.

The receiver draws inferences in favor of current belief and the
sender knows about this. We abstract from the consideration of
higher order beliefs and assume the degree of prior-bias @ is common
knowledge. So, the sender takes the prior-bias of the receiver into
account in his signaling decision and the sophisticated prior-biased
receiver knows that she cannot commit to fully updating her beliefs
based on Bayes’ rule.2)

Following Lee, Lim and Zhao (2020), we apply an equilibrium
concept to signaling games, called perfect prior-biased equilibrium:3)

1. The sender optimizes against the receiver’s strategy.

1) Epstein (2006) introduces a more general concept of prior-bias. First, in
Epstein (2006), the parameter a(m) can vary over a signal m. Second, a(m)
can be negative: Negative prior-bias. Here we only focus on the positive
prior-bias (or underreaction to new information) with the constant parameter
value. And for the ease of exposition and to avoid arbitrariness, we assume
the parameter a constant. We thank an anonymous referee for pointing out
this.

2) Whether the receiver is sophisticated or not does not matter for equilibrium
characterization as long as the sender is aware of the prior-bias of the
receiver. We assume the receiver’s sophistication to avoid the controversy on
how expected welfare should be evaluated.

3) Eyster and Rabin (2005) introduces the concept of w-cursed equilibrium,
which is equivalent to the perfect prior-biased equilibrium in the signaling
game environment. We discuss this in the Appendix.
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2. The receiver draws inferences based on the posterior belief
¢ (« |m) whenever possible.
3. The receiver’s strategy constitute a Nash equilibrium, given
P( e [m)vm.
The only difference from perfect Bayesian equilibrium is that the
Bayesian posterior belief u( e |m) that the receiver has whenever

possible is replaced by prior-biased posterior (¢ |m).4)

. Application to the Signaling Games

In some strategic environments, information updating plays a
crucial role, such as signaling and learning. Here we confine our
attention to the models of signaling which share similar

communication environment.

1. Restricted Cheap Talk

In this section, unlike Lee, Lim and Zhao (2020), we consider a
restricted version of cheap talk where the players” choice is limited.
The model considered in this subsection is different from a proper
cheap talk game in that the number of elements in the message space
is not greater than the number elements of the power set of the state
space. So the main goal of this subsection is confined to illustrate the
characterization of perfect prior-biased equilibrium.

There are two players, a sender (S) and a receiver (R), in the cheap
talk setting. The sender is privately informed about the state of
nature §<{0,1}. The sender sends a message m& M= {0,1} to the
receiver who then takes an action y< Y= [0,1]. The common prior is

that each state happens with equal probability 1/2. The payoffs are

4) Refer to Lee, Lim and Zhao (2019) for a formal definition of the equilibrium.
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as follows: Uy(0,y)=—(0—y)* and Ug(0,y,b) =— (0+b—y)* where
b> 0 is the parameter measuring the conflict of interest between the
two players. We assume that the receiver is prior-biased as explained
above.

The sender’s strategy o:{0,1}>AM is a type-dependent message
plan that maps his type 6& {0,1} to a message mE M. The receiver’s
strategy y: M —Y is a message-contingent action plan that maps a
message m < M she could receive to an action y& Y. If the sender
chooses m according to his strategy o(ml|@), then after receiving

message, the prior-biased receiver’s posterior belief about state 6 is

1
—o(ml8)
Y(@lm)=(1—a) . 2 + 1,
5(0(m|9)+0(m| 1—-0))

A pair of strategies, {o,y} together with a belief system 1)
constitutes a perfect prior-biased equilibrium.
Here we characterize all the equilibria of this game. Depending on
the values of a and b, there exist different types of equilibria.
1. Separating equilibrium can emerge if b < %:
In the equilibrium, o(ml0)=1 if m=46, o(mld)=0 otherwise;
y(()) = la, y(l) =1—- la; and the (prior-biased) posterior beliefs

