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ABSTRACT

My dissertation is on crowdsourcing—using crowds of people to accomplish tasks that are im-
practical or far more expensive otherwise. I focus specifically on crowdsourcing of information,
where workers do tasks such as analyze images, translate sentences, report whether a cafe has
public wi-fi, or assess the writing quality of essays. To encourage participation, workers can be
paid, or given non-monetary rewards. [n many applications, it is difficult to assess whether re-
sponses from a large crowd are accurate, and this can tempt workers into submitting nonsense,
allowing them to complete tasks faster and get higher rewards. There are a number of ways to
detect this and encourage worker effort and accurate reporting; I apply a technique called peer
prediction, which rewards workers based on patterns of agreement among their reports.

I am particularly motivated by the challenge of providing education at scale: how to enable
billions of people to learn what they want, at a cost even the very poor can afford. Specifically, I
study peer assessment of open-ended assignments as a way to scale human feedback. I treat this
as a crowdsourcing problem, and study how peer prediction can encourage effort and accurate
assessment when students give feedback to their peers.

Previous work in peer prediction has highlighted the need for reward mechanisms where ex-
erting effort and reporting truthfully is better for workers than other reporting strategies. I make
three main contributions: I present a new Correlated Agreement mechanism for peer prediction

in multi-signal environments, that guarantees that uninformed reporting is less attractive than
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being truthful. I show that replicator dynamics is a useful tool to analyze the likelihood of truthful
behavior and its stability when workers are not assumed to be fully rational, and learn from expe-
rience instead. Finally, I analyze a dataset of three million peer assessments from online courses
on the edX platform, studying several challenges for using peer prediction for peer assessment

in education: reward variability, reward magnitude, and low-effort reporting. I compare several
peer prediction mechanisms, and conclude that peer prediction is a promising technique in this

domain when combined with other efforts to improve feedback quality.
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Introduction

IT IS COMMONLY SAID THAT TWO MINDS ARE BETTER THAN ONE. By induction, it follows that many
minds are even better, and an entire crowd must be best. In this dissertation, I study crowdsourc-
ing—using crowds of people to accomplish tasks that are impractical or far too expensive other-
wise. Specifically, I focus on encouraging effort in information reporting tasks via a technique
called peer prediction. | will show that peer prediction is a practical way to encourage effort in
crowdsourcing, including in peer assessment in education.

Crowdsourcing is primarily an internet-enabled phenomenon,! taking advantage of easy on-

'Though in some sense, crowdsourcing goes back at least to Charles Darwin’s survey-based studies of
the universality of emotion in the 1860s.



line coordination to recruit people to perform tasks. Tasks performed by the “crowd” range from
the very complex and skilled, such as inventing solutions to mechanical or chemical problems
posted by companies (e.g. InnoCentive), to simpler creative tasks, such as designing logos, icons,
or other visuals (e.g. 99 Designs), to tasks that are easy for humans but still hard to automate, such
as labeling images, or data entry (e.g. Captricity).

Crowdsourcing can reduce costs, enable novel solutions by matching people to problems,
and educate and engage. Relatively simple tasks, such as labeling media, evaluating the quality
of search results, and audio transcription, are usually crowdsourced to save money—it is cheaper
to pay a crowd of workers than hire full-time employees, and crowds can easily adjust to variabil-
ity in the timing and amount of work. In more complex tasks such as crowdsourcing solutions to
problems, the goal is as much to reach a wide variety of people as to save money—it is unknown
what previous experiences will inspire a solution, so hiring the “right” person is difficult, and a
crowdsourcing platform may help bring the challenge to the attention of just the right person.
Finally, some applications have an educational or engagement purpose: one example is crowd-
sourced citizen science, with hundreds of projects where non-scientists help track the migration
of birds and whales, analyze astronomical images, and gather and analyze data in many other sci-
entific projects. While reduced cost is often a benefit, making some projects feasible—e.g. there
is no way a lab could hire enough staff to track the migration of birds across the whole country—
getting more people to engage with real science is a key motivation.

I focus specifically on crowdsourcing for information elicitation—asking workers to report
something, either based on their experiences, as in soliciting info about businesses they have vis-
ited, or based on examination or analysis of an object, as in translation of a sentence, labeling
objects in an image, or identifying the topic of an essay.

I am especially motivated by the challenge of providing education at scale: how to enable bil-

lions of people to learn what they want, at a cost even the very poor can afford. The internet has



been a massive help already, with general sites likes Wikipedia and YouTube as well as specific
sites and online courses on many many topics. The trend of ever-increasing access to content
goes back to public libraries and even the printing press, but access is only a small part of educa-
tion. Feedback, mentoring, engagement, support, applying learning, and many other aspects are
also crucial. Recent efforts with Massive Open Online Courses (MOOCs), such as edX, Coursera,
Udacity, and others, start to tackle some of these aspects by providing community and guidance
along with well-designed content, but there are still boundless opportunities and a critical need to

do better.

1.1 CROWDSOURCING IN EDUCATION

Of course, scaling education is too big a problem for one person and definitely for one disserta-
tion. There are many directions to pursue. In this dissertation, I follow one thread—to put this
work in context, [ will start with the high-level questions, and narrow down to the specific prob-
lems I study. There are many other questions that can be considered at each level, providing vast
opportunities for other work in this space. While the discussion here is in the context of educa-
tion, most of my contributions apply more broadly to crowdsourcing for information elicitation.
I start with a high level question: how can we effectively teach topics that cannot yet be auto-
matically assessed, at large scale and with minimal intervention by professors and teaching as-
sistants? As a concrete example, consider teaching writing, and set the bar high—not just to have
students memorize rules and get multiple choice questions correct, but take students with mini-
mal writing skills, and help them learn to craft effective, concise, professional-level prose. Putting
together such a program would require assembling many components: explanations, examples,
tutorials, motivational videos, simple assessments to choose the right word, and many more. One
absolutely key component would be for students to actually write, and to receive useful feedback

on their writing.



I take as given that hiring enough professional teachers to give such feedback is not always
possible, and instead tackle this problem by assuming that the course team can do a lot of prepa-
ration and design, then monitor the course and intervene occasionally, but that the majority of
feedback must come from the students themselves. Even with this constraint, there are many
ways to organize such peer-to-peer learning. I focus on peer assessment, where students each
write something, then evaluate the work of several peers.

Building a great peer evaluation system where students learn as much as possible requires
many decisions—designing the user experience, creating questions and evaluation rubrics, fit-
ting peer evaluation into the overall structure of the course, and choosing the feedback to solicit
from peers and the feedback given to evaluators themselves. For peer assessment to work, stu-
dents need to be prepared enough to do a good job, and motivated to do so. Proper preparation
is a pedagogical issue—the course designer must provide enough scaffolding, so students know
enough to assess competently. Motivation and effort can be tackled in a number of ways. I focus
on explicit evaluation of peer feedback, computing grades that will reward students who provide
accurate feedback. I treat peer evaluation as an information elicitation crowdsourcing task, and

use peer prediction to encourage accurate reporting.

1.2 PEeER PREDICTION AND RELATED RESEARCH AREAS

In this section, I introduce peer prediction in crowdsourcing and related research areas. The sub-
sequent chapters each include a more detailed and more technical discussion of related research.
The basic idea of peer prediction is simple: when there is no ground truth that can be used to
evaluate reported information, reward agreement with other reporters instead. A key challenge
is to define the rewards so that it is difficult to cheat, getting high scores without reporting ac-
curately. My dissertation describes a new peer prediction mechanism that meets this challenge,

shows a new way to evaluate the stability of truthfulness of peer prediction mechanisms, and con-
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siders how peer prediction could be applied to peer assessment in education.
[ will use three crowdsourcing applications to explain peer prediction and related issues. The

first application is soliciting information for online mapping:

Example 1. Modern mapping services like Google Maps provide information about businesses to help
users search and decide where to go. Sometimes, this information is entered by the business owners; other
times, it is sourced from users who have visited the business. An example question is “does The Hungry

Student Cafe have free public wi-fi?” The possible answers are yes and no.

Here, the task is to answer a simple, fairly objective® yes-no question. At the same time, note
that it is difficult to check the answer without physically sending someone to the cafe.

Our second application is labeling the emotions of film snippets to train an automated classi-
fier:
Example 2. Researchers who study emotions have long created labeled data sets of images and videos
corresponding to particular emotions. Today, crowdsourcing can make this process easier and cheaper,
enabling larger scale, which could be used e.g., to train an automated classifier for improving video search.
A typical task is “what emotion is most evident in the following two minute clip of The Godfather?’ with

the answer either open ended, or selected from a list: e.g. happiness, sadness, joy, confusion, surprise.

Here, the task is less objective, especially if answers are open-ended. Doing it properly requires
watching the video, which takes time.

Our final application is peer assessment in online courses:

Example 3. Students in a course on environmental issues are asked to write a short essay on the con-
cerns and conflicts in water usage in their country or local jurisdiction, then assess the submission of sev-
eral peers. One part of such an assessment may be to evaluate the organization of the peer’s essay, ranging

from “weak: no evidence of structure; paragraphs and sentences are not connected” to “ok: essay is orga-

2Though consider that wi-fi may be turned off at certain times, or may not work for a particular per-
son.



nized logically, but lacks clear transitions between parts and structure is not made explicit” to “great: clear
structure, made clear in the introduction, with smooth transitions between parts”. The student selects a

particular option, and has a space to give open ended feedback.

In peer assessment, a good rubric is crucial to make the evaluations of different students likely
to agree with each other and with the assessment that members of the course team would give.

In these and other crowdsourcing applications, there is a question of trust: will the people per-
forming the tasks do a good job even if no one checks their work? In applications like citizen
science, where the user is a volunteer motivated by the scientific topic at hand, expects no reward,
and has no reasons to corrupt the results, it is reasonable to trust users, though they may still be
unqualified or unskilled. In our video emotion tagging example and other data entry and data
tagging applications, users are often paid per task, there is less intrinsic satisfaction, and it may be
tempting to maximize rewards by submitting random or constant answers, thus completing tasks
faster. Peer assessment is an in-between situation: there is no immediate financial motivation to
do it quickly, but reviewing can be hard work, and it can be tempting to take a cursory glance and
pick a number. In traditional classes, this is mitigated by instructor oversight. In early MOOC:s,
the lack of such oversight was mitigated by the fact that students were self-motivated and usu-
ally there to learn, not to earn a credential. As the importance of credentials for online courses
goes up, there will be more students who just want a good grade, and are happy to slack off or
even deliberately cheat if they can get away with it, and so grading peer assessments will be more
important.

So, what can we do to deter bad reporting? The simplest thing is to check student work, and
punish bad behavior. Staff can spot check some evaluations, or in some cases, “gold standard”
submissions with known answers can be intermixed with the real peer submissions. These ap-
proaches can work, but have some downsides. Spot checking requires hiring trusted staff, which

can be expensive, and using gold standard submissions incurs the expense of creating the gold



standards, and wastes work by thousands of students, who assess the same known-answer sub-
mission. There is also a risk that users will learn to recognize the gold standards. In applications
where multiple users perform each task, such as peer assessment, peer prediction can be used to
avoid or to complement other methods.

The simplest peer prediction mechanism is output agreement, described here informally—given
a user’s report on a task, pick a reference report from a different user who did the same task, and
reward the user only if their report matches the reference report. Assuming that other users are
likely to report the “right” answer, it is usually optimal to do the same.

As a user, this gives you a reason to try to match your peer’s reports. It also raises some ques-
tions: will I be punished if my reference peer is incompetent? What if I see something in the task
that I suspect my peer will miss? Should I report the more likely answer instead of what I really
think? If users can coordinate, even implicitly, there is also a collusion concern—if all users report
the same thing for each task, they always get rewarded, and the system gets no useful information.

A number of papers have studied these and other issues, resulting in many variants of peer
prediction. I introduce the broad strokes here, and Chapter 2 has a more detailed survey.

Most of the work is based on economics and game theory. Here is a non-mathematical intro-
duction to the key ideas: users of a crowdsourcing system are agents who play a game, where they
observe a signal that corresponds to their observations of the task. They use a strategy to decide
whether to report that signal and any other requested information truthfully, or report something
else. The mechanism defines the reward each agent gets for their report, and agents are typically
assumed to try to maximize their rewards. A mechanism is usually considered good if truthful-
ness, the strategy of carefully observing the agent’s signal and reporting it straightforwardly, is
an equilibrium, with each agent maximizing their expected reward assuming that all others are
truthful too (See Leyton-Brown & Shoham (2008) for a general introduction to game theory).

There is significant variation in the details—further assumptions and properties a mechanism



guarantees—leading to a variety of approaches.

Mechanisms vary in the information elicited: some require agents to make a prediction report
about the likely reports of others in addition to their signal (Prelec, 2004; Witkowski & Parkes,
2012a). This can make for stronger results, at the cost of complexity and more assumptions about
the knowledge and rationality of agents. In contrast, other mechanisms are minimal, requiring
only the signals to be reported (Miller et al., 2005; Jurca & Faltings, 2009). I am convinced that
minimal mechanisms are far more practical—reporting probabilities about what other people
might do is usually too much to ask—and only study this subclass.

Another dimension is the amount of information required to configure the mechanism. In
some cases, the rewards depend not only on the reports, but also on a precise probabilistic model
of how agents obtain signals (Miller et al., 2005). Other mechanisms do not use such information
directly, but require certain assumptions about the world model to hold. For example, the output
agreement mechanism does not use information about the model, but for it to be truthful, agents
must believe that their signal is the most likely signal for their reference peer to observe (Wag-
goner & Chen, 2014). This may not hold, e.g. in a product review scenario, where users report
whether the product is good—an agent may have a bad experience, but still believe that others
are likely to have a good one. Some mechanisms manage to get strong results with only minimal
assumptions on the signal patterns (typically that multiple agents’ observations are correlated
somehow, not independent) (Dasgupta & Ghosh, 2013).

A third distinction is whether the mechanism is single-task or multi-task—multi-task mecha-
nisms require that there are several similar tasks, and have further variants: some require that
each agent do several tasks, others that there are many tasks, though each agent can do just one.
Multi-task mechanisms may not apply where individual tasks very unique, but when they can be
used, they can let the mechanism learn report patterns and not require as much information, or

take advantage of the fact that multiple reports on the same task should have different statisti-



cal patterns than reports on different tasks. For example, the mechanism in Dasgupta & Ghosh
(2013) is multi-signal, and that is critical for getting the results just mentioned.

There are two other important distinctions: whether or not the mechanism can tolerate dif-
ferences between agents, for example in how well they can do the tasks, and whether the mech-
anism provides any guarantees about the relative rewards of the all-truthful equilibrium and
other strategies (e.g. Kamble et al. (2015)). As an example of the latter, recall the potential collu-
sion problem with output agreement again—if all agents report the same value, they always match,
guaranteeing them a higher reward than for truthful reporting. In the following chapters, I will
describe informed truthful mechanisms, where such signal-independent reporting is less rewarding
than being truthful.

When [ started my research, there were no informed truthful mechanisms that worked when
there were more than two possible signals. I developed one, in parallel with several other mech-
anisms?® by other researchers. Unlike the others, my mechanism works even when there are only
two agents and three tasks; additionally, it has lower reward variability when there are many sig-
nals, because it can reward approximate agreement between reports. On the education side, there
have been a few small-scale experiments with peer prediction in education, but no one had done a

careful study of a large dataset.

1.2.1 REeLATED RESEARCH AREAS

Several research areas complement studies of peer prediction. Peer prediction focuses on eliciting
truthful information, and once reports are gathered, there is often a need to aggregate several
reports for a task into a single value. Several machine learning and statistics techniques have been

developed to improve the quality of the result by adjusting for agent biases or filtering out low

3Such as Radanovic & Faltings (2015a); Kamble et al. (2015); Radanovic et al. (2016); Kong &
Schoenebeck (2016).



quality answers (an example in peer assessment is Piech et al. (2013)).

Another complementary use of machine learning is to automate certain tasks entirely, remov-
ing the need for crowdsourcing. In the decade or so since peer prediction was first invented, there
has been tremendous progress in image and speech analysis, with many tasks that were once
human-only now automatable with high quality (e.g., see the ImageNet challenge for visual object
recognition (Russakovsky et al., 2015)). This trend will continue, but it is clear that many crowd-
sourcing problems will remain. Artificial intelligence is advancing rapidly, but there is still a huge
gap to human abilities. Some applications require gathering information from the physical world,
not just processing, so a fully automated solution will require autonomous robotics at competitive
cost, and in some applications, such as citizen science and peer assessment, performing the tasks
has an inherent value, engaging and educating the “workers.”

Other research shares the goal of information elicitation, but studies settings where ground
truth is available, and reports can be scored using ground truth rather than peer reports. One
example is prediction markets (Hanson, 2003), where agents (implicitly) report probabilities
over the outcome of a future event (e.g. the outcome of the next presidential election), and are
rewarded once that event occurs.

A related area is mechanism design (Fudenberg & Tirole, 1991, Chapter 7), the study of elicit-
ing agent preferences over a set of possible outcomes to enable a desirable decision to be made.
Examples include designing auctions to maximize revenue or social welfare, designing voting
rules that limit opportunities for manipulation, and building systems that match medical stu-
dents to residencies. Mechanism design is similar to crowdsourcing in that is also concerned with
truthfulness in agent reports; the key distinction is that the goal is eliciting preferences, not in-
formation about assigned tasks. This distinction matters because preferences are usually truly
private, whereas ground truth is sometimes available in crowdsourcing. Another consequence is

that agents in crowdsourcing usually do not care about how the information they report is used,
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whereas in mechanism design, reported preferences are used to make decisions that directly affect

the agent—e.g. using an agent’s bid in an auction to determine whether they win and how much

they pay.

1.3 My CONTRIBUTIONS

The goal of this dissertation is to show that peer prediction can be practical for encouraging effort
in crowdsourcing, including in large-scale peer assessment for education. This section summa-

rizes the key contributions in the three areas that will be discussed in subsequent chapters.

1.3.1 A New MINIMAL MECHANISM FOR PEER PREDICTION

The first set of contributions define and analyse a new mechanism.

+ I present the new Correlated Agreement mechanism for peer prediction. The mechanism
is minimal, works for any non-trivial report model, and is informed truthful, guaranteeing
that truthful reporting has expected payoff higher than that of any uninformed strategy.
The base mechanism uses limited information — whether pairs of signals are positively or
negatively correlated, not the full probabilistic model. The mechanism properties signifi-

cantly extend those of an earlier mechanism due to Dasgupta and Ghosh (2013).

+ Ishow that the mechanism can learn the model parameters from reports themselves, elimi-

nating the knowledge requirements in many-task settings.

+ The notion of informed truthfulness introduced here is of independent interest, allowing
ties between informed strategies that depend on agents’ signals, but ensuring that unin-

formed reporting has lower expected reward.

11



1.3.2 REPLICATOR DYNAMICS AND THE STABILITY OF TRUTHFULNESS

The next contributions are about using learning dynamics to study peer prediction.

+ I 'motivate the use of learning dynamics in peer prediction, arguing that people do not
compute equilibria, but are more likely to use strategies that have worked well for them
or others before, and learn over time. If the system has a bad equilibrium, a population is

more likely to get there if it is “easy to fall into.”

+ I confirm previous experimental results and theoretical concerns about equilibrium selec-
tion (Gao et al.,, 2014), showing for example that under output agreement, truthfulness is

unstable.

+ 1 show that the JFO9 mechanism (Jurca & Faltings, 2009) that tried to deter constant-
reporting equilibria is ineffective, and that truthfulness is more stable in recent mecha-

nisms, including the correlated agreement mechanism.
+ Using data from MOOC peer assessments, | quantitatively compare the stability of truth-

fulness in several peer prediction mechanisms.

