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“...two factors [are] commonly used to determine a choice situation, the rela-
tive desirability of the possible pay-offs and the relative likelihood of the events
affecting them, but in a third dimension of the problem of choice: the nature
of one’s information concerning the relative likelihood of events. What is at
issue might be called the ambiguity of this information, a quality depending on
the amount, type, reliability and ‘unanimity’ of information, and giving rise to
one’s degree of confidence in an estimate of relative likelihoods.”

Daniel Ellsberg, The Quarterly Journal of Economics, p. 657-659.

1 Introduction

Much real world negotiation and decision making takes place in small groups. Members
within groups are either chosen by public voting or by authorised nomination. They gather
together to deliver their opinions or cast votes for determining an authoritative decision.
For example, congressmen are chosen by national voting to join Congress to decide whether
certain policies are allowed to take place or whether outdated codes need to be abolished.
Similarly, corporation board members need to deliberate during seasonal meetings regard-
ing business strategies, innovation projects, and so forth. Also, medical teams, judicial
trials (up to the Court of Appeal level), policy offices, and any expert teams are typical
sources of authoritative decisions ultimately impacting either treated patients, defendants,
suspected offenders, and/or the general public. Hence, small-group deliberations often de-
termine final outcomes (or consequences) mattering to – and affecting to various degrees –
a multitude of agents, from single individuals, households, businesses, and organisations,
to communities and the entire society.

The underlying mandate of those small groups and their related – explicit or explicit
– obligation, when e.g., acting either as expert teams or committees within institutions,
is to reach ‘the’ right/optimal/best decision for ‘the’ given case at hand. However, a final
recommendation/decision by a group of individuals will likely be affected by the processes,
the regulations as well as by the voting rules under which their deliberation(s) occurs.
In turns, the processes, the regulations, the voting rules, combined with the quality of
available information to the decision-partakers, all contribute to whether the outcome of a
collective deliberation, beyond being in line with the ‘declared’ goal set out to be achieved
by the deliberation group in the first instance, ultimately best reflects and is consistent
with the ‘true’ nature of the case at hand.

Despite the fact that for any given selected process and voting rule combination is
always possible to characterise/conjecture which decision(s) could be reached by a small
decision-group under specified preferences and information structure (whether the informa-
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tion is common knowledge to all parties involved or not), it is far from obvious to anticipate
what the possible decision(s) would be in the presence of information which is inherently
ambiguous.

Ambiguity exists not only in the inability to assign well-defined, numerical probabilities
to specific events, as in Ellsberg (1961). It is also embedded in the language, the signals,
and even in many among well-recognised social norms used by agents to communicate with
one another within any given decision-making context. The language used in the regula-
tions may be interpreted differently by different individuals. The probability of reaching
the expected payoff of implementing a new government policy might be difficult to assess.
Similarly, decisions whether to grant a patent to an invention by a given patent office,
which rely to some extent on the assessment the quality/novelty of the idea/innovation
within a given jurisdiction, could appear to be inconsistent when one patent office grants
a patent on an innovation and another denies it. Yet, not all information related to an
innovation can be perfectly and unambiguously codified, possibly explaining the apparent
contradiction. Another example of when ambiguity matters, is within jury trials. It is
not difficult to conceive that jurors often need to form a verdict, based on the evidence
submitted to a court of law, the accuracy of which cannot though be assessed perfectly. In
other words, jurors are required to cast their votes in favour or against (acquit or convict)
a defendant, despite the potential source of ambiguity in the quality of the information
provided to them. Thus, even if very same set of information, ambiguous information, is
given to all individuals within agencies/committees/jury in charge of making a decision,
that information may still be responsible for generating differing priors among those indi-
viduals. And, if more individuals need to agree on the votes they cast, in favour or against,
a given choice at hand, the presence of ambiguity could alter the way consensus will be
reached, and, potentially, the outcome of such consensus, as opposed to predictions un-
der canonical Bayesian settings. Ambiguity might lead to misunderstanding, sub-optimal
choice, and ambiguity-avoiding strategies.

In the remainder of this paper, we take the jury trial as the leading example, as well as
the metaphor for other small group decision-making examples, to study whether an am-
biguous information structure could affect collective deliberation processes, and if so how,
in order to gain a better understanding of the effects of different institutions on collective
decision outcomes. The well-known jury paradox - the more demanding the hurdle for
conviction is, the more likely it is that a jury will convict an innocent defendant - heavily
relies on Bayesian updating. However, with ambiguous information (e.g., a forensic test
with accuracy of 60%, or more), Bayesian updating becomes invalid, challenging the exis-
tence of this paradox.

To advance our understanding of how ambiguity can play a role in a jury trial setting,
we embed identical, but – at least partially – ambiguous information into the basic jury
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decision-making model of Feddersen and Pesendorfer (1998). Our main goal is to study
the effects of introducing ambiguity on the probabilities of convicting the innocent (type I
error) and acquitting the guilty (type II error), compared to the canonical jury trial case.
To that end, we allow for a model in which jurors may differ with respect to their optimism
in the face of ambiguity, which pushes them to adopt potentially distinct/differing priors,
altering the formation of their posteriors, to be used when casting votes to convict or to
acquit a defendant.

Within this model, we can summarise the following findings. When voters happen
to share the same ‘optimistic’ level of belief under the ambiguous information structure,
voting according to their private signals leads to a smaller probability of convicting an
innocent defendant. As the size of the jury grows sufficiently large, the probability of com-
mitting this error converges to zero. This suggests that if there were ways of framing all
voters to believe that the quality of the private information given to them is higher than
it actually is, type I error would be reduced, if not even eliminated. If voters fail to all
assign the same level of trust to the quality of the information they receive, informative
voting is never an equilibrium, but there exist Nash Symmetric and Responsive Equilibria
inducing a lower probability of convicting an innocent defendant compared to the case
when the accuracy of the information is commonly known and unique. In addition, we find
a new equilibrium, where only the optimists vote symmetrically and responsively, whereas
the pessimists vote for conviction independently of their private information. And, this
equilibrium outperforms other strategic voting equilibria by delivering a lower probability
of acquitting the guilty defendant than those do. Thus, being optimistic or framing the
information to induce optimism has the property of reducing both type I and type II errors,
also making the unanimity voting rule less unappealing than otherwise.

Next, we conduct a laboratory experiment in which we reproduce routines used by
Goeree and Yariv (2011), who conducted an array of experiments that emulate a jury
decision-making process with groups of nine subjects making a collective decision between
one of two alternatives, by adding information ambiguity to the decision task. Our aim
is to experimentally test plausible jurors’ behaviours, in light of our theoretical results.
Experimental evidence can assist in discussing the fairness and efficiency properties of the
jury service, as a metaphor for any small-group decision making in ambiguous settings.
This helps us gain a better understanding of the effects of different institutions on collec-
tive decision outcomes for a larger class of decision making environments, beyond those
studied in the existing literature.

The remainder of the paper is organised as follows. Section 2 further discusses some
motivating examples and puzzles (the rest of the paper can be read in isolation from this
section, which is provided only to explore other possible applications/interpretations of
our study). Section 3 contains a review of the related literature on ambiguity. Section
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4 presents the jury trial model and the main findings as studied in the seminal paper by
Feddersen and Pesendorfer (1998). Section 5 is devoted to the analysis of our theoretical
model of voting under ambiguity: the two-point ambiguity model. Section 6 [to be still
written] discusses results of our laboratory experiments [about to be conducted]. Section
7 concludes. Appendices A-C contain the technical proofs for the derivation of the main
results of this study and Appendix D contains our laboratory experimental design.

2 Motivating Examples

The decision-making process in small groups cannot be easily captured when using
standard decision theory and social choice theory if assuming the uniqueness of priors,
anonymity, and neutrality. Firstly, the information given to the decision makers might
not be decisive enough to generate a unique prior. Especially when there are conflicting
opinions, uncertain sources of news, or simply lack of information. In addition, decision
makers tend to have differing innate abilities to interpret information, and different logical
inference formation patterns, which gives them different priors. Therefore, they might form
distinct judgements on one and the same object/issue. Below we provide a list of cases, to
name but a few examples of small group decision-making situations where a decision has
to be reached for a binary choice under partial information ambiguity.

The Surgical Team Assume a surgical team, consisting of one chief surgeon and a few
attending surgeons, has to come up with a solution about how to treat a cancer patient.
They could either choose to operate on the patient to try to remove the lesion, or conduct
chemotherapy and hope the cancer cells will shrink. The surgical team has to reach a
decision on the treatment before taking any further actions. Although surgeons are able
to come up with the probability of success if surgery is chosen, based on a large database
of similar cases, this ability alone does not guarantee that all surgeons will ex ante all
agree on the same treatment decision, as not all past cases are exactly the same as the
case at hand, due to the uniqueness of the human body, as well as the personal history
and idiosyncratic characteristics of the patient1. Thus, surgeons may fail to unanimously
agree on a particular course of action (decision regarding the treatment) at the state of
the surgical consultation, due to different priors/beliefs about which treatment has better

1The patients might have different ages or weights; their tumours might be of different sizes, or located
in different organs, benign or malignant. Based on past cases, [a] surgeon clearly knows whether this type
of surgery has succeeded or failed in the past. However, each patient treated before is different from the
present one. If the surgeon thinks this way, the adequate past cases seem impractical to him and he will
end up with nothing plausible to which to resort (Gilboa and Schmeidler, 2010). That is why the patient
will be asked to sign an ‘informed consent’ form to capture his understanding of all the potential risks that
might happen in the treatment, including death.
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odds of success, if undertaken, for this particular patient. Based on those priors, they will
mot likely have to mediate their positions, to reach an agreement (whether an unanimous
one or not) and are able to treat the patient accordingly.

Organ Allocation Two heart failure patients are waiting for a heart transplant. They
are on the top of the transplant list. When there is a donor heart, the organ allocation
center will have to decide to whom they will allocate this heart. Suppose there is a small
medical team within the organ allocation center which has to analyse these two patients’
cases and vote for who gets the heart. Whenever an unanimous vote is reached, it decides
the receiver of the donor heart. Although there are strict rules for evaluating this receipt,
there is still some chance that the two patients’ medical conditions are extremely similar,
and, thus, there is no obvious way of choosing whom the heart should go to. For exam-
ple, these two candidate patients for a transplant have the same physical tissue and blood
type matching, severity of the disease, recovery potential, etc. It could even be the case
that twins are waiting for the heart, and, unfortunately, there is only one suitable donor
organ available. Then, it will be a very hard decision of who gets the heart and who does
not.2 Having to come up with a choice, agreed by the team (whether unanimously or not)
may be affected by each expert’s belief regarding who is more likely to react positively to
a transplant, and the final allocation may be affected by possible differing priors about
those chances of successful transplant (such decision needs to be a swift one, as the clock
is ticking, determining the chances of any transplant to succeed at all).

