Journal of Artificial Intelligence Research 64 (2019) 315-355

Iterative Local Voting for Collective Decision-making in
Continuous Spaces

Submitted 05/18; published 02/19

Nikhil Garg

Stanford University

Department of Electrical Engineering

475 Via Ortega, Stanford, CA 94035 USA

Vijay Kamble

University of Illinois at Chicago

College of Business Administration

601 S Morgan St, Chicago, IL 60607 USA

Ashish Goel
Stanford University

Department of Management Science & Engineering
475 Via Ortega, Stanford, CA 94035 USA

David Marn

University of California, Berkeley

Department of Electrical Engineering € Computer Science
2626 Hearst Ave, Berkeley, CA 94720 USA

Kamesh Munagala

Duke University, Department of Computer Science
D205, Levine Science Research Center,

Research Drive, Durham, NC 27708

Abstract

NKGARGQSTANFORD.EDU

KAMBLEQUIC.EDU

ASHISHG@STANFORD.EDU

MARN@QBERKELEY.EDU

KAMESHQCS.DUKE.EDU

Many societal decision problems lie in high-dimensional continuous spaces not amenable

to the voting techniques common for their discrete or single-dimensional counterparts.
These problems are typically discretized before running an election or decided upon through
negotiation by representatives. We propose a algorithm called Iterative Local Voting for
collective decision-making in this setting. In this algorithm, voters are sequentially sampled
and asked to modify a candidate solution within some local neighborhood of its current
value, as defined by a ball in some chosen norm, with the size of the ball shrinking at a
specified rate.

We first prove the convergence of this algorithm under appropriate choices of neigh-
borhoods to Pareto optimal solutions with desirable fairness properties in certain natural
settings: when the voters’ utilities can be expressed in terms of some form of distance from
their ideal solution, and when these utilities are additively decomposable across dimensions.
In many of these cases, we obtain convergence to the societal welfare maximizing solution.

We then describe an experiment in which we test our algorithm for the decision of the
U.S. Federal Budget on Mechanical Turk with over 2,000 workers, employing neighbor-
hoods defined by various L-Norm balls. We make several observations that inform future
implementations of such a procedure.

©2019 Al Access Foundation. All rights reserved.
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1. Introduction

Methods and experiments to increase large-scale, direct citizen participation in policy-
making have recently become commonplace as an attempt to revitalize democracy. Compu-
tational and crowdsourcing techniques involving human-algorithm interaction have been a
key driver of this trend (Cabannes, 2004; McDermott, 2010; Lee, Goel, Aitamurto, & Lan-
demore, 2014; Quarfoot, von Kohorn, Slavin, Sutherland, Goldstein, & Konar, 2017). Some
of the most important collective decisions, whether in government or in business, lie in high-
dimensional, continuous spaces — e.g. budgeting, taxation brackets and rates, collectively
bargained wages and benefits, urban planning etc. Direct voting methods originally designed
for categorical decisions are typically infeasible for collective decision-making in such spaces.
Although there has been some theoretical progress on designing mechanisms for continuous
decision-making (Procaccia & Tennenholtz, 2009; Cheng & Zhou, 2015; Moulin, 1980), in
practice these problems are usually resolved using traditional approaches — they are either
discretized before running an election, or are decided upon through negotiation by commit-
tee, such as in a standard representative democracy (Cabannes, 2004; Shah, 2007; Sintomer,
Herzberg, & Rocke, 2008; Gilman, 2012; Goel, Krishnaswamy, Sakshuwong, & Aitamurto,
2016).

One of the main reasons for the current gap between theory and practice in this domain is
the challenge of designing practically implementable mechanisms. We desire procedures that
are simple enough to explain and use in practice, and that result in justifiable solutions while
being robust to the inevitable deviations from ideal models of user behavior and preferences.
To address this challenge, a social planner must first make practically reasonable assumptions
on the nature and complexity of feedback that can be elicited from people and then design
simple algorithms that operate effectively under these conditions. Further, while robustness
to real-world model deviations may be difficult to prove in theory, it can be checked in
practice through experiments.

We first tackle the question of what type of feedback voters can give. In general, for the
types of problems we wish to solve, a voter cannot fully articulate her utility function. Even
if voters in a voting booth had the patience to state their exact utility for a reasonably large
number of points (e.g. how much they liked each candidate solution on a scale from one to
five), there is no reason to believe that they could do so in any consistent manner. On the
other hand, we posit that it is relatively easy for people to choose their favorite amongst
a reasonably small set of options, or articulate how they would like to locally modify a
candidate solution to better match their preferences. Such an assumption is common and
is a central motivation in social choice, especially implicit utilitarian voting (Procaccia &
Rosenschein, 2006).