1.3.3 PracrticAL PEER PREDICTION IN ONLINE PEER ASSESSMENT

My final set of contributions are on the use of peer prediction in peer assessment in massive on-

line courses.

+ lanalyze a large dataset of peer assessments in edX MOOC:s, studying reporting patterns,
agreement between peers, and other statistics that matter when consider the use of peer

prediction.
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+ I show that the conditions on reporting patterns needed by several peer prediction mecha-
nisms are frequently violated, so other mechanisms—e.g. the Correlated Agreement mech-
anism or the mechanism in Kamble et al. (2015)—that do not make such assumptions are

preferable.

+ I point out that fairness and reward variance are important design concerns for educa-
tional uses of peer prediction, and show that the Correlated Agreement mechanism has
lower reward variation than output agreement and two recent mechanisms based on exact

agreement (Kamble et al., 2015; Radanovic et al., 2016).

+ 1 show that the benefit from exerting effort in evaluating peers is relatively low, due to the
relatively low agreement between peers in my dataset, and suggest several directions for
increasing agreement—using peer prediction or another effort-encouraging techniques,
improving rubric design and student training, and implementing bias-compensating algo-

rithms to map student reports to a common scale.

+ Finally, I examine a particular type of mis-reporting, where students base their reports
on “low-effort” signals that are easily agreed on, not on the assessment criteria they are
asked to use. I find that this may be a significant issue that a practical system should expect
and prepare to handle. Mitigations include improving agreement between peers as just

described, allowing students to report unfair scores, and spot checking by the course team.

1.4 BisriograPHIC NOTE

Chapters 2 and 3 of this dissertation are based on the following papers, respectively:

1. Victor Shnayder, Arpit Agarwal, Rafael M. Frongillo, and David C. Parkes (2016). Strong

Truthfulness in Multi-Task Peer Prediction. In Proceedings of the 17th ACM Conference on
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Economics and Computation, EC-16.

2. Victor Shnayder, Rafael M. Frongillo, David C. Parkes (2016). Measuring Performance Of
Peer Prediction Mechanisms Using Replicator Dynamics. In Proceedings of the 25th Interna-

tional Joint Conference on Artificial Intelligence, [[CAI-16.

A summarized data set used for in 4 is available at http://www.eecs.harvard.edu/

~shnayder/.

1.5 DiSSERTATION OUTLINE

Chapter 2 summarizes related work on peer prediction, describes the need for minimal multi-
signal general-model peer prediction, and presents the Correlated Agreement (CA) mechanism

as a solution. Chapter 3 describes my results on applying learning dynamics to peer prediction.
Chapter 4 focuses on practical considerations in using peer prediction for peer assessment in ed-
ucation. These chapters are intended to be readable on their own, so there is some duplication
of background and related work. Chapter 5 summarizes, describes open questions and areas for

future work, and concludes.
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Informed Truthfulness in Multi-Task Peer

Prediction

WE STUDY THE PROBLEM OF INFORMATION ELICITATION WITHOUT VERIFICATION (“PEER PREDIC-
TIoN”). This challenging problem arises across a diverse range of multi-agent systems, in which
participants are asked to respond to an information task, and where there is no external input
available against which to score reports. Examples include completing surveys about the features
of new products, providing feedback on the quality of food or the ambience in a restaurant, shar-

ing emotions when watching video content, and peer assessment of assignments in Massive Open
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Online Courses (MOOC:s).

The challenge is to provide incentives for participants to choose to invest effort in forming an
opinion (a “signal”) about a task, and to make truthful reports about their signals. In the absence
of inputs other than the reports of participants, peer-prediction mechanisms make payments to
one agent based on the reports of others, and seek to align incentives by leveraging correlation
between reports (i.e., peers are rewarded for making reports that are, in some sense, predictive of
the reports of others).

Some domains have binary signals, for example “was a restaurant noisy or not?”, and “is an

image violent or not?”. We are also interested in domains with non-binary signals, for example:

+ Image labeling. Signals could correspond to answers to questions such as “Is the animal
in the picture a dog, a cat or a beaver”, or “Is the emotion expressed joyful, happy, sad or
angry.” These signals are categorical, potentially with some structure: joyful’ is closer to

‘happy’ than ‘sad’, for example.

+ Counting objects. There could be many possible signals, representing answers to questions
such as (“are there 0, 1-5, 6-10, 11-100, or > 100 people in the picture”?). The signals are

ordered.

o Peer assessment in MOOCs. Multiple students evaluate their peers’ submissions to an open-
response question using a grading rubric. For example, an essay may be evaluated for clar-
ity, reasoning, and relevance, with the grade for reasoning ranging from 1 (“wild flights of

fancy throughout”), through 3 (“each argument is well motivated and logically defended.”)

We do not mean to take an absolute position that external “ground truth” inputs are never
available in these applications. We do however believe it important to understand the extent to

which such systems can operate using only participant reports.
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The design of peer-prediction mechanisms assumes the ability to make payments to agents,
and that an agent’s utility is linear-increasing with payment and does not depend on signal re-
ports other than through payment. Peer prediction precludes, for example, that an agent may
prefer to misreport the quality of a restaurant because she is interested in driving more business
to the restaurant. The payments need not be monetary; one could for example issue points to
agents, these points conveying some value (e.g., redeemable for awards, or conveying status). On a
MOOC platform, the payments could correspond to scores assigned as part of a student’s overall
grade in the class. What is needed is a linear relationship between payment (of whatever form)
and utility, and expected-utility maximizers.

The challenge of peer prediction is timely. For example, Google launched Google Local Guides
in November 2015. This provides participants with points for contributing star ratings and de-
scriptions about locations. The current design rewards quantity but not quality and it will be in-
teresting to see whether this attracts useful reports. After 200 contributions, participants receive a
1 TB upgrade of Drive storage (currently valued at $9.99/month.)

We are interested in minimal peer-prediction mechanisms, which require only signal reports
from participants.! A basic desirable property is that truthful reporting of signals is a strict, cor-
related equilibrium of the game induced by the peer-prediction mechanism.? For many years, an

Achilles heel of peer prediction has been the existence of additional equilibria that have higher

"While more complicated designs have been proposed (e.g. (Prelec, 2004; Witkowski & Parkes, 2012a;
Radanovic & Faltings, 2015b)), in which participants are also asked to report their beliefs about the signals
that others will report, we believe that peer-prediction mechanisms that require only signal reports are
more likely to be adopted in practice. It is cumbersome to design user interfaces for reporting beliefs, and
people are notoriously bad at reasoning about probabilities.

21t has been more common to refer to the equilibrium concept in peer-prediction as a Bayes-Nash
equilibrium. But as pointed out by Jens Witkowski, there is no agent-specific, private information about
payoffs (utility is linear in payment). In a correlated equilibrium, agents get signals and a strategy is a map-
ping from signals to actions. An action is a best response for a given signal if, conditioned on the signal, it
maximizes an agent’s expected utility. This equilibrium concept fits peer prediction: each agent receives a
signal from the environment, signals are correlated, and strategies map signals into reported signals.
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payoff than truthful behavior and reveal no useful information (Jurca & Faltings, 2009; Dasgupta
& Ghosh, 2013; Radanovic & Faltings, 2015a). An uninformative equilibrium is one in which re-
ports do not depend on the signals received by agents. Indeed, the equilibria of peer-prediction
mechanisms must always include an uninformative, mixed Nash equilibrium (Waggoner & Chen,
2014). Moreover, with binary signals, a single task, and two agents, Jurca & Faltings (2005) show
that an incentive-compatible, minimal peer-prediction mechanism will always have an uninfor-
mative equilibrium with a higher payoff than truthful reporting. Because of this, a valid concern
has been that peer prediction could have the unintended effect that agents who would otherwise
be truthful now adopt strategic misreporting behavior in order to maximize their payments.

In this light, a result due to Dasgupta & Ghosh (2013) is of interest: if agents are each asked to
respond to multiple, independent tasks (with some overlap between assigned tasks), then in the
case of binary signals there is a mechanism that addresses the problem of multiple equilibria. The
binary-signal, multi-task mechanism is strongly truthful, meaning that truthful reporting yields a
higher expected payment than any other strategy (and is tied in payoff only with strategies that
report permutations of signals, which in the binary case means 1 — 2,2 — 1).

We introduce a new, slightly weaker incentive property of informed truthfulness: no strategy
profile provides more expected payment than truthful reporting, and the truthful equilibrium is
strictly better than any uninformed strategy (where agent reports are signal-independent, and
avoid the effort of obtaining a signal). Informed truthfulness is responsive to what we consider to

be the two main concerns of practical peer prediction design:

1. Agents should have strict incentives to exert effort toward acquiring an informative signal,

and
2. Agents should have no incentive to misreport this information.

Relative to strong truthfulness, the relaxation to informed truthfulness is that there may be
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other informed strategies that match the expected payment of truthful reporting. Even so, in-
formed truthfulness retains the property of strong truthfulness that there can be no other behav-
ior strictly better than truthful reporting.

The binary-signal, multi-task mechanism of Dasgupta and Ghosh is constructed from the sim-
ple building block of a score matrix, with a score of ‘1’ for agreement and ‘0’ otherwise. Some tasks
are designated without knowledge of participants as bonus tasks. The payment on a bonus task is
1 in the case of agreement with another agent. There is also a penalty of —1 if the agent’s report
on another (non-bonus) task agrees with the report of another agent on a third (non-bonus) task.
In this way, the mechanism rewards agents when their reports on a shared (bonus) task agree
more than would be expected based on their overall report frequencies. Dasgupta and Ghosh re-
mark that extending beyond two signals “is one of the most immediate and challenging directions
for further work.”

Our main results are as follows:

+ We study the multi-signal extension of the Dasgupta-Ghosh mechanism (DGMS), and show
that DGMS is strongly truthful for domains that are categorical, where receiving one signal
reduces an agent’s belief that other agents will receive any other signal. We also show that
(i) this categorical condition is tight for DGMS for agent-symmetric signal distributions,
and (ii) the peer grade distributions on a large MOOC platform do not satisfy the categori-

cal property.

+ We generalize DGMS, obtaining the Correlated Agreement (CA) mechanism. This provides
informed truthfulness in general domains, including domains in which the DGMS mecha-
nism is neither informed- nor strongly-truthful. The CA mechanism requires the designer
to know the correlation structure of signals, but not the full signal distribution. We fur-

ther characterize domains where the CA mechanism is strongly truthful, and show that no
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mechanism with similar structure and information requirements can do better.

+ For settings with a large number of tasks, we present a detail-free CA mechanism, in which
the designer estimates the statistics of the correlation structure from agent reports. This
mechanism is informed truthful in the limit where the number of tasks is large (handling
the concern that reports affect estimation and thus scores), and we provide a convergence

rate analysis for e-informed truthfulness with high probability.

We believe that these are the first results on strong or informed truthfulness in domains with
non-binary signals without requiring a large population for their incentive properties (compare
with (Radanovic & Faltings, 2015a; Kamble et al., 2015; Radanovic et al., 2016)). The robust incen-
tives of the multi-task DGMS and CA mechanisms hold for as few as two agents and three tasks,
whereas these previous papers crucially rely on being able to learn statistics of the distribution
from multiple reports. Even if given the true underlying signal distribution, the mechanisms in
these earlier papers would still need to use a large population, with the payment rule based on
statistics estimated from reports, as this is critical for incentive alignment in these papers. Our
analysis framework also provides a dramatic simplification of the techniques used by Dasgupta &
Ghosh (2013).

In a recent working paper, Kong & Schoenebeck (2016) show that a number of peer predic-
tion mechanisms that provide variations on strong-truthfulness can be derived within a single
information-theoretic framework, with scores determined based on the information they provide
relative to reports in the population (leveraging a measure of mutual information between the
joint distribution on signal reports and the product of marginal distributions on signal reports).
Earlier mechanisms correspond to particular information measures. Their results use different
technical tools, and also include a different, multi-signal generalization of Dasgupta & Ghosh

(2013) that is independent of our results, outside of the family of mechanisms that we consider in

20



Section 2.4.3, and provides strong truthfulness in the limit of a large number of tasks.?

2.0.1 REeLATED WoORK

The theory of peer prediction has developed rapidly in recent years. We focus on minimal peer-
prediction mechanisms. Beginning with the seminal work of Miller et al. (2005), a sequence of
results relax knowledge requirements on the part of the designer (Witkowski & Parkes, 2012a;
Jurca & Faltings, 2011), or generalize, e.g. to handle continuous signal domains (Radanovic &
Faltings, 2014). Simple output-agreement, where a positive payment is received if and only if two
agents make the same report (as used in the ESP image labeling game (von Ahn & Dabbish, 2004)),
has also received some theoretical attention (Waggoner & Chen, 2014; Jain & Parkes, 2013).

Early peer prediction mechanisms had uninformative equilibria that gave better payoff than
honesty. Jurca & Faltings (2009) show how to remove uninformative, pure-strategy Nash equi-
libria through a clever three-peer design. Kong et al. (2016) show how to design strong truthful,
minimal, single-task mechanisms with a known model when there are reports from a large num-
ber of agents.

In addition to Dasgupta & Ghosh (2013) and Kong & Schoenebeck (2016), several recent pa-
pers have tackled the problem of uninformative equilibria. Radanovic & Faltings (2015a) establish
strong truthfulness amongst symmetric strategies in a large-market limit where both the num-
ber of tasks and the number of agents assigned to each task grow without bound. Radanovic et al.
(2016) provide complementary theoretical results, giving a mechanism in which truthfulness is
the equilibrium with highest payoff, based on a population that is large enough to estimate sta-

tistical properties of the report distribution. They require a self-predicting condition that limits

3While they do not state or show that the mechanism does not need a large number of tasks in any spe-
cial case, the techniques employed can also be used to design a mechanism that is a linear transform of our
CA mechanism, and thus informed truthful with a known signal correlation structure and a finite number
of tasks (personal communication).
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the correlation between differing signals. Each agent need only be assigned a single task. Kamble
et al. (2015) describe a mechanism where truthfulness has higher payoff than uninformed strate-
gies, providing an asymptotic analysis as the number of tasks grows without bound. The use of
learning is crucial in these papers. In particular, they must use statistics estimated from reports to
design the payment rule in order to align incentives. This is a key distinction from our work. Cai
et al. (2015) work in a different model, showing how to achieve optimal statistical estimation from
data provided by self-interested participants. These authors do not consider misreports and their
mechanism is not informed- (or strongly-) truthful and is vulnerable to collusion. Their model
is interesting, though, in that it adopts a richer, non-binary effort model. Witkowski & Parkes
(2013) first introduced the combination of learning and peer prediction, coupling the estimation
of the signal prior together with the shadowing mechanism.

Although there is disagreement in the experimental literature about whether equilibrium se-
lection is a problem in practice, there is compelling evidence that it matters (Gao et al., 2014);
see Faltings et al. (2014) for a study where uninformed equilibria did not appear to be a problem.
One difference is that this later study was in a many-signal domain, making it harder for agents
to coordinate on an uninformative strategy. Chapter 3 in this dissertation uses replicator dynam-
ics as a model of agent learning to argue that equilibrium selection is indeed important, and that
truthfulness is significantly more stable under mechanisms that ensure it has higher payoff than
other strategies. Orthogonal to concerns about equilibrium selection, Gao et al. (2016) point out
a modeling limitation—when agents can coordinate on some other, unintended source of signal,
then this strategy may be better than truthful reporting. They suggest randomly checking a frac-
tion of reports against ground truth as an alternative way to encourage effort. We discuss this in
Section 2.4.6.

Turning to online peer assessment for MOOC:s, research has primarily focused on evaluating

students’ skill at assessment and compensating for grader bias (Piech et al., 2013), as well as help-
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ing students self-adjust for bias and provide better feedback (Kulkarni et al., 2013). Other studies,
such as the Mechanical TA (Wright & Leyton-Brown, 2015), focus on reducing TA workload in
high-stakes peer grading. A recent paper (Wu et al,, 2015) outlines an approach to peer assessment
that relies on students flagging overly harsh feedback for instructor review. We are not aware

of any systematic studies of peer prediction in the context of MOOCs, though Radanovic et al.

(2016) present experimental results from an on-campus experiment.

2.1 MobEL

We consider two agents, 1 and 2, which are perhaps members of a larger population. Letk € M =
{1,...,m} index a task from a universe of m > 3 tasks to which one or both of these agents

are assigned, with both agents assigned to at least one task. Each agent receives a signal when
investing effort on an assigned task. The effort model that we adopt is binary: either an agent
invests no effort and does not receive an informed signal, or an agent invests effort and incurs a
cost and receives a signal.

Let S1, S, denote random variables for the signals to agents 1 and 2 on some task. The signals
have a finite domain, withi,j € {1,...,n} indexing a realized signal to agents 1 and 2, respec-
tively.

Each task is ex ante identical, meaning that pairs of signals are i.i.d. for each task. Let P(S;=i, S,=j)
denote the joint probability distribution on signals, with marginal probabilities P(S;=i) and
P(S,=j) on the signals of agents 1 and 2, respectively. We assume exchangeability, so that the
identity of agents does not matter in defining the signal distribution. The signal distribution is
common knowledge to agents.*

We assume that the signal distribution satisfies stochastic relevance, so that for all s’ # s”, there

“We assume common knowledge and symmetric signal models for simplicity of exposition. Our mech-
anisms do not require full information about the signal distribution, only the correlation structure of
signals, and can tolerate some user heterogeneity, as described further in Section 2.4.5.
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exists at least one signal s such that

P(S1=5|S,=5") # P(S1=s|S,=s"), (2.1)

and symmetrically, for agent 1’s signal affecting the posterior on agent 2’s. If two signals are not
stochastically relevant, they can be combined into one signal.
Our constructions and analysis will make heavy use of the following matrix, which encodes the

correlation structure of signals.

Definition 1 (Delta matrix). The Delta matrix A is an n X n matrix, with entry (i, j) defined as

Ajj = P(81=i, $,=j) — P(S1=i)P(S,=j). (2.2)

The Delta matrix describes the correlation (positive or negative) between different realized

signal values. For example, if

Ay, =P(81=1,8,=2) — P(S$;=1)P(5,=2) (2.3)

then P($,=2|S1=1) > P(S,=2), so signal 2 is positively correlated with signal 1 (and by ex-
changeability, similarly for the effect of 1 on 2). If a particular signal value increases the probabil-
ity that the other agent will receive the same signal then P(S1=i, S,=i) > P(S;=i)P(S,=i), and
if this holds for all signals the Delta matrix has a positive diagonal. Because the entries in a row i
of joint distribution P(S1=i, S=j) and a row of product distribution P(S;=i)P(S,=j) both sum
to P(S1=i), each row in the A matrix sums to O as the difference of the two. The same holds for
columns.

The CA mechanism will depend on the sign structure of the A matrix, without knowledge of
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the specific values. We will use a sign operator Sign(x), with value 1 if x > 0, 0 otherwise.’

Example 4. If the signal distribution is

0.4 0.15 0.55 0.1 —-0.1
A= - - 10.55 045 = >
0.15 .3 0.45 —-0.1 0.1
and
1 0
Sign(A) =
0 1

An agent’s strategy defines, for every signal it may receive and each task it is assigned, the signal
it will report. We allow for mixed strategies, so that an agent’s strategy defines a distribution over
signals. Let R; and R, denote random variables for the reports by agents 1 and 2, respectively, on
some task. Let matrices F and G denote the mixed strategies of agents 1 and 2, respectively, with
Fyy = P(Ry=r|S;1=i) and Gj, = P(R,=r|S,=j) to denote the probability of making report r given
signal i is observed (signal j for agent 2). Let#* € {1,...,n}and¥ € {1,...,n} refer to the

realized report by agent 1 and 2, respectively, on task k (if assigned).

Definition 2 (Permutation strategy). A permutation strategy is a deterministic strategy in which an

agent adopts a bijection between signals and reports, that is, F (or G for agent 2) is a permutation matrix.