The Innovation Funding Programme Suppose that the government offers a fund
which is only sufficient to promote one innovation project. All universities have the op-
portunity to submit their projects to the funding committee. The funding committee
has to come up with only one recipient from among all the candidates and their research
projects. The judgement standard includes the novelty, promise, feasibility of reproduc-
tion, and the potential social contributions of the research project, as well as the project
proposer’s academic background, publishing record, his/her network of the relevant ex-
perts in the field, their co-authors’ backgrounds, research reputations, etc. After a few
rounds of pre-selections, only two final projects remain in the final round of assessment.
In order to minimise the potential dissent in the final decision, the fund will only be given
to the project receiving some degree of consensus from the members of the committee.
However, members of the committee are likely to each have their own idiosyncratic prior
as to the merits of each project, based on their own subjective assessment of its chances
of success, say, up to the commercialisation (an innovation may function, technically, but

2It could also happen for the parents of the twins to decide which kid they want to save by agreeing to
the heart transplant.
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not be successful in the final market, for example, due to how the market receives it –
e.g., consumer taste for something really new cannot be anticipated for certain, as there
are no other innovations in use which resemble any of those proposed new ones). Obvi-
ously, if the committee cannot find one project that all or at least most of its members
agree on, the fund will be lost, putting pressure on the committee to find the best possible
agreeable allocation of those funds, obeying the idea of the government to promote the
most promising innovation project. The intuition is that in this case there is not enough
statistical evidence about the distribution of ‘good projects’ versus ‘bad projects’ in the
economy such that all members of the committee will be able to necessarily all share the
same belief about the exact chances of each project submitted to their attention to be of
either type. The members’ differing priors are likely to impact on the final selection of the
recipient of the fund.

In the above examples, medical surgeons, organ allocation officers, and funding commit-
tee members are the decision makers who are faced with partially ambiguous information
within each small group. Such small group decision-making could also extend to legis-
latures, expert panels3 and judicial bodies. Decision makers are asked to make a choice
between possible alternatives. Provided with the very same pieces of information, such as
the medical data of the patients, surgical history, project proposal, and the academic staff
information, decision makers will then generate their own ideas/opinions or beliefs indepen-
dently. According to Ellsberg (1961), ambiguity stems from such information, which ex-
poses decision makers to a potential dissent from their initial positions/judgements/beliefs.
Decision makers will have to come to terms with the idea that someone will have to change
their minds to eliminate their initial dissent to be able to eventually reach a decision
(whether unanimously or not).

3 Related literature

The expected utility (EU) theory of Neumann and Morgenstern (1947) assumes that
the outcomes of the events under examination have objectively known probabilities. They
define the preferences over acts by a real-valued utility function of the choices weighted by

3The case of a legislature shares some similarity with the jury trial, in which there exists a default
option, in the case a consensus fails to be reached, which is the acquittal. Although legislatures might still
be making a binary choice, in general, they are choosing between whether to dismiss a proposal or accept it,
a ‘Yes’ or ‘No’ question. That is the same for the expert panel, if they are considering whether to adopt a
new technology. The main difference between them is that the final choice indicates different results. When
an unanimous decision is not accepted, the status quo remains instead (similarly to the jury trial); then,
the decision of ‘rejecting the legislative proposal’ is the same as not voting. A binary choice in these cases
is not to choose one option out of two; it becomes whether to maintain the status quo or not. However, in
the surgery case, either the patient receives the surgery or he/she will have chemotherapy, neither of which
are the status quo.
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the objective probabilities of the outcomes of the states.

However, cases when the probability measure of the events are known to all decision
makers hardly exist in real life. Decision makers are not able to form purely objective
beliefs regarding the states unless they are confronted with a fair coin, a perfect die, or a
well-made roulette wheel.

Savage (1954) suggested that probabilities are not necessarily something objectively
known. Instead, decision makers have their subjective beliefs regarding the probability
measure of the states. For example, unlike the roulette lottery, the horse lottery does not
associate a known chance with each observation of the lottery. In other words, the decision
maker cannot assign a specific probability to the outcomes of a horse lottery.

Thus, in subjective expected utility (SEU), preference relations over acts are repre-
sented by some real-valued utility function on the set of the consequences weighted by the
subjective probabilities of the states. And the individual’s choice behaviour in situations of
risk is predictable under certain postulates, such as complete ordering and the sure-thing
principle.

Anscombe and Aumann (1963) established the theory of state-dependent expected util-
ity by combining EU and SEU. They started by redefining the word ‘probability’. They
separated ‘probability’ into two very different concepts. When it is interpreted within the
‘logical’ sense, it means the plausibility of some events or reasonableness of some expecta-
tions, whereas if it is interpreted within the sense of ‘physics’, it is roughly identical to the
word ‘chances’, which refers to the proportion of successes in some events in the statistical
way. And they transformed a choice under uncertainty into a two-stage lottery-act frame-
work.

Although SEU gives a rather accurate prediction of a decision maker’s gambling choice
and his/her reflective choice behaviour, Ellsberg (1961) pointed out that Savage’s norma-
tive rules are inapplicable whenever there is an unmeasurable uncertainty in the relative
likelihood of the events. In his paper, ambiguity is whenever there is inadequate infor-
mation regarding the relative likelihood of the events. For example, ambiguity could be
caused purely by lack of information. It could also be due to the fact that the decision
maker receives contradicting information or/and the source of information is not credi-
ble. He provided a famous thought experiment and proved that there is a non-negligeable
minority of decision makers who violate Savage’s axioms, who are not able to reduce the
unmeasurable uncertainty to risk, nor can they apply the von Neumann–Morgenstern ex-
pected utility theory.

In the Ellsberg two-colour urn experiment, the decision makers are faced with two urns

8



containing 100 balls each of either red or black colour. In Urn A, the composition of red
and black ball is not known to the decision maker. In Urn B, there are 50 red balls and
50 black ones. Decision makers are asked which one they prefer to bet on, (1) RedA or
BlackA? (2) RedB or BlackB? (3) RedA or RedB? (4) BlackA or BlackB?

Figure 1: Ellsberg Two-colour Urn Experiment

According to Savage’s theorem, the individuals should be indifferent to either of the
options for these four questions. This means that individuals should be indifferent with
respect to the colour they bet on. Moreover, they should also be indifferent with respect
to the urn they choose to bet on. A number of people, including Savage himself, although
being indifferent between the options of question (1) and (2), and between (3) and (4),
nevertheless prefer betting on RedB to RedA, and BlackB to BlackA. This preference
obviously violates the Savage Axioms.

As stated in the Table 1 below, let a and b be the payoffs, a > b, such that, for example,
in gamble I, if ‘RA’ occurs, the payoff of betting on ‘RA’ is a. We also assume that if an
individual is indifferent between gamble I and gamble II, between gamble III and gamble
IV, and between gamble V and gamble VI, he will also be indifferent between gamble I,
gamble II, gamble III and gamble IV following Savage’s postulates, complete ordering, and
the sure-thing principle.

Then, starting with the assumption that the individual prefers gamble I to gamble III,
we could make certain transformations toward gamble I and gamble III on the basis of
complete ordering and the sure-thing principle. In Table 2, gamble I is identical to gamble
I”” and gamble III is identical to gamble III””. However, we can clearly see the contra-
diction between preferring gamble I to gamble III, RA � RB, and preferring gamble I””
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Table 1: Ellsberg Two-Colour Urn Game

RA BA RB BB

I a b b b
II b a b b

III b b a b
IV b b b a

V a a b b
VI b b a a

to gamble III””, preferring betting on RB � RA. Thus, the preferences elicited from the
Ellsberg Urn game cannot be explained by the Savage Axioms.

Table 2: Transformed Ellsberg Two-Colour Urn Game

RA BA RB BB

I a b b b
III b b a b

I’ a b b a
III’ b b a a

I” a b b a
III” a a b b

I”’ b b b a
III”’ b a b b

I”” b b a b
III”” a b b b

In Ellsberg’s three-colour urn game, the participants exhibit the same pattern as they
do in the previous two-colour experiment. The participants are given an urn containing 90
balls, of which 30 are red and the remaining 60 ones are either black or yellow. The partic-
ipants prefer betting on events for which they know more about the probability measure
over the states—the event that a red (black or yellow) ball will be picked out of this urn to
betting on black (red) one. As shown in Table 3, betting on red has a winning probability
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of 1/3 and betting on either black or yellow has a winning probability of 2/3; thus, the
decision maker prefers X to Y and Y ′ to X ′. Since these two pairs of acts are identical
without taking yellow into consideration, if X � Y , then X ′ � Y ′.

However, such a pattern also violates the sure-thing principle. To be consistent with
the sure-thing principle, X is preferred to Y and X ′ is preferred to Y ′, since the sure-thing
principle requires decision makers to ignore the states in which the act leads to the same
payoff. This means that the state yellow will not influence the individuals’ choice when
comparing acts of X and Y ; and the same applies to X ′ and Y ′.

Table 3: Ellsberg Three-Colour Urn Game

Number of balls

30 60

Act Red Black Yellow

X W 0 0

Y 0 W 0

X’ W 0 W

Y’ 0 W W

In addition, the first order stochastic dominance axiom is violated by Ellsberg-type
preferences. In the two-colour urn game, the probability of winning by betting on RedA is
higher than from betting on RedB if the composition of red and black in Urn A is (60, 40),
for instance. However, RedB � RedA to the Ellsberg type. The explanation of the three-
colour urn game is fairly similar to that of the two-colour case.

Moreover, not only Savage’s theorem but also other subjective utility theories with addi-
tive probabilities are proved to be implausible, as they fail to infer the probabilities from the
decision maker’s choice for Ellsberg’s ambiguous urn game. In the two-colour case, the indi-
vidual prefers to bet on RedB rather than RedA. This means the same as that the decision
maker believes that P (RedB) > P (RedA), which indicates that 1−P (RedB) < 1−P (RedA).
However, this contradicts the preference of the individual, P (BlackB) > P (BlackA). Anal-
ogously, in the three-colour urn game, denote the subjective probabilities of drawing a
red, black and yellow by P (Red), P (Black) and P (Y ellow), respectively. Y ′ � X ′ in-
dicates P (Black ∪ Y ellow) > P (Red ∪ Y ellow). Thus, when probabilities are additive,
P (Black∪Y ellow) = P (Black)+P (Y ellow) and P (Red∪Y ellow) = P (Red)+P (Y ellow).
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However, given the preference Y ′ � X ′, P (Red) < P (Black). Thus, this contradicts the
preference X � Y .

A series of empirical works have been conducted following Ellsberg’s thought exper-
iment so as to test the ambiguity aversion attitude. The aversion to ambiguous choices
have been well demonstrated in the replications of the Ellsberg urn experiments in Becker
and Brownson (1964), Larson (1980), Bernasconi and Loomes (1992), Hogarth and Ein-
horn (1990), Seidenfeld and Wasserman (1993), Ivanov (2011), Keren and Gerritsen (1999),
among others. Unlike Ellsberg’s design of the game, some experiments have taken natu-
ral events, such as betting on the Future stock price, the GNP, and conflicting advice as
the source of the ambiguity, to test decision makers’ attitudes, as in MacCrimmon (1968),
Goldsmith and Sahlin (1983), and Einhorn and Hogarth (1985). Other experiments have
found that individuals exhibit an ambiguity seeking attitude when the probability for gain
is low and when the probability for loss is high (see Kahn and Sarin (1988), Curley et al.
(1989)).