In this paper, we study and experimentally test a type of algorithm for large-scale prefer-
ence aggregation that effectively leverages the possibility of asking voters such easy questions.
In this algorithm that we call ITERATIVE LOCAL VOTING (ILV), voters are sequentially sam-
pled and are asked to modify a candidate solution to their favorite point within some local
neighborhood, until a stable solution is obtained (if at all). With a continuum of voters,
no one votes more than once. The algorithm designer has flexibility in deciding how these
local neighborhoods are defined — in this paper we focus on neighborhoods that are balls in
the £9 norm, and in particular on the cases where ¢ = 1, 2 or oco. (For M < oo dimensional
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vectors, the £9 norm ||z, £ ¢/, |zm|9. ¢ = 1, 2 and oo neighborhoods correspond to
bounds on the sum of absolute values of the changes, the sum of the square of the changes,
and the maximum change, respectively.)

More formally, consider a M-dimensional societal decision problem in X ¢ RM™ and a
population of voters V, where each voter v € V has bounded utility f,(z) € R,Vz € X.
Then we consider the class of algorithms described in Algorithm 1. We study the algorithm
class under two plausible models of how voters respond to query (1), which asks for the
voter’s favorite point in a local region.

e Model A: One possibility is that voters exactly perform the maximization asked of
them, responding with their favorite point in the given £¢ norm constraint set. In other
words, they return a point arg max, e (q(js—z,_, [|,<rs}.fo: (). Note that by definition of this
movement, the algorithm is myopically incentive compatible: if a voter is the last voter
and no projections are used, then truthfully performing this movement is the dominant
strategy. In general, the mechanism is not globally incentive compatible, nor incentive
compatible with projections onto the feasible region. Simple examples of manipulations
in both instances exist.

e Model B: On the other hand, voters may not actually search within the constraint set
to find their favorite point inside of it. Rather, a voter v may have an idea about how
to best improve the current point and then move in that direction to the boundary of
the given constraint set. This model leads to a voter moving the current solution in the
direction of the gradient of her utility function, returning a point x;_1 + T’tHgth”q? for some
gt € Ofy,(z1—1). Note that 0f(z) denotes the set of subgradients of a function f at z, i.e.

g€ of(x)if vy, fly) — f(z) > g"(y — ).

ILV is directly inspired by the stochastic approximation approach to solve optimization
problems (Robbins & Monro, 1951), especially stochastic gradient descent (SGD) and the
stochastic subgradient method (SSGM). The idea is that if (a) voter preferences are drawn
from some probability distribution and (b) the response of a voter to the query (1) moves the
solution approximately in the direction of her utility gradient, then this procedure almost
implements stochastic gradient descent for minimizing negative expected utility.

The caveat is that although the procedure can potentially obtain the direction of the
gradient of the voter utilities, it cannot in general obtain any information about its magni-
tude since the movement norm is chosen by the procedure itself. However, we show that for
certain plausible utility and voter response models, the algorithm does indeed converge to a
unique point with desirable properties, including cases in which it converges to the societal
optimum.

Note that with such feedback and without any additional assumptions on voter prefer-
ences (e.g. that voter utilities are normalized to the same scale), no algorithm has any hope
of finding a desirable solution that depends on the cardinal values of voters’ utilities, e.g., the
social welfare maximizing solution (the solution that maximizes the sum of agent utilities).
This is because an algorithm that uses only ordinal information about voter preferences is
insensitive to any scaling or even monotonic transformations of those preferences.
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Algorithm 1: ITERATIVE LOoCAL VOTING (ILV)
Inputs: Initial solution xg € X, tolerance € > 0, an integer NV, initial radius r¢ > 0,
termination time 7', norm ¢ for local neighborhood.
Ouiput: Solution x.

e For t > 1, sample a voter vy € V at random from the population; set r; = ro/t
and elicit

Ty = argmaxﬁe{s;”s,xtfl||q§rt}fvt($)> (1)

and then compute z; = [}]x, where []y is a projection onto space X; i.e. ask
the voter to move to her favorite point within constraints, and then project the
reported point onto X.

e Stop when either ¢t =T, in which case return x7, or when
MaX; meft—N,..¢} [T — Tm| < €, in which case return z = ;.

1.1 Contributions

This work is a step in extending the vast literature in social choice to continuous spaces,
taking into account the feedback that voters can actually give. Our main theoretical contri-
butions are as follows:

e Convergence for L£P normed utilities: We show that if the agents cost functions
can be expressed as the L£P distance from their ideal solution, and if agents correctly
respond to query (1), then an interesting duality emerges: for p = 1, 2 or oo, using L4
neighborhoods, where ¢ = oo, 2 and 1 respectively, results in the algorithm converging
to the unique social welfare optimizing solution. Whether such a result holds for general
(p,q), where g is the dual norm to p (i.e. 1/p+1/¢ = 1), is an open question. However,
we show that such a general result holds if, in response to query (1), the voter instead
moves the current solution in the direction of the gradient of her utility function to the
neighborhood boundary.

e Convergence for other utilities: Next, we show convergence to a unique solution in
two cases: (a) when the voter cost can be expressed as a weighted sum of £? distances
over sub-spaces of the solution space, under £2 neighborhoods — in which case the solu-
tion is also Pareto efficient, and (b) when the voter utility can be additively decomposed
across dimensions, under £> neighborhoods — in which case the algorithm converges to
the median of the ideal solutions of the voters on each dimension.