Definition 3 (Informed and uninformed strategies). An informed strategy has Fi, # Fj, for some

i # jsomer € {1,...,n} (and similarly for G for agent 2). An uninformed strategy has the same

>Note that this differs from the standard sign operator, which has value —1 for negative inputs.
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report distribution for all signals.

Permutation strategies are merely relabelings of the signals; in particular, truthfulness (denoted
I below) is a permutation strategy. Note also that by definition, deterministic uniformed strate-
gies are those that give the same report for all signals.

Each agent is assigned to two or more tasks, and the agents overlap on at least one task. Let
M, C M denote a non-empty set of “bonus tasks”, a subset of the tasks to which both agents are
assigned. Let M; C M \ Myand M, C M \ M, with M; N M, = () denote non-empty sets
of tasks to which agents 1 and 2 are assigned, respectively. These will form the “penalty tasks.”
For example, if both agents are assigned to each of three tasks, A, B and C, then we could choose
M, = {A},M; = {B} and M, = {C}.

We assume that tasks are a priori identical, so that there is nothing to distinguish two tasks
other than their signals. In particular, agents have no information about which tasks are shared,
or which are designated bonus or penalty. This can be achieved by choosing M, M1 and M, ran-
domly after task assignment. This can also be motivated in largely anonymous settings, such as
peer assessment and crowdsourcing.

A multi-task peer-prediction mechanism defines a total payment to each agent based on the re-
ports made across all tasks. The mechanisms that we study assign a total payment to an agent
based on the sum of payments for each bonus task, but where the payment for a bonus task is ad-
justed downwards by the consideration of its report on a penalty task and that of another agent
on a different penalty task.

For the mechanisms we consider in this paper, it is without loss of generality for each agent
to adopt a uniform strategy across each assigned task. Changing a strategy from task to task is
equivalent in terms of expected payment to adopting a linear combination over these strategies,
given that tasks are presented in a random order, and given that tasks are equivalent, conditioned

on signal.
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This result relies on the random order of tasks as presented to each agent, preventing coor-
dination. Tasks will be indexed as 1, ...,k ..., m from the first agent’s point of view. The second
agent will see them reshuffled using a permutation 7 chosen uniformly at random: #(1), ..., z(m).

Let F be the first agent’s strategy vector, with F;, the first agent’s strategy on task k. Fix the
second agent’s vector of strategies G. Let Jij be the joint signal distribution. Then, for a broad class
of mechanisms, it is without loss of generality to focus on agents having a single per-task strategy
applied to all tasks.

Let K, K, K” be random variables corresponding to a task id, with uniform probability of
value 1, ..., m. Let M be a linear mechanism if its expected score function is a linear function
of Pr(RK = 7|, RX = r,) and Pr(RIf, = rl,RIfN = 1,|K’ # K"), for all set of report pairs ry, 5. For

example, the DGMS mechanism we describe later has expected score

Pr(RE = RK) — Pr(RK = RK'|K £ K) = (2.5)
= Pr(Rf =r,RY =r) — Pr(RY = r,RY" = r|K' £ K"), (2.6)
r=1

which fits this condition. The multi-task mechanism we define below is also linear. The ex-
pectation is with respect to the signal model, agent strategies, the random task order, and any

randomization in the scoring mechanism itself.

Lemma 1. Let M be a linear mechanism. Let F be a vector of strategies. Then for any G F= mean(ﬁ)

will have the same expected score as E

Proof. We prove equivalence of expected value of Pr(RK = |, R = r,) and Pr(RK" = r,RK" =
r2|K" # K") for all r{, r5, and equivalence for any M follows by linearity.

Fix r{, 7. Then Pr(RX = r;, RX = ;) has the same expected value for Fand F:
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Pr(RN =+ RN = 1)) = 2.7)

1 m
= Z Pr(R¢ = r, RS = 1)) (2.8)

I v . . , .
= Z Z ZPr(S’f =i,8% = j)Pr(R = r{|s; = i)Pr(RE = rys, =) (2.9)
k=1 i=1 j=1

m

- %ZZZL] iry Inf(zk ’ (2.10)

k=1 i=1 j=1

Taking the expectation over 7, we get

mlz ZZZ]U iry ]7;’(zk (2.11)

T k=1 i=1 j=1

where the sum is over all m! possible permutations of the tasks. By symmetry, we know that each

element of G will be used for task k with equal probability 1/m:

*Z ZZZM v G, 2.12)

kll]]l

and reordering the sums, we get:

7222]”(;1!;2 : Z iry* (2.13)

i=1 j=1

Using the definition of F as the mean of ﬁ, (2.14)

= Z 33 Gl (2.15)
i=1 j=1

= Pr(RIf = r1, RY = r,|using F instead of ﬁ) (2.16)

The same argument works for Pr(RX = r|,RK” = r,|K’ # K”), substituting Pr(S; =

28



i)Pr(S, = j) for Ji;. The key to the proof is the random permutation of task order in line 2.12,

which prevents coordination between the per-task strategies of the two agents. 0

Given this uniformity, we write E(F, G) to denote the expected payment to an agent for any
bonus task. The expectation is taken with respect to both the signal distribution and any random-
ization in agent strategies. Let Il denote the truthful reporting strategy, which corresponds to the

identity matrix.

Definition 4 (Strictly Proper). A multi-task peer-prediction mechanism is proper if and only if truth-
ful strategies form a correlated equilibrium, so that E(I,I) > E(F, 1), for all strategies F # 1, and

similarly when reversing the roles of agents 1 and 2. For strict properness, the inequality must be strict.

This insists that the expected payment on a bonus task is (strictly) higher when reporting

truthfully than when using any other strategy, given that the other agent is truthful.

Definition 5 (Strongly-truthful). A multi-task peer-prediction mechanism is strongly-truthful if and
only if for all strategies F, G we have E(I, ) > E(F, G), and equality may only occur when F and G are

both the same permutation strategy.

In words, strong-truthfulness requires that both agents being truthful has strictly greater ex-
pected payment than any other strategy profile, unless both agents play the same permutation
strategy, in which case equality is allowed.® From the definition, it follows that any strongly-

truthful mechanism is strictly proper.

Definition 6 (Informed-truthful). A multi-task peer-prediction mechanism is informed-truthful if
and only if for all strategies F, G, E(I,I) > E(F, G), and equality may only occur when both F and G

are informed strategies.

In words, informed-truthfulness requires that the truthful strategy profile has strictly higher

®Permutation strategies are not of practical concern—they require coordination and provide no benefit
over being truthful.
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expected payment than any profile in which one or both agents play an uninformed strategy, and
weakly greater expected payment than all other strategy profiles. It follows that any informed-
truthful mechanism is proper.

Although weaker than strong-truthfulness, informed truthfulness is responsive to the primary,
practical concern in peer-prediction applications: avoiding equilibria where agents achieve the
same (or greater) payment as a truthful informed agent but without putting in the effort of form-
ing a careful opinion about the task. For example, it would be undesirable for agents to be able
to do just as well or better by reporting the same signal all the time. Once agents exert effort and
observe a signal, it is reasonable to expect them to make truthful reports as long as this is an equi-
librium and there is no other equilibrium with higher expected payment. Informed-truthful peer-

prediction mechanisms provide this guarantee.”

2.2 Murti-Task PEER-PREDICTION MECHANISMS

We define a class of multi-task peer-prediction mechanisms that is parametrized by a score matrix,
S :{1,...,n} x {1,...,n} — R, that maps a pair of reports into a score, the same score
for both agents. This class of mechanisms extends the binary-signal multi-task mechanism due

to Dasgupta & Ghosh (2013) in a natural way.

Definition 7 (Multi-task mechanisms). These mechanisms are parametrized by score matrix S.

1. Assign each agent to two or more tasks, with at least one task in common, and at least three tasks

total.

2. Let % denote the report received from agent 1 on task k (and similarly for agent 2). Designate one

7For simplicity of presentation, we do not model the cost of effort explicitly, but it is a straightforward
extension to handle the cost of effort as suggested in previous work (Dasgupta & Ghosh, 2013). In our
proposed mechanisms, an agent that does not exert effort receives an expected payment of zero, while the
expected payment for agents that exert effort and play the truthful equilibrium is strictly positive. With
knowledge of the maximum possible cost of effort, scaling the payments appropriately incentivizes effort.
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or more tasks assigned to both agents as bonus tasks (set My). Partition the remaining tasks into
penalty tasks M| and M,, where M| > 0 and |M,| > 0 and M, tasks have a report from agent

1 and M, a report from agent 2.

3. For each bonus task k € M, pick a random ¢ € My and ' € M,. The payment to both agent 1

and agent 2 for task kis S(% %) — S(r{, rgl).
4. The total payment to an agent is the sum total payment across all bonus tasks.®

As discussed above, it is important that agents do not know which tasks will become bonus
tasks and which become penalty tasks. The expected payment on a bonus task for strategies F, G
is

n n n

E(F,G) =Y ) P(S$i=i,S=j) > > P(Ri=r1|Si=i)P(Ry=r2|$,=)S(r1,72)
i=1 jil 7’1:17‘2:1

n n n

- Z ZP(Slzi)P(Szzj) Z ZP(Rlzrlfslzi)P(Rzzrzfszzj)S(ﬁ,rz)
i=1 j=1 r=1r=1

n n n

- Z Z Ajj Z Z S(r1,72)Fir, Gjr, (2.17)

i=1 j=1  r=1r=1

The expected payment can also be written succinctly as E(F, G) = tr(FT AGST). In words, the
expected payment on a bonus task is the sum, over all pairs of possible signals, of the product of
the correlation (negative or positive) for the signal pair and the (expected) score given the signal
pair and agent strategies.

For intuition, note that for the identity score matrix which pays $1 in the case of matching

reports and $0 otherwise, agents are incentivized to give matching reports for signal pairs with

8 A variation with the same expected payoff and the same incentive analysis is to compute the expecta-
tion of the scores on all pairs of penalty tasks, rather than sampling. We adopt the simpler design for ease
of exposition. This alternate design would reduce score variance if there are many non-bonus tasks, and
may be preferable in practice. See Chapter 4.
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positive correlation and non-matching reports for signals with negative correlation. Now con-
sider a general score matrix S, and suppose that all agents always report 1. They always get S(1, 1)
and the expected value E(F, G) is a multiple of the sum of entries in the A matrix, which is ex-
actly zero. Because individual rows and columns of A also sum to zero, this also holds whenever
a single agent uses an uninformed strategy. In comparison, truthful behavior provides payment
E(LX) = >, A;S(i, ), and will be positive if the score matrix is bigger where signals are posi-
tively correlated than where they are not.

While agent strategies in our model can be randomized, the linearity of the expected payments

allows us to restrict our attention to deterministic strategies.

Lemma 2. For any world model and any score matrix S, there exists a deterministic, optimal joint strat-

egy for a multi-task mechanism.

Proof. The proof relies on solutions to convex optimization problems being extremal. The game
value can be written V = maxy maxg h(F, G), where

h(F,G) = Z ZAij Z Z S(r1,12)Fir, Gjr, -

i=1 j=1  r=1r=1

Note that h is linear in both F and G separately. Now letting V(F) = maxg h(F, G) be the value
for the G player for a fixed F, we have V = max V(F) by definition. As h(F, -) is linear, and the
strategy space for G, all binary row-stochastic matrices, is convex, there exists a maximizer at an
extreme point. These extreme points are exactly the deterministic strategies, and thus for all F
there exists an optimal G = G°P' which is deterministic. Considering the maximization over F,
we see that V(F) = maxg h(F, G) is a pointwise supremum over a set of linear functions, and is
thus convex. V is therefore optimized by an extreme point, some deterministic F = F°P', and for

that F°P* there exists a corresponding deterministic G°P* by the above. O

Lemma 2 has several consequences:

32



« It is without loss of generality to focus on deterministic strategies when establishing strongly

truthful or informed truthful properties of a mechanism.

o There is a deterministic, perhaps asymmetric equilibrium, because the optimal solution

that maximizes E(F, G) is also an equilibrium.

+ It is without loss of generality to consider deterministic deviations when checking whether

or not truthful play is an equilibrium.

We will henceforth assume deterministic strategies. By a slight abuse of notation, let F; €
{1,...,n}and G; € {1,...,n} denote the reported signals by agent 1 for signal i and agent 2

for signal j, respectively. The expected score then simplifies to

E(F,G) =) Y AS(F;,G;). (2.18)

i=1 j=1

We can think of deterministic strategies as mapping signal pairs to reported signal pairs. Strat-
egy profile (F, G) picks out a report pair (and thus score) for each signal pair i, j with its corre-
sponding Aj;. That is, strategies F and G map signals to reports, and the score matrix S maps re-

ports to scores, so together they map signals to scores, and we then dot those scores with A.

2.3 THE DascurTA-GHOSH MECHANISM

We first study the natural extension of the Dasgupta & Ghosh (2013) mechanism from binary to
multi-signals. This multi-task mechanism uses as the score matrix S the identity matrix (‘1’ for
agreement, ‘0’ for disagreement.)

Definition 8 (The Multi-Signal Dasgupta-Ghosh mechanism (DGMS)). This is a multi-task

mechanism with score matrix S(i,j) = 1if i = j, 0 otherwise.
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Example 5. Suppose agent 1 is assigned to tasks {A, B} and agent 2 to tasks {B, C, D}, so that M}, =
{B},M; = {A} and M, = {C, D}. Now, if the reports on B are both 1, and the reports on A, C, and D
were 0,0, and 1, respectively, the expected payment to each agent for bonus task Bis 1 — (1 - 0.5+ 0 -
0.5) = 0.5. In contrast, if both agents use an uninformed coordinating strategy and always report 1, the

expected score for bothis 1 — (1-0.54+1-0.5) = 0.

The expected payment in the DGMS mechanism on a bonus task is
E(F,G) = Z Aijlip=c;; (2.19)
i?j

where 1, is 1 if x = y, 0 otherwise. An equivalent expression is tr(F' AG).

Definition 9 (Categorical model). A world model is categorical if, when an agent sees a signal, all
other signals become less likely than their prior probability; i.e, P(S; = j|S; = i) < P(S; = j), for
alli, for allj # i (and analogously for agent 2). This implies positive correlation for identical signals:
P(S; =i|S; = i) > P(S; =i).

Two equivalent definitions of categorical are that the Delta matrix has positive diagonal and

negative off-diagonal elements, or that Sign(A) = IL.

Theorem 1. If the world is categorical, then the DGMS mechanism is strongly truthful and strictly
proper. Conversely, if the Delta matrix A is symmetric and the world is not categorical, then the DGMS

mechanism is not strongly truthful.

Proof. First, we show that truthfulness maximizes expected payment. We have E(F, G) = >, Ajl[r—g,-
The truthful strategy corresponds to the identity matrix I, and results in a payment equal to the

trace of A: E(I,I) = tr(A) = ). Aji. By the categorical assumption, A has positive diagonal

and negative off-diagonal elements, so this is the sum of all the positive elements of A. Because

lip=g,) < 1, this is the maximum possible payment for any pair of strategies.
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To show strong truthfulness, first consider an asymmetric joint strategy, with F # G. Then
there exists i s.t. F; # G, reducing the expected payment by at least A; > 0. Now consider sym-
metric, non-permutation strategies F = G. Then there existi # jwith F; = F;. The expected
payment will then include A;; < 0. This shows that truthfulness and symmetric permutation
strategies are the only optimal strategy profiles. Strict properness follows from strong truthful-
ness.

For the tightness of the categorical assumption, first consider a symmetric A with positive off-
diagonal elements Aj; and Aj;. Then agents can benefit by both “merging” signals i and j. Let F
be the strategy that is truthful on all signals other than j, and reports i when the signal is j. Then
E(F,F) = Aj 4+ Aji + tr(A) > E(ILT) = tr(A), so DGMS is not strongly truthful. Now consider
a A where one of the on-diagonal entries is negative, say A; < 0. Then, because all rows and
columns of A must add to 0, there must be a j such that A;; > 0, and this reduces to the previous

case where “merging” i and j is useful. O

For binary signals (‘1’ and 2’), any positively correlated model, such that A; ; > Oand A, , > 0,
is categorical, and thus we obtain a substantially simpler proof of the main result in Dasgupta &

Ghosh (2013).

2.3.1 DiscussioN: APPLICABILITY OF THE DGMS MECHANISM

Which world models are categorical? One example is a noisy observation model, where each
agent observes the “true” signal t with probability g greater than 1/n, and otherwise makes a mis-
take uniformly at random, receiving any signal s # t with probability (1 — q)/(n — 1). Such
model makes sense for classification tasks in which the classes are fairly distinct. For example, we
would expect a categorical model for a question such as “Does the animal in this photo swim, fly,

or walk?”
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On the other hand, a classification problem such as the ImageNet challenge (Russakovsky et al.,
2015), with 1000 nuanced and often similar image labels, is unlikely to be categorical. For ex-
ample, if “Ape” and “Monkey” are possible labels, one agent seeing “Ape” is likely to increase the
probability that another says “Monkey”, when compared to the prior for “Monkey” in a generic
set of photos. The categorical property is also unlikely to hold when signals have a natural order,

which we dub ordinal worlds.

Example 6. If two evaluators grade essays on a scale from one to five, when one decides that an essay
should get a particular grade, e.g. one, this may increase the likelihood that their peer decides on that or an

adjacent grade, e.g. one or two. In this case, the sign of the delta matrix would be

(1 10 0 o
11100
Sign(A)=10 1 1 1 0 (2.20)
00111
0001 1

Under the DGMS mechanism, evaluators increase their expected payoff by agreeing to always report
one whenever they thought the score was either one or two, and doing a similar “merge” for other pairs of

reports. We will return to this example below.

The categorical condition is a stronger requirement than previously proposed properties in
the literature, such as those assumed in the analyses of the Jurca & Faltings (2011) and Radanovic
et al. (2016) “1/prior” mechanism and the Witkowski & Parkes (2012a) shadowing mechanism.

The 1/prior mechanism requires the self-predicting property

PI‘(SZ :]‘Sl = l) < PI'(SZ :]‘Sl :]),
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whereas the categorical property insists on a upper bound of Pr(S, = j), which is tighter than
Pr(S; = j|S; = j) in the typical case where the model has positive correlation.The shadowing

mechanism requires

PI‘(SZ = 1’81 :]) — PI‘(SQ = 1) < PI'(SZ :]|Sl :]) — PI‘(SZ :]),

which says that the likelihood of signal S, = i cannot go up “too much” given signal §; = j,
whereas the categorical property requires the stronger condition that Pr(S; = i|S; = j)—Pr(S, =
i) <O.

To see how often categorical condition holds in practice, we look at the correlation structure
in a dataset from a large MOOC provider, focusing on 104 questions with over 100 submissions
each, for a total of 325,523 assessments from 17 courses. Each assessment consists of a numerical
score, which we examine, and an optional comment, which we do not study here. As an exam-
ple, one assessment task for a writing assignment asks how well the student presented their ideas,
with options “Not much of a style at all”, “Communicative style”, and “Strong, flowing writing
style”, and a paragraph of detailed explanation for each. These correspond to 0, 1, and 2 points on
this rubric element. While we only see student reports, we take as an assumption that these rea-
sonably approximate the true world model. As MOOCs develop along with valuable credentials
based on their peer-assessed work, we believe it will nevertheless become increasingly important
to provide explicit credit mechanisms for peer assessment.

We estimate A matrices on each of the 104 questions from the assessments. We can think about
each question as corresponding to a different signal distribution, and assessing a particular stu-
dent’s response to the question as an information task that is performed by several peers. The
questions in our data set had five or fewer rubric options (signals), with three being most com-

mon (Figure 2.1).
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Figure 2.1: MOOC peer evaluation is an ordinal scoring setting, so most models with 3 or more
signals are not categorical.