This contradiction between ambiguity and SEU theory becomes a major challenge to
game theory and rational choice theory. Besides decision analysis, ambiguity aversion also
prevails in other realistic applications.

Kellner (2010) argues that a tournament contract is preferred rather than an indepen-
dent contract under an ambiguous situation, where the relationship between effort and
output is opaque. In principle, tournament contract will not be favourable when agents
are risk averse but ambiguity neutral. However, as long as ambiguity aversion occurs,
rank-dependent tournaments will most often be attractive for agents over effort-dependent
contracts, although this may not be optimal. When the relation between effort and out-
put is opaque, agents prefer a tournament contract, where the wage is solely based on the
agent’s own performance, to an independent contract, where the wage is based on the ranks
of the agents’ contributions, because a tournament contract removes this ambiguity from
the unknown distribution of output in the principal–agent problem Kellner and Riener
(2011).

Dickhaut et al. (2011) detects investment behaviour both under uncertainty and am-
biguous probabilities. They found that only one-third of investors act consistently with
SEU in a first-price sealed bid auction when deciding on their investment in a financial as-
set. This shows that bidders tend to bid higher than the expected return of the assets, given
the range of the expected return when not informed of the specific probabilities of each
asset. The experimental work of Ghirardato (2010) also displays substantial heterogeneity
in attitudes to ambiguity when choosing a portfolio with ambiguous Arrow securities. This
generates different financial market equilibria than with the tradition approach, which as-
sumes that agents are ambiguity free.
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Also, in the auction market, the effect of ambiguity is amplified by its mechanism (Mal-
mendier and Szeidl (2008)). They claimed that bidders with the most market experience
overbid more frequently than inexperienced ones. Bidders face ambiguous information as
to all alternative auction goods and their winning bid. Therefore, the bidder may over-
value the good, because of the anchoring effect. In addition, unlike commodity-type goods,
bidders are constrained by differentiated private values for goods like antiques, paintings,
and collectibles, as the private values of the other competing bidders are unknown.

Compared with individuals, firms in the market actually face a much more perplexing
strategic environment. Armstrong and Huck (2010) found that entrepreneurs are over-
optimistic, caring more about satisfactory results than optimisation, and resorting to rules
of thumb when making strategic decisions for firms. In comparing the present or future
outcomes with the historical figures of the firm itself or with the previous outcomes of their
peers, entrepreneurs feel happy as long as the outcome remains as high as previous out-
comes, whereas the probability of reaching the target set by the optimal strategy is rather
ambiguous. Thus, entrepreneurs do not spend time on calculating the optimal equilibrium
strategies even when there is no search cost. They adopt rules of thumb, so that they resort
to imitating the successful strategies of their rivals or peers, which nullifies the standard
price setting and quantity setting producer behaviours since entrepreneurs do not choose
the most optimal strategy.

Since ambiguity aversion has been observed through well controlled laboratory experi-
ments and in real life, and the preferences stemming from this fail to be explained by the
sure-thing principle and probability additivity, other theories rather than SEU have been
explored in order to solve the Ellsberg paradox.

Ellsberg pointed out in his paper that to apply total ignorance to the composition of the
balls in the ambiguous urn is improper. It is because of the ambiguity of the information
the individual receives, rather than his/her complete ignorance, that the individual is not
able to pin down a unique likelihood of the composition of the balls.

4 The canonical jury trial model: Feddersen and Pesendor-
fer (1998)

In Feddersen and Pesendorfer (1998), results demonstrate that voters’ strategic be-
haviour would lower the efficiency of a more conservative voting rule, compared to that of
other voting rules, which require fewer consensual decisions. In other words, the efficiency
of a jury trial, where the guilty defendants are sentenced to conviction and the innocent
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ones are declared acquitted, is lower if an unanimous guilty/innocent verdict is required
from jurors. Compared to simple majoritarian rule, the unanimity verdict is proved to be
inferior under strategic voting due to the higher probability of committing type I error:
convicting an innocent defendant; and, also, type II error: acquitting a guilty one.

In the setting of Feddersen and Pesendorfer, it is assumed that there are n jurors,
j = 1, . . . , n, gathered together to decide the fate of the defendant. Before casting their
votes, each of the jurors receives a private and imperfect signal sj = {i, g}, with precision
p = Pr(g|G) = Pr(i|I) and p ∈ (1/2, 1), pointing toward the ‘innocence’ or ‘guilt’ of a
defendant given the ‘true’ state of the world {G, I} – that the defendant is either ‘G=guilty’
or ‘I=innocent.’ Take a voting rule requiring at least k̂ jurors to agree on a verdict, with
k̂ ≤ n – be it simple majority with k̂ = (n+1)/2 or unanimity with k̂ = n – and the trial will
result in a verdict {C,A} either to ‘C=convict’ or to ‘A=acquit’ the defendant, reflecting all
jurors trying to do the ‘right’ thing, that is, voting to convict whenever some threshold for
reasonable doubt, q ∈ (0, 1), has been reached, and voting to acquit otherwise. All jurors
are thus assumed to have the same preferences with respect to the outcome (quality) of
the verdict, so that their preferences can be represented as follows:

u(A, I) = u(C,G) = 0,

u(C, I) = −q,
u(A,G) = −(1− q).

In their model setup, Feddersen and Pesendorfer did not consider the case where jurors
vote naively. They study the case where all voters are strategic in terms of each voter
considering whether he/she can be pivotal and such that his/her vote makes a different
as to whether a defendant is convicted or acquitted. After receiving their private infor-
mation (signal), each juror updates his/her posterior belief with respect to the guiltiness
of the defendant according to the Bayes’ rule, such that the posterior probability that the
defendant is guilty, conditional on observing n signals, k of which are guilty is denoted

as β(k, n) = pk(1−p)n−k
pk(1−p)n−k+(1−p)kpn−k . If β(k, n) > q, the defendant is guilty beyond any

reasonable doubt. If β(k, n) < q, the guilt of the defendant cannot be established beyond
reasonable doubt. Hence, for any given voting rule, k̂, voters will vote informatively, as
long as β(k̂ − 1, n) < q < β(k̂, n). Voting informatively means that voters’ votes corre-
spond with their private signals, that is those who receives innocent signal i will vote for
acquittal A; and those who receives guilty signal g will vote for conviction C. However, in
that process, voters may vote against their signals. Using the wording of Feddersen and
Pesendorfer, we will refer to this second case as ‘strategic’ voting. Below is a summary of
their main findings, to be contrasted next with our own findings under ambiguity.
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Result #1: If voting is informative, type I error under unanimous voting is smaller
than that under any other voting rules; and, although type II error under unanimous voting
is bigger than that under any other voting rules, this error approaches to zero when the
size of jury gets sufficiently large.

Result #2: When β(k̂−1, n) > q, voters will not vote informatively; and, under strate-
gic voting, there exists a unique symmetric responsive Nash equilibrium, where voters who
receive signal g vote for conviction and those who receive signal i vote randomly. Then, the
probability of committing both types of errors under unanimous voting is bounded away
for zero even when the size of the jury is sufficiently large. However, the probability of
committing both types of errors under other types of voting rules approaches to zero when
the size of jury approaches to infinity.

Therefore, unanimity rule, which requires a more demanding hurdle for a conviction
verdict to be established, is a uniquely bad rule as opposed to other voting rules, when
jurors fail to vote informatively, especially for large size juries. This contradicts our normal
intuition that we would otherwise hold, that requiring everybody to agree to convict, for
a conviction verdict to be pronounced, provides more protection against innocent defen-
dants finding themselves convicted by mistake (unanimity increases the opportunities for
miscarriage of justice, instead).

However, Feddersen and Pesendorfer’s study only restrict attention to small group
members who share information, of which accuracy is commonly known and uniquely de-
fined. We believe that the quality of the private information is often ambiguous. There
is evidence, such as hearsay evidence, witnesses’ testimony, and any indirect evidence that
requires induction, and for which it is not obvious to know what the exact reliability is, as
the evidence such as a DNA report. Assessing the reliability of this evidence requires some
logical reasoning and inference; and, also, it may be affected by the relative persuasion of
the arguments made by the prosecutor and the defence lawyer, respectively. Thus, jurors
are likely not to share the same prior (belief about how reliable the evidence produced is).
Differing jurors’ prior are also likely to impact on the final verdict, which is what we want
to address next, by introducing ambiguity about the quality of information provided to
voters within a voting model.

5 Two-point Ambiguity Model

5.1 Basic Settings

The main difference between our model and that of Feddersen and Pesendorfer is that
we assume the quality of the signal to be ambiguous to jurors rather than unique and com-
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monly known. To be specific, we assume that the correlation between the private signal
and the true state of the world even though positive is nevertheless ambiguous or partially
ambiguous as defined in Chew et al. (2013). We assume the accuracy of this signal to be-
long to the set P, where P needs not be a singleton – contrary to Feddersen and Pesendofer
set-up. For example, if we were to take a two-point ambiguous accuracy with which signals
can come about, we could express p ∈ P = {p, p̄}. Alternatively, if we were to consider the
entire set of values, this accuracy can be taken within a closed interval, thereby capturing
the extent of its potentially continuous degree of ambiguity within that interval, and we
could express p ∈ P = [p, p̄]. Introducing ambiguity in the accuracy with which signals are
obtained allows us to depart from Feddersen and Pesendorfer set-up and to consider far
more common and realistic situations, in which jurors cannot assign a specific level of reli-
ability to the evidence they are provided with, say, during a trial, and, furthermore, even
if they were able to do so with a certain degree of confidence they would not necessarily
end up agreeing on what that level of reliability ought to be.

In this paper, we concentrate our analysis to the case in which the quality of private in-
formation is two-point ambiguous, which is captured by p ∈ P = {p, p̄}, with p, p̄ ∈ (0.5, 1)
and p < p̄. For example, a piece of evidence, hinting toward the defendant being guilty,
tells you that the probability that the defendant is guilty is either 60% or 90%. However,
except for this, there is no extra information provided regarding the probability distribu-
tion of p and p̄. Therefore, jurors have nothing to rely on to help them assign a specific
probability distribution to the accuracy of the information (evidence) they receive.

We distinguish two types of voters - optimist and pessimist - according to which level of
p they eventually adopt. The optimist believes Pr(g|G) = Pr(i|I) = p̄; while the pessimist
believes Pr(g|G) = Pr(i|I) = p. We do not impose a specific distribution of both type of
voters in our model. We only assume that there is a proportion of m voters who belong to
the pessimist-type and 1−m who are of the optimist-type, with m ∈ [0, 1].