2 2
supporting the receiver’s choice are

»(010)=(1—a) » l-l-%a:l—%a
$(110)=(1=a) » 0+ La=—a
p(0[1)=(1—a) » 0+%a=%a
(111 =(1=a) + 1+ Ta=1-Ta
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2. Partially separating equilibrium can emerge if 1;—G< b< %:
In the equilibrium, o(1/1)=1, o(110)= 1_2b; y(0)= la,
2b—a 2
y(1)=2b— %a; and the posterior beliefs supporting the receiver’s
choice are
1 1
»(010)=(1—a) 1+?a:1—5a
1 o(110) I 1
»(110)=(1—a) 1+U(1|O)+2a_1 2b-|—2a
1 1
Y01 =0~a) « 0+ Fa=Fa
1 1 1
pal)=00-a) m-&-;a—%f;a.

3. There always exists babbling equilibrium regardless of the
values of @ and b.

By plugging equilibrium strategies, we can easily calculate the
expected utilities of players.

The expected utilities of players in the separating equilibrium
deteriorates when introducing the receiver’s biasedness to the model:
BU=—1b"— %az for the sender and EU=— %aQ for the receiver in
the perfect prior-biased equilibrium are lower than £U/=—b* for the
sender and E£U=0 for the receiver in the perfect Bayesian
equilibrium without prior-bias. The welfare result of this example is
different from Lee, Lim and Zhao (2020) in that the social welfare
achieved by the most informative equilibrium of the model with
prior-bias exceeds the upper bound of social welfare characterized in
the standard environment without prior-bias. The next two examples
consider “costly” signaling environments: The beer-quiche game and

the job market signaling game.
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2. The beer-quiche game with prior-bias

The structure of beer-quiche game (Cho and Kreps, 1987) is similar
to the example of cheap talk explained above. The signal m is
irrelevant to the payoff functions in the cheap talk game, but it is
critical in the signaling games. This example will clearly show how
the prior-biasedness of receiver changes equilibrium outcomes and
that in certain conditions behavioral biases may lead to a better
payoff for the sender or even Pareto improvements.

The beer-quiche game is a simple two-player game with
incomplete information about a sender’s type. The sender is a wimp
with probability 0.1 or is surly with probability 0.9 by nature’s
selection. He knows his own type and is faced with the choice of
what breakfast to have between quiche and beer. If he is a wimp, he
derives payoff 1 from quiche and O from beer. If he is surly, he gets
payoff 1 from beer and 0 from quiche. After breakfast, the sender
meets with the receiver who chooses whether to duel knowing what
the sender had for breakfast, but not knowing the sender’s type. The
sender, regardless of his type, wishes that the receiver chooses not to
duel: the sender gets incremental payoff 2 if the receiver chooses not

to duel and 0 if the receiver duels. However, the receiver wishes to

(Figure 1) The Beer-Quiche game

0 1
1
beer quiche
2 £, (0.1) 3
0 0
®
1
0
0 £5(0.9) 0
beer quiche
3 2
1 1
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duel with the sender and get payoff 1 if and only if the sender is
wimp. The game ends with the receiver’s choice. By choosing
breakfast effectively, the sender may deter the receiver from dueling.

As is well known in the literature, there are just two perfect
Bayesian equilibrium outcomes in the game: either both types have
beer for breakfast or both types have quiche, and the receiver don't
duel. There is no separating equilibrium in the perfect Bayesian
equilibria.

What happens if the receiver is prior-biased? First, note that there
is no change in the pooling equilibrium. Both the types send the
same message and no additional information is conveyed to the
receiver, and thus the receiver’s posterior beliefs on the equilibrium
path is the same as his priors. Hence, every perfect Bayesian pooling
equilibrium is perfect prior-biased pooling equilibrium.

Now we show that there emerge new perfect prior-biased
separating equilibria depending on the value of a. The equilibrium
actions are marked with thick arrows in Figure 1. Suppose that
a>1/1.8. Then, in the new (prior-biased) separating equilibrium, the
wimp type orders quiche and the surly type orders beer, and the
receiver, regardless of message, chooses to avoid the duel. The

(prior-biased) posterior beliefs supporting the receiver’s choice are

(wimpl|quiche)=(1—a) « 1+a(0.1)=1-0.9a
(surly|quiche)=(1—a) » 0+a(0.9)=0.9a
(wimplbeer)=(1—a) « 0+a(0.1)=0.1a
(surly|beer)=(1—a) » 1+a(0.9)=1-0.1a.