We then build a platform and run the first large-scale experiment in voting in multi-
dimensional continuous spaces, in a budget allocation setting. We test three variants of ILV:
with £, £2 and £* neighborhoods. Our main findings are as follows:
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o We observe that the algorithm with £ neighborhoods is the only alternative that satisfies
the first-order concern for real-world deployability: consistent convergence to a unique
stable solution. Both £ and £? neighborhoods result in convergence to multiple solutions.

e The consistent convergence under £* neighborhoods in experiments strongly suggests the
decomposability of voter utilities for the budgeting problem. Motivated by this observa-
tion, we propose a general class of decomposable utility functions to model user behavior
for the budget allocation setting.

e We make several qualitative observations about user behavior and preferences. For in-
stance, voters have large indifference regions in their utilities, with potentially larger
regions in dimensions about which they care about less. Further, we show that asking
voters for their ideal budget allocations and how much they care about a given item is
fraught with Ul biases and should be carefully designed.

We remark that an additional attractive feature of such a constrained local update
algorithm in a large population setting is that strategic behavior from the voters is less of a
concern: even if a single voter is strategic, her effect on the outcome is negligible. Further,
it may be difficult for a voter, or even a coalition of voters, to strategically vote; one must
reason over the possible future trajectories of the algorithm over the randomness of future
voters. One coalition strategy for £2 and £> neighborhoods, voters trade votes on different
dimensions with one another; we leave robustness to such strategies to future work.

The structure of the paper is as follows. After discussing related work in Section 2,
we present convergence results for our algorithm under different settings in Section 3. In
Section 4, we introduce the budget allocation problem and describe our experimental plat-
form. In Section 5, we analyze the experiment results, and then we conclude the paper in
Section 6. The proofs of our results are in the appendix.

2. Related Work

Our work relates to various strands of literature. We note that a conference version of this
work appeared previously (Garg, Kamble, Goel, Marn, & Munagala, 2017). Furthermore,
the term “iterative voting” is also used in other works to denote unrelated methods (Meir,
Polukarov, Rosenschein, & Jennings, 2010; Airiau & Endriss, 2009).

2.1 Stochastic Subgradient Method

As discussed in the introduction, we draw motivation from the stochastic subgradient method
(SSGM), and our main proof technique is mapping our algorithm to SSGM. Beginning
with the original stochastic approximation algorithm by Robbins and Monro (Robbins &
Monro, 1951), a rich literature surrounds SSGM, for instance see (Boyd & Mutapcic, 2006;
Nemirovski, Juditsky, Lan, & Shapiro, 2009; Jiang & Walrand, 2010; Shor, 1998).

2.2 Iterative Local Voting

A version of our algorithm, with £2 norm neighborhoods, has been proposed independently
several times (Hylland & Zeckhauser, 1980; Chung & Duggan, 2018; Benjamin, Heffetz, Kim-
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ball, & Szembrot, 2013) and is referred to as Normalized Gradient Ascent (NGA). Instead of
V fo(we—1)
IV folzi-1)ll2

through population surveys to try to compute the fixed point where E, [

would be estimated

Y fo(x) } _ 0
IV fo(@)[l2 ’
(Note that we work with distributions of voters and for strictly concave utility functions,

the movement for each voter is well-defined for all but a measure 0 set. Then, given a
bounded density function of voters, the expectation is well-defined).

directly asking voters to perform query (1), the movement

This fixed point has been called Directional Equilibrium (DE) in the recent literature
(Chung & Duggan, 2018). The movement is equivalent to the movement in this work in
the case voters respond according to Model B and with £2 neighborhoods, and we show in
Section 3.3 that, in such cases, the algorithm converges to a Directional Equilibrium when it
converges. We further conjecture that even under voter Model A, if Algorithm 2 converges,
the fixed point is a Directional Equilibrium.

Several properties of the fixed point have been studied, starting from the work of Hyl-
land and Zeckhauser (1980) to more recently, the work of Chung and Duggan (2018) and
Benjamin et al. (2013): it exists under light assumptions, is Pareto efficient, and has im-
portant connections to the Majority Core literature in economics. Showing that an iterative
algorithm akin to ours converges to such a point has been challenging; indeed, except for
special cases such as quadratic utilities f,(z) = —(z — 2°)TQ(x — z¥), with society-wide
Q that encodes the relative importance and relationships between issues (Benjamin et al.,
2013), convergence is an open question.

Our algorithm differs from NGA in a few crucial directions, even in the case that the
movement is equivalent: by relating our algorithm to SSGM, we are able to characterize the
step-size behavior necessary for convergence and show convergence even when each step is
made by a single voter, rather than after an estimate of the societal normalized gradient.
One can also characterize the convergence rate of the algorithm (Nemirovski et al., 2009).
Furthermore, the literature has referred to the £2 norm (or “quadratic budget”) constraint as
“central to their strategic properties” (Benjamin, Heffetz, Kimball, & Lougee, 2017). In this
work, this limitation is relaxed — the same strategic property, myopic incentive compatibility,
holds for the other norm constraints for their respective cases.