In the remainder of the paper, we use this minimal set-up to explore the question of
how collective deliberation, such as voting by jurors in a trial, is affected by introducing
ambiguity to the quality of the information provided to the voters casting their votes. We
seek to address how the results obtained in the absence of ambiguity change when ambigu-
ity is allowed for, and, more importantly, whether such changes can ever offset the negative
impact that more demanding voting rules have in exacerbating the occurrence of mistakes
in the judicial system. Does ambiguity help mitigate or even eliminate the paradoxical
result that the more demanding the hurdle for conviction – on the spectrum from simple
majority to unanimity – the more likely it is that a jury will convict an innocent defen-
dant? In addition, we are interested in obtaining testable predictions for our theoretical
voting model under partial ambiguity, to contrast them with experimental data obtained
in a laboratory setting and, via experimentation, to help us gain additional insight into
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which is the most plausible way for jurors/voters to form beliefs and also, the institutional
efficiency, when facing a partially ambiguous environment.

5.2 Informative versus Strategic Voting

In order to avoid any abuse of notation, we use s̄ (s) to represent the case in which
the optimist (pessimist) who has received a given signal, also holds belief Pr(g|G) =
Pr(i|I) = p̄ (Pr(g|G) = Pr(i|I) = p). Then, we denote the optimistic voter’s strategy as
σ̄ = {σj (̄i), σj(ḡ)}, whereas the pessimistic voter’s strategy is denoted as σ = {σj(i), σj(g)}.

In our setup, the fundamental rule of behaviour of each juror is the same as that in
the setup of Feddersen and Pesendorfer. Naive voting is not considered in our analysis.
Voters simply compare the posterior probability of the defendant being guilty, conditional
on being pivotal under the given voting rule k̂, to the level of reasonable doubt. Thus, for
example, to the optimist the posterior probability that the defendant is guilty, since this
pivotal voter believes in p = p̄, conditional on observing n signals, k̂−1 of which are guilty
is simply

β(k̂ − 1, n, 1− p) =
pk̂−1(1− p)n−k̂+1

pk̂−1(1− p)n−k̂+1 + (1− p)k̂−1pn−k̂+1
< q,

β(k̂, n, p) =
pk̂(1− p)n−k̂

pk̂(1− p)n−k̂ + (1− p)k̂pn−k̂
> q.

If condition β(k̂ − 1, n, 1− p) < q < β(k̂, n, p) is satisfied, an optimistic voter will vote
informatively.

If the unanimity rule is adopted, k̂ = n. In this case, we first consider the possibility
that all voters are pessimistic, such that m = 1, leading to

β(n− 1, n, 1− p) =
pn−1(1− p)

pn−1(1− p) + (1− p)n−1p
,

β(n, n, p) =
pn

pn + (1− p)n
.

Thus, if all voters are pessimistic, informative voting, σ = {σj(i) = 0, σj(g) = 1}, is an
equilibrium if β(n− 1, n, 1− p) < q < β(n, n, p).

Similarly, under unanimity rule, if all voters are optimistic, i.e., m = 0, we have
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β(n− 1, n, 1− p̄) =
p̄n−1(1− p̄)

p̄n−1(1− p̄) + (1− p̄)n−1p̄
,

β(n, n, p̄) =
p̄n

p̄n + (1− p̄)n
.

Thus, if all voters are optimistic, informative voting, σ̄ = {σj (̄i) = 0, σj(ḡ) = 1}, is an
equilibrium if β(n− 1, n, 1− p̄) < q < β(n, n, p̄).

If there exists heterogeneity in the type of voters, informative voting would be an equi-
librium under unanimity if and only if (i) β(n− 1, n, 1− p) < q < β(n, n, p) and also, (ii)
β(n− 1, n, 1− p̄) < q < β(n, n, p̄).

However, we find that β(n − 1, n, 1 − p̄) > β(n, n, p) for any p, p̄ and n. Thus, there
does not exist a q such that all votes would be consistent with each of the private signal
received by voters, ruling out informative voting for heterogenous priors.

Proposition 1. For k̂ = n, given the two-point ambiguous information structure P =
{p, p̄},

1. informative voting is an equilibrium,

(i) for m = 1 if β(n− 1, n, 1− p) < q < β(n, n, p);

(ii) for m = 0 if β(n− 1, n, 1− p̄) < q < β(n, n, p̄).

2. strategic voting is an equilibrium otherwise (for 0 < m < 1). In strategic equilibria,
the voters’ strategies are

(i) ((σ(i) = 0, σ(g) = 1), (σ(̄i) = 1, σ(ḡ) = 1)) if β(n− 1, n, 1− p) < q < β(n, n, p);
and,

(ii) ((σ(i) = 0, σ(g) = 0), (σ(̄i) = 0, σ(ḡ) = 1)) if β(n− 1, n, 1− p̄) < q < β(n, n, p̄).

Moreover, for the two-point ambiguity scenario, we next derive expressions for the
probabilities of convicting an innocent and of acquitting a guilty for the unanimity voting,
which is informative.4 Comparisons of those probabilities of committing errors in either
directions to those obtained under the canonical case are summarised in Corollary 1.

Corollary 1. For k̂ = n, given the two-point ambiguous information structure P = {p, p̄},
and informative voting is an equilibrium,

4When k 6= n, Pr(C|I) =
∑n
j=k

(
n
j

)
(1− p)jpn−j , and, Pr(A|G) =

∑k−1
j=0

(
n
j

)
(1− p)n−jpj .
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1. Type I error, Pr(C|I) = (1− p)n, is smaller than that for k̂ 6= n;

2. Type I error, Pr(A|G) = 1− pn even though is bigger than that for k̂ 6= n. However,
it approaches to zero when n→∞.

5.2.1 The Probability That A Convicted Defendant Is Innocent

In this part, we check the probability that a convicted defendant is indeed innocent under
strategic voting for the unanimity voting rule. Under informative voting, given a level of
p, Pr(I|C) = 1−Pr(G|C) = 1− pn

pn+(1−p)n , which converges to zero as the size of the jury

grows to infinity (as n→∞). However, strategic voting under unanimity imposes a lower
bound to the probability that the convicted defendant is innocent. There are two cases we
can consider when voters vote strategically.

In the first case, the defendant is always convicted independently of signal s, such that
1 − p > q when m = 1 and 1 − p̄ > q when m < 1. Therefore, the probability that a
convicted defendant is innocent is simply 1/2. The reason is because voters convict every
defendant they are confronted with. And the prior of the defendant being guilty equals
1/2. This says that voters have 0.5 chance to meet the innocent defendant and, if they
always vote to convict, then Pr(I|C) = 1/2.

In the second case, there is some juror who votes to acquit with positive probability,
such that the probability that the defendant is guilty, for either type of voter, conditional
on being pivotal and receiving either signal i or signal g, is less than or equal to the rea-
sonable doubt q, Pr(G|pivj , s) ≤ q.

Proposition 2. Under strategic voting and given the two-point ambiguous information
structure P = {p, p̄}, consider any Nash equilibrium in which the defendant is convicted

with strictly positive probability under the voting rule k̂ = n. If there exists heterogeneous
beliefs with respect to p across voters, Pr(I|C) is bounded below by

min{1/2,
(1− p̄)(1− p)(1− q)

(1− p)(1− q) + p̄(p+ q − 1)
}.

The proof of Proposition 2 is provided in Appendix A.

If the true p = p̄, and there exist heterogeneous beliefs regarding the p, we have

Pr(G|C) ≤ qp̄p̄

1− 2p̄− q + p̄2 + 2qp̄
,

and

Pr(I|C) = 1− Pr(G|C) ≥ (1− p̄)2(1− q)
1− 2p̄+ p̄2 − q + 2qp̄

≥ 1− q
1 + q 2p̄−1

1−p̄2

.
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If all voters’ beliefs are homogeneous and correspond to the true p = p̄, we have

Pr(I|C) ≥ (1− p̄)2(1− q)
1− 2p̄+ p̄2 − q + 2qp̄

≥ 1− q
1 + q 2p̄−1

1−p̄2

.

If all voters’ beliefs are homogeneous, however, they correspond to the wrong p, we
have

Pr(I|C) ≥
(1− p)2(1− q)

1− 2p+ p2 − q + 2qp
≥ 1− q

1 + q
2p−1

1−p2

.

Corollary 2. Under unanimous voting with two-point ambiguous information structure, if
the ‘true’ p = p̄, the lower bound for the probability of a convicted defendant to be innocent
is

1. the largest when all voters’ beliefs correspond to the wrong p (everyone believes p);

2. otherwise, the lower bound equals the case where the p is unique and commonly known
to all voters.

If the ‘true’ p = p, and there exist heterogeneous beliefs regarding the p, we have

Pr(G|C) ≤ 1
2p−1

p +
1−p
p

(1−q)(1−p̄)+qp̄
qp̄

=
p̄pq

(1− p)(1− q) + p̄(p+ q − 1)
,

and

Pr(I|C) = 1− Pr(G|C) ≥
(1− p̄)(1− p)(1− q)

(1− p)(1− q) + p̄(p+ q − 1)
.

If all voters’ beliefs are homogeneous and correspond to the true p = p, we have

Pr(I|C) ≥
(1− p)2(1− q)

1− 2p+ p2 − q + 2qp
≥ 1− q

1 + q
2p−1

1−p2

.

If all voters’ beliefs are homogeneous, however, they correspond to the wrong p, we
have

Pr(I|C) ≥ (1− p̄)2(1− q)
1− 2p̄+ p̄2 − q + 2qp̄

≥ 1− q
1 + q 2p̄−1

1−p̄2

.

Corollary 3. Under unanimous voting with two-point ambiguous information structure, if
the ‘true’ p = p, the lower bound for the probability of a convicted defendant to be innocent

1. is no larger than under a commonly known and certain p (as assumed by Feddersen
and Pesendorfer (1998)); and,

2. it has the smallest lower bound when there exist heterogeneous beliefs regarding the
‘true’ level of p.
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5.2.2 Symmetric Responsive Nash Equilibrium

In this section, we explicitly examine a specific equilibrium under the unanimous voting
rule, the symmetric responsive Nash equilibrium. A strategy profile is symmetric if all
jurors who receive the same signal take the same action. Because of this, we remove the
subscript j for all strategic profiles and other notations. There are two symmetric Nash
equilibria, {(σ(i) = 0, σ(g) = 0), (σ(̄i) = 0, σ(ḡ) = 0)} and {(σ(i) = 1, σ(g) = 1), (σ(̄i) =
1, σ(ḡ) = 1)}, for which all voters ignore their private signals and symmetrically vote for
either acquittal or conviction. For a strategy profile to be responsive all voters need to
change their vote as a function of their private information with some positive probability.
This definition for the responsive equilibrium follows that of Feddersen and Pesendorfer
(1998). We first denote

γG = pσ(g) + (1− p)σ(i)

as the probability that a pessimistic juror votes to convict if the defendant is indeed guilty
and

γI = pσ(i) + (1− p)σ(g)

as the probability that a pessimistic juror votes to convict if the defendant is indeed inno-
cent. Analogously,

γḠ = p̄σ(ḡ) + (1− p̄)σ(̄i)

and
γĪ = p̄σ(̄i) + (1− p̄)σ(ḡ)

represent the probability that an optimistic juror votes to convict if the defendant is guilty
and if the defendant is innocent, respectively. If heterogeneity exists regarding the type of
voters, being responsive means γG 6= γI and γḠ 6= γĪ .

