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1. INTRODUCTION

Aggregating dispersed information can produce extremely accurate predictions. When organizational struc-
tures are decentralized and/or the information needed to generate good forecasts is highly dispersed, the
transaction and agency costs of collecting information increase significantly. The increased speed of modern
information technologies opens the possibility of designing more efficient information elicitation and aggrega-
tion systems.

People differ in the quality of their information. These differences arise from different experiences or access
to information, and the differences are not generally observable. However, people who know they have more
accurate information are generally willing to bet more on it, they are willing to put their money where their
mouth is. We exploit this regularity to design a mechanism that generates reliable predictions by efficiently
quality-weighting each person’s information.

The early research on information elicitation mechanism design only focuses on eliciting a single agent’s
forecasts of a future event (see Savage 1971 and the references cited there). More recent work on eliciting
the forecasts from several agents has assumed that the qualities of forecasts are equal (e.g. Chen, Fine and
Huberman 2001 and 2004). Weighting observations from different sources according to their reliability has
a long history in statistics, viz. the heteroskedasticity corrections in any good regression textbook. In the
foundational work on information elicitation, Savage (1971) mentions the problem of eliciting and combining
several agents’ information. He suggests assigning weight to each agent’s opinion according to their past
experience or, in some other fashion, to “give each the weight you think appropriate.” In this research, we
systematically weight the opinions as a function of the amount of money the agents are willing to put on
what they say.

Market mechanisms provide a method of “putting your money where your mouth is.” There is a body of
research emphasizing the prediction abilities of futures markets (see e.g. the survey by Wolfers and Zitzewitz,
2003). However, it is not fully understood how reliable such markets are, nor what determines their reliability.”
This uncertainty limits the use of such market prediction outcomes to support business decision process.

There are two, related theoretical doubts about the reliability of prediction markets. The first is a con-
ceptual problem pointed out by Grossman and Stiglitz (1980). If the market price in a prediction is a good
indicator of the future event, as it would be if it aggregated all available information, then no rational person
would have an incentive to take part in the market since their private information is almost certainly less
accurate than the aggregated information of everyone else. More generally, Milgrom and Stokey (1982) point
out that the information that someone else is willing to make a bet against you reveals information making
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you less willing to bet against them. Your initial best estimate of the odds is based on your private informa-
tion. Knowing that someone else, on the basis of their own private information, is willing to bet against you
means that you know that their private information contradicts yours. This should decrease your willingness
to bet. To resolve these conceptual problems, outside subsidies must be provided to guarantee the agents
correct incentives to trade.

We propose a novel betting mechanism in which the principal who needs the forecast will subsidize the
bettors. In our mechanism, the prediction is reliable in the sense the principal can estimate the accuracy of
the prediction from the bets being put into the market. Besides, each agent’s bet also indicates the weight of
each individual forecast. We conduct our analysis within a single-principal-multi-agent framework and resolve
the following questions.

(1) How do we give agents incentives to truthfully reveal both their private information and the quality
of their information.

(2) What do these incentives cost? (How much subsidy the principal should provide to the market place?)

(3) How do we trade off the costs of the incentives and the benefits of the information we gather?

In our proposed betting mechanism, the principal asks agents to report their forecasts and place money, as
a bet, on their reports. After the uncertainty is realized, the agents can get rewards according to how close
their reports are to the actual realization of the event and how much money they bet on the reports. With
such a mechanism, the agents cannot simply say that they are “experts,” they can only demonstrate their
“expertise” by betting a lot of money on their report.

We present a family of reward functions with the following two crucial properties: each agent’s dominant
strategy is to report their true forecast; and agents bet an amount that is monotonically increasing in the
precision of their information. We use this family in three market contexts: (1) a simultaneous betting market;
(2) a sequential betting market; and (3) a Dutch auction betting market. We compare the three markets and
discuss the pros and cons.

In all three markets, the agents’ expected gain is positive if they are willing to bet. The gain comes from
the principal’s incentive cost. The principal can adjust the parameter of the reward function so that only
agents who think their forecasts are precise enough will enter the market and bet.

In the simultaneous betting market, the principal can collect the information in one single period. This
time advantage makes the simultaneous betting market favorable when the final forecast is needed urgently.
Besides, the bet can be kept secret from other participants, which is important if the principal doesn’t want
to release the prediction for free. However, we found that the incentive cost in such a market is the highest
of all three markets. It is because the principal cannot dynamically adjust the rewards as new information is
revealed. Moreover, this market is vulnerable to the anonymity issue because an agent can gain by multiple
bets using different identities.

A sequential betting market allows the principal to adjust the reward after each round new information has
incorporated. We show that the principal can save on incentive costs compared with simultaneous betting if
the principal can adopt a public learning strategy in the market. Besides, we found that the optimal sequence
which minimizes incentive costs is the one where the agent with the less precise information bets earlier.