Finally, because we are primarily interested in designing implementable voting mecha-
nisms, we focus on somewhat different concerns than the directional equilibria literature.
However, we believe that the ideas in this work, especially the connections to the opti-
mization literature, may prove useful to work on NGA. To the best of our knowledge, no
work studies such an algorithm with other neighborhoods and under ordinal feedback, or
implements such an algorithm.

2.3 Optimization without Gradients

Because we are concerned with optimization without access to voters’ utility functions or its
gradients, this work seems to be in the same vein as recent literature on convex optimization
without gradients — such as with comparisons or with pairs of function evaluations (Flaxman,
Kalai, & McMahan, 2005; Jamieson, Nowak, & Recht, 2012; Duchi, Agarwal, & Wainwright,
2012; Duchi, Jordan, Wainwright, & Wibisono, 2015). However, in the social choice or
human optimization setting, we cannot estimate each voter’s utility functions or gradients
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exactly rather than up to a scaling term, and yet we would like to find some point with good
societal properties. This limitation prevents the use of strategies from such works.

Jamieson et al. (2012), for example, present an optimal coordinate-descent based algo-
rithm to find the optimum of a function for the case in which noisy comparisons are available
on that function; in our setting, such an algorithm could be used to find the optimal value
for each wvoter, but not the societal optimum because each voter can independently scale
her utility function. Duchi et al. (2012) present a distributed optimization algorithm where
each node (voter) has access to its own subgradients and a few of its neighbors, but in our
case each voter can arbitrarily scale her utility function and thus her subgradients. Similar
problems emerge in applying results from the work of Duchi et al. (2015). In our work, such
scaling does not affect the point to which the algorithm converges.

2.4 Participatory Budgeting

The experimental setting for this work, and a driving motivation, is Participatory Budgeting,
in which voters are asked to help create a government budget. Participatory budgeting has
been among the most successful programs of Crowdsourced Democracy, with deployments
throughout the world allocating hundreds of millions of dollars annually, and studies have
shown its civic engagement benefits (Cabannes, 2004; Shah, 2007; Sintomer et al., 2008;
Gilman, 2012; Goel et al., 2016; McDermott, 2010; Lee et al., 2014).

In a typical election, community members propose projects, which are then refined and
voted on by either their representatives or the entire community, through some discrete
aggregation scheme. In no such real-world election, to our knowledge, can the amount of
money to allocate to a project be determined in a continuous space within the voting process,
except through negotiation by representatives.

Goel et al. (2016) propose a “Knapsack Voting” mechanism in which each voter is asked
to create a valid budget under the budget constraint; the votes are then aggregated using K-
approval aggregation on each dollar in the budget, allowing for fully continuous allocation in
the space. This mechanism is strategy-proof under some voter utility models. In comparison,
our mechanism works in more general spaces and is potentially easier for voters to do.

2.5 Implicit Utilitarian Voting

With a finite number of candidates, the problem of optimizing some societal utility function
(based on the cardinality of voter utilities) given only ordinal feedback is well-studied, with
the same motivation as in this work: ordinal feedback such as rankings and subset selections
are relatively easy for voters to provide. The focus in such work, referred to as implicit
utilitarian voting, is to minimize the distortion of the output selected by a given voting rule,
over all possible utility functions consistent with the votes, i.e. minimize the worst case error
achieved by the algorithm due to an under-determination of utility functions when only using
the provided inputs (Procaccia & Rosenschein, 2006; Caragiannis & Procaccia, 2011; Goel,
Krishnaswamy, & Munagala, 2017; Caragiannis, Nath, Procaccia, & Shah, 2017). In this
work, we show convergence of our algorithm under certain implicit utility function forms.
However, we do not characterize the maximum distortion of the resulting fixed point (or
even the convergence to any fixed point) under any utility functions consistent with the
given feedback, leaving such analysis for future work.
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Model A Model B
Spatial, (p,q) = (2,2), (1,00), or (oo, 1) Social Opt. (Thm 1)
Spatial, (p,q) s.t. 1/p+1/g=1 ? ‘ Social Opt. (Thm 2)
Weighted Euclidean Social Opt. (Thm 1)
Decomposable Medians (Thm 2)

Table 1: Summary of convergence results

3. Convergence Analysis

In this section, we discuss the convergence properties of ILV under various utility and
behavior models. For the rest of the technical analysis, we make the following assumptions
on our model.

C; The solution space X C RM is non-empty, bounded, closed, and convex.
C, Each voter v has a unique ideal solution z, € X.

Cs The ideal point x,, of each voter is drawn independently from a probability distribution
with a bounded and measurable density function hy.

Under this model, for a solution = € X, the societal utility is given by E,[f,(x)]. and the
social optimal (SO) solution is any z* € arg maxgex Ey[fu(2)].

“Convergence” of ILV refers to the convergence of the sequence of random variables
{x¢}+>1 to some x € X with probability 1, assuming that the algorithm is allowed to run
indefinitely (this notion of convergence also implies the termination of the algorithm with
probability 1).

In the following subsections, we present several classes of utility functions for which
the algorithm converges, summarized in Table 1. We further formalize the relationship to
directional equilibria in Section 3.3.