Thus, for 0 < m < 1 we know that β(n − 1, n, 1 − p) > q and β(n − 1, n, 1 − p̄) > q,
i.e., that there is no informative equilibrium. Adding to that σ(i) 6= σ(g) and σ(̄i) 6= σ(ḡ)
guarantees the strategy profile {(σ(i), σ(g)), (σ(̄i), σ(ḡ))} to be symmetric and responsive,
i.e., γG 6= γI and γḠ 6= γĪ .

Proposition 3. Given k̂ = n and 0 < m < 1, there is one unique symmetric responsive
Nash equilibrium under two-point ambiguous information structure, such that ((0 < σ(i) <
1, σ(g) = 1), (0 < σ(̄i) < 1, σ(ḡ) = 1)) as long as q > 1− p.

The proof for this result can be found in Appendix B.

Therefore, we have
γG = p+ (1− p)σ(i),
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γI = pσ(i) + (1− p),

and

γḠ = p+ (1− p)σ(̄i),

γĪ = pσ(̄i) + (1− p).

Given the symmetric responsive strategy profile, the probability that a pessimistic, and,
an optimistic, juror votes to convict if the defendant is indeed innocent is, respectively,

γI =
[
(1−q)(1−p)

qp ]
1

(n−1) (p+ p− 1) + p− p

p− (1− p)[ (1−q)(1−p)
qp ]

1
(n−1)

,

and

γĪ =
[ (1−q)(1−p̄)

qp̄ ]
1

(n−1) (p̄+ p− 1) + p̄− p

p̄− (1− p̄)[ (1−q)(1−p̄)
qp̄ ]

1
(n−1)

.

Whereas, the probability that a pessimistic, and, an optimistic, juror votes to convict
if the defendant is indeed guilty is, respectively,

γG =
[
(1−q)(1−p)

qp ]
1

(n−1) (p− p) + (p+ p− 1)

p− (1− p)[ (1−q)(1−p)
qp ]

1
(n−1)

,

and

γḠ =
[ (1−q)(1−p̄)

qp̄ ]
1

(n−1) (p̄− p) + (p̄+ p− 1)

p̄− (1− p̄)[ (1−q)(1−p̄)
qp̄ ]

1
(n−1)

.

Therefore, we have type I error

Pr(C|I) = (γI)
n = (γmI γ

1−m
Ī

)n,

and type II error
Pr(A|G) = 1− (γG)n = (γmG γ

1−m
Ḡ

)n.

When n→∞, the limit results of both types of errors are

lim
n→∞

Pr(C|I) = lim
n→∞

(γI)
n = (

(1− q)(1− p)
qp

)
pm

2p−1 (
(1− q)(1− p̄)

qp̄
)
p(1−m)

2p−1 ,
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and

lim
n→∞

Pr(A|G) = lim
n→∞

1− (γG)n = 1− (
(1− q)(1− p)

qp
)

(1−p)m
2p−1 (

(1− q)(1− p̄)
qp̄

)
(1−p)(1−m)

2p−1 .

Also, the limit result of the lower bound of the probability of a convicted defendant to
be innocent equals

lim
n→∞

Pr(I|C) = lim
n→∞

1

1 + Pr(C|G)
Pr(C|I)

=
1

1 + limn→∞(1−Pr(A|G))
limn→∞ Pr(C|I)

=
1

1 + (
qp

(1−q)(1−p))m( qp̄
(1−q)(1−p̄))1−m

.

Proposition 4. Under the two-point ambiguous information structure P = {p, p̄} the
symmetric responsive Nash equilibrium,

1. for m = 0, leads to the smallest probability of convicting an innocent independently
of the ‘true’ level of p;

2. for m = 1, leads to the smallest probability of acquitting a guilty independently of the
‘true’ level of p.

Thus, when the information structure is two-point ambiguous, in order to reach the
lowest probability of convicting the innocent, all voters should be optimistic and believe in
p̄. However, if the aim is to lower the probability of acquitting the guilty, then all voters
should be pessimistic and believe in p instead. In other words, if all voters are optimistic,
the incidence of type I errors is the smallest, though type II errors become more frequent.

Corollary 4. If the equilibrium strategic voting profile is symmetric and responsive,

1. And the ‘true’ p = p,

(i) Pr(C|I) under two-point ambiguous information structure is no larger than that
under a given p, which is unique and commonly known to all voters;

(ii) Pr(A|G) under two-point ambiguous information structure is no less than that
under a given p, which is unique and commonly known to all voters.

2. However, if the ‘true’ p = p̄,

(i) Pr(C|I) under two-point ambiguous information structure is no less than that
under a given p, which is unique and commonly known to all voters;

(ii) Pr(A|G) under two-point ambiguous information structure is no larger than
that under a given p, which is unique and commonly known to all voters.

Remark. The lower bound of the probability that a convicted defendant is innocent, Pr(I|C),
is the smallest(highest) whenever m = 0(m = 1).
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5.2.3 Imperfect Symmetric Responsive Nash Equilibrium

Another Nash equilibrium exists, where only one type of voters vote symmetrically and
responsively, whereas, another type of voters vote for conviction independently of their
private signals.

Proposition 5. Given k̂ = n, there is a partial symmetric responsive Nash equilibrium
under two-point ambiguous information structure, such that (σ(i) = 1, σ(̄i) < 1, σ(g) =
1, σ(ḡ) = 1) if 1− p > q > 1− p̄.

Proposition 5 says that the optimist will vote symmetrically and responsively, whereas,
the pessimist will always vote to convict regardless of their private information.

Then, to the pessimist, the probability that an innocent defendant is convicted is

γI = 1;

and to the optimist, the probability that an innocent defendant is convicted is

γĪ =
[ (1−q)(1−p̄)

qp̄ ]
1

(n−1) (p̄+ p− 1) + p̄− p

p̄− (1− p̄)[ (1−q)(1−p̄)
qp̄ ]

1
(n−1)

.

To the pessimist, the probability that a guilty defendant is convicted is

γG = 1;

and to the optimist, the probability that an innocent defendant is convicted is

γḠ =
[ (1−q)(1−p̄)

qp̄ ]
1

(n−1) (p̄− p) + (p̄+ p− 1)

p̄− (1− p̄)[ (1−q)(1−p̄)
qp̄ ]

1
(n−1)

.

Thus,
Pr(C|I) = (γI)

n = (γmI γ
1−m
Ī

)n = (γ1−m
Ī

)n,

P r(A|G) = 1− (γG)n = (γmG γ
1−m
Ḡ

)n = (γ1−m
Ḡ

)n.

lim
n→∞

Pr(C|I) = lim
n→∞

(γI)
n = (

(1− q)(1− p̄)
qp̄

)
p(1−m)
(2p−1) ,

lim
n→∞

Pr(A|G) = lim
n→∞

1− (γG)n = 1− (
(1− q)(1− p̄)

qp̄
)

(1−p)(1−m)
2p−1 ;
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and

lim
n→∞

Pr(I|C) = lim
n→∞

1

1 + Pr(C|G)
Pr(C|I)

=
1

1 + limn→∞(1−Pr(A|G))
. limn→∞ Pr(C|I)

=
1

1 + ( qp̄
(1−q)(1−p̄))1−m .

Proposition 6. Under the two-point ambiguous information structure P = {p, p̄}, the
imperfect symmetric responsive Nash equilibrium,

1. for m = 0, leads to the smallest probability of convicting an innocent independently
of the ‘true’ level of p;

2. for m = 1, leads to the smallest probability of acquitting a guilty independently of the
‘true’ level of p.

Thus, in order to lower the probability of committing type I error, being optimistic
is indeed helpful; whereas, being pessimistic is beneficial for lowering the probability of
committing type II error.

Corollary 5. No matter what the ‘true’ level of p is,

1. when m = 0, Pr(C|I) under symmetric responsive equilibrium equals to that under
imperfect symmetric responsive equilibrium; however, when m = 1, symmetric re-
sponsive equilibrium outperforms imperfect symmetric responsive equilibrium in terms
of lowering Pr(C|I);

2. when m = 0, Pr(A|G) under symmetric responsive equilibrium equals to that un-
der imperfect symmetric responsive equilibrium; however, when m = 1, symmetric
responsive equilibrium is inferior to imperfect symmetric responsive equilibrium in
terms of lowering Pr(A|G);

Remark. The lower bound of the probability that a convicted defendant is innocent is the
smallest(highest) whenever m = 0(m = 1).

5.3 Two-point Ambiguity Model under Non-unanimous Voting Rule

We define the non-unanimous voting rule as k̂ = αn, with 0 < α < 1. We find that
the symmetric responsive Nash equilibrium exists for either type of voters under two-point
ambiguity information structure. Moreover, when n → ∞, both types of errors approach
to zero.

We know that when n→∞, the actual share of guilty votes converges to the expected
share of guilty votes in each state of the world. The probability the convicted is guilty is

Pr(G|C) =
1

1 + (
(γI)mα(γĪ)(1−m)α(1−γI)m(1−α)(1−γĪ)(1−m)(1−α)

(γG)mα(γḠ)(1−m)α(1−γG)m(1−α)(1−γḠ)(1−m)(1−α) )n
.
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Then, for larger n, the defendant is guilty with probability one if the above equation
approaches to one; the defendant is innocent with probability one if the above equation
approaches to zero.

We consider the case when 1/2 ≤ α < 1 to make sure that 0 ≤ σ(i) < 1 and σ(g) = 1
and measure the probability of making either type of error for voting rules such as simple
majority and two-thirds majority. The proofs of the derivation of this equilibrium are
confined to Appendix C.

Then, we have

γG = p+ (1− p)
p(1+(

1−p
p

)(1−α)/α)−1

p−(
1−p
p

)(1−α)/α)(1−p)

γI = p
p(1+(

1−p
p

)(1−α)/α)−1

p−(
1−p
p

)(1−α)/α)(1−p)
+ (1− p)

γḠ = p+ (1− p)
p̄(1+( 1−p̄

p̄
)(1−α)/α)−1

p̄−( 1−p̄
p̄

)(1−α)/α)(1−p̄)

γĪ = p
p̄(1+( 1−p̄

p̄
)(1−α)/α)−1

p̄−( 1−p̄
p̄

)(1−α)/α)(1−p̄)
+ (1− p)

And we can see that γG > γḠ > γI > γĪ .

Whenever m = 0, i.e., all voters believe in p̄, in order for the limit of the probability
of either type of errors to approach zero as the jury size gets larger (tends to infinity) the
following condition needs to hold: γḠ > α > γĪ .

However, whenever m = 1, i.e., all voters believe in p, in order for the limit of the
probability of either type of errors to approach zero as the jury size gets larger (tends to
infinity) the following condition needs to hold: γG > α > γI .