In the above example, the prior belief of the receiver says that the
sender is very likely to be surly (that is, p,(s)=0.9). With a
presence of the high degree of prior-bias (here a> 1/1.8), even
observing quiche for breakfast, the receiver still maintains the belief

that the sender is likely to be surly and chooses not to duel. Then
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each type chooses her preferred breakfast. The key feature is that
even if only the wimp type chooses quiche for breakfast in the
equilibrium, ¢ (surly | quiche) is not zero in the mind of the receiver.

The outcome described above is never a perfect Bayesian
equilibrium outcome. Furthermore, this equilibrium outcome is the
best attainable outcome for the sender, without making the receiver
worse off, and suggests the potential welfare effects of prior-bias in
the costly signaling environment as is the case in the costless cheap
talk environment of Lee, Lim and Zhao (2020). We can find the
similar result even after changing some (or all) of the payoffs or with
some undetermined variables in the Beer-quiche game while keeping
the main feature of the game as long as the probability of being
surly and the value of a are high enough. What is important is to
make the receiver maintain the belief that the sender is very likely to
be surly.

Thus we have the following summary of results in the beer-quiche
game: with the presence of prior-bias, (1) there may emerge perfect
prior-biased separating equilibria with a high degree of prior-bias, (2)
the new perfect prior-biased separating equilibrium gives the best
attainable outcome for the sender, without making the receiver worse

off.

3. Employer’s Prior-bias and the Job Market Signaling

In this section we examine the welfare effects of prior-bias in the
labor market signaling model due to Spence (1973), but here, unlike
the original model, we consider the problem of education as a signal
in a bilateral contracting setting with one prior-biased employer and
one worker.

There are two types for the worker, 85 > 6, > 0. A worker of type
0 produces output which is worth § to the employer. There is a

commonly known prior probability that the worker’s productivity is
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high:

Prob(§=0,)=1=(0,1).

The worker can acquire education, e > 0, which is perfectly
observable. Assume that productivity is assumed to be innate so that
education does not affect productivity. In this sense, education is
purely “wasteful”. The cost of education c(e,f) is type specific. For
a signaling role of education, assumptions needed for the cost
function are ¢(0,0)=0, c,(e,0)>0, c,(e,0) =0, c,(e,0)<0, and
cegle,0) < 0. For the low type it is costly mimic high education
choices of the high type, which allow the high type to differentiate
herself and obtain a higher wage. The worker’s utility is a function

of her wage, w, her education, e, and her productivity type 6:

ulw,e,0)=w—c(e,0).

Notice that different types face different education-wage tradeoffs by
the single-crossing condition.

We consider the following game: The worker privately learns her
type and chooses her education level e. Then the employer observe
e but not #, and make a wage offer to the worker through
bargaining. Finally, the worker decides whether to accept. Assume
that the outside option of both types of worker is zero and, to stick
as closely to Spence (1973), the worker has all the bargaining power
in the wage bargaining phase.5) So the equilibrium wage is set equal
to the employer’s expected productivity of the worker conditional on

observed education:

5) Note that if the employer has all the bargaining power in the bargaining,

w” =0 no matter what the worker’s productivity is.
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wle)=v@yle)0,+ 1 —v04le))o,c[0,,0,].

The employer still earns zero profit in expectation.
Again, we are interested in perfect prior-biased equilibria of this
game:
1. The worker optimizes against the employer’s strategy.
2. The employer draws inferences based on the posterior belief
¥ (* |e) whenever possible.
3. The wage offer constitute a Nash equilibrium, given
(e le)ve
We focus on separating equilibria because, as mentioned above,
there is no belief update and no change in pooling equilibria. A
separating equilibrium is characterized by different types choosing

different levels of education.