3.1 Spatial Utilities

Here we consider spatial utility functions, where the utilities of each voters can be expressed
in the form of some kind of spatial distance from their ideal solutions. First, we consider
the following kind of utilities.

Definition 1. £P normed utilities. The voter utility function is LP normed if f,(z) =
—|lz — zy||p, V2 € X.

Under such utilities, for p = 1, 2 and oo, restricting voters to a ball in the dual norm
leads to convergence to the societal optimum.

Theorem 1. Suppose that conditions Cy, Co, and Cs are satisfied, the voter utilities are LP
normed, and voters respond to query (1) according to either Model A or Model B. Then,
ILV with L7 neighborhoods converges to the societal optimal point w.p. 1 when (p,q) = (2,2),
(1,00), or (00, 1).
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The proof is contained in the appendix. A sketch of the proof is as follows. For the
given pairs (p, ¢), we show that, except in certain ‘bad’ regions, the update rule z;4; =
arg ming[||x — xy,||p : ||z — x¢l|q < 1) is equivalent to the stochastic subgradient method
(SSGM) update rule 41 = ¢ —14g, for some g € OE,[||x —x,]p], and that the probability
of being in a ‘bad’ region decreases fast enough as a function of r,. We then leverage a
standard SSGM convergence result to finish the proof. One natural question is whether the
result extends to general dual norms p, q, where 1/p 4+ 1/q = 1. Unfortunately, the update
rule is not equivalent to SSGM in general, and we leave the convergence to the societal
optimum for general (p,q) as an open question.

Further, note that even if each voter could scale their utility function arbitrarily, the
algorithm would converge to the same point.

However, the general result does hold for general dual norms (p, ¢) if one assumes the
alternative behavior model.

Theorem 2. Suppose that conditions C1, Co, and Cs are satisfied, the voter utilities are
LP normed, and voters respond to query (1) according to Model B. Then, ILV with L1
netghborhoods converges to the societal optimal point w.p. 1 for any p > 0 and q¢ > 0 such
that 1/p+1/q = 1.

The proof is contained in the appendix. It uses the following property of £P normed
utilities: the £9 norm of the gradient of these utilities at any point other than the ideal
point is constant. This fact, along with the voter behavior model, allows the algorithm to
implicitly capture the magnitude of the gradient of the utilities, and thus a direct mapping
to SSGM is obtained.

Note that the above result holds even if we assume that a voter moves to her ideal point
Zy in case it falls within the neighborhood (since, as explained earlier, the probability of
sampling such a voter decreases fast enough).

Next, we introduce another general class of utility functions, which we call Weighted
Fuclidean utilities, for which one can obtain convergence to a unique solution.

Definition 2. Weighted Euclidean utilities. Let the solution space X be decomposable
into K different sub-spaces, so that v = (z', ..., 2%) for each x € X (where Zi{:l dim(z*) =
M ). Suppose that the utility function of the voter v is

K wk
folx) = =Y |z — 2.
k=1

[[wo 2

where w, is a voter-specific weight vector, then the function is a Weighted Euclidean utility
function. We further assume that w, € W C Rf and x, are independently drawn for each
voter v from a joint probability distribution with a bounded and measurable density function,
with W nonempty, bounded, closed, and convez.

This utility function can be interpreted as follows: the decision-making problem is de-
composable into K sub-problems, and each voter v has an ideal point :1:1’? and a weight wf
for each sub-problem k, so that the voter’s disutility for a solution is the weighted sum of
the Euclidean distances to the ideal points in each sub-problems. Such utility functions
may emerge in facility location problems, for example, where voters have preferences on
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the locations of multiple facilities on a map. This utility form is also the one most closely
related to the existing literature on Directional Equilibria and Quadratic Voting, in which
preferences are linear. To recover the weighted linear preferences case, set K = M, with
each sub-space of dimension 1. In this case, the following holds:

Proposition 1. Suppose that conditions C1, Cs, and Cs are satisfied, the voter utilities are
Weighted Euclidean, and voters correctly respond to query (1) according to either Model A
or Model B. Then, ILV with L£? neighborhoods converges with probability 1 to the societal
optimal point.

The intuition for the result is as follows: as long as the neighborhood does not contain
the ideal point of the sampled voter, the correct response to query (1) under weighted
Euclidean preferences is to move the solution in the direction of the ideal point to the
neighborhood boundary, which, as it turns out, is the same as the direction of the gradient.
Thus with radius r¢, the effective movement is %. With (normalized) weighted
Euclidean utilities, ||V f,(z¢)||]2 = 1 everywhere. As before, even if the utilities were not
normalized (i.e. not divided by [|w||2), the algorithm would converge to the same point, as

if utility functions were normalized.

3.2 Decomposable Utilities

Next consider the general class of decomposable utilities, motivated by the fact that the
algorithm with £°° neighborhoods is of special interest since they are easy for humans to
understand: one can change each dimension up to a certain amount, independent of the
others.