If there exist heterogeneous beliefs regarding p, we need (1 − m)γḠ + mγG > α and
(1 − m)γĪ + mγI < α for the probability that the convicted defendant is indeed guilty,
Pr(G|C), to tend to one as n→∞, i.e.,

lim
n→∞

Pr(G|C) = lim
n→∞

1

1 + (
γĪ
γḠ

)(1−m)αn(
γI
γG

)mαn(
1−γĪ
1−γḠ

)(1−m)(1−α)n(
1−γI
1−γG )m(1−α)n

= 1.

This result is in sharp contrast to those obtained under the unanimous voting case, for
which both types of errors are bounded away from zero.
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For both types of errors to be zero as n grows sufficiently large, the conditions above
can also be rewritten as γG > γḠ > α > γI > γĪ .

5

We can derive the unique α∗ for larger n that satisfies
so that if the actual fraction of guilty votes is smaller than α∗, the convicted defendant

is innocent with probability close to one; and, if the actual fraction of guilty votes is bigger
than α∗, the convicted defendant is guilty with probability close to one.

Proposition 7 and Corollary 6 summarise these results.6

Proposition 7. Under two-point ambiguity information structure and 1/2 ≤ α < 1

1. there is a symmetric responsive equilibrium for n → ∞, such that {(0 ≤ σ(i) <
1, σ(g) = 1), (0 ≤ σ(̄i) < 1, σ(ḡ) = 1)}; and,

2. both types of errors approach to zero as long as γG > γḠ > α > γI > γĪ .

Corollary 6. Under two-point ambiguous information structure, it is always possible to
select an appropriate level of α – say, α∗ – for the non-unanimous voting role with 1/2 ≤
α < 1, which satisfies the condition for the probabilities of committing type I and type II
errors to tend to zero as n → ∞ (γG > γḠ > α > γI > γĪ) for any given combinations of
p, p and p̄.

Remark. This suggests that the virtues of eliminating type I and type II errors can also
be found in other voting rules but the simple majority, whenever there exists ambiguity in
the accuracy of the information provided to voters casting their votes.

5Under this symmetric responsive Nash equilibrium, as long as γG > γḠ > α > γI > γĪ , we can
demonstrate that if the second term of the denominator for the expression of the probability of convicting a
guilty defendant approaches zero as n tends to infinity, the entire probability of convicting a guilty defendant
approaches one. That is so, because that second term can be rewritten as follows:

lim
n→∞

(
γĪ
γḠ

)(1−m)αn(
γI
γG

)mαn(
1− γĪ
1− γḠ

)(1−m)(1−α)n(
1− γI
1− γG

)m(1−α)n = 0.

Hence, this is equivalent to imposing the following restriction:

(
(γI)

mα(γĪ)
(1−m)α(1− γI)m(1−α)(1− γĪ)(1−m)(1−α)

(γG)mα(γḠ)(1−m)α(1− γG)m(1−α)(1− γḠ)(1−m)(1−α)
) < 1,

which translates in the condition γG > γḠ > α > γI > γĪ .
6Note that, yet another symmetric responsive Nash equilibrium exists for the less general case of 0 ≤

α < 1/2, for which the derivation can also be found in Appendix C. This case corresponds to decisions
dictated by minorities, which is less plausible than that for which at least simple majority of votes in favour
of one alternative is required for those votes to be decisive in that direction.
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6 Experimental Evidence

Basic Information In this chapter, we introduce our laboratory experiments aimed
at evaluating the effects of different institutions on the voting outcomes under two-point
ambiguous information structure; as well as understanding the plausible behaviour of jurors
in such setting. Furthermore, our experimental design allows us to examine the communi-
cation protocols under different institutions in an ambiguous environment.

Specifically, we conduct an array of experiments that emulate a jury decision-making
process. In the experiments, groups of five subjects are required to make a collective
decision between one of two alternatives, which is represented by a neutral metaphor of
acquittal and conviction. Each subject receives a private signal regarding the true state
before they make the decision, which is similar to the evidence and testimonies produced
in a trial. Subjects receive the corresponding rewards if at the end of the experimentation
session the outcome of one randomly selected collective choice, among the collective choices
they participated in, happens to coincide with the underlying ‘true’ state of the world
(whether the defendant is indeed ‘guilty’ or ‘innocent’, continuing the analogy with the
jury trial).

The experiments employe a 2×2×2 design. Namely, we provide two different imperfect
informational structures for the accuracy of signals received (probabilistic or two-point
ambiguous structure), two different institution settings or voting rules for the group decision
to be made (simple majority and unanimity), and two communication protocols, that is,
whether or not free-form communication is available to subjects prior to them making their
choices.

This experimental setup captures the core elements of not only the juridical trial, but
also many other different small group deliberations, such as medical consulting teams,
recruitment and tenure decisions by university committees, government legislatures, and
more.

Details of the experimental design can be found in Appendix D.
[to be completed, after experiments will have been conducted]

7 Conclusion

In this paper, we consider the collective decision-making process by embedding the
two-point ambiguity structure into the private information voters get before casting their
votes. By doing so, we find that non-unanimous voting rule leads to zero probability of
committing both types of errors – convicting the innocent defendant and acquitting the
guilty defendant – when the size of jury get sufficiently large. Although, under strategic
voting, the probability of making both types of errors is strictly bounded away from zero,
even when the size of the jury approaches to infinity, unanimous voting rule does not appear
to be as bad than that under the commonly known and unique prior assumption taken by
Feddersen and Pesendorfer (1998). There are two ways to improve unanimous voting in
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terms of lowering type I error: either (i) being genuinely optimistic, which means strongly
believing in a higher quality/credibility of the information when it is ambiguous; or (ii)
framing the information towards the higher level of quality/credibility, such that not all
voters are pessimistic. In either of those alternatives, the results are improved as compared
to the case in which the quality of the information is commonly known and uniquely given
to all voters.

Our theoretical analysis delivers interesting testable predictions under two-point ambi-
guity information. First, the theory delivers a clear prediction that as long as there exists
heterogeneity with respect to the type of voters, informative voting will never be an equi-
librium. Second, the theory delivers interesting comparative results regarding the model
where the information is purely risky (the signal is correct with a commonly known and
unique probability measure/level), suggesting that being optimistic is beneficial in lowering
the type I error. And this is easily testable in the laboratory.

Our research suggests a novel way to study collective deliberation outcomes by assum-
ing the quality of private information is ambiguous. By developing a theoretical model
that incorporates the scope for ambiguity to matter, we obtain insights about the way
to improve the performance of the unanimity voting rule. Furthermore, with the help of
laboratory experiments, we are able to test the plausibility of the theoretical predictions
so obtained. Together, these results imply that one could manipulate the optimistic atti-
tude by framing the information so as to improve the performance of unanimity voting.
Our basic assumption can also be extended further, to include ambiguous quality of the
information, such that the quality is contained within a continuous interval, instead of tak-
ing two possible levels, the respective probability of which is not known. This alternative
modelling of ambiguity is left for future research.
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8 Appendix

A
Proof of The Lower Bound of Pr(I|C) under Strategic
Voting

When there is some juror who votes for acquittal with positive probability, that is
because his/her posterior probability of the defendant being guilty, conditional on being
pivotal and receiving either of the two signals – an innocent signal, i or an guilty signal, g
– is not overwhelming the reasonable doubt, such that Pr(G|pivj , s) ≤ q.

Pr(G|pivj , s) =
Pr(prvj |G)Pr(s|G)Pr(G)

Pr(prvj |G)Pr(s|G)Pr(G) + Pr(prvj |I)Pr(s|I)Pr(I)
.

The prior about the ‘true’ state of the world is Pr(G) = Pr(I) = 0.5, and

∵ Pr(pivj |G) =
Pr(pivj |G)

Pr(pivj |G) + Pr(pivj |I)
,

∴ Pr(G|pivj , s) =

Pr(prvj |G)
Pr(prvj |G)+Pr(prvj |I)Pr(s|G)

Pr(prvj |G)
Pr(prvj |G)+Pr(prvj |I)Pr(s|G) +

Pr(prvj |I)
Pr(prvj |G)+Pr(prvj |I)Pr(s|I)

;

and according to Bayes’ Rule,

Pr(G|pivj , s) =
Pr(G|pivj)Pr(s|G)

Pr(G|pivj)Pr(s|G) + (1− Pr(G|pivj))Pr(s|I)
.

We know that if voter j believes in p, we have

Pr(s|G) =

{
Pr(i|G) = 1− p
Pr(g|G) = p;

And

Pr(s|I) =

{
Pr(i|I) = p

Pr(g|I) = 1− p.

We know that if voter j believes in p̄,

Pr(s|G) =

{
Pr(i|G) = 1− p̄
P r(g|G) = p̄;
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And

Pr(s|I) =

{
Pr(i|I) = p̄

P r(g|I) = 1− p̄.

Therefore,

Pr(G|pivj , g) =
Pr(G|pivj)Pr(g|G)

Pr(G|pivj)Pr(g|G) + (1− Pr(G|pivj))Pr(g|I)
=

Pr(G|pivj)p
Pr(G|pivj)p+ (1− Pr(G|pivj))(1− p)

;

∵ q ≥ Pr(G|pivj , g),

∴ Pr(G|pivj) ≤
qp− q

2qp− q − p
.

And

Pr(G|pivj , i) =
Pr(G|pivj)Pr(i|G)

Pr(G|pivj)Pr(i|G) + (1− Pr(G|pivj))Pr(i|I)
=

Pr(G|pivj)(1− p)
Pr(G|pivj)(1− p) + (1− Pr(G|pivj))p

;

∵ q ≥ Pr(G|pivj , i),

∴ Pr(G|pivj) ≤
qp

(1− q)(1− p) + qp
.

Referring to the pessimistic voters, for either of the signal to satisfy the condition
that the posterior probability is not overwhelming the reasonable doubt, we obtain that
Pr(G|pivj) ≤

qp

(1−q)(1−p)+qp .

Regarding the optimistic voters, a similar approach can be applied, then,

Pr(G|pivj , ḡ) =
Pr(G|pivj)Pr(ḡ|G)

Pr(G|pivj)Pr(ḡ|G) + (1− Pr(G|pivj))Pr(ḡ|I)
=

Pr(G|pivj)p̄
P r(G|pivj)p̄+ (1− Pr(G|pivj))(1− p̄)

;

∵ q ≥ Pr(G|pivj , ḡ),

∴ Pr(G|pivj) ≤
qp̄− q

2qp̄− q − p̄
.

P r(G|pivj , ī) =
Pr(G|pivj)Pr(̄i|G)

Pr(G|pivj)Pr(̄i|G) + (1− Pr(G|pivj))Pr(̄i|I)
=

Pr(G|pivj)(1− p̄)
Pr(G|pivj)(1− p̄) + (1− Pr(G|pivj))p̄

;

∵ q ≥ Pr(G|pivj , ī),

∴ Pr(G|pivj) ≤
qp̄

(1− q)(1− p̄) + qp̄
.