Average A matrices
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0.10
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0.00
-0.05

—-0.10

Figure 2.2: Averaged A matrices, grouped by the number of signals in a domain. The positive
diagonals show that users tend to agree on their assessments. For models of size 4 and 5, the or-
dinal nature of peer assessment is clear (e.g., an assessment of 2/5 is positively correlated with an
assessment of 3/5).
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This analysis confirms that the categorical condition only holds for about one third of our
three-signal models and for none of the larger models (Figure 2.1). We also computed the average
A matrix for each model size, as visualized in Figure 2.2. The bands of positive correlation around

the diagonal are typical of what we refer to as an ordinal rather than categorical domain.

2.4 HANDLING THE GENERAL CASE

We showed that the DGMS mechanism is only strongly truthful in categorical domains. The
natural follow-on question is what can be done in non-categorical domains. In this section, we

present a mechanism that is informed-truthful for general domains.

2.4.1 ANILLUSTRATIVE REDUCTION

We first discuss an attempt to reduce the general multi-signal setting to binary, and then use the
binary Dasgupta-Ghosh mechanism. This is inspired by the multi-signal shadowing method
(Witkowski, 2014, Section 3.6.2), and while it turns out not to work, it provides useful intuition.
The idea is as follows: split the set of signals into two non-empty subsets A and B, and treat all sig-
nals in each subset as identical. Because binary settings are naturally categorical, this seems on the
surface to give a simple general mechanism. Let us look at an example:

There are three signals: 0, 1, 2. We will work with a multiple of the delta matrix to have whole

numbers.

A= |1 2 -3 (2.21)

-3 =3 6

This model is not categorical, so DGMS is not truthful—reporting truthfully has expected
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score 10 (the sum of the diagonal entries of A), whereas both agents reporting 1 when their signals
are either O or 1 would get expected score 12 (the sum of all positive entries of A). Our proposed
mechanism tries to do such combining or “merging” of signals for the agents. For example, if the

system makes A = {0, 1}, and B = {2}, we get a “reduced” delta:

Afo,13,2) = (2.22)
-6 6
The top left element, corresponding to signal pairs in A, A, is the sum of the top-left four el-
ements of the original A, including the off-diagonal elements. For this signal partition, the ex-
pected score for truthful reporting is 12, matching the best manipulation of DGMS.
Other partitions do not do as well: if the system chooses A = {0},and B = {1,2}, we get

reduced delta:

Aoy {12} = (2.23)
-2 2

This has a lower truthful score 4, and now agents can manipulate by misreporting their signals:
0,1 — 0;2 — 2 will again give expected score 12.

One might think that by randomizing over all splits, we can prevent agents from coordinating
to improve their score. As foreshadowed, that too fails: when two signalss = s’ are positively
correlated on shared tasks (i.e. the corresponding off-diagonal entry of delta is positive), agents
can benefit by ensuring that pair of signals is rewarded. Being truthful with a mechanism that
randomizes the signal partitions will do this sometimes, but agents can guarantee it by merging s

and 5" into one or the other. We can make this concrete by continuing our example. The mecha-
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nism now picks a random split of signals into A, B, both non-empty. There are three options for
A: {0}, {0, 1}, and {0, 2} (plus the three symmetric options with A and B swapped). We looked at

the resulting reduced delta matrices for the first two already. The last is:

Aoy 1) = (2.24)
2

If agents are truthful, their expected score is the average of 12, 4, and 4: 20/3. Merging 0 and
1 asabove: 0,1 — 0;2 — 2 will have scores 12, 12, and O for the three splits, for an average of
24/3 > 20/3. By merging, agents change the distribution over reports to ensure that positively
correlated pairs of signals are always rewarded. This inspires our next mechanism, that directly

rewards such correlated reports.

2.4.2 THE CORRELATED AGREEMENT MECHANISM

Based on the intuition given in Section 2.2, and the success of DGMS for categorical domains,

it seems promising to base the construction of a mechanism on the correlation structure of the
signals, and in particular, directly on A itself. This is precisely our approach. In fact, we will see
that essentially the simplest possible mechanism following this prescription is informed-truthful

for all domains.

Definition 10 (CA mechanism). The Correlated Agreement (CA) mechanism is a multi-task mech-

anism with score matrix S = Sign(A).

Theorem 2. The CA mechanism is informed-truthful and proper for all worlds.
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Proof. The truthful strategy F*, G* has higher payment than any other pair F, G:

E(F,G*) =Y AijS(i,j) = Y Ay > AyS(E,G)) = E(F,G),
ij iyj:0>0 ij
where the inequality follows from the fact that S(i,j) € {0, 1}.

The truthful score is positive, while any uninformed strategy has score zero. Consider an unin-

formed strategy F, with F; = r for all i. Then, for any G,

i j

E(F,G)=)_ Z AS(r, G = S(r,Gy) ZAM = Z S(r,Gj) -0 =0,

where the next-to-last equality follows because rows and columns of A sum to zero. 0

While informed-truthful, the CA mechanism is not always strictly proper. As discussed at the
end of Section 2.1, we do not find this problematic; let us revisit this point. The peer prediction
literature makes a distinction between proper and strictly proper, and insists on the latter. This
comes from two motivations: (i) properness is trivial in standard models: one can simply pay the
same amount all the time and this would be proper (since truthful reporting would be as good as
anything else); and (ii) strict properness provides incentives to bother to acquire a useful signal or
belief before making a report. Neither (i) nor (ii) is a critique of the CA mechanism; consider (i)
paying a fixed amount does not give informed truthfulness, and (ii) the mechanism provides strict

incentives to invest effort in acquiring a signal.

Example 7. Continuing with Example 6, we can see why CA is not manipulable. CA considers signals
that are positively correlated on bonus tasks (and thus have a positive entry in A) to be matching, so there
is no need to agents to misreport to ensure matching. In simple cases, e.g. if only the two signals 1 and 2
are positively correlated, they are “merged,” and reports of one treated equivalently to the other. In cases

such as Equation 2.20, the correlation structure is more complex, and the result is not simply merging.
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Monkey Ape Leopard Cheetah 1 2 3 4

Monkey Ape Leopard  Cheetah 1 2 3 4

Figure 2.3: The blue and red nodes represent signals of agent 1 and 2, respectively. An edge be-
tween two signals represents that there is positive correlation between those signals. Left: A signal
distribution for an image classification task with clustered signals. Right: A signal distribution for
a MOOC peer assessment task or object counting task with ordinal signals and without clustered

signals.

2.4.3 STRONG TRUTHFULNESS OF THE CA MECHANISM

The CA mechanism is always informed truthful. In this section we characterize when it is also
strongly truthful (and thus strictly proper), and show that it is maximal in this sense across a large

class of mechanisms.

Definition 11 (Clustered signals). A signal distribution has clustered signals when there exist at

least two identical rows or columns in Sign(A).

Equivalently, two signals i and i’ of an agent are clustered if i is positively correlated with the

same set of matched agent’s signals as i'.

Example 8. See Figure 2.3. The first example corresponds to an image classification task where there are
categories such as “Monkey’, “Ape’, “Leopard’, “Cheetah” etc. The signals “Monkey” and “Ape” are clus-
tered: for each agent, seeing one is positively correlated with the other agent having one of the two, and

negatively correlated with the other possible signals. The second example concerns models with ordinal
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signals, such as peer assessment or counting objects. In this example there are no clustered signals for ei-
ther agent. For example, signal 1 is positively correlated with signals 1 and 2, while signal 2 with signals

1, 2, and 3.

Lemma 3. If Ajj # O, Vi, j, then a joint strategy where at least one agent uses a non-permutation strat-

egy and matches the expected score of truthful reporting exists if and only if there are clustered signals.

Proof. Suppose clustered signals, so there exists i # i’ such that Sign(A;.) = Sign(Ay.). Then
if agent 2 is truthful, agent 1’s expected score is the same for being truthful or for reporting i’
whenever she receives either i or i’. Formally, consider the strategies G = I and F formed by
replacing the i-th row in I by the i’-th row. Observe that §(i,j) = S(F;, G;) as the i-th and i’-th
row in § are identical. Hence, E(F, G) = E(I, I). The same argument holds for clustered signals
for agent 2.

If the world does not have clustered signals, any agent using a non-permutation strategy leads
to lower expected score than being truthful. Suppose F is a non-permutation strategy, such that
E(F,G) = E(ILT) for some G. Then there exist signalsi # i’ suchF; = Fy = r, for some .
No clustered signals implies that Jj such that Sign(A;;) # Sign(Ay ;). Let G(j) = j', for some .
Without loss of generality assume that A(i,j) > 0, then we get A(i’,j) < Oas A(i’,j) # 0. The
score for signal pair (S; = i,S; = j) is S(r,j’) and for (S; = i/,S, = j) isalso S(r, ). Either
S(r,j’) = 1orS(r,j’) = 0. Inboth cases the strategy profile F, G will lead to a strictly smaller
expected score as compared to the score of truthful strategy, since A(i,j) > 0and A(/',j) < 0.

Similarly, we can show that if the second agent uses a non-permutation strategy, that also leads to

strictly lower expected scores for both agents. 0

We now give a condition under which there are asymmetric permutation strategy profiles that

give the same expected score as truthful reporting.
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Definition 12 (Paired permutations). A signal distribution has paired permutations if there exist
distinct permutation matrices P, Q s.t. P - Sign(A) = Sign(A) - Q.

Lemma 4. If Aj # O, Vi, j, then there exist asymmetric permutation strategy profiles with the same
expected score under the CA mechanism as truthful reporting if and only if the signal distribution has

paired permutations.

Proof. First we show that if the world has paired permutations then there exist asymmetric per-
mutation strategy profiles that have the same expected score as truthful strategies. Consider
F = Pand G = Q. From the paired permutations condition it follows that S(i,j) = S(F;, G)),
Vi, j, since S(F;, G;) is the (i,)-th entry of the matrix F - S - G which is equal to S. Therefore,
E[F,G] = E[L,T].

To prove the other direction, let F and G be the permutation strategies of agent 1 and 2, respec-
tively, with F # G. If the world does not have paired permutations, then F - § - GT # S. Let

S=F-S-G'".The expected score for F, G is
E[F,Gl = Ay~ S8(i,j),
i’j
and the expected score for truthful strategies is
ij

Combining the facts that E[I, ] > E[F, G; A; # 0, Vi, j; and S differs from S by at least one entry,

E[F, G] will be strictly less than E[L, I. O

Lemma 3 shows that when the world has clustered signals, the CA mechanism cannot differ-

entiate between individual signals in a cluster, and is not strongly truthful. Similarly, Lemma 4
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shows that under paired permutations this mechanism is not able to distinguish whether an agent
is reporting the true signals or a particular permutation of the signals. In domains without clus-
tered signals and paired permutations, all strategies (except symmetric permutations) lead to a
strictly lesser score than truthful strategies, and hence, the CA mechanism is strongly truthful.

The CA mechanism is informed truthful, but not strongly truthful, for the image classification
example in Figure 2.3 as there are clustered signals in the model. For the peer assessment exam-
ple, it is strongly truthful because there are no clustered signals and a further analysis reveals that
there are no paired permutations.

A natural question is whether we can do better by somehow ‘separating’ clustered signals from
each other, and ‘distinguishing’ permuted signals from true signals, by giving different scores to
different signal pairs, while retaining the property that the designer only needs to know Sign(A).
Specifically, can we do better if we allow the score for each signal pair (S; = i, S, = j) to depend
on i, j in addition to Sign(A;j)? We show that this extension does not add any additional power

over the CA mechanism in terms of strong truthfulness.

Theorem 3. If Ajj # 0, Vi, j, then CA is maximally strong truthful amongst multi-task mechanisms
that only use knowledge of the correlation structure of signals, i.e. mechanisms that decide S(i, ) using

Sign(Ajj) and index (i, j).

Proof. We first show that the CA mechanism is strongly truthful if the signal distribution has

neither clustered signals nor paired permutations. This follows directly from Lemmas 3 and 4,

as strategy profiles in which any agent uses a non-permutation strategy or both agents use an

asymmetric permutation strategy lead to strictly lower expected score than truthful strategies.
Next we show maximality by proving that if a signal distribution has either clustered signals or

paired permutations then there do not exist any strong truthful multi-task mechanisms that only

use the correlation structure of signals.
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We prove this by contradiction. Suppose there exists a strongly truthful mechanism for the
given signal distribution which computes the scoring matrix using the correlation structure of
signals. Let the scoring matrix for the signal distribution be S.

If the signal distribution has clustered signals then at least two rows or columns in Sign(A) are
identical.

Suppose that there existi # i, such that the i-th and i’-th row in Sign(A) are identical. We will
construct another delta matrix A’ representing a signal distribution that has clustered signals, for
which this mechanism cannot be simultaneously strongly truthful.

Let A’ be computed by exchanging rows i and i’ of A. Clearly, A’ has clustered signals. Now,
the scoring matrix for both A and A’ is the same, since the sign structure is the same for both. Let
G = Il and F be computed by exchanging rows i and i’ of II.

Strong truthfulness for A implies that

EA[ILT] > EA[F, G]. (2.25)

However, observe that EA[I, I] = En/[F, G] and Ex/[I, I] = EA[F, G]. Strong truthfulness for A’

implies that

Ey[ILI] > Ex[F,G] = EALLI] < EAlF,G]. (2.26)

Equation 2.25 and 2.26 lead to a contradiction, implying that the above mechanism cannot be
strongly truthful.

Similarly, we can show that if two columns in Sign(A) are identical, then there exists another
delta matrix A’ formed by exchanging the columns of the A forj # j’ such that the j-th and j’-th
column of Sign(A) are identical. A similar contradiction can be reached using strong truthfulness

onAand A,
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The interesting case is when the signal distribution satisfies paired permutations, i.e. there
exist permutation matrices P # Q suchthat P-S- Q' = S. Consider A’ = (P~1) - A-(Q™)T,
F = P,and G = Q. We need to argue that A’ represents a correct signal distribution and that it
has paired permutations.

To see this, observe that exchanging the columns or rows of a delta matrix leads to a valid delta
matrix, and pre-multiplying or post-multiplying a matrix with permutation matrices only ex-
changes rows or columns, respectively. Observe that the sign structure of A’ is the same as the
sign structure of A since S = (P~!) - S - (Q! )T, and therefore, the scoring matrix for both A and
A’ is the same. Due to this A has paired permutations.

Strong truthfulness for A implies that

EA[H, ]I] > EA[F, G] . (227)

However, again observe that EA[I, I] = E/[F, G] and Ey/[I, I] = EA[F, G| . Strong truthfulness

for A" implies that

Ey[ILI] > Ex[F,G] = EALLI] < EAlF,G]. (2.28)

Equation 2.27 and 2.28 lead to a contradiction, implying that the above mechanism cannot be
strongly truthful.

Therefore, if the signal distribution has either clustered signals or paired permutations there
exist no strongly truthful scoring mechanism that assigns scores based on the correlation struc-

ture of A. ]

This result shows that if a multi-task mechanism only relies on the correlation structure and

is strongly truthful in some world model then the CA mechanism will also be strongly truthful in
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Figure 2.4: Number of MOOC peer assessment models with clustered signals (CA is informed
truthful) and without clustered signals (CA is strongly truthful up to paired permutations).

that world model. Therefore, even if one uses 2 - n> parameters in the design of scoring matrices
from Sign(A), one can only be strongly truthful in the worlds where CA mechanism is strongly
truthful, which only uses two parameters.

A remaining question is whether strongly truthful mechanisms can be designed when the score
matrix can depend on the exact value of the A matrix. We answer this question negatively.

Theorem 4. There exist symmetric signal distributions such that no multi-task mechanism is strongly

truthful.

Proof. Letn = 3, and consider any symmetric A matrix of the form:

x y —(x+y)
A= y x —(x+y)| >
—(x+y) —(x+y) 2(x+y)

for some 0 < y < x < 0.5, and let

a b e
S = C d f 9
g h i



for some a, b, c,d, e, f,g, h,i which can be selected using complete knowledge of A.

We will consider three strategy profiles (F', G!), (F?, G?), (F*, G*), with

0 1 0 1 0 o
F'=11 0 o G'=1lo 1 of,

00 1 00 1

1 0 o 1 0 o
FF=11 0 0 G=11 0 of,

00 1 00 1

and

010 010
F=1lo1 o0 G=1]o1 0

00 1 00 1

Using strong truthfulness condition E[I, I] > E[F', G!], we get

ax +by+cy+dx > cx+dy+ay+bx
(@+d)x=y) > (c+b)x-y)

a+d > c+b , (2.29)

where the last inequality follows due to the fact that x > y.

Using strong truthfulness condition E[I, I] > E[F?, G?], we get
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by+cy>—dx+a2y+x)+(g+e—f—h)(—x—y) (2.30)

and again using strong truthfulness condition E[I, I] > E[F°, G*], we get

by+cy>—ax+d2y+x)+(f+h—g—e)(—x—y) (2.31)

Now, multiplying equation 2.29 by y and combining equation it with equation 2.30, we get

—dx+a2y+x)+(g+e—f—h)(—x—y) < by+co < ay+dy
= —dx+ay+x)+(@gte—f-h)(-x-y) < ay+dy

= a(x+y) < dlx+y)+(f+h—g—e)(—x—y) (2.32)

Similarly, equation 2.29 by y and combining equation it with equation 2.31, we get

—ax+d2y+x)+(f+h—g—e)(—x—y) < by+coy < ay+dy
= —ax+d2y+x)+(f+h—g—e)(—x—y) < ay+dy

— dx+y)+(f+h—g—e)(—x—y) < a(x+y) (2.33)

Equation 2.32 and 2.33 lead to a contradiction, implying that there does not exist any a, b, ¢, d, e, f, g, h, i
that can satisfy these equations simultaneously. Therefore, for matrices of the above form there

do not exist any strongly truthful scoring matrices. O
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Figure 2.4 evaluates the sign structure of the A matrix for the 104 MOOC questions described
earlier. The CA mechanism is strongly truthful up to paired permutations when signals are not

clustered, and thus in roughly half of the worlds.

2.4.4 DEeTAIL-FREE IMPLEMENTATION OF THE CA MECHANISM

So far we have assumed that the CA mechanism has access to the sign structure of A. In practice,
the signs may be unknown, or partially known (e.g. the designer may know or assume that the
diagonal of A is positive, but be uncertain about other signs).

The CA mechanism can be made detail-free in a straightforward way by estimating correlation
and thus the score matrix from reports; it remains informed truthful if the number of tasks is
large (even allowing for the new concern that reports affect the estimation of the distribution and

thus the choice of score matrix.)

Definition 13 (The CA Detail-Free Mechanism (CA-DF)). As usual, we state the mechanism for

two agents for notational simplicity:
1. Each agent completes m tasks, providing m pairs of reports.
2. Randomly split the tasks into sets A and B of equal size.

3. Let T*, T? be the empirical joint distributions of reports on the bonus tasks in A and B, with
TA(i, j) the observed frequency of signals i,j. Also, let T, Th; be the empirical marginal distri-
bution of reports computed on the penalty tasks in A and B, respectively, with T4(i) the observed
frequency of signal i. Note that we only take one sample per task to ensure the independence of

samples.

4. Compute the empirical estimate of the Delta matrix, based on reports rather than signals: F‘i‘} =

TA(i,j) — Ta (i) T4, (j), and similarly for T2,
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5. Define score matrices, swapping task sets: $* = Sign(T"%), $8 = Sign(T™). Note that $* does

not depend on the reports on tasks in A.

6. Apply the CA mechanism separately to tasks in set A and set B, using score matrix S* and S® for

tasks in set A and B, respectively.

Lemma 5. For all strategies F, G and all score matrices S € {0, 1}"*", E(S*,I,I) > E(S, F, G) in the
multi-task mechanism, where E(S, F, G) is the expected score of the mechanism with a fixed score matrix

S.