The Dutch auction betting market can be regarded as an extension of the sequential betting market,
where the principal changes the reward gradually and the agents choose the right time to bet. We show
that a symmetric equilibrium exists where all the agents adopt the same timing function. Furthermore, the
timing function monotonically decreases with the agent’s information precision. We also find that the auction
mechanism introduces competition among agents so that the incentive costs are even lower than sequential
betting. However, such a mechanism requires the agents to continuously monitor the state of the market
and re-act quickly. Such a mechanism is only applicable when agents are willing to commit their time and
attention for a reasonably long time period and the communication efficiency between the market and agents
are effective.

All the three market designs are anonymous in the sense that no agent needs to have a long-term contract
with the principal. Agents do their best in the market and then leave. The anonymity is important to
guarantee the agents not to behave strategically. For example, in absence of anonymity, agents will worry
about ruining promotion chances if getting the prediction wrong and be hesitant to participate.
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The rest of the abstract is organized as follows. In section 2, we introduce the model setup, and analyze
it under the three different markets. We conclude in section 3 with discussion of some extensions and
interpretations of future research.

2. MODEL AND ANALYSIS

2.1. The Model. A risk neutral principal (a firm) wants to forecast the outcome of a future event, which
can be represented by a random variable X ~ N(0,1). The firm’s payoff from generating a forecast X is
9(X,z) = v — p(X — z)%, where x is the realization of X, v is the value to the firm when the forecast is
extremely precise, and p()? — )% is a quadratic penalty term for mistakes in the forecast.

The firm resorts to N risk-neutral agents, each of whom can access different, independent information
sources. Formally, the agents observe signals s; = x + &;, where ¢; ~ N (0,03) are independent prediction

errors. o2 ~ U[0,1] is private information of agent i.

Lemma 2.1. (First Best Aggregation) When all the agents truthfully report the signals s; and the precision
~ N
of the information 7; 2 0—12, i=1,..,N, the best prediction X¥'B = EE%’ and 7FF =1+ Zi\il 7; 18 the
(3 i=1T1
prediction precision.

However, the agents may not have the incentive to provide the true information. Inspired by the famous
saying, “putting your money where your mouth is,” we design a betting mechanism to elicit the information.
That is, each participant sends a report r; and places an amount of money B; as a bet. After x is realized,
each participant gets a payoff f(r;, B;,x). Given a reward structure f = f(B;,r;, z), agent i solves

max Elmi|s;, 7i] = E[f(B;, 1i, ) — Bilsi, 7i]

for their optimal strategy (B} (si, ), (8, 7:))-

Definition 2.2. We say that a strateqy (B;(7i, si),7i(7i,8:)) is fully revealing if it is invertible for Vi €
Q={1,2,--- ,N}. If there exists a set E C Q, and (B;i(m, si),7i(7, si)) is invertible for ¥i € E, we say that
(Bi(7i, i), 7i(7iy 81)) is fully revealing on set E.

We consider the class of reward functions
1
F = {fu(Bi,ri,x) = 2B?[a — (r; — v)*],a > 0}

where a is a parameter adjustable by the firm. Proposition 2.1 shows that this family of reward function can
reveal a specific set of agents’ private information and the precision.

Proposition 2.1. (1) If a > %, then all the agents will enter the market and bet. The optimal strategy

1—&72- )2

(2) When a € (0, 3], only those agents with 7; > 1 — 1 will enter the market. Thus, the agents’ optimal
strategy is fully revealing on the set E, = {i : 7; > % — 1}. The agents’ expected payoff by playing
optimal strategies are (a — lin)z if 1 € E, and 0 otherwise.

(3) When a <0, no agent will enter the market to bet. Thus the market shuts down.

(B} (i, 8:), 7 (73, 81)) is fully revealing and agent’s expected payoff (a —

2.2. Simultaneous betting market. A simultaneous betting market allows all the agents to submit their
reports and bets at the same time. No agent can observe other’s behavior in the market. In such a simultaneous
betting market, the firm needs to decide the optimal level of a. A large a induces more agents to bet and the
market can incorporate more information. However, the firm pays more to each agent in expectation.

Proposition 2.2. (1) There exists a p > 0 such that for p € [0,p), the firm shuts down the market by
setting a* = 0. a a

3The families of fully revealing reward functions are not unique. A detailed analysis of the families of reward functions can be
found in Fang et al (2004). In this paper, we take the family of reward function as given and look at the impact of different
market designs.
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(2) There exists a pair (p,p) satisfies p > p > p such that when p € (p,p), an interior solution exists

where a* € (0, %) Only those agents with precision higher than ai* — 1 will participate in the market.
(3) There exists a p > P, so that when p > p, the optimal choice is to set a = % The market is open to

all the agents.

In a simultaneous betting market, it is very critical that the reward function cannot be changed when
market is open, although the firm has a strong incentive to do so after observing the bets of first several
agents. If the commitment is non-credible, then all the agents will wait till the rewards reach the highest
level. Besides, the anonymity of a simultaneous betting market may give agents the opportunity to manipulate
the market by placing multiple bets.

2.3. Sequential betting market. In a sequential betting market, the agents are arranged in a queue with
an exogenously determined order. The market allows only one agent to bet at each time. In round ¢, the firm
1

announces the reward function fi(By,7t,x) = 2B? [az — (r¢ — x)?] and then the agent reports r; and bets By.
After the agent leaves the market, the firm publicize (r¢, B;). Round ¢+ 1 begins with a new reward function

1
fer1(Beg1, reg1, @) = 2B2 4 [age — (1o — 2)?).