31



With respect to the optimist, for either of the signal to satisfy the condition, Pr(G|pivj , s̄) ≤
q, we obtain that Pr(G|pivj) ≤ qp̄

(1−q)(1−p̄)+qp̄ .

Because we do not require every voter to vote to acquit with positive probability, as
long as Pr(G|pivj) ≤ qp̄

(1−q)(1−p̄)+qp̄ , at least those who are optimistic will vote accordingly.

Define γGj as the probability that the guilty defendant is convicted. γIj is the proba-
bility the innocent defendant is convicted. Neither γGj nor γIj is the function of voter j’s
own perception of the signal accuracy, but the function of their voting strategies and the
true quality of private signals, which is labelled as p.

Thus, for those who believe in p̄,

γḠj = pσj(ḡ) + (1− p)σj (̄i),

and
γĪj = pσj (̄i) + (1− p)σj(ḡ).

We assume that at least one of σ(̄i) and σ(ḡ) lies in (0, 1].

Thus, we first check whether
γĪj
γḠj
≥ 1−p

p when σj(ḡ) ∈ (0, 1].

We have

γĪj
γḠj

=
pσj (̄i) + (1− p)σj(ḡ)

pσj(ḡ) + (1− p)σj (̄i)
=
p σ(̄i)
σ(ḡ) + (1− p)

p̄+ (1− p) σ(̄i)
σ(ḡ)

;

∵
σ(̄i)

σ(ḡ)
∈ [0,+∞),

And, also,
p > 1− p,

Thus, p σ(̄i)
σ(ḡ) ≥ (1− p) σ(̄i)

σ(ḡ) ; and the minimum of
γĪj
γḠj

is 1−p
p .

Therefore, we proved that when σj(ḡ) ∈ (0, 1], we have

γĪj
γḠj
≥ 1− p

p
.
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Now, we check whether
γĪj
γḠj
≥ 1−p

p when σj (̄i) ∈ (0, 1].

We have

γĪj
γḠj

=
pσj (̄i) + (1− p)σj(ḡ)

pσj(ḡ) + (1− p)σj (̄i)
=
p+ (1− p)σ(ḡ)

σ(̄i)

p+ (1− p) σ(̄i)
σ(ḡ)

=
p σ(̄i)
σ(ḡ) + (1− p)

p+ (1− p) σ(̄i)
σ(ḡ)

;

∵
σ(̄i)

σ(ḡ)
∈ [0,+∞),

which gives
1
σ(̄i)
σ(ḡ)

∈ (0,+∞).

Thus,

p σ(̄i)
σ(ḡ) + (1− p)

p+ (1− p) σ(̄i)
σ(ḡ)

>
p

1− p
.

Thus, we have proved that
γĪj
γḠj
≥ 1−p

p , when at least one of σ(̄i) and σ(ḡ) lies in (0, 1].

Therefore,

Pr(G|C) =
Pr(G|pivj)γḠj

Pr(G|pivj)γḠj + (1− Pr(G|pivj))γĪj
=

Pr(G|pivj)
Pr(G|pivj) + (1− Pr(G|pivj))

γĪj
γḠj

.

∵
γĪj
γḠj
≥ 1− p

p
,

∴ Pr(G|C) ≤ Pr(G|pivj)
Pr(G|pivj) + (1− Pr(G|pivj))(1−p

p )
≤ 1

2p−1
p + 1−p

qp̄p
(1−q)(1−p̄)+qp̄

=
(1− p̄)(1− p)(1− q)

(1− p)(1− q) + p̄(p+ q − 1)
.

B
Proof of The Existence of Symmetric Responsive Nash
Equilibrium under Unanimous Voting

Define the probability the guilty defendant is convicted as γG and the probability the
innocent defendant is convicted as γI , we then have
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γG = pσ(g) + (1− p)σ(i),

γI = pσ(i) + (1− p)σ(g),

γḠ = p̄σ(ḡ) + (1− p̄)σ(̄i),

γĪ = p̄σ(̄i) + (1− p̄)σ(ḡ).

Here, γ is a function of the private signals voters receive and voters beliefs about the
quality of the signals. The reason is because when a voter consider being pivotal, he/she
assumes that all others vote for conviction, and that that voter believes that all others
believe the same as he does.

First, we will prove that for those who believe in p, there exists a symmetric responsive
equilibrium (σ(g) = 1, 0 < σ(i) < 1).

Assume there exists a symmetric equilibrium (σ(g) = 1, 0 < σ(i) ≤ 1).

If 0 < σ(i) ≤ 1, it indicates β(n− 1, n, 1− p) ≥ q, then,

1

1 + ((
γI
γG

)η(
γĪ
γḠ

)(1−η))n−1 p

1−p
≥ q.

This gives us

((
γI
γG

)η(
γĪ
γḠ

)(1−η))n−1 ≤ 1− q
q

1− p
p

.

In the case when the pivotal voter receives g, it must be true that

1

1 + ((
γI
γG

)η(
γĪ
γḠ

)(1−η))n−1 1−p
p

≥ 1

1 + 1−q
q

1−p
p

1−p
p

> q.

Thus, his posterior belief about the defendant being guilty is β(n, n, p) > q, which indicates
that those who receive signal g and believe in p will vote guilty for sure, σ(g) = 1.

As the strategic profile needs to be responsive, σ(i) has to be smaller than 1, thus,
(σ(g) = 1, 0 < σ(i) < 1).

However, if 0 ≤ σ(g) < 1, then β(n, n, p) ≤ q. We have

1

1 + ((
γI
γG

)η(
γĪ
γḠ

)(1−η))n−1 1−p
p

≤ q;
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and then,

((
γI
γG

)η(
γĪ
γḠ

)(1−η))n−1 ≥ 1− q
q

p

1− p
.

We obtain
1

1 + 1−q
q

p

1−p
p

1−p
< q,

which says β(n − 1, n, 1 − p) < q. This shows that σ(i) = 0, if jurors receive signal i and
believe in p, they will never vote for conviction. Noticeably, being pivotal means there are
n − 1 guilty votes. Since those who gets i do not vote for guilty, it has to be the case
that those who gets g vote for conviction. However, this contradicts our assumption of
σ(g) < 1. Therefore, σ(g) < 1 cannot be an equilibrium.

Hence, σ(g) = 1 and 0 < σ(i) < 1 is the unique symmetric responsive strategy profile
for pessimistic voters, who believes in p.

We then have
γG = p+ (1− p)σ(i),

and
γI = pσ(i) + (1− p).

When 0 < σ(i) < 1, it means that

1

1 + (
p

1−p)(
γI
γG

)n−1
=

1

1 + (
p

1−p)(
pσ(i)+(1−p)
p+(1−p)σ(i))n−1

= q.

σ(i) =
[
(1−q)(1−p)

qp ]
1

(n−1) p− (1− p)

p− [
(1−q)(1−p)

qp ]
1

(n−1) (1− p)

Examining the above equation, we can see hat σ(i) < 1 as long as q > 1− p.

Using a similar proof, we can get that σ(ḡ) = 1 and 0 < σ(̄i) < 1 is the unique
symmetric responsive strategy profile for optimistic voters, who believe in p̄. Also,

σ(̄i) =
[ (1−q)(1−p̄)

qp̄ ]
1

(n−1) p̄− (1− p̄)

p̄− [ (1−q)(1−p̄)
qp̄ ]

1
(n−1) (1− p̄)

< 1,

as long as q > 1− p̄.
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Thus, we have one unique symmetric responsive Nash equilibrium, ((0 < σ(i) <
1, σ(g) = 1), (0 < σ(̄i) < 1, σ(ḡ) = 1)), when there exists heterogeneity in voters’ types
caused by two-point ambiguity information structure.

C
Proof of The Existence of Symmetric Responsive Nash
Equilibrium under Non-unanimous Voting

Define the non-unanimous voting rule as k̂ = αn, 0 < α < 1.

If σ(i) < 1, we must have

1

1 +
p(γI)k̂−1(1−γI)n−k̂

(1−p)(γG)k̂−1(1−γG)n−k̂

≤ q,

with equality holding if 1 > σ(i) > 0.

Similarly, when σ(g) > 0, it must be true that

1

1 +
(1−p)(γI)k̂−1(1−γI)n−k̂

p(γG)k̂−1(1−γG)n−k̂

≥ q,

with equality holding if 1 > σ(g) > 0.

We first prove, in any responsive equilibrium, we must have either σ(i) = 0 and
1 ≥ σ(g) > 0 or 0 ≤ σ(i) < 1 and σ(g) = 1.

Suppose 1 ≥ σ(g) > 0, we have

1

1 +
(1−p)(γI)k̂−1(1−γI)n−k̂

p(γG)k̂−1(1−γG)n−k̂

≥ q,

then,

(1− q)p
q(1− p)

≥
(γI)

k̂−1(1− γI)n−k̂

(γG)k̂−1(1− γG)n−k̂
.

Thus, we have
1

1 + 1−q
q (

p

1−p)2
< q,
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which implies σ(i) = 0.

Suppose 1 > σ(i) ≥ 0, we have

1

1 +
p(γI)k̂−1(1−γI)n−k̂

(1−p)(γG)k̂−1(1−γG)n−k̂

≤ q,

then,

(1− q)(1− p)
qp

≤
(γI)

k̂−1(1− γI)n−k̂

(γG)k̂−1(1− γG)n−k̂
.

Thus, we have
1

1 + 1−q
q (

(1−p)
p )2

> q,

which implies σ(g) = 1.

Thus, in any responsive equilibrium we must have either σ(i) = 0 and 0 < σ(g) ≤ 1 or
0 ≤ σ(i) < 1 and σ(g) = 1 .

Then, we need to check whether σ(i) = 0 and σ(g) = 1 is a responsive voting equilib-
rium.

Suppose it is indeed a responsive voting equilibrium, we then have

γI = p,

and
γG = 1− p.

σ(i) = 0 indicates that
1

1 +
p(1−p)k̂−1(p)n−k̂

(1−p)(p)k̂−1(1−p)n−k̂

< q;

and we obtain
(1− q)(1− p)

qp
<

(1− p)k̂−1(p)n−k̂

(p)k̂−1(1− p)n−k̂
,

then,
1

1 +
(1−p)(1−p)k̂−1(p)n−k̂

p(p)k̂−1(1−p)n−k̂

> q,
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we proved that σ(i) = 0 and σ(g) = 1 is a responsive equilibrium.

If σ(i) = 0, σ(g) = 1 is not a responsive equilibrium, we then have two cases to consider.

If σ(i) = 0 and 0 < σ(g) < 1, then,

γI = (1− p)σ(g),

and

γG = pσ(g).

1

1 +
(1−p)(γI)k̂−1(1−γI)n−k̂

p(γG)k̂−1(1−γG)n−k̂

= q,

(1− q)p
q(1− p)

=
(γI)

k̂−1(1− γI)n−k̂

(γG)k̂−1(1− γG)n−k̂
,

=
((1− p)σ(g))k̂−1(1− (1− p)σ(g))n−k̂

(pσ(g))k̂−1(1− pσ(g)))n−k̂
,

= (
1− p
p

)k̂−1(
1− (1− p)σ(g)

1− pσ(g)
)n−k̂.