Claim 1
w (e 0)=v0yle)d+ 1 —004le))o,
=((1—a) s 14+a+ Ny+@—a+ N0, <0y

w (e (0,)=p(0,1e)0,+(1—p(0,1e)by,
—((1—a) e 14a+ A=), +(a+ N, >0,

Claim 1 directly follows from prior-biased inference (*). Even after
observing e*(G H), employer’s prior-bias whispers to himself that

there is a chance of being the low type. Consequently, the
equilibrium wage gap between the types narrows due to the

presence of employer’s prior-bias.

Claim 2 e (0,)=0.

Otherwise the low type could increase her payoff by lowering
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education given the employer’s posterior and wage offer. Therefore,
the low type’s welfare always improves under the prior-biased

equilibria because of increased wage.

Claim 3 Separating equilibria can be Pareto-ranked.

The employer’s expected profit is zero and the low type’s utility is
fixed throughout the equilibria by Claims 1 and 2, so the total
welfare depends solely on the high type’s utility. The equilibrium
with the lowest education level for the high type is efficient and
sometimes referred to as the Riley outcome.

For welfare comparison, we focus on the Riley outcome under
Bayesian inference and that under prior-biased inference, and for

tractability, let c(e,0) = ke, i = L, H, and kj < k;. Hence, we have

u(w,e,0)=w——cle,0) =w— ke .

Claim 4 In the Riley outcome of perfect prior-biased equilibrium,

(1—a)l,—0,)
k, '

6*(9 H) =

Now we compare the welfares of Riley outcomes in both perfect
Bayesian equilibrium and perfect prior-biased equilibrium. In the
prefect Bayesian equilibrium, the high type’s utility of the Riley

outcome is

(9[{_ QL)
kL

*

*
uBayesian (’UJ € ’HH) = QH_ kH

and the high type’s utility of the Riley outcome in the perfect

prior-biased equilibrium is
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w*7e*79H) =(1—a+aN\)ly;+(a—a))b,

Uprior — biased (
o 1—a)o,—0,
H k, .
Hence,
WUprior — biased (w*, 6*79H) ~ UBayesian (W*7 6*79/11)

= a((aH—eL)(Z—’L’— (1—)\)).
Claim 5 The utility of the high type worker in the perfect
prior-biased equilibrium is greater than that in the perfect Bayesian
equilibrium if (1—=M\k, < ky < k.

(1—=X)k, < ky implies the proportion of low type workers (1— )
is not higher than the ratio of the education cost of the high type to
the low type k;/k;. Then you may think kj/k; as the inverse of the
high type’s relative advantage in signaling over the low type.6)

Thus we have the following summary of welfare results: with the
presence of prior-bias, (1) the equilibrium wage gap between two
types is narrowed down, (2) wasteful education level decreases, (3)
the low type worker always enjoys welfare improvement, and (4) the
high type’s welfare can be improved if the high type’s (marginal)

education cost is relatively high.

IV. Conclusion

Most economics and social science textbooks describe Bayes” rule
as a basic principle of statistical inference and consider non-Bayesian
updating to be an irrational bias which leads to sub-optimal

outcome.

6) This interpretation was suggested by an anonymous referee.
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In this paper, applying Lee, Lim and Zhao (2020)’s idea, we have
illustrated the concept of prior-biased inference in the models of
signaling. And we have drawn an interesting welfare implication that
the receiver’s prior-bias may work as a welfare-enhancing device
even in the costly signaling environments. That is, contrary to the
widespread beliefs that non-Bayesian inference is a sign of human
irrationality and a social cost, we have shown that a behavioral bias

can be beneficial.
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Appendix: Equivalence of perfect prior-biased equilibrium
and x-cursed equilibrium