Proof. The expected score for arbitrary score matrix and strategies is:

E(S,F,G) = Z Z 2;jS(Fi, Gj)

i=1 j=1

The expected score for truthful reporting with S* is

E(SILI) =) Y AySign(A) = > A;>> > AS(F,Gy),

i=1 j=1 i,j: >0 i=1 j=1
where the inequality follows because S is a 0/1 matrix. O

The lemma gives the main intuition for why CA-DF is informed truthful for large m: even if
agents could set the score matrix completely independently of their strategies, the “truthful” score
matrix S* is the one that maximizes payoffs. To get a precise result, the following theorem shows
that a score matrix “close” to $* will be chosen with high enough probability.

Theorem 5 (Mechanism CA-DF is (¢, d)-informed truthful). Let¢ > 0and o > 0 be parameters.
Then there exists a number of tasks m = O(n>log(1/9) /%) (for n signals), such that with probability
at least 1 — 0, there is no strategy profile with expected score more than ¢ above truthful reporting, and

any uninformed strategy has expected score strictly less than truthful. Formally, with probability at least
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1 — 6 E(F,G) < E(ILL) + ¢, for all strategy pairs F, G; for any uninformed strategy Fy (equivalently

G()), E(Fo, G) < E(]I, ]I)

Proof. Let H* and H® be the (unobserved) joint signal frequencies, which are a sample from the
true joint distribution. Let M* and M® be the (unobserved) marginal signal frequencies, which are
a sample from the true marginal distribution. Finally, let A* and AP the corresponding empirical
Delta matrices. Fixing strategies F, G, $* is a function of H? and M?, and independent of H* and

MA. This means that we can write the expected score for tasks in A as

E(SF,G) =Y Y ASY(E,G)). (2.34)

i=1 j=1

By Lemma 5, we know that E(S*, I, ) > E(S, F, G) for all S, F, G, and will show that once m is

large enough, being truthful gets close to this score with high probability. We have

‘E(SAv ]I) H) - E(S*v ]L ]I)| = |E(Sign(AB)> ]L ]I) - E(Sign(A)a ]L ]D’ (2-35)

=D ) Ay(Sign(a®); — Sign(A);)] . (2.36)

i=1 j=1

Therefore, for some accuracy ¢ and confidence d, with m = O(n* log(1/0) /¢*), we want

1D " ay(Sign(a);; — Sign(A)y)] <. (2.37)

i=1 j=1

Observe that

1> aq(Sign(a®); — Sign(a))] < [ay(Sign(a®); — Sign(a)y))| (2.38)
i

i7j
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<> |ay— Al (2.39)
i

Therefore, it is sufficient to learn A® such that

n n

SN Ay —af <. (2.40)

i=1 j=1

We now use a standard result (see e.g. (Devroye & Lugosi, 2001), Theorems 2.2 and 3.1), that
any distribution over finite domain Q is learnable within L1 distance d in O(|Q|/d?) samples with
high probability, specifically 1 — § with an additional log(1/9) factor.

Using this result we can learn the joint signal distribution of the agents using O(9n?/¢?) sam-
ples with accuracy ¢/3. We can also learn the marginal distribution of agents’ signals using O(9n° /¢?)
samples from the true marginal distribution with accuracy ¢/3n. With high probability, after

these many samples from each of these distributions, we have

n n ¢
DD I —Hil << (2.41)
i=1 j=1
. 2
B
Z [P = M| < . (2.42)
i=1
Now,
D185 — | = > Py — Hj — (PiF — MIM)) (2.43)
i ¥
<> Py —HE|+ > |PP— MIMP|  (Triangle Ineq) (2.44)
i iy
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IN

2 B £ .
= z}: PP, — M. (Pj + %) | (UsingEq.2.41 & 2.42)  (2.45)

3 3

=3+ > PP — MPP £ Mf§| (2.46)
i?i
< g + Z | (P — MlB) P + ZM?;—n (Triangle Ineq.) (2.47)
i i,f
_ ¢ 1P — MB B £
= F D B - M 4D M (2.48)
i i,j
£ €
:?LZP,-u)i—MPHZg (2.49)
ij j
£ e £
< g""ZZ‘Pi_M?‘JF"% (Pl <1 (2.50)
j=1 i=1
¢ e ¢ .
< -+ — 4= (Using Eq. 2.42) (2.51)
3 s 3n 3
_ . (2.52)
We now conclude

i=1 j=1

which implies E(Sa, I, I) +¢ > E(S,F, G) for all S, F, G.
Finally, note that the expected value of uninformed strategies is 0, because E(S, F°, G) = 0 for
any uninformed F°, regardless of score matrix, while £ can always be set small enough ensuring

that being truthful has positive expected payoff. 0

2.4.5 AGENT HETEROGENEITY

The CA mechanism only uses the signs of the entries of A to compute scores, not the exact values.

This means that the results can handle some variability across agent “sensing technology,” as long
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as the sign structure of the A matrix is uniform across all pairwise matchings of peers. In the bi-
nary signal case, this reduces to agents having positive correlation between their signals, giving
exactly the heterogeneity results in Dasgupta & Ghosh (2013). Moreover, the agents themselves
do not need to know the detailed signal model to know how to act; as long as they believe that the
scoring mechanism is using the correct correlation structure, they can be confident in investing

effort and simply report their signals truthfully.

2.4.6 UNINTENDED SIGNALS

Finally, we discuss a seemingly pervasive problem in peer prediction: in practice, tasks may have
many distinctive attributes on which agents may base their reports, in addition to the intended
signal, and yet all models in the literature assume away the possibility that agents can choose to
acquire such unintended signals. For example, in online peer assessment where students are asked
to evaluate the quality of student assignments, students could instead base their assessments on
the length of an essay or the average number of syllables per word. In an image categorization
system, users could base their reports on the color of the top-left pixel, or the number of kittens
present (!), rather than on the features they are asked to evaluate. Alternative assessments can
benefit agents in two ways: they may require less effort, and they may result in higher expected
scores via more favorable Delta matrices.’

We can characterize when this kind of manipulation cannot be beneficial to agents in the
CA mechanism. The idea is that the amount of correlation coupled with variability across tasks
should be large enough for the intended signal. Let 7 represent a particular task evaluation strategy,
which may involve acquiring different signals from the task than intended. Let A" be the corre-

sponding A matrix that would be designed if this was the signal distribution. This is defined on a

domain of signals that may be distinct from that in the designed mechanism. In comparison, let 7*

This issue is related to the perennial problem of spurious correlations in classification and regression.
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define the task evaluation strategy intended by the designer (i.e., acquiring signals consistent with
the mechanism’s message space), coupled with truthful reporting. The expected payment from

this behavior is Zij: A,zj* 0

AT

The maximal expected score for an alternate task evaluation strategy 7 may require a strategy
remapping signal pairs in the signal space associated with 7 to signal pairs in the intended mech-
anism (e.g., if the signal space under 7 is different than that provided by the mechanism’s message
space). The expected payment is bounded above by Zij: 8150 AZ Therefore, if the expected score

for the intended 7* is higher than the maximum possible score for other 7, there will be no reason

to deviate.

2.5 CONCLUSION

We study the design of peer prediction mechanisms that leverage signal reports on multiple

tasks to ensure informed truthfulness, where truthful reporting is the joint strategy with high-
est payoff across all joint strategies, and strictly higher payoff than all uninformed strategies (i.e.,
those that do not depend on signals or require effort). We introduce the CA mechanism, which

is informed-truthful in general multi-signal domains. The mechanism reduces to the Dasgupta

& Ghosh (2013) mechanism in binary domains, is strongly truthful in categorical domains, and
maximally strongly truthful among a broad class of multi-task mechanisms. We also present a
detail-free version of the mechanism that works without knowledge of the signal distribution
while retaining e-informed truthfulness. Interesting directions for future work include: (i) adopt-

ing a non-binary model of effort, and (ii) combining learning with models of agent heterogeneity.
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Measuring Performance Of Peer
Prediction Mechanisms Using Replicator

Dynamics

PEER PREDICTION FORMALIZES THE CHALLENGE OF ELICITING INFORMATION from agents in set-
tings without verification. Whereas scoring rules (Gneiting & Raftery, 2007) and prediction mar-
kets (Hanson, 2003; Chen et al., 2007) can be used to elicit beliefs about observable events (e.g.,

the outcome of the U.S. Presidential election), peer prediction addresses settings without direct
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access to the ground truth. Consider, for example, eliciting information about noise in a restau-
rant, about the quality of an e-commerce search algorithm, or the suggested grade for a student’s
assignment in an online course, where obtaining ground truth is either not possible or costly.

The theory of peer prediction has developed rapidly in recent years. From the simple approach
of output agreement (von Ahn & Dabbish, 2004; Waggoner & Chen, 2014), the field has moved
to scoring-rule based approaches with varying knowledge requirements on the part of the de-
signer (Miller et al., 2005; Witkowski & Parkes, 2012a), later relaxing the requirement of a com-
mon prior (Witkowski & Parkes, 2012b; Radanovic & Faltings, 2013; Kamble et al., 2015). These
early mechanisms all had uninformative equilibria, where agents could make reports without look-
ing at their assigned task, and yet get a higher score than by being truthful. Several recent papers
propose mechanisms that ensure that truthfulness is not only a strict correlated equilibrium, but
has higher payoff than certain other strategies.

Jurca and Faltings [2009] discourage strategies where all agents report identically, by reward-
ing near-agreement rather than complete agreement with peers. Radanovic and Faltings [2015a]
present the logarithmic peer truth serum, with a large population and many peers performing
each task, comparing an agent’s agreement with their peers to their agreement with the popu-
lation as a whole. Dasgupta and Ghosh [2013] propose a multi-task approach, where each agent
completes multiple tasks, and compare agreement on overlapping tasks to expected agreement
on non-overlapping ones, showing that truthfulness is optimal for settings with binary reporting.
Chapter 2 extended this method to settings with more than two possible reports.

There is also experimental work on peer prediction. One study (Gao et al., 2014) showed that
Mechanical Turk workers are able to coordinate on an uninformative equilibrium in some peer
prediction mechanisms, while behaving in an unpredictable way in a design inspired by Jurca
& Faltings (2009). A second experimental study is more positive, showing that simple scoring

mechanisms can encourage effort, and that workers do not seem to coordinate on uninformative
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equilibria (Faltings et al., 2014).!

We adopt replicator dynamics as a model of population learning in peer prediction mecha-
nisms. Our interest is to understand the robustness of different designs when, rather than pre-
computing equilibria, participants adjust their behavior via a simple dynamic. Learning is widely
used to study behavior in games, giving a useful measure of the likelihood that various equilibria
emerge in repeated play of a mechanism, as well as the stability of those equilibria. Intuitively,
these dynamics capture how players may adjust their behavior slightly each round depending on
the success of their previous actions. While truthfulness may be an equilibrium of the game, if
learning dynamics steer away from it, one may not expect to see (long-lasting) truthful behavior
in practice.

Analyzing models derived from peer evaluation data in several massive online courses, we
confirm concerns about uninformative equilibria in early peer prediction mechanisms: despite
the existence of a truthful equilibrium, learning dynamics move toward uninformative equilib-
ria in these mechanisms. The learning dynamics still tend toward all participants adopting the
same uniformed report in the approach of Jurca and Faltings [2009]. In contrast, the multi-task
mechanisms do better, with a larger basin of attraction of the truthful equilibrium. Truthfulness
is most stable under the correlated agreement mechanism (see Chapter 2), which generalizes the
method of Dasgupta and Ghosh [2013], while the logarithmic peer truth serum (Radanovic & Falt-
ings, 2015a) does not work well unless each task is performed by a comparatively large number of

agents.

'A possible reason for the difference in results is that the environment in this second study had many
possible reports, making it harder to coordinate.
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3.0.1 Case StupY: PEER GRADING

To choose realistic parameters for our experimental study, we use data from peer evaluation in
several Massive Open Online Courses (MOOCs).2 Organizations such as edX, Coursera, and
many others around the world are scaling online learning to tens of thousands of students per
course without a corresponding expansion in course staff. A key challenge is to scalably teach
topics that are difficult to automatically assess, such as writing, judgement, or design. Peer evalua-
tion is a promising tool—students submit assignments, which are evaluated by several peers using
an instructor-created rubric. Peers provide scores as well as written feedback.

In today’s systems, the evaluators are not scored, though participation can be coupled with be-
ing able to see feedback from their peers. This means that students can (and do) submit minimal
feedback without giving it much thought.® This setting fits the peer prediction model—it is ex-
pensive for staff to make “ground truth” evaluations by grading submissions, and because several
peers evaluate each submission, their assessments are naturally correlated and can be compared.

Other research on scalable peer evaluation evaluates students’ assessment skills, identifies and
compensates for their biases (Piech et al,, 2013), and helps students self-adjust for bias (Kulka-
rni et al,, 2013). The Mechanical TA project (Wright & Leyton-Brown, 2015) aims to reduce TA

workload in high-stakes peer grading.

3.0.2 BACKGROUND ON REPLICATOR DYNAMICS

We use one of the simplest models of evolutionary population dynamics, which were first in-
troduced to study evolution (Smith, 1972; Sandholm, 2009; Gintis, 2009). Such models track

segments of a population, gradually adjusting behavior in response to feedback. Evolutionary

%A anonymous, summarized version of the data set used in this chapter is available at http:
//www.eecs.harvard.edu/~shnayder/.

3This is a well-known issue in on-campus peer-evaluation settings as well, though there, instructors
can review the feedback and intervene. In MOOC:s, that kind of oversight may not be scalable.
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dynamics have been used in many applications besides evolutionary biology. For example, Erev
& Roth (1998) show that learning dynamics can capture key features of human behavior in eco-
nomic games, and they have many applications in multi-agent systems (Bloembergen et al., 2015).

Replicator dynamics track a continuous population of agents playing a game over time, with
each agent adopting a pure strategy and probabilistically switching to higher-payoff strategies in
proportion to the gain in expected payoff. Nash equilibria are known to be fixed points of repli-
cator dynamics, but the converse need not hold (Easley & Kleinberg, 2010, Thm 12.6). These dy-
namics also provide an appealing model for learning at the individual level, as they are a continuous-
time limit of the multiplicative-weights learning algorithm, and guarantee no regret (Hofbauer
et al,, 2009, Prop 4.1 and Prop 6.2). See Arora et al. (2012) for more about the multiplicative
weights algorithm.

Replicator dynamics have been used to compute the symmetric, mixed equilibria in empirical
game theory (Reeves et al., 2005). Recently, replicator dynamics have been applied to assess the
likelihood or stability of various equilibria in games (Panageas & Piliouras, 2014) (see also (Klein-
berg et al., 2011, 2009)). We employ this latter interpretation; specifically, we adopt the basin of
attraction of the truthful equilibrium, meaning the set of strategy profiles leading eventually to

the equilibrium, as a proxy for how likely and how stable truthfulness would be under repeated

play.

3.1 MobEL

There is a continuum of agents, representing a distribution over strategies observed in the popu-
lation. At each time ¢, finite groups of agents are sampled from this distribution, and each group
is assigned to a particular task (e.g., label an image, evaluate a particular homework submission,
judge the mood of a video clip, etc), which has a hidden type h € H.

Each agent i privately observes a signal s; € $={0, 1,...,n— 1}, identically and independently

63



distributed, conditioned on type h. Let Pr(h) denote the type prior and let Pr(s|h) denote the
signal distribution conditioned on type. For simplicity, we assume that the number of types is
equal to the number of signals. For example, in a peer evaluation setting, the hidden type would
be the “true” quality of a submission, and the signal a student’s assessment of the quality, both on
ascale of e.g. 0, 1, or 2. We assume that Pr(h) and Pr(s|h) are the same for all tasks and all agents,
though the methodology extends to heterogeneous agent populations with non-identical signal
models.

Once the agents observe their signals, they use a strategy, 6, to compute a reportr; = 6(s;).
In general, 6 can be randomized, but we focus on deterministic strategies, relying on the random
sampling from the population for mixing. A peer-prediction mechanism, without knowing the
hidden type or the observed signals, computes a score g; for each agent based on reports. This
score can depend on the reports of peer agents who did the same task, as well as on the overall set
of reports across all tasks. A good scoring rule leads agents to maximize expected score by truth-
fully revealing their signals, and is robust to alternate equilibria as well as misreports or noise
from other agents. A special concern is to prevent high-payoff, uninformed equilibria, where agents
adopt signal-independent strategies; e.g., “always report 1.”

We represent the population strategy profile as a distributionx = (x1, ..., x,), where x; is
the fraction of agents who adopt strategy 6, and m is the total number of strategies. Let U(k, x)
denote the expected payoff from strategy 6 given population profile x. The average population

payoff is defined as

Ax) = zm:ka(k,x), (3.1)

k=1

leading to the replicator dynamics differential equation:
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xr = xp(U(k,x) — A(x)). (3.2)

We numerically solve this equation for particular starting strategy profiles to predict whether
the population will tend toward the all-truthful profile. The set of profiles that lead to all-truthful
is the basin of attraction of truthfulness.

Replicator dynamics does not itself require a model of agent beliefs—it simply assumes a par-
ticular pattern of strategy evolution. However, there is a complementary way to think about be-
liefs: if an agent believes the overall population strategy distribution to be in the basin of attrac-
tion of the all-truthful equilibrium, being truthful is a simple and robust strategy that will maxi-
mize reward. A large basin of attraction for truthfulness means that agents who believe that the
majority of agents will be truthful will not be tempted by niche strategies. In contrast, if truthful-
ness has a small basin of attraction, believing that even a small fraction of agents are being strate-

gic can make joining them attractive.

3.1.1 PeEeRrR PrEDICTION MECHANISMS

We focus on strictly proper peer prediction mechanisms, where truthful reporting is a strict corre-
lated equilibrium.

Single-task mechanisms. We first define mechanisms that only depend on the reports for a
single task.

(1) Output Agreement (OA) (von Ahn & Dabbish, 2004). The system picks a reference agent j
for each agent i, and defines oi(r;, r;) = A(ri, 7;), where A(x,y) is 1 if x = y, 0 otherwise. The OA
mechanism is only strictly proper when the model is self-dominant—observing a signal s makes
s the most likely signal for a reference agent as well (see Frongillo & Witkowski (2016) for an
elaboration). A useful property of OA is that it is detail-free, requiring no knowledge of the proba-

bilistic model of the world.
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(2) MRZ. The peer prediction method (Miller et al., 2005) (MRZ), which uses proper scoring
rules (Gneiting & Raftery, 2007) to achieve strict properness. In MRZ, the system gets a report
r;, picks a reference peer j, and uses a proper scoring rule R based on the likelihood of r; given r;.
By the properties of proper scoring rules, this makes truthful reporting a strict correlated equi-
librium. In our experiments, we use the log scoring rule R(y,0) = log(y,), where y is a probability
distribution over outcomes, and o is the observed outcome. MRZ is not detail-free, as computing
y requires knowledge of the world model.

(3) JF09. A problem with both OA and MRZ is that they also have uninformative, pure-strategy
symmetric Nash equilibria, one of which always results in the highest possible payoff (Jurca &
Faltings, 2005). The JF09 (Jurca & Faltings, 2009) mechanism removes these (pure) Nash equilib-
ria in binary settings, relying on four or more peers doing a single task. To evaluate a report r; in
a binary signal setting (S = {0, 1}), the mechanism picks three reference agents, defines z; as the

total number of 1 reports among them, and gives score o;(r;, z;) = M|ri, z;], where M is the matrix

0 a« 0 ¢
(3.3)

e 0 O
a and f§ are set based on the world parameters to preserve strict properness, while the form of the
payoff matrix ensures that if all agents coordinate on 0 or 1, they get score 0.* JF09 is not detail

free because the designer needs the world model to compute the score matrix.