Therefore, we get

(1− q)
q

(
p

1− p
)k̂ = (

1− (1− p)σ(g)

1− pσ(g)
)n−k̂,

(1− σ(g) + pσ(g))

(1− pσ(g))
= (

(1− q)
q

(
p

1− p
)k̂)1/(n−k̂),

(
1− q
q

(
p

1− p
)k̂)

1

n−k̂ (1− pσ(g)) = 1− σ(g)(1− p),

(
1− q
q

(
p

1− p
)k̂)

1

n−k̂ − (
1− q
q

(
p

1− p
)k̂)

1

n−k̂ pσ(g) + σ(g)− pσ(g) = 1,

σ(g)((1− p)− p(1− q
q

(
p

1− p
)k̂)

1

n−k̂ ) = 1− (
1− q
q

(
p

1− p
)k̂)

1

n−k̂ ,
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∴ σ(g) =
(1−q
q (

p

1−p)k̂)
1

n−k̂ − 1

p(1−q
q (

p

1−p)k̂)
1

n−k̂ − (1− p)
=

(1−q
q (

p

1−p)k̂)
1

n−k̂ − 1

p(1−q
q (

p

1−p)k̂)
1

n−k̂ − 1
.

This yields

σ(g) =
h− 1

p(h+ 1)− 1
,

where

h = (
(1− q)
q

(
p

1− p
)k̂)1/(n−k̂).

If σ(g) = 1 and 0 < σ(i) < 1, then,

γG = p+ (1− p)σ(i)

and

γI = 1− p+ pσ(i)

(1− p)(γG)k̂−1(1− γG)n−k̂

p(γI)k̂−1(1− γI)n−k̂ + (1− p)(γG)k̂−1(1− γG)n−k̂
< q,

∵
(1− q)(1− p)

qp
= (

γI
γG

)k̂−1(
1− γI
1− γG

)n−k̂,

∴
(1− q)(1− p)

qp
= (

1− p(1− σ(i))

1− (1− p)(1− σ(i))
)k̂−1(

p(1− σ(i))

(1− p)(1− σ(i))
)n−k̂,

(1− q)(1− p)
qp

(
p

1− p
)k̂−n = (

1− p+ pσ(i)

p+ (1− p)σ(i)
)k̂−1,

(
(1− q)(1− p)

qp
(

p

1− p
)k̂−n)

1

k̂−1 =
1− p+ pσ(i)

p+ (1− p)σ(i)
,

((
(1− q)(1− p)

qp

p

1− p
(

p

1− p
)k̂−n−1))

1

k̂−1 =
1− p+ pσ(i)

p+ (1− p)σ(i)
,

((
1− q
q

)(
p

1− p
)k̂−n−1)

1

k̂−1 (p+ (1− p)σ(i)) = 1− p+ pσ(i),
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p((
1− q
q

)(
p

1− p
)k̂−n−1)

1

k̂−1 + (1− p)σ(i)((
1− q
q

)(
p

1− p
)k̂−n−1)

1

k̂−1 − pσ(i) = 1− p,

σ(i)((1− p)((1− q
q

)(
p

1− p
)k̂−n−1)

1

k̂−1 − p) = 1− p− p((1− q
q

)(
p

1− p
)k̂−n−1)

1

k̂−1 ,

∴ σ(i) =
1− p− p((1−q

q )(
p

1−p)k̂−n−1)
1

k̂−1

(1− p)((1−q
q )(

p

1−p)k̂−n−1)
1

k̂−1 − p
=

1− p(1 + ((1−q
q )(

p

1−p)k̂−n−1)
1

k̂−1 )

(1− p)((1−q
q )(

p

1−p)k̂−n−1)
1

k̂−1 − p
.

Thus, an interior solution in this case, is

σ(i) =
p(1 + f)− 1

p− f(1− p)
,

where

f = (
(1− q)
q

(
(1− p)
p

)n−k̂+1)1/(k̂−1).

We could also prove that symmetric responsive Nash equilibrium is either (0 ≤ σ(̄i) <
1, σ(ḡ) = 1) or (σ(̄i) = 0, 0 < σ(ḡ) ≤ 1) for those who believe in p̄ following a similar proof
as we have used for those who believe in p.

Next, we prove the existence of the symmetric responsive limit equilibrium.

When n→∞,

lim
n→∞

f = lim
n→∞

(
(1− q)
q

(
(1− p)
p

)n−k̂+1)1/(k̂−1) = (
1− p
p

)
1−α
α ;

and, therefore, we have

σ(i) =
p(1 + f)− 1

p− f(1− p)
=

p(1 + (
1−p
p )(1−α)/α)− 1

p− (
1−p
p )(1−α)/α)(1− p)

.

We can see that when 1 > α ≥ 1/2, σ(i)→ 1 as α→ 1.
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Similarly,

lim
n→∞

h = lim
n→∞

(
(1− q)
q

(
p

1− p
)k̂)1/(n−k̂) = (

p

1− p
)

α
1−α ,

σ(g) =
h− 1

p(h+ 1)− 1
=

(
p

1−p)α/(1−α) − 1

p((
p

1−p)α/(1−α) + 1)− 1
.

When 0 < α ≤ 1/2, σ(g)→ 0 as α→ 0.

This proves that for any α ∈ (0, 1) there is a responsive limit equilibrium.

The limit strategy for those who believe in p̄ can be obtained in a similar way, such
that

σ(̄i) =
p̄(1 + f)− 1

p− f(1− p̄)
=

p̄(1 + (1−p̄
p̄ )(1−α)/α)− 1

p̄− (1−p̄
p̄ )(1−α)/α)(1− p̄)

,

and

σ(ḡ) =
h− 1

p̄(h+ 1)− 1
=

( p̄
1−p̄)α/(1−α) − 1

p̄(( p̄
1−p̄)α/(1−α) + 1)− 1

.

Thus, we consider the case when 1 > α ≥ 1/2 to make sure that 0 ≤ σ(i) < 1 and
σ(g) = 1 and measure the probability of making either type of error for voting rules such
as simple majority and two-thirds majority.

D
Laboratory Experimentation Design

Experimental Design We present jars which are different in colour: either red or
blue. Each jar contains 10 balls with either colour red or colour blue. The ‘red’ jar contains
more red balls than blue ones and the ‘blue’ jar contains more blue balls than red ones. In
our experiment, we use the red (blue) jar to represent a defendant being guilty (innocent).

The experiment is computerised using the z-Tree software (Fischbacher, 2007). For
each of the treatments envisaged, after all subjects arrive, instructions are provided by the
experimenters and time is given to subjects to go through those instructions and to answer
open questions, if any, before the experiment starts. Each experimental session involves 20
decision tasks, one for each separate/independent rounds/periods.
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At the start of each period, one of the jars is chosen, subjects are anonymously matched
to a group of five then labelled from 1-5, all at random, by the computer. Then, each subject
receives his/her private information by picking a ball from the chosen jar independently
with replacement. The colour of the ball is revealed only to the subject himself/herself,
which is a token of the private information in our setting. Ultimately, subjects need to
cast their votes so as to make the group-decision regarding the true colour of the chosen
jar. Each subject is paid according to their own and their group members’ votes. Subjects
receive a $5 show up fee and at the end of the experiment they also receive a bonus of up
to $20, which depends on whether they were involved in any ‘right’ collective choices, and
how many of those, as part of various groups throughout the experimental session.

Any period of the experiment may count toward such payment, and, thus, subjects
need to pay attention throughout the experiment to maximise their expected payment for
the collective deliberations they participate in.

There are three important components of the experimental design: the private informa-
tion structure each subject gets, the voting rule in place, and the availability of free-form
communication. Also, preliminary to the start of the real experiment, all jars are presented
to each subject. Subjects are free to pick up balls with replacement from each of these
two jars within a fixed time, for subjects to familiarise with the process and for them
to accumulate experiences on how they can derive their own subjective beliefs about the
underlying ‘true’ accuracy of the signals, while receiving such signals.

Private Information Structure: At the beginning of each period, either the red jar or
the blue jar is selected randomly. And then, each member within the group receives an
independent draw (with replacement) from the jar which is selected beforehand. In the
probabilistic setting, subjects are given only two jars, each of them contains 10 balls with
colour either red or blue. The red jar contains 6 red balls and 4 blue balls, and the blue
jar contains 6 blue balls and 4 red ones. Thus, the colour of the drawn ball matches the
jar’s colour with probability p = 0.6 (or 60%), which is referred to as the accuracy of the
private signal. In the two-point ambiguous setting, four compositions of red and blue balls
are feasible for those jars instead: there are two alternative ways in which a ‘red’ jar comes
about, either when it contains 6 red balls, and 4 blue ones; or when it contains 9 red balls
and 1 blue ball. The ‘blue’ jar can either be one which contains 6 blue balls and 4 red balls,
or 9 blue balls and 1 red ball. The subjects are shown possible variations of the relative
probability with which either the ‘red’ or the ‘blue’ type jars can come about, which does
not leave any hints as to how such distribution happens with any regularity. Thus, if the
chosen jar is ‘red’ (‘blue’) in the sense just described, we have p equal to either 0.6 or
0.9. One among those jars is chosen before subjects receive their private signals and cast
their votes, individually, determining their collective choice, under each selected voting rule
(simple majority or unanimity).

Voting Rules: The voting rule is explained to the subjects at the outset of the experi-
ment, depending on the threshold k given to reach the group decision/consensus, where the
red jar is the group choice if and only if k of n subjects within the group vote for red. The
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colour red is taken as a metaphor for ‘guilty’, so that the colour ‘blue’ represents ‘innocent’.
There are two types of treatments, corresponding to different voting rules: k = 3 (simple
majority), and and k = 5 (unanimity). Under unanimity, the pre-set default colour is blue,
for subjects failing to reach an unanimous consensus for red.

Communication: In the ‘communication’ treatment, subjects first observe the private
signal, then, they are free to communicate through the chat box that appears on their
screen with some of the group members or with the whole group. Messages may take any
form and the communication process is given sufficient time prior to letting subject submit
their choices. In the ‘non-communication’ treatment, subjects cast their votes directly after
observing their private signals.

To summarise, the experiments employ a 2 × 2 × 2 design based on variations in in-
formation structures, alternative voting rules and the availability of communication before
the casting of votes. Each experimental session implements one particular information
structure, voting rule and communication protocols. Within sessions, we let subjects make
decisions over 20 rounds, during each of which subjects are randomly drawn and anony-
mously assigned to a group of 5 members.

The experiments are conducted at DECIDE (Laboratory for Business Decision Making)
based at the University of Auckland. n subjects are recruited through the ORSEE system
(Greiner, 2004) among the economics freshmen of the University of Auckland to participate
in the experiment. Each subject receives $5 dollars as a show-up fee and is remunerated
with a bonus of up to NZ$20 for making the ‘right’ collective choices – if any –among those
they participated in during the experimental session.
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