Eyster and Rabin (2005), explaining a widely observed
phenomenon of winner’s curse, define a new equilibrium concept,
called z-cursed equilibrium, which assumes that, with probability x,
players in a Bayesian game underestimate the degree to which other
players’ actions are correlated with these other players’ information.
So, a cursed player incorrectly believes that each profile of types of
the other players plays the same mixed action profile that
corresponds to their average distribution of actions, rather than their
true, type-specific action profile.”) Although the motivation and
interpretation of cursed equilibrium are completely different from the
notion of perfect prior-biased equilibrium, we can easily show the
mathematical equivalence of two equilibrium concepts in the
signaling game environment. That is, we show that a prior-biased
non-Bayesian in the signaling settings behaves just like a cursed
Bayesian.

x-cursed equilibrium is defined in terms of a player’s beliefs about
others’ actions as a function of types. Formally, a mixed-strategy

profile ¢ is a z-cursed equilibrium if for each player i, 6,0, and

each y; such that o,(y;[0,) > 0, y, Earg max, o 2, <4 pi(0;10,)%

7) Eyster and Rabin (2005, p1625) illustrate cursed equilibrium using a Akerlof’s
lemons model: “A buyer might purchase a used car from a seller at a price
of $1000. The seller knows whether the car is a lemon, worth $0 to both, or
a peach, worth $3000 to the buyer and $2000 to the seller. The buyer’s prior
is that each occurs equally. While a rational buyer would realize that the
seller wishes to trade if and only if the car is a lemon and refuse to buy, a
cursed buyer may buy the car. A x-cursed buyer believes that with
probability x the seller sells with probability 1/2 irrespective of the type of
car, so that the car being sold is a peach with probability (1—z) e

1
0+x5= %, and therefore worth % » 3000 =1500z. Hence a buyer cursed

by z >2/3 will buy the lemon car.”
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2, ey lwo (y;10,)+ 0 —a)o_;(y_;10_)lu,;(y:0), where Y; denotes
the set of player i’s actions, ©; is the set of player i’s types, player
i’s payoff function u; (y;0) depends on all players’ actions and their
types. o_;(y_;10;) is the average strategy of other players, averaged
over the other players’ types and defined for each type of each
playerby o (y_;10,) =32, <4 p;(0_,10,) « o_;(y_;16_;). When player
i is of type 0, o_;(y_;10,) is the probability that players j = i play
y_,; when they follow strategy o_;. Each player in the xz-cursed
equilibrium plays a best response to beliefs that with probability =
her opponents play o_,(y_,|0;) regardless of their types, while with
probability 1—z they play o_;(y_;/6,) depending on their types.
To show the equivalence, we invert the concept of xz-cursed

equilibrium in terms of a player’s beliefs about others’ types as a

function of their actions played. Please note that the cursed players
follow Bayes’ rule. Let ¢, (0_,ly_,0_;) be type 6, of player i’s
beliefs about other players’ type 6_, when they play action profile

y_; under strategy o_,. In a z-cursed equilibrium, from Bayes’ rule,

&6,(9*7}|y7i7077})

[CUE_Z(ZJ—ZWZ)JF (]- —CE)U_Z-(?J—,,:|9_,,:)}pi(9_i|9i)
Ze’,,ee,l[ngi(yﬂwi)"' (=)o ;(y_;16"_)lp,(0"_;16,)

[zgfi(yfilei)‘k(171’)0'7i(y7i|97i)}pi(971|91)

E—i(y—i|97’)
_y_10_.)p.(0_.10.
U*i(y7i|9i)

Then players choose the actions that maximize their expected

payoff given these posterior beliefs, which constitute the xz-cursed
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equilibrium. This posterior belief boils down to prior-biased posterior
expressed in equation (1) in the signaling games in which there are
two players and only the sender has private information. That is, two
equilibrium concepts are equivalent if the sender’s message is the
single source of information as in the signaling games. In the
language of prior-biased inference the first term of (2) is the Bayesian
update of the common prior probability distribution and x indicates
the degree of prior-bias.

Due to the mathematical equivalence, two equilibrium concepts
share many common properties. Among them it is noteworthy that,
as in our prior-biased equilibrium below, every pooling Bayesian
Nash equilibrium is a z-cursed equilibrium for every z with a
slightly different interpretation that in a pooling equilibrium, players’
actions are independent of their types, so the relationship between

others” actions and their information should be ignored.
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