Definition 3. Decomposable utilities. A voter utility function is decomposable if there
exists concave functions f7 for m € {1... M} such that fy(z) = SSM_, fm(zm).

m=1Jv

If the utility functions for the voters are decomposable, then we can show that our
algorithm under £ neighborhoods converges to the vector of medians of voters’ ideal points
on each dimension. Suppose that A’} is the marginal density function of the random variable
x)', and let " be the set of medians of z]'. (By set of medians, we mean the set of points
such that, on each dimension, the mass of voters with ideal points above and below.)

Proposition 2. Suppose that conditions Cy, Cao, and Cs are salisfied, the voter utilities
are decomposable, and voters respond to query (1) according to either Model A or Model
B. Then, ILV with L neighborhoods converges with probability 1 to a point in the set of
medians T.

Although simply eliciting each agent’s optimal solution and computing the vector of
median allocations on each dimension is a viable approach in the case of decomposable
utilities, deciding an optimal allocation across multiple dimensions is a more challenging
cognitive task than deciding whether one wants to increase or decrease each dimension
relative to the current solution (see Section 5.2.3 for experimental evidence). In fact, in this
case, the algorithm can be run separately for each dimension, so that each voter expresses
her preferences on only one dimension, drastically reducing the cognitive burden of decision-
making on the voter, especially in high dimensional settings like budgeting.
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3.3 Equivalence to Directional Equilibrium

As discussed in Section 2, our algorithm, with £2-norm neighborhoods, is related to an algo-
rithm, NGA, to find what are called Directional Equilibria in literature. Prior work mostly
focuses on the properties of the fixed point, with discussion of the proposed algorithm lim-
ited to simulations. We show that with the radius decreasing as O(%), the algorithm indeed
finds directional equilibria in the following sense: if under a few conditions a trajectory of
the algorithm converges to a point, then that point is a directional equilibrium.

IV fo(2)l2
Suppose, G(x) is uniformly continuous, L£> movement norm constraints are used, and voters
move according to Model B. If a trajectory {x}5°, of the algorithm converges to z*, i.e.
xy — =, then x* is a directional equilibrium, i.e. G(x*) = 0.

Theorem 3. Suppose that C1, Ca, and C3 are satisfied, and let G(x) £ E, [M}

The proof is in the appendix. It relies heavily on the continuity assumption: if a point x
is not a directional equilibrium, then the algorithm with step sizes (9(%) will with probability
1 leave any small region surrounding x: the net drift of the voter movements is away from
the region. We note that the necessary assumptions hold for all utility functions for which
convergence holds, using the £2 norm algorithm (e.g. weighted Euclidean utilities). It is
further possible to characterize other utility functions for which the equivalence holds: with
appropriate conditions on the distribution of voters and how f differs among voters, the
conditions on G can be met.

We further conjecture that even under voter Model A, if Algorithm 2 converges, the fixed
point is a Directional Equilibrium. Note that as r; — 0, f,(y) can be linearly approximated
by the first term of the Taylor series expansion around z, for y € {s : ||s — x||2 < r¢}. Then,
to maximize f,(y) in the region, if the region does not contain z, voter v chooses y* s.t.
yr—x rt%, i.e., the voter moves the solution approximately in the direction of her
gradient to the neighborhood boundary.

A single step of our algorithm with £2 neighborhoods is similar to Quadratic Voting (Lal-
ley & Weyl, 2015; Tideman & Plassmann, 2016) for the same reason. Independently of our
work, Benjamin et al. (2017) formalize the relationship between the Normalized Gradient
Ascent mechanism and Quadratic Voting.

4. Experiments with Budgets

We built a voting platform and ran a large scale experiment, along with several exten-
sive pilots, on Amazon Mechanical Turk (https://www.mturk.com). Over 4,000 workers
participating in total counting pilots and the final experiment, with over 2,000 workers par-
ticipating in the final experiment. The design challenges we faced and voter feedback we
received provide important lessons for deploying such systems in a real-world setting.

First we present a theoretical model for our setting. We consider a budget allocation
problem on M items, where the items may include both expenditures and incomes. One
possibility is to define X as the space of feasible allocations, such as those below a spending
limit, and to run the algorithm as defined, with projections. However, in such cases, it may
be difficult to theorize about how voters behave; e.g. if voters knew their answers would be
projected onto a budget balanced set, they may respond differently.
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Rather, we consider an unconstrained budget allocation problem, one in which a voter’s
utility includes a term for the budget deficit. Let &€ C {1...M}, 7T = {1...M}\ € be
the expenditure and income items, respectively. Then the general budget utility function is
fo(@) = gu(@) — d(Xce 2° — Y ;e7 @), where d is an increasing function on the deficit.

For example, suppose a voter’s disutility was proportional to the square of the budget
deficit (she especially dislikes large budget deficits); then, this term adds complex depen-
dencies between the budget items. In general, nothing is known about convergence of Algo-
rithm 1 with such utilities, as the deficit term may add complex dependencies between the
dimensions. However, if the voter utility functions are decomposable across the dimensions
and £ neighborhoods used, then the results of Section 3.2 can be applied. We propose
the following class of decomposable utility functions for the budgeting problem, achieved
by assuming that the cost for the deficit is linear, and call the class “decomposable with a
linear cost for deficit," or DLCD.