Multitask mechanisms. The next two mechanisms are strong truthful, meaning that all
agents being truthful is an equilibrium with higher payoff than any other strategy profile, with

the inequality strict except for signal permutations.

(4) RF15. The RF15 (Radanovic & Faltings, 2015a) mechanism scores an agent based on the

“There are no results about mixed equilibria. Our analysis in Section 3.2 shows them to be problematic.
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statistical significance of the agent’s report compared to the reports of their peers and the dis-
tribution of reports in the entire population across multiple tasks. Given report r; and the frac-
tions Zpeer, Zglobal Of reference peers and global population respectively reporting r;, the agent’s
scoreisg; = log(zpeer / Zglobal)- As the number of reference peers goes to infinity, this approaches
log(Pr(rpeer = 1i)/ Pr(r;)).> RF15 is detail-free.

(5) DG13. The DG13 mechanism (Dasgupta & Ghosh, 2013) is detail-free and multi-task, so
each agent reports on several tasks. It is defined for binary signals. An agent is rewarded for being
more likely to match the reports of peers doing the same task than the reports of peers doing
other tasks.

We present a slightly generalized form, parametrized by a score matrix A. The mechanism is

described, w.l.o.g., for two agents, 1 and 2:

1. Assign the agents to three or more tasks, with each agent to two or more tasks, including
at least one overlapping task. Let M, M1, and M, denote the shared, agent-1 and agent-2

tasks, respectively.

2. Let * denote the report received from agent 1 on task k (and similarly for agent 2). The

payment to both agents for a shared task k € M; is

n—1 n—1
i = N5, =D O TG ) b o,
i=0 j=0
where A : {0,...,n—1} x {0,...,n—1} — Risascore matrix, hy; = %ﬂ’ﬁ:l}' is

the empirical frequency with which agent 1 reports signal i in tasks in set My, and hy ; =

% is the empirical frequency with which agent 2 reports signal j in tasks in set

SBecause log is non-linear, the expected score with a finite number of reference peers is lower than
this limit, even in a continuous population, and this affects the attractiveness of different strategies. We
examine this effect in Section 3.2.
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M,.
3. The total payment to an agent is the sum of the payments across all shared tasks.

In the DG13 mechanism, A is the identity matrix (‘1’ for agreement, ‘0’ for disagreement.) For

binary signals and positive correlation between signals, DG13 is strong truthful.

(6) DGMS. Shnayder et al. (see Chapter 2) extend the DG13 mechanism in two ways. The first
is DGMS, the direct extension of DG13 to multiple signals, using the identity matrix for scoring.
DGMS is strong truthful when the world satisfies a categorical property, where, given an agent’s
signal, the likelihood of peers having any other signal goes down: Pr(s'|s) < Pr(s’) foralls’ # s;

this property holds trivially for binary signal models with positive correlation.

(7) Correlated Agreement (CA). The second extension of DG13 yields the CA mechanism,
which adopts a different scoring rule. Rather than the identity matrix, CA sets A(i,j) = 1if
Pr(sj|s;) > Pr(s;), and O otherwise; it rewards agreement on positively correlated signals. CA re-
duces to DGMS in categorical settings. In general settings, it is proper (not strictly), and informed
truthful. The payoff for truthfulness is weakly higher than any other strategy profile, and strictly
higher than any uninformed, signal-independent reporting strategy. CA only requires that the

designer know the direction of correlation between pairs of signals, not the entire world model.

(8) Robust Peer Truth Serum (RPTS) (Radanovic et al., 2016). This is a version of OA, with
scores scaled based on observed report frequencies; the system collects all reports, computes the
empirical prior P(r) of each report r, and defines score o(r, ') = 1/P(r)A(r,7), where ¥’ isa
reference report, just as in OA. This results in extra reward for matches on uncommon reports,
which has two benefits, when the number of tasks is large enough to make the empirical estimates
accurate: the model is now truthful if the world model is self-predicting—observing a signal s
increases the likelihood that a peer also sees s—rather than self-dominant, and constant reporting

now has lower expected score than truthfulness.
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(9)Kamble (Kamble et al., 2015). This is another scaled version of OA. The system collects all
reports, computes the empirical joint P(r, '), and defines o(r, ') = 1/1/P(r,)A(r,7’), or O if
P(r, ) is exactly 0 or 1. This has similar benefits to RPTS: the model is now truthful for any non-

trivial world model, and constant reporting again has lower expected score than truthfulness.

3.1.2 STRATEGY SELECTION

To fully define the replicator dynamics, we need to instantiate a finite set of strategies available
to the population. In mechanisms where agents do multiple tasks per round, each agent uses the
same strategy for each task. We omit permutation strategies, which exchange the names of signals
in a 1-to-1 mapping, from our analysis. These are unnatural in practice, and do not give higher
payoffs than the remaining strategies in the mechanisms we study.

With two signals, the remaining pure strategies are const0, const1, T, corresponding to agents
always reporting 0, 1, or being truthful, respectively. For three or more signals, there are more
strategies possible, and we include the monotonic strategies that overreport, underreport, or
merge adjacent signals, using const0, const 1, const2, merge0l, merge12, bias+, bias-, T. mergeOl re-
ports O for signals 0 and 1. merge 12 reports 1 for signals 1 and 2. bias+ over-reports, mapping
signalito min(i + 1,n — 1). bias- maps i to max(i — 1, 0). For four signals, we add mergeAdj,
which reports O for signals 0 and 1, and 2 for signals 2 and 3. For five signals, we add mergeEach3
which rounds down to the nearest multiple of three. The merging strategies lose information
and increase the frequency of agreement, and are an intermediate step between truthfulness and
constant reports.

As a simple model of effort, we distinguish between informed and uninformed strategies. An in-
formed strategy depends on the agent’s signal. In contrast, constant strategies such as const1 are
uninformed. The distinction reflects that it takes effort to obtain a signal, so informed misreport-

ing strategies are less appealing to agents than uninformed ones.
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World Pr(h) Pr(s|h) Description

W2a (0.5, 0.5] 8:? g:g Strong correlation

W2b [0.5,0.5] oo Bias toward 1
08 0.1 0.1

W3a [0.3,0.3, 0.4] 0.1 08 0.1 Unbiased noise
0.1 01 0.8
05 0.4 0.1

W3b [0.3,0.3, 0.4] 0.4 05 0.1 0 and 1 correlated
0.1 01 08

Figure 3.1: Our manually selected world models.

For certain strategy profiles and mechanisms, there may be multiple strategies with equal pay-
off. When there is a tie between truthfulness and another informed strategy, we believe it is nat-
ural for agents to be truthful— it is simpler because it does not require strategic reasoning, while
the effort of signal acquisition is needed either way. To model this, we add a tiny cost to the ex-
pected payoffs for non-truthful informed strategies, so as to break such ties in favor of truthful-

ness.6

3.1.3 WorLD MODELS

Our initial qualitative analysis compares the mechanisms in four world models, selected to illus-
trate common scenarios; the worlds vary the correlation between agent signals and include bias

toward particular values (Figure 3.1).

3.2 ReprrLicaToOR Dynamics OoF PEER PREDICTION

Starting with the single-task mechanisms, we show that in OA, MRZ, and JF09, non-truthful

equilibria are attractors of replicator dynamics and the basin of attraction of truthfulness is small.

®The consequence for replicator dynamics is that areas of the strategy simplex where the derivative
between truthful and another informed strategy was exactly zero now tend toward truthful.
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OA, W2a OA, W2a

OA, W2a 0 0
_5 1.0 8 8
‘—g"- 0.8
S 06 6 6
5 2 2
5 0.2
I 0.0 ‘ ‘ : : . 0 0
0 10 20 30 40 50 O 10 20 30 40 50 0 10 20 30 40 50
t t t
-~ const0 const1 Truthful const0 const1 Truthful  constO const1 Truthful

Figure 3.2: Replicator dynamics of OA for different initial strategy distributions. Even when a
large fraction of the population starts out truthful, the dynamics can converge to all-ones or all-
zeros uninformative equilibria.

3.2.1 SINGLE-TASK MECHANISMS

We first look at the replicator dynamic for OA in the W2a world (Figure 3.2). This illustrates
replicator dynamics for different initial values. At least half the population starts out truthful in
each plot, but the dynamics can still converge to an uninformative strategy where all agents say 0
or 1.

It is difficult to understand the overall dynamics of a mechanism from plots of strategies versus
time, because each only shows a particular starting point. A better visualization for analyzing
convergence is a flow plot of the derivatives of the replicator equation, as shown in Figure 3.3.
The area in green shows the basin of attraction, the set of starting points from which the dynamics
converge to truthful play (the bottom-left corner). From the plots for W2b, we see that OA is not
strictly proper, and that the all-0 and all-1 corners are much stronger attractors than truthfulness
for MRZ.

From the JF09 plots, we can clearly see that even though the (1,0) and (0, 1) corners are not
equilibria, there are still attractors very nearby. This illustrates how replicator dynamics comple-

ment equilibrium analysis, showing that the pure-strategy-only theoretical guarantees of JF09 are
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Figure 3.3: Flow plots of the derivative of the replicator equation (Eqn 3.2) for W2a and W2b,

with OA, MRZ, and JF09. The all-truthful strategy profile is at (0,0), with its basin of attrac-
tion shown by the green shaded area. OA is not truthful for W3. Even when the mechanisms are

truthful, the basins of attraction can be quite small.
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W2a RF15-3-peers

W2a RF15-8-peers W2a RF15-16-peers W2a RF15-Ilimit
% 1. % 1t 3 1. % 1.
N :
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truthful const0 truthful const0 truthful const0 truthful const0
W2b RF15-3-peers W2b RF15-8-peers W2b RF15-16-peers W2b RF15-Ilimit
% 1 % 1 % 1. % 1.
05 ;\T.
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truthful const0 truthful const0 truthful

const0 truthful

const0

Figure 3.4: RF15 with finite sets of peers. The non-linearity of the log function makes RF15 far
less robust with small numbers of peers, with much smaller basins of attraction for truthfulness.

not robust.

3.2.2 Murti-Task MECHANISMS

Multi-task mechanisms leverage reports across multiple tasks to make coordination on unin-
formed behavior less attractive to agents.

We first confirmed that constant reporting is longer an attractive strategy in replicator dynam-
ics under DG13 and RF15 for any binary world with correlated signals, including W2a and W2b
Instead, the basin of attraction of truthful play covers the entire strategy simplex.

However, for RF15, this is in the large-population limit, as both the total population and the
number of reference peers for each task go to infinity. Figure 3.4 shows what happens when the
population is large (formally, a continuum), but the number of peers per task is finite. We see that

a large group of reference peers is needed for RF15 to behave as in its limit— even with 16 peers,
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Figure 3.5: Flow plots for W3a, a categorical world, and W3b, a non-categorical one. merge01 is
the highest payoff strategy under DGMS, and is a strong attractor.

the non-linearity of the log function in the definition of the score rule makes constant reporting
attractive if enough of the population agrees. Going forward, when using RF15 with a finite num-
ber of reference peers we fix this number to three and study RF15-3-peer; for motivation, consider
that it is typical for 3-5 students to assess a peer’s work for peer assessment in online courses.
We now look at settings with more than two signals, and examine the recent extensions of
DG13 to multi-signal settings. The strategy space quickly grows, so we cannot visualize the full
basin of attraction in the same way. Instead, we first consider T along with two non-truthful
strategies at a time, looking to develop qualitative understanding through representative exam-
ples. We will then adopt a quantitative metric, which estimates the basin size for more than three
strategies by sampling.
First we compare W3a, a categorical three-signal model, and W3b, a non-categorical model,

showing dynamics for merge01, merge12, and T (Figure 3.5). For W3a, the CA and DGMS mech-
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Figure 3.6: Flow plots for W3a, now using the bias+ and bias- strategies. The difference in
the basins of attraction compared to the top row of Figure 3.5 shows the limitations of two-
dimensional flow plots in a many-strategy setting.

anisms are identical, and both converge to truthfulness from a large set of starting values. For
W3Db, merge01 has higher payoff than T under DGMS, and the dynamics converge to merge0I from
almost the whole space.” Figure 3.6 parallels the W3a plots just discussed, but now adopting dif-
ferent strategies. Here, the basins of attraction for truthfulness are smaller. This illustrates the
need to examine many combinations of strategies to understand a mechanism'’s behavior.

We now compare CA with the other two informed-truthful mechanisms we introduced earlier:
Kamble and RPTS. Figure 3.7 confirms that as expected, constant strategies are unattractive for
all three mechanisms. Figure 3.8 and Figure 3.9 look at the merging and bias strategies, and reveal
some differences. Overall, truthfulness appears quite robust. Kamble and RPTS are even more
resistant than to merging for worlds like W3a. On the other hand, in worlds like W3b, they are
less resistant to biased strategies, bias- in this case. Both Kamble and RPTS depend on report
frequencies, The more detailed analysis in the next section will show some differences when these
are compared in a larger dataset. As a preview, recall that RPTS guarantees about truthfulness

require that the world satisfy a self-predicting condition.

7CA gives equal payoff for T and merge01. The tiny boost to truthfulness described in Section 3.1
breaks the tie toward the truthful corner.
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Flow plots for W2a and W2b, comparing CA, Kamble, and RPTS with constant
strategies.]JFlow plots for W2a and W2b, comparing CA, Kamble, and RPTS with
constant strategies. Truthfulness is always more attractive than constant strategies.

3.3 PEeER AsSEsSMENT IN MOOCs

Our qualitative analysis suggests that the RF15, RPTS, Kamble, and CA are robust across a range

of strategies and models, while non-truthful strategies can be attractors for OA, MRZ, and JF09.

We now examine these patterns quantitatively on realistic world models. We study 325,523 peer

assessments from 17 courses from a major MOOC platform. These comprise 104 questions, each

with a minimum of 100 evaluations. There are 9, 67, 25, and 3 questions with 2, 3, 4, and 5 sig-

nals, respectively. We use maximum likelihood estimation to generate a probabilistic model, Pr(h)

and Pr(s|h), for each question.

We base our model fit on student reports, not the unobservable signals, which are not available
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Figure 3.8: Flow plots for W3a and W3b, comparing CA, Kamble, and RPTS with merging
strategies.

For the current work, in the absence of better data sets, we will simply stipulate that these are rep-
resentative of true world models. This gives us a set of observed, non-hand-selected distributions,
and provides a systematic way to compare the performance of the various mechanisms. Our anal-
ysis remains robust as long as the observed reports do not vary too much from the true signals
learners would get if they all invested effort. We believe that as MOOC:s start to provide valuable
credentials based on peer-assessed work, there will be more incentive to cheat, and this condition
may no longer hold without explicit credit mechanisms for peer assessment.
To ensure that our earlier observations were not specific to the particular strategies chosen for

each plot, we look at dynamics with many strategies at once. For one more qualitative example,
see Figure 3.10, which shows an example for W3b and CA, now with eight strategies. Despite

the small fraction of the population starting out truthful, the dynamics converge to the truthful
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Figure 3.9: Flow plots for W3a and W3b, comparing CA, Kamble, and RPTS with bias+ and
bias- strategies.

equilibrium.

To quantitatively compare the mechanisms, we estimate the size of the basin of attraction
of truthfulness for each question and mechanism pair: we choose 100 starting strategy profiles
uniformly at random in the strategy simplex, and measure the percentage for which the dynam-
ics converge to truthful. We exclude JF09 because it is only defined for binary signals while the
MOOC models have up to five signals. For each model, we use the corresponding strategy set
from Section 3.1.8

This gives us a distribution of 104 basin sizes for each mechanism, shown as box plots in Fig-

ure 3.11. DGMS basin sizes span a large range because many of the estimated models are non-

$Due to computational limitations in simulating RF15-3-peer, we do not include the full strategy set
in its analysis, using only const0,const 1,mergeAdj,bias-,T. Our comparison thus favors RF15-3-peer, as other
potentially attractive strategies are excluded.

78



W3b, CA -a- const0
S 1.0,
RS, const1
8 0.8}
§_ const2
o 0.6/ N -4— merge01
2 0.4 -¥- merge12
je)
B 0.2 : = bias+
T 0.055= i9q—
“ 7“0 100 200 300 400 500 - pias

Truthful

t

Figure 3.10: Dynamics with many strategies. We cannot easily visualize the many-dimensional
simplex, but can sample to estimate the size of the basin of attraction of an equilibrium.
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Figure 3.11: For each mechanism on the horizontal axis, and each of 104 MOOC-based world
models, we estimate the size of the basin of attraction of T (as a fraction of the full space, on the
vertical axis) for that world. The result is a distribution of 104 basin sizes for each mechanism,
which we illustrate with a box plot above each mechanism name. The results match our earlier
qualitative analyses.
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categorical. RPTS has similar variation because many models are not self-predicting. RF15 is
fairly good, but recall that RF15 is defined in the limit as the number of peers per task grows
large, and is thus not a good fit for this domain. RF15-3-peer, which is a better match for the
domain, does not do as well. The CA and Kamble mechanisms have the most robust performance,
and appear promising in terms of their ability to robustly promote the convergence of population

learning strategies to informed, truthful play.

3.4 CONCLUSIONS

We show that replicator dynamics are a good complement to equilibrium analysis and experi-
ments for studying peer prediction mechanisms. We confirm that single-task mechanisms such
as OA, MRZ, and JF09 can be very unstable with a learning population, even when being truthful
is an equilibrium.We show that the newer, multi-task mechanisms (DG13, Kamble, RPTS, DGMS
and CA) are much better at avoiding uninformative equilibria. We also support the need for large
peer-group sizes with RF15, a point already made in (Radanovic & Faltings, 2015a).

In an analysis of models estimated from real peer assessment data, we show that Kamble and
CA are promising candidates for real applications. Given over 100 distributions from this peer
assessment data, we can have some confidence that our findings will generalize; although distri-
butions in other application domains will differ, the size of the differences between the mecha-
nisms suggest that our qualitative findings will be robust. Our results here do not give a reason to
prefer one over the other. Chapter 4 compares these mechanisms using additional desiderata like
fairness and score variability, in the peer assessment setting, and shows some differences—CA has
lower variability, while Kamble only requires a single reference report for a particular report, not
both a bonus and penalty reports.

Our analysis can be extended in various directions. We assume the same world model over

many rounds of learning, which may not apply if the types of tasks change over time (imagine
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different homework assignments during a course). In addition, the replicator dynamics model
ignores variance and small-population effects. Also of interest is the behavior of peer-prediction
mechanisms with more complex models of human learning from behavioral economics or cog-
nitive neuroscience. Finally, there is a need to validate these results with real people, in the lab, in

real online courses, or in other crowdsourcing applications.
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Practical Peer Prediction for Peer

Assessment

WE STUDY THE CROWDSOURCING OF INFORMATION IN APPLICATIONS WHERE IT IS DIFFICULT OR
EXPENSIVE TO VERIFY CONTRIBUTIONS. There are many possible settings, including reporting in-
formation about businesses to improve products such as Google Maps, assessing peer work in
large-scale education, and eliciting emotional reactions to video content or images. The objec-
tive is to encourage individuals to invest effort and make reports that reflect their viewpoint, even

when this may be a minority viewpoint. Given reports, algorithmic methods can be used to ag-
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gregate the information in different ways.

The paradigm of peer prediction adopts explicit rewards to promote effort and truthful reports.
In the absence of gold standard answers and the ability to verify reports, these rewards are de-
termined based on comparisons between reports from different participants. Peer prediction has
been studied for more than a decade, and there are now a number of mechanisms that have at-
tractive theoretical properties—needing minimal information to operate, having broad domains
of applicability, placing low reporting burden on participants, and avoiding undesirable “group-
think” style equilibria.

However, as far as we know, peer prediction has not yet been deployed in any large-scale ap-
plication.! Peer assessment in MOOGs, in particular, is an exciting application domain for peer
prediction—done well, it can help enable low-cost and thus broadly accessible education in sub-
jects that are difficult to automatically assess today, such as writing, design, and public speaking.