It takes multiple rounds for the firm to get the prediction in a sequential betting market. So it can only be
used for producing predictions which is not needed urgently. In the following analysis, we assume that there
is no value discount across time for the firm. Then after round ¢, the firm’s current forecast of the information
is:

i1 Tisi N
X‘ [(8177—1)7(5277—2)7"' 7(Stht)] NN( o ) ) T')
YicoTi ZZ:O Z
where 7y 2 1 is the prior precision. The agent i (i < t) has the same belief because her private information
has already been revealed. For those agents indexed j (j > t), they also update their beliefs according to the
information revealed in the market and their beliefs are:

Zt 1Tzsz+7-j3]
X|[(s1,71), (s2,m2), -, (s8¢, 7t), (55, 75)] ~ N(== i+ 75)
| [( ), ( ) (8t,7t), (85, 75)] ( S §loz )

They still have some information advantage. However, the firm only needs to set ai11 = 5 +1 to induce
agent t + 1’s information, where 7 2 Zgzo 7;. Thus, agent t 4+ 1’s expected payoff cannot be higher than
(T%H — ﬁﬁ)z, which is much lower than what she can get from simultaneous betting system. In other words,

the incentive cost in sequential betting is lower than in simultaneous betting.
Proposition 2.3. E[llq| > E[llsimue] if there is no time value discount in the prediction.

In sequential betting market, the order of agents affects the firm’s cost of elicitation although the actual
prediction accuracy remains the same. Thus, it is interesting to discuss the optimal order of agents which
minimize the firm’s cost.

Proposition 2.4. : The optimal queue which minimizes the cost of eliciting information in a sequential
betting market satisfies 7, > 7 if i > j.

However, it is impossible for the firm to arrange the optimal sequence because 7; is unobservable.

2.4. Sequential betting in a Dutch Auction mechanism. In the Dutch Auction mechanism, the firm
increases the reward parameter a gradually until either some agent bets or a reaches T%H, where 7t is the
precision of the current market belief. Although agents want to wait to bet until a gets large, they are bearing
the risk that a less patient agent will bet earlier and the auction restarts with a less profit potential. For
simplicity, we illustrate this idea using the a two-agent example.

Assume that there are only two agents with information precision 71, 72 independently drawn from f(7).
W.lo.g., we assume a(t) = t. In this case, each agent knows that no other competitor exists if the other one
bets first. So the second bettor can always wait until the reward parameter increases to the lowest level, i.e.

2
Thus, the second betters’ payoff is always: (ﬁ — ;> .

a= 1+7m1+72

2+T
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Define 6(7) as the agent’s optimal timing strategy, which can be derived from the following equation:

too /0 1 2 1 \?
- dry + (0(71) — F(3
”@?:C/% <2+T2 1+71+72> 1) TQ+< (1) 1+n> (1)

1

Proposition 2.5. The equilibrium with symmetric timing function 0(1) uniquely exists, and 6(t) strictly
decreases with T.

Proposition 2.6. When there are only 2 agents with precision 11,72 ~ f(T), the expected cost of eliciting the
information in the auction betting market is always less than the minimal expected cost in a sequential betting
market described in Proposition 2.4.

3. CONCLUSION AND FUTURE RESEARCH

In this abstract, we described a betting mechanism to elicit agents’ private information and the quality of
information simultaneously. The information elicited is useful for the firm to generate reliable forecast. In
such a betting mechanism, the firm pays each agent for contributing to the output. Each agent’s expected
gain is decided based on their own performance (e.g. the actual distance between 7; and x) and their potential
to improve the quality (e.g. the precision 7;). Agents are self-selected to make contributions and those who
don’t have enough potential will be discouraged to participate.

In our setup, if the agents are risk averse, they will bet less, and/or bet only when their precision is higher.
If the agents risk-aversion can be learnt or estimated, the same general principle, invertibility, can still be
applied. However, if the agents’ risk-aversion is also a private information, more complicated mechanisms
need to be designed. In Chen et al (2004), a two-round market mechanism is introduced with the first round
specifically designed to estimate the agent’s risk-aversion. However, such a mechanism is only applicable in
small group forecast. When the number of potential agents is large, more complicated mechanism needs to
be designed to elicit the agents’ all relevant information simultaneously.

We have assumed that the firm’s loss from a prediction error is symmetric and quadratic. In certain
applications, the loss could be asymmetric. For example, the firm’s loss from having a more conservative
prediction of the expected sale of a new prototype may be much more less than an optimistic one. Then the
task is to design a mechanism which can discourage the agent’s unrealistic high forecast.

Sometimes, the agents incur costs to access information sources. Thus, given a specific reward function,
some of the agents may not collect the information if they see the expected gain from the market cannot cover
the expected cost. In this case, the sequential betting market and the auction betting market are not efficient
because the agents needs to decide whether to learn the information after observing the previous agents’ bets.
This expands the expected time period the firm needs to get a satisfactory forecast.
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