Definition 4. Let f,(x) be DLCD if

M
fule) = 3 1)~ w, (Zw@ - Z) ’
m=1

ecf 1€L
where f* is a concave function for each m and w, € Ry.

In the experiments discussed below in the budget setting, ILV consistently and robustly
converges with £%° norm neighborhoods. Further, it approximately converges to the medians
of the optimal solutions (which are elicited independently), as theorized in Section 3.2. Such
a convergence pattern suggests the validity of the DLCD model, though we do not formally
analyze this claim.

4.1 Experimental Setup

We asked voters to vote on the U.S. Federal Budget across several of its major categories:
National Defense; Healthcare; Transportation, Science, & Education; and Individual Income
Tax (Note that the US Federal Government cannot just decide to set tax receipts to some
value. We asked workers to assume tax rates would be increased or decreased at proportional
rates in hopes of affecting receipts.)

This setting was deemed the most likely to be meaningful to the largest cross-section
of workers and to yield a diversity of opinion, and we consider budgets a prime application
area in general. The specific categories were chosen because they make up a substantial
portion of the budget and are among the most-discussed items in American politics. We
make no normative claims about running a vote in this setting in reality, and Participatory
Budgeting has historically been more successful at a local level.

One major concern was that with no way to validate that a worker actually performed
the task (since no or little movement is a valid response if the solution presented to the
worker was near her ideal budget), we may not receive high-quality responses. This issue is
especially important in our setting because a worker’s actions influence the initial solution
future workers see. We thus restricted the experiment to workers with a high approval rate
and who have completed over 500 tasks on Mechanical Turk (MTurk). Further, we offered
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a bonus to workers for justifying their movements well, and more than 80% of workers
qualified, suggesting that we also received high-quality movements. The experiment was
restricted to Americans to best ensure familiarity with the setting. Turkprime (https:
//www .turkprime.com) was used to manage postings and payment.

4.2 Experimental Parameters

Our large scale experiment included 2,000 workers and ran over a week in real-time. Partic-
ipants of any of the pilots were excluded. We tested the £, £2, and £ mechanisms, along
with a “full elicitation” mechanism in which workers reported their ideal values for each item,
and a “weight” in [0, 10] indicating how much they cared about the actual spending in that
item being close to their stated value.

To test repeatability of convergence, each of the constrained mechanisms had three
copies, given to three separate groups of people. Each group consisted of two sets with
different starting points, with each worker being asked to vote in each set in her assigned
group. Each worker only participates as part of one group, and cannot vote multiple times.

We used a total of three different sets of starting points across the three groups, such
that each group shared one set of starting points with each of the other two groups. This
setup allowed testing for repeatability across different starting points and observing each
worker’s behavior at two points. Workers in one group in each constrained mechanism
type were also asked to do the full elicitation after submitting their movements for the
constrained mechanism, and such workers were paid extra. These copies, along with the full
elicitation, resulted in 10 different mechanism instances to which workers could be allocated,
each completed by about 200 workers.

To update the current point, we waited for 10 submissions and then updated the point
to their average. This averaging explains the step-like structure in the convergence plots in
the next section. The radius was decreased approximately every 60 submissions, r; = %.
The averaging and slow radius decay rate were implemented in response to observing in the
pilots that the initial few voters with a large radius had a disproportionately high impact, as
there were not enough subsequent voters to recover from large initial movements away from
an eventual fixed point (though in theory this would not be a problem given enough voters).
We note that the convergence results for stochastic subgradient methods trivially extend to
cover these modifications: the average movement over a batch of submissions starting at the
same point is still in expectation a subgradient, and the stepped radius decrease still meets
the conditions for valid step-sizes.

4.3 User Experience

As workers arrived, they were randomly assigned to a mechanism instance. They had a
roughly equal probability of being assigned to each instance, with slight deviations in case
an instance was “busy” (another user was currently doing the potential 10" submission
before an update of the instance’s current point) and to keep the number of workers in each
instance balanced. Upon starting, workers were shown mechanism instructions. We showed
the instructions on a separate page so as to be able to separately measure the time it takes
to read & understand a given mechanism, and the time it takes to do it, but we repeated
the instructions on the actual mechanism page as well for reference.
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Set 1
Current Credit Allocation

Credits left: 19.8

Reset All Sliders

The deficit will be $746.37B. This is a 21.16% increase from the 2016 budget deficit.
National Defense @

-1976% 434.08

Medicare & Health @
+17.94% (I —— 1184.2

“ Education, Science, Environment, & Transportation @

+8.95% 330.12

Individual Income Tax @
-2.05%
o $ 1430.03 B

Set 2

Figure 1: UI Screenshot for 1 set of the £2 Mechanism

On the mechanism page, workers were shown the current allocation for each of the
two sets in their group. They could then move, through sliders, to their favorite alloca-
tion under the movement constraint. We explained the movement constraints in text and
also automatically calculated for them the number of “credits” their current movements
were using, and how many they had left. Next to each budget item, we displayed the
percentage difference of the current value from the 2016 baseline federal budget, provid-
ing important context to workers (The 2016 budget estimate was obtained from http://
federal-budget.insidegov.com/1/119/2016-Estimate and http://atlas.newamerica.
org/education-federal-budget). We also provided short descriptions of what goes into
each budget item as scroll-over text. The resulting budget deficit and its percent change
were displayed above the sliders, assuming other budget items are held constant.