Previous work on peer prediction has focused on the design of mechanisms that are proper
(truthfulness is an equilibrium) and strong truthful (truthfulness is the equilibrium with highest
score). We study several previously unexplored mechanism properties that matter for practical
deployment. First, the magnitude of the benefit of exerting effort and being truthful over unin-
formed strategies is important: in educational settings, scaling the scores arbitrarily to increase
the relative value of effort is impossible within a fixed grade range. Second, participants may be
risk averse, and prefer strategies with relatively lower expected scores if they are more certain.
Last, it is important to strive for fairness: specifically, participants who perform equally well at
evaluating their peers should be rewarded equally. These concerns are of interest in education

applications and beyond.

'There is some empirical work on peer prediction: Gao et al. (2014) study equilibrium selection in a
simple binary setting, showing that agents find collusive equilibria. In contrast, Faltings et al. (2014) study
a many-signal setting where uninformed equilibria did not appear to be a problem. We are not aware of
any systematic studies of peer prediction in MOOC:s, though Radanovic et al. (2016) present some initial
positive experimental results from an on-campus experiment.
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As a step toward deployment, we evaluate four candidate peer prediction mechanisms on a
dataset of three million peer assessments from the edX MOOC platform. The comparison mecha-
nisms include the classic output agreement mechanism as well as more recent designs from Chap-
ter 2 and Kamble et al. (2015) and Radanovic et al. (2016). Our analysis is not experimental—we
take existing peer assessments from a system that does not evaluate scorers, and compute what

peer prediction mechanisms would do given these reports. Our key results:

¢ The benefit from exerting effort in evaluating peers is relatively low across all candidate

mechanisms, due to relatively low agreement between peer scores.

+ The correlated agreement mechanism (Chapter 2) has lower reward variation than other can-
didate mechanisms, because it rewards reports even without exact agreement between

peers.

+ The low peer agreement in our data set makes all mechanisms susceptible to student coor-

dination on easy-to-see but unintended signals, as described by Gao et al. (2016).

In all cases, increasing agreement between peers would make peer prediction more practical.
This can be accomplished by rubric design and student training, as well as using peer prediction

itself to encourage effort.

4.1 PEER ASSESSMENT IN EDUCATION

Peer assessment has a long history in education (see e.g. Goldfinch & Raeside (1990) and Falchikov
(1995)) and is part of the much broader field of peer learning, which includes many types of peer-
to-peer interaction in formal and informal settings.

For readers unfamiliar with peer assessment, we briefly summarize some lessons from its use
in the classroom, to give a broader context for our incentive-focused study. There are two pri-

mary concerns about the scores given in peer assessments. The first is reliability, whether peers
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agree with each other. If not, ratings will have high variance, and many graders will be needed for
each assignment to get a good estimate. The second is validity, whether the average peer score is
“right” (Cho et al.,, 2006). In the typical situation where there is no absolute notion of right, it is
typical to compare with instructor grades.

Calibrated peer review (Russell, 2004) helps improve validity and reliability: before students
assess each other, they practice grading three instructor-created samples of varying quality until
they give the right grades. Good rubric design is also critical to reliability. Orsmond & Merry
(1996) note that objective evaluation criteria are easier to assess, especially if the rater does not
need to be an expert in the subject to distinguish between the possibilities.

In the last several years, peer assessment has been deployed in massive online courses at much
larger scales than before. As a concrete example, Figure 4.1 shows a screenshot of the edX peer
assessment system. Students submit their responses, and are paired randomly for review.

Research in large scale peer assessment has focused primarily on evaluating students’ skill at
assessment and compensating for grader bias (Piech et al., 2013), as well as helping students self-
adjust for bias and provide better feedback (Kulkarni et al., 2013). Piech et al. (2013) test several
models of student bias and reliability, testing for temporal coherence in bias as well as correlation
between high scoring and being more reliable as a grader. Kulkarni et al. (2013) compare peer and
staff grading, and find that the median peer grades are quite close to staff grades.

Other recent studies focus on other aspects of peer assessment. PeerStudio (Kulkarni et al.,
2015) improves learning by ensuring fast feedback in large scale peer assessment. The Mechanical
TA (Wright & Leyton-Brown, 2015) study focuses on reducing TA workload in high-stakes peer
grading by reducing the need to spot-check peer grades.

Outside of peer assessment, many behavioral economics studies have shown that expected
reward is not all-important in determining how people behave in practice (see Erev & Roth (2014)

for a review). In our study, we are particularly motivated by risk aversion, which causes people to
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IN PROGRESS
Your Response

Enter your response to the question. You can save your progress and return to complete
your response at any time. After you submit your response, you cannot edit it.

STEPS

1. "Your Response": Post the link to your speech video in the "Your Response" textbox.
(Remember to first test that the link works, and set your YouTube video to unlisted.)

2. "Assess Peers": View and grade the three speeches assigned to you. (Copy and paste the
links in a new window to view the speeches.)

3. "Your Grade": Once you have have completed steps 1-2, you will be able to see how others
have scored your speech.

Here is my submission: https://www.youtube.com/watch?v=uh4dTLJ9q9%0

You may continue to work on your response until you submit it.

Save your progress THIS RESPONSE HAS NOT BEEN SAVED.
Submit your response and move to the next step

Figure 4.1: Screenshot from the edX peer assessment system, for a public speaking assignment.
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choose lower expected reward for more consistency, with high payoff variability leading to more

random choices (Erev & Barron, 2005; Busemeyer & Townsend, 1993).

4.2 PErER PREDICTION MECHANISMS

Peer prediction mechanisms are modelled as follows: agents are assigned to tasks, and observe
a signal for each task that encodes the information the system wants to elicit. The signal model
includes a signal prior P(s), the probability that an agent observes signal s, as well as a signal joint
P(s,s’), the probability that two agents who do the same task get signals s and s/, respectively.

Agents report their signals, either truthfully as observed, or strategically to increase their ex-
pected score or avoid the effort of observing the signal precisely in the first place. Some mecha-
nisms also require reporting information beyond the observed signal.

The mechanism compares reports, and computes a reward for each report. A basic goal is for
the mechanism to be (strictly) proper, so that truthful reporting is a (strict) correlated equilibrium.
We restrict our study to minimal mechanisms, which do not require any additional information
beyond a signal report, as these are more practical. We only include detail-free mechanisms, where
the reward computation does not depend on precise details of the probabilistic signal model.?

We compare the following mechanisms:

Output Agreement (OA) (von Ahn & Dabbish, 2004). For each report r, the system picks a
reference report v’ on the same task, and defines score o(r,7’) = A(r,7’), where A(x, y) is the
agreement function, defined to be 1 if x = y, and 0 otherwise. The OA mechanism is only strictly
proper when the signal distribution is self-dominant, meaning that a user’s observation is also the

most likely observation for their reference peers.

2We omit the scoring-rule based mechanism of Miller et al. (2005), because it is not detail-free and not
strong truthful, and non-minimal mechanisms (Prelec, 2004; Witkowski & Parkes, 2012a,b; Radanovic &
Faltings, 2013). We also omit the minimal, strong truthful mechanism in Radanovic & Faltings (2015a),
because it requires many more reports per task than are typical in peer assessment.
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We include OA in our study because of its simplicity. However, it and other early peer predic-
tion mechanisms allow agents to coordinate and get higher rewards by reporting untruthfully. In
OA, all agents simply reporting the same thing each time guarantees maximal reward.?

The next two mechanisms use the empirically observed report prior and joint distributions.
We denote these P(+) and P(-, -), respectively.

Robust Peer Truth Serum (RPTS) (Radanovic et al., 2016). This is a version of OA in which
scores are scaled based on observed report frequencies; the system collects all reports, computes
the empirical prior P(r) of each report r, and defines score o(r,7') = A(r,7')/P(r), where ¥’ is a
reference report, just as in OA. This results in higher scores for matches on uncommon reports,
which has two benefits: the mechanism requires a weaker self-predicting condition on the signal
model—seeing a signal should increase the likelihood peer agents observe the same signal—and
constant reporting now has lower expected score than truthfulness. RPTS requires that the num-
ber of tasks is large enough to make the empirical prior accurate.

Kamble (Kamble et al., 2015). This is another scaled version of OA. The system collects all

reports, computes the empirical joint f’(r, r’), and defines score
a(r,r') = A(r, ) /A P(r, 7),

or 0 if f’(r, r) is exactly O or 1. Similarly to RPTS, constant reporting again has lower expected
score than truthfulness. Additionally, the mechanism is proper for general signal distributions.
Correlated Agreement (CA) (Chapter 2). The CA mechanism is multi-task, so each agent re-

ports on several tasks (at least two). An agent is rewarded for being more likely to match reports

3Jurca & Faltings (2009) attempted to fix this by rewarding near-agreement, not perfect agreement,
with several peers. Dasgupta & Ghosh (2013) went further to design the first mechanism that guaranteed
strong truthfulness, where the truthful equilibrium has higher payoff than all other equilibria, in settings
with binary reports. Peer assessment uses non-binary reports, so we study several newer mechanisms that
provide similar guarantees with arbitrary numbers of signals.
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of peers doing the same task than the reports of peers doing other tasks. Let r* denote the report

received from agent i on task k. The mechanism is described, w.l.o.g., for two agents, 1 and 2:

1. Assign the agents to three or more tasks, with each agent to two or more tasks, including
at least one overlapping task. Let M, M1, and M, denote the shared, agent-1 and agent-2

tasks, respectively.

2. The score for a shared task k € M; to each agent is

n—1 n—1

Tk = A(TI;J];) - Z Z/\(i7j) : hl,i ) h2,}'7 4.1)

i=0 j=0

where A : {0,...,n—1} x {0,...,n—1} — Risascore matrix with A(s,s’) = 1if

P(s,s") > P(s)P(s"), and O otherwise, h; ; = % is the empirical frequency with

0__:
which agent 1 reports signal i in tasks in set M, and hy; = % is the empiri-
cal frequency with which agent 2 reports signal j in tasks in set M;. This definition for A

rewards agreement on positively correlated pairs of signals.
3. The total score to an agent is the sum of the score across all shared tasks.

CA is proper (not strictly), and informed truthful: the payoff for all agents being truthful is
weakly higher than any other strategy profile, and strictly higher than any uninformed (signal-
independent) reporting strategy. CA works with small numbers of tasks if the designer knows the
direction of correlation between pairs of signals, needed to define A, or can learn these correla-

tions from agent reports when there are many tasks.

4.2.1 ScCALING SCORES

To be practical for peer assessment, a mechanism’s scores must be positive, and have bounded

range—Ilike any other grade, course teams need a way to say that assessing peers on an assignment
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counts for a particular number of points, and it is unreasonable to tell students that they may get
an unboundedly high score with a very small probability, compensating for much more likely low
scores.

We set the scores for all mechanisms to be in [0, 1] to make comparisons consistent. For RPTS
and the Kamble mechanism, we do this by “clamping”—imposing a minimum on the report prior
P(r) and the joint factor 4/ f’(r, r), respectively, and scaling to ensure the resulting score is in
[0, 1]. We choose the minimum value to balance between effective score range and frequency of
clamping in our dataset—whenever clamping applies, it breaks the mechanism’s theoretical guar-
antees, effectively underpaying for unlikely reports.> An undesirable side-effect of this adjustment
is that typical reports, with high priors by definition, will only use a small fraction of the score
range, and only unlikely reports with prior close to the minimum will get scores close to 1.

For the CA mechanism, we remapped scores from the base range of [—1, 1] into [0, 1]. The

effect is that the expected score for uninformed reporting is 0.5, regardless of the reports of other

learners.

All the mechanisms use a single reference peer as described, and can be modified to give the
average score over several such peers. For example, for OA, given a set of reference reports ry,...,r,

from n different peers on the same task, the mechanism could instead give score

o(r) = %ZA(;’, ri), (4.2)
i=1

and similarly for the other mechanisms. Choosing a random reference peer or averaging across

“The bounded range means that the standard theoretical trick of linearly scaling payoffs until the
difference between truthful reporting and other strategies is big enough is not viable.
SFor RPTS, we make the minimal prior value 0.1, and divide scores by 10. This makes the expected

score for uninformed reporting is 0.1. For Kamble, we make the minimum value of 4/ P(r,r) 0.25 and
divide scores by 4. These values balance between clamping too often and having the typical scores use a
significant fraction of the [0, 1] range.
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Category Example Count

Courses “Eating, Then and Now” 254
Submission prompts  “What is food?” 682
Evaluation criteria “Correct grammar” 1983
Submissions “Cheese is the best food” 354312
Peer assessments 3/5 points 3090452

Table 4.1: Dataset summary, with examples of each item. There are approximately 1500 assess-
ments for an average evaluation criterion.

all reference peers has no effect on the expected score of a mechanism, but does affect the score

variability. We study both variants below in Section 4.6.

4.3 THE EDX DATASET

The dataset in our study consists of peer assessments from edX, a site that offers open online

courses, and includes data from 2014-2016.% Each peer assessment is a tuple

(course, +item, submitter, submission,
submission_time, scorer, criterion,

points),

corresponding to a scorer assessing the given submission along a particular evaluation criterion,
and giving it a score.

As a preprocessing pass, we keep only the latest evaluation for each

(scorer, submission) pair, and discard criteria with fewer than 100 assessments. This
leaves just over three million assessments, across about 2000 evaluation criteria, in 254 courses.

Table 4.1 shows summary counts. Most courses in our dataset only used peer assessment one or

A summarized dataset of the joint report probabilities for each of the 1983 evaluation criteria will be
published with this paper. The full dataset of individual students’ assessments is sensitive, and cannot be
shared.
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two times; a few courses had weekly or bi-weekly peer assessment assignments. Figure 4.2 shows

the full distribution of the number of prompts per course.

120 | 250 |
- lgg | — — mean - 200 | — — mean
=] | £ 150
s 60 [ g 100
O 40 O

20 50

0 0
1234567 389101112 1234567 89101112
Number of prompts # Criteria per prompt
Figure 4.2: Prompts per course. Figure 4.3: Histogram of evaluation criteria per
prompt.

Submissions for each prompt are assessed on several evaluation criteria. For example, a short
essay in a writing class may be judged on four criteria: grammar, style, argument, and appropri-
ate citations. Figure 4.3 shows the number of evaluation criteria per prompt. Most prompts have
four or fewer evaluation criteria. For each evaluation criterion, students can select a point value
corresponding to a particular rubric option (e.g. 5/5, “Perfect grammar.”), and each criterion in-
duces a separate, empirical signal distribution.

Many evaluation criteria have several hundred assessments (median 733), with a few from
large courses having ten thousand or more (Figure 4.4). The mean is about 1500.

Some peer prediction mechanisms rely on each user doing multiple tasks. The system was not
explicitly set up to ensure this, but course teams can require that learners do a minimum number
of peer evaluations before they see their peers’ evaluations of their own work. The typical recom-
mended values are 3 or 5, and this shows in distribution of submissions assessed by each scorer
in Figure 4.5. Some course teams choose a lower number, and some students stop before they
finish the assignment, so a practical system would need to handle these cases, likely with a low

default score. On the other end of the distribution, learners are permitted to assess more than the
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Figure 4.4: Histogram of the number of assess- Figure 4.5: Submissions per scorer.
ments across evaluation criteria. Note the log

scale: a few evaluation criteria have more than

20,000 assessments, while the majority have less

than 1500.

minimum number of peers, and a small fraction do so.

4.3.1 ProBaBILISTIC MODELS FOR REPORTS

We now explore the details of the assessments for different prompts, looking at the number of
options (i.e., the number of possible signals) for different evaluation criteria, the probabilities of

those signals, and the correlation structures between them.

1000 Number of criterion options
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0

1 2 3 4 5 6 7+

Figure 4.6: Histogram of models by number of criterion options (possible signal values).
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Figure 4.6 shows the distribution of the number of distinct options per criterion. An initially
surprising observation: there are several criteria where students had one option in “assessing”
their peer. The explanation is creative course teams using the peer assessment tool for open
ended peer feedback, without wanting numerical assessment. We will ignore these criteria in our
analysis. On the other extreme, there was a course team that specified 21 score options for a crite-
rion. Going forward, we focus on just models with two to six score options, since they account for
the vast majority of the data.

Our dataset contains student reports, not the true signals observed by students. This is the best
we can do without a prohibitive amount of manual grading, and we assume that the reports are
a noisy approximation of the true signals. Since students are participating in a free class without
much outside incentive for completion, doing the evaluation at all is indicative of exerting some
effort.” From here on, we use report and signal interchangeably, unless explicitly distinguished.

We call a given signal distribution, corresponding to an evaluation criterion in the dataset, a
model. Let P(s) represent the prior probability of an agent seeing signal s on an arbitrary task. Let
P(s,s’) denote the joint probability that two agents will see signals s and s’. We are also interested
in what the joint distribution would be if signals were independent but with the same prior. This
is the product-of-marginals distribution, written Q(s,s") = P(s)P(s’). Finally, we use P(s'|s) to
denote the signal posterior: the probability an agent observes s, conditioned on another agent
observing s on the same task.

We look next at the signal priors P(s), which are important to the design, applicability, and ro-
bustness of peer-prediction mechanisms. The prior for an evaluation criterion is the probability
with which each score appears. Figure 4.7 shows a plot for each number of signals k, plotting all

distributions of size k on one plot, along with the average values. There is significant variation,

7Nevertheless, as MOOCs start to provide credentials based on peer-assessed work, we believe it will
become increasingly important to provide explicit credit mechanisms for peer assessment.
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Figure 4.7: Signal priors by number of possible signal values, with all distributions for fixed num-
ber of signals on the same axis. The red line marker is the average for that signal. There is signifi-
cant variation among models, with a clear trend toward higher scores.

but the priors are clearly non-uniform, with higher values more likely. An interesting secondary
feature is that for k € {5, 6}, non-zero scores below the median (1, and {1, 2}, respectively) tend
to go unused. This suggests that most submissions are either very bad or incomplete, or ok-to-
great, with few in between.?

An obvious question about a peer assessment system is whether peers usually agree. We will
look at this in several ways. A summary metric is the probability that two random peers assessing

the same submission will report the same assessment. This probability is 61% in our dataset. To

give a baseline, the probability that two peers assessing random submissions to the same prompt

81t also suggests that course teams may be able to simplify their rubrics, giving fewer options without
losing many meaningful distinctions.
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Probabilities of agreement for all criteria
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Figure 4.8: Histograms of observed and submission-independent “default” agreement between
reports, per evaluation criterion. The means are weighted by the number of assessments for that
criterion.
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Figure 4.9: Histograms of observed and submission-independent “default” agreement between
reports, per criterion, by size.

97



would agree is 52%. The high baseline probability makes sense in light of the non-uniform pri-
ors. Since many reports are of the highest possible signal (61% overall), two random assessments
for different submissions frequently agree on that by chance. Figure 4.8 shows the distributions
of observed agreement of same-submission reports and “default” agreement, if two reports for
different submissions are chosen for a particular criterion. The vertical lines give the mean prob-
abilities across the dataset, with criteria weighted by number of reports. Figure 4.9 further breaks
down the distributions by size. As expected, the probability that two reports agree goes down as
the number of possible reports goes up.

A natural follow-up question to the relatively low probability of agreement between reports is
whether learners agree approximately, or not at all. An ad-hoc measure is the probability that two
reports for a submission are within one of each other. This is a trivial condition for binary mod-
els. Per-criterion histograms for larger models, in Figure 4.10, show that approximate agreement
is much more likely than exact agreement, and goes down slowly with model size.

Another way to look at agreement is to look at the correlation between pairs of signals. For

this, define the Delta matrix® A , an n X n matrix, with entry (i, j) defined as

Asy = P(s,s") — P(s)P(s'), (4.3)

or equivalently as the difference between the joint and product-of-marginals distributions:

A="P(,)—Q(,") (4.4)

The delta matrix encodes the correlation (positive or negative) between different realized sig-
nals. The average values in this Delta matrix, grouped by prompts with the same number of re-

ports, are shown in Figure 4.11, along with the sign structure which gives the direction of the

Repeating a bit of background from Chapter 2 here to make this chapter more self-contained.

98



250
200
150
100

50

Probabilities of approx agreement

k=3

— — Agreement mean
------ Default mean
[ Agreement

[ Default agreement

0.0

80
60
40
20

0.2 0.4 0.6

IIJJI

0.0

12

0.2 0.4 0.6

k=5

0.2 0.4
k=6

0.0

0.2 0.4 0.6 0.8 1.0

Figure 4.10: Probabilities of approximate agreement—two reports within 1 point of each other.
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Figure 4.11: Average delta matrices and their sign structure. The positive areas along the diag-

onal correspond to the ordinal structure of peer assessment—nearby signals are likely to be posi-
tively correlated.

correlation. As expected in a setting where the signal values are ordered,'® the correlations are
positive along the diagonal—if one student thinks the right score is 3/5, it increases the likelihood

that their peer will say 2, 3, or 4.

4.4 ANALYSIS I: APPROPRIATENESS

As a first analysis step, we look at how often the technical conditions required for the validity of
different peer prediction mechanisms hold in our dataset. We start with the categorical condition

needed for DGMS (See Chapter 4) to be strong truthful:
P(s')s) < P(s") Vs #s. (4.5)

Here, seeing a signal makes all other signals less likely than their prior. Figure 4.12a shows the
breakdown, by model size. As fits the ordinal setting in peer assessment, most non-binary models
are not categorical: seeing a particular signal increases the probability of adjacent ones.

The next condition is the self-dominant condition, which is required for OA to have a truthful

19As opposed to an unordered classification setting like labeling images as cars, animals, or people.
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Figure 4.12: Breakdowns of models by the categorical condition, self-dominant and self-predicting
conditions, needed to achieve truthfulness in DGMS, OA and RPTS, respectively.

-SD SD -SD SD -Sp SP
-SP 656 11 -S 465 7 -S 445 27
SP 800 107 S 991 111 S 222 880

Figure 4.13: Contingency tables for pairs of conditions. This confirms that in our data, self-
dominant (SD) is more restrictive than self-predicting (SP), which is more restrictive than the
shadowing condition (S).
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equilibrium:

P(s|s) > P(s'|s) Vs’ #s. (4.6)

A model is self-dominant if seeing a signal makes this signal the most likely signal for a peer.
Figure 4.12b shows the breakdown. Most models do not satisfy this condition. An interesting
observation is that it does not always hold even for binary models. This happens when one signal
is much more likely than another: if an agent observes a very unlikely signal, she may still expect a
peer to observe the more likely signal with probability more than 0.5.

Another condition is self-predicting, and is needed for the RPTS and related 1/prior mecha-

nisms to have their intended properties:

P(s|s) > P(s|s") Vs’ #s. 4.7)

In words, an agent’s peer is more likely to see a particular signal if the agent also sees that sig-
nal. Figure 4.12c shows the breakdown. This condition is weaker than the previous two, and
holds for the majority of size three models, though not for most larger ones. This means that
RPTS is manipulable in peer assessments with many options, though experiments would be
needed to see whether students find the manipulations in practice.

For completeness, we also include a breakdown for an additive analog to self-predicting, called

the peer shadowing condition, from Witkowski & Parkes (2012¢):

P(s"|s) — P(s") < P(s|s) — P(s), (4.8)

which says that when an agent sees signal s, the likelihood of a peer getting signal s’ cannot go

up more than the likelihood of the peer getting signal s. This appears to be the least restrictive
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condition for our dataset (Figure 4.12d), though it too does not hold for most larger models.
Figure 4.13 shows the relationships between pairs of conditions, confirming that in our dataset,
if a model is self-dominant, that usually implies that it is self-predicting, which implies it likely
satisfies the shadowing condition. The overall conclusion is that to guarantee truthfulness and
strong truthfulness in this domain, we need mechanisms that do not place restrictions on the

probabilistic signal models.

4.5 ANAaLysis II: EXPECTED SCORE

As a second analysis step, we examine the incentives for investing effort in doing a careful assess-
ment of a peer’s submission. For example, if a student can expect 50 out of 100 points by report-
ing randomly, and only 55 by carefully reviewing their peer, she may decide that the effort needed
for careful review is not worth it. We omit OA from this analysis, because as discussed above, it

is not strong truthful, and if enough students are willing to misreport, constant reporting will
actually increase their scores.

We look at this numerically in Figure 4.14: the “actual” histograms show the expected scores
for truthful reporting for all criteria. For all mechanisms, less than half the criteria have expected
scores that are more than 0.05 above random reporting. The benefit to being honest is fairly small
because of the noise in peer assessments.

To understand whether the small benefit from truthfulness relative to the working range of
the scores is inherent (i.e., due to the non-uniform marginal distribution on reports) or due to
the relatively low agreement between peers, we also plot the “ideal” expected scores that students
would get in each mechanism, with the same signal prior but perfect agreement on reports. These
are much higher, suggesting that there is an opportunity to address this problem by training stu-
dents to peer assess more consistently; e.g., through better assessment rubrics, encouraging ef-

fort through schemes such as peer prediction, and through non-incentive-based methods (e.g.
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Figure 4.14: Histograms for expected scores vs. ideal scores with perfect agreement on reports,
per mechanism. For all mechanisms, the relatively low agreement between student reports makes
expected scores for truthfulness only slightly better than for random reporting, when compared to
the overal range of possible scores. “ldeal” scores, if peers agreed perfectly, are much higher, so
there is a need to improve agreement.
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adding “Please do a good job. Your peers depend on it!” to the instructions), and compensating
for student bias, for example using the methods described in Piech et al. (2013). Another prag-
matic workaround may be to clamp scores more severely in order to expand the working range of
scores.!!

Finally, some peer assessment exercises are simply not appropriate for peer prediction: if sub-

missions are judged very subjectively (e.g. “do you like this art by your peer?”), it would be better

to ask for peer feedback and reward participation rather than trying to reward accuracy.

4.6 ANALysIs III: VARIABILITY

Most of the theoretical analysis in the peer prediction literature focuses on expected value, and
says that agents prefer one strategy to another if the former has higher expected payoff.'> How-
ever, variability in scores is also likely to be important for several reasons. First, fairness is im-
portant, especially in education: two students who do work of equal quality should get the same
score. A second reason is risk aversion: a student whose expected score is 5 points will be hap-
pier to always get 5 points rather than a 25% chance of 20 points, and might prefer a more certain
strategy with lower expected score. Finally, students are likely to learn better with consistent
feedback.

Risk aversion is concerned with overall score variability, while for fairness, variance in scores
ex ante, before seeing task, is ok—different types of tasks may reasonably give different expected

scores.!> We are more concerned about variance in score given a signal—as a student, if I assess

""However, this should be done with caution because it would break the incentive guarantees. For ex-
ample, with RPTS, if we increase the minimal allowed prior to 0.25, then when a student got a signal that
was less likely than 0.25, she could want to misreport, giving a more common response instead.

120ne partial exception is in Chapter 3, where we use replicator dynamics to model population learning
rather than assuming equilibrium play based on expected rewards. The replicator dynamics evolve based
on expected scores in a continuous population, so the core focus on expected score is still present.

BFor example, in RPTS, unlikely reports have a higher expected score, so a student who gets a rare bad
submission would expect more points than a students who gets a good submission.
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Figure 4.15: Overall coefficient of variation and expected per-report coefficient of variation of
scores of different mechanisms, with and without averaging scores across all peers.

two very similar submissions, give each the same score, but get very different feedback, I may feel
cheated.

Since the mechanisms that we study have different effective score ranges, variance is not a
good metric for comparison. Instead, we use the coefficient of variation; i.e., the standard deviation
divided by the mean. This is a standard way of comparing distributions with different scales.

Figure 4.15 shows the coefficient of variation for each mechanism, both overall and condi-
tioned by signal. The signal-conditional value is the average of the individual coefficients of vari-
ation for each signal, weighted by the number of reports of that signal. In other words, it is the
a priori expected coefficient of variation, before receiving a signal. Averaging scores for all peers
always reduces the coefficient of variation, and the CA mechanism has the lowest overall varia-

tion.'4

MRPTS has a bigger drop in variation from overall to per-signal, which makes sense because it uses
different score ranges for different signals, so the overall distribution has high variance.
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Per-report coefficients of variation
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Figure 4.16: Per-report coefficients of variation for all mechanisms, averaging scores for all peers.
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Figure 4.17: Example truthful vs low-effort Figure 4.18: Fraction truthful at indifference
scores using the CA mechanism, for a single across evaluation criteria.
criterion.

Figure 4.16 shows the details behind the averaged, per-signal bars in Figure 4.15. OA, RPTS,
and Kamble all show similar patterns, because they are all based on output agreement and only
adjust the relative payoff for each signal. The coefficient of variation for each k and signal is
roughly inverse to the frequency of that report (recall Figure 4.7)— unlikely reports match less
frequently, so get more varied scores. The coefficients of variation for CA are much more uni-
form across signals, because it rewards agreement between correlated signals as well as exact
agreement.

Overall, CA appears to be better than the others candidate mechanisms in terms of variance.
Unlike CA, RPTS, Kamble, and OA all rely on exact agreement, and so effectively work based on
the difference between the diagonals of the joint and product-of-marginals distributions. As the
number of signals goes up, there is less and less probability of two signals being exactly equal,
making these mechanisms more fragile, relying on rare rewards for their guarantees, and increas-

ing variance.
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4.7 ANALysIS IV: Risk oF COLLUSION

We now look at another potential problem with peer prediction. As Gao et al. (2016) point out,
students can potentially correlate on a low-effort signal, based on unintended and easy-to-observe
properties of a submission such as length, id number, title, and so forth, thus matching without
exerting effort. The suggested solution in Gao et al. (2016) is to give up on peer prediction en-
tirely, and use trusted TAs to spot check student evaluations. While that is certainly effective
when TAs are available, we are working in a model without many TAs, and look instead at the
limits of what is possible under this kind of collusion. In particular, assuming that peer assign-
ment is done randomly, we examine what fraction of the students needs to collude to benefit. It is
likely in a large class that agreeing on such a correlation scheme would only be done by a fraction
of the students.'

We focus on the CA mechanism here as the most promising candidate given the reward vari-
ance results above,!® and assume a uniform distribution of low-effort signals, as in Gao et al.
(2016). Figure 4.17 shows the expected CA scores for a particular evaluation criterion chosen
as an example, as the fraction of the population that is truthful varies, with the rest assumed to
collude on a perfectly correlated low-effort signal. As expected given the ideal vs. actual score
histograms in Figure 4.14c above, scores for the perfectly correlated low-effort signal are much
higher than truthful scores. A large fraction of the population must be truthful to get better scores
than a subpopulation with perfect correlation. The intersection of the lines is the indifference
point.

Figure 4.18 shows a histogram of the points of indifference for all the evaluation criteria. The

1>We also note that there are reasons to expect collusion to be difficult in practice: students typically
submit written feedback, not just score, and so still have to look at submissions. Students can complain if
they get unfair evaluations, and students who are obviously cheating can be punished. Similarly, even a low
percentage of spot checking can discourage cheating if the punishment is substantial.

16The results for Kamble and RPTS are similar.
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Figure 4.19: Histograms of the fraction truthful at indifference across evaluation criteria, with all
criteria split into quartiles, sorted by amount of correlation. As correlation increases, the necessary
fraction truthful goes down.

values are quite high—80% or more of students have to be truthful for that to be the best strategy,
given that the rest agree on a single perfect low-effort signal with uniform prior. The pattern is
not very sensitive to how uniform the prior for the low-effort signal is, as long as it is not too
extreme. It is quite sensitive to the score for truthful reporting, and to the assumption that all
colluding students agree on a particular correlation method.!”

The best solutions are to improve the likelihood of agreement for truthful reporting, which
would make truthful scores go up and bring the indifference point lower, as well as spot checking
and allowing complaints for low scores, as in Mechanical TA (Wright & Leyton-Brown, 2015). To
see the effects of improved agreement on the intended signal, we sort the assessment criteria by
amount of correlation, as measured by total variation distance between the joint and product-
of-marginals distributions (equivalently, the expected score of the CA mechanism), and plot a

separate histogram of the points of indifference for each quartile, in Figure 4.19. The increased

171t seems difficult to agree on such a method in practice in a large online course, without tipping off the
course team by discussing it in some public forum.
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correlation in higher quartiles means a significantly lower point of indifference.

4.8 CONCLUSION

We examined patterns of reports in a MOOC peer assessment system, and simulated four peer
prediction mechanisms applied to these reports. We found that agreement between peer reports
is low overall, and argue that this should be addressed with incentive mechanisms such as peer
prediction, for instance through better student training, encouragement, as well as bias-reduction
techniques based on machine learning.

We argued that reward variance is an important consideration in mechanism design alongside
expected score, and find that the CA mechanism is better in this regard than mechanisms that
only reward students based on exact agreement. An experimental follow-up question is whether
the variability is low enough to be used in practice. A theoretical question is whether mechanisms
with even lower variability can be designed.

We showed that collusion on unintended properties of submissions could be profitable with a
small colluding sub-population, given the low base agreement, and suggest that improving agree-
ment between peers and monitoring by the course team will both help deter this behavior.

There are many directions for further research. In peer prediction, this includes exploring
more mechanisms, perhaps using the information-theory based framework from Kong & Schoenebeck
(2016), that provides a general way to design strong truthful mechanisms in a variety of settings.
Another important direction is to find ways to handle user heterogeneity directly in peer predic-
tion methods. A practical system would need to incorporate other approaches to incentive align-
ment with peer prediction, and there is perhaps no better way to see what works than to try. The
mechanisms are well enough understood that experiments and real deployments are both feasible
and necessary to complement the theory. Ideally, the incentives for effort would ultimately lead to

better student learning.
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A concrete suggestion for a low-risk first implementation is to use peer prediction to give stu-
dents feedback on how well they are assessing each other, without factoring the results into stu-
dent grades. This should avoid strategic incentive issues and allow comparisons between mecha-

nisms and the incentive effects of ungraded feedback.
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Conclusion

CONGRATULATIONS, YOU'VE MADE IT TO THE CONCLUSION! [ will summarize what I did, point out a
few things I might have done differently, and then discuss opportunities for future work.

While the first peer prediction mechanisms were proposed almost fifteen years ago, many peo-
ple have been skeptical about whether peer prediction can be made practical. Objections included
the need for complex prediction reports in some mechanisms, concerns about high-reward unin-
formative equilibria, and more recent questions about the validity of the underlying one-signal-
per-task model (Gao et al., 2016).

My work in Chapter 2 is one of several new minimal mechanisms that solves the issue of un-

informative equilibria, and the first such mechanism that works for small numbers of reports.
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As far as I know, the work in Chapter 3 is the first to study peer prediction with learning agents,
complementing equilibrium-only analysis and lab and real-world experiments. Chapter 4 has the
first empirical study of the potential effects of low-effort signals, confirming that such collusive
behavior may be a problem, and requires further study. Chapter 4 also introduces score variabil-
ity as a concern in educational use of peer prediction, and presents initial results that suggest that
mechanisms that reward more than just exact agreement are likely to have lower variability.

There were a number of things | wanted to do that did not happen. The first is theoretical:
soon after [ started to look for strong truthful mechanisms, I had the sense that there should
be an information theoretic way to design and analyze mechanisms that only reward agents for
the “extra” information their signal gives them beyond the prior, along the lines of the data pro-
cessing inequality—informally, the information theoretical idea that “post-processing cannot in-
crease information”. I did not end up developing a general framework for this, but luckily, Kong &
Schoenebeck (2016) did.

The second obvious gap is experimental. Experiments in real applications would be a great
complement to equilibrium analysis and learning dynamics. So far, most experiments have been
in toy settings, and while those are informative, I think the details of the application, user popula-
tion, and how the mechanism is presented are likely to make a big difference. This is an important
area for future work.

There are other theoretical and applied areas for future work as well. On the theoretical side,
the Kong & Schoenebeck (2016) framework is a great starting place—their framework gives a
general way to build a family of peer prediction mechanisms for a domain. This makes systematic
optimization possible: for example, what mechanism would minimize score variance, or vulnera-
bility to certain kinds of collusion?

Another theoretical question concerns the notion of informed truthfulness from Chapter 2.

It allows for ambivalence among a set of reports, with the truthful report being just one among
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them. In the binary effort model in the chapter, this works—if agents observe their signal exactly,
there is no reason for them to misreport. However, the current definition is likely to break down
in a progressive effort model, where agents get more accurate signals as they invest more effort. Is
there an expanded notion that captures effort more realistically, while still being achievable for all
world models?

A different direction is to extend the Correlated Agreement mechanism to handle heterogene-
ity among agents without having to learn a separate joint distribution for each pair. One possible
approach is to separate the problem into calibration and incentive-alignment—have the system
learn the biases of each agent individually, and adjust for them before input to a peer prediction
mechanism. The challenge is that this makes the bias calibration algorithm part of the mecha-
nism, and may create new incentive concerns.

In geographical applications—gathering info to improve maps or citizen science projects to
track birds or whales—the assumption that agents are assigned tasks randomly does not hold:
agents choose where they go. What mechanisms give strong guarantees in such applications?

In peer assessment and business evaluation, users typically answer several questions about the
same object—e.g. evaluate the grammar, structure, and style of this essay, Does this restaurant
have good food? Is it loud? How expensive it is? My dissertation and other peer prediction work
treats each of these questions completely independently, but there may be value in studying the
vectors of reports directly, since answers are likely to be correlated. Relatedly, the definition of
the task “universe” could be examined more carefully in some settings—should all images in an
image labeling application be thrown into the same pool, or segmented somehow? Should busi-
nesses in New York, Tokyo, and Mumbai be part of the same pool, treated independently, or fur-
ther subdivided into neighborhoods? The correlations between reports and expected scores are
likely to depend on these decisions.

There are many ways to expand the use of learning dynamics to study peer prediction. An-
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other learning model, other than replicator dynamics, may be a better proxy for reality. Replica-
tor dynamics could be used to study what happens in mechanisms that have signal model assump-
tions when those restrictions are not met. And there is a need to understand when and how well
such dynamics models match real behavior.

There are many applied questions to explore as well. One is how to combine peer prediction
with other incentive mechanisms—for example, a system could use peer prediction as the primary
mechanism, run a suspicious behavior detector in the background, and give users that trigger the
detector a few known-answer tasks.

Succesful use of peer prediction will require going beyond the basic models to also utilize
lessons from behavioral economics, psychology and user experience design. In some applica-
tions, including education, citizen science, and crowdsourced invention, community building and
other social aspects are likely at least as important as the “official” incentives. One example along
these lines is Law et al. (2016), which shows that curiosity about a crowdsourcing task is a strong
motivating factor in successful completion. The question is how to know which insights from all
these fields are most relevant in a given setting, and how best to combine them.

Following my own advice, I want to discuss next steps in peer assessment and education. [
already mentioned the need to try peer prediction in practice. Going up a level, recall that the
goal for peer assessment is not just accurate multiple choice rubric-based evaluation, but also
useful open-ended comments. How can we automatically evaluate the quality of such comments?
One approach is to find ways to measure how much peers help each other learn, and how their
skill at assessment improves over time.

Ultimately, we need to remember that peer assessment is just a small part of the challenge
of open, scalable education. The real question is how to combine many different techniques to
enable effective education that is accessible and affordable to all, and this is likely to keep re-

searchers and practitioners busy indefinitely.
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