For the full elicitation mechanism, workers were asked to move the sliders to their favorite
points with no constraints (the sliders went from $0 to twice the 2016 value in that category),
and then were asked for their “weights” on each budget item, including the deficit. Figure 1
shows part of the interface for the £2 mechanism, not including instructions, with similar
interfaces for the other constrained mechanisms. The full elicitation mechanism additionally
included sliders for items’ weights. On the final page, workers were asked for feedback on
the experiment.

A full walk-through of the experiment with screenshots and link to an online demo is
available in the Appendix. We plan on posting the data, including feedback. In general,
workers seemed to like the experiment, though some complained about the constraints, and
others were generally confused. Some expressed excitement about being asked their views
in an innovative manner and suggested that everyone could benefit from participating as,
at the least, a thought exercise. The feedback and explanations provided by workers were
much longer than we anticipated, and they convince us of the procedure’s civic engagement
benefits.
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5. Results and Analysis

We now discuss the results of our experiments.

5.1 Convergence
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Figure 2: Solution over time for each mechanism type

One basic test of a voting mechanism is whether it produces a consistent and unique
solution, given a voting population and their behaviors. If an election process can produce
multiple, distinct solutions purely by chance, opponents can assail any particular solution as
a fluke and call for a re-vote. The question of whether the mechanisms consistently converge
to the same point thus must be answered before analyzing properties of the equilibrium point
itself. In this section, we show that the £? and £! algorithms do not appear to converge to
a unique point, while the £ mechanism converges to a unique point across several initial
points and with distinct worker populations.

The solutions after each voter for each set of starting points, across the 3 separate groups
of people for each constrained mechanism are shown in Figure 2. Each plot shows all the
trajectories with the given mechanism type, along with the median of the ideal points elicited
from the separate voters who only performed the full elicitation mechanism. Observe that
the three mechanisms have remarkably different convergence patterns. In the £! mechanism,
not even the sets done by the same group of voters (in the same order) converged in all cases.
In some cases, they converged for some budget items but then diverged again. In the £?
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Figure 2: (Continued) Solution over time for each mechanism type

330



ITERATIVE LOCAL VOTING FOR COLLECTIVE DECISION-MAKING IN CONTINUOUS SPACES

—— L' Group1,Set0 —— L Group 2, Set 0 L' Group 3, Set 0
—— L' Group1,Set1 —— L' Group 2, Set 1 L' Group 3, Set 1
10 Defense
0.8
T U.GM
) 0.4 /\X}v
818 ook Wﬂw = S s R SRR
| 1.0 Healthcare
;3" 0.8
0.6
~ 0.4, .
.21 e iy o
Z ¢ 2M 3 \/—3—&" == e oSS e S e e Y e e~
I 0.0 A . Q
S Transportation, Science, & Education
-~ 0.8
S os
>< 0.4,
Q 0.2%/,7&\ —
R R e = T e
I Income Tax
0
N
z B N
" Deficit
-~
— N
=
= AL AR e U R GIES I
100 . 150 200
Iteration
(a) £

Figure 3: Net normalized movement in window of N = 30

mechanism, sets done by the same voters starting from separate starting points appear to
converge, but the three groups of voters seem to have settled at two separate equilibria
in each dimension. Under the £> neighborhood, on the other hand, all six trajectories,
performed by three groups of people, converged to the same allocation very quickly and
remained together throughout the course of the experiment. Furthermore, the final points,
in all dimensions except Healthcare, correspond almost exactly to the median of values
elicited from the separate set of voters who did only the full elicitation mechanism. For
Healthcare, the discrepancy could result from biases in full elicitation (see Section 5.2.4),
though we make no definitive claims. These patterns shed initial insight on how the use of
£? constraints may differ from theory in prior literature and offer justification for the use of
DLCD utility models and the £ constrained mechanism.

One natural question is whether these mechanisms really have converged, or whether if
we let the experiment continue, the results would change. This question is especially salient
for the £? trajectories, where trajectories within a group of people converged to the same
point, but trajectories between groups did not. Such a pattern could suggest that our results
are a consequence of the radius decreasing too quickly over time, or that the groups had, by
chance, different distributions of voters which would have been corrected with more voters.
However, we argue that such does not seem to be the case, and that the mechanism truly
found different equilibria.
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Figure 3: (Continued) Net normalized movement in window of N = 30.

332



ITERATIVE LOCAL VOTING FOR COLLECTIVE DECISION-MAKING IN CONTINUOUS SPACES

We can test whether the final points for each trajectory are stable by checking the net
movement in a window, normalized by each voter’s radius, i.e. & > %_, v Feme=t, for some
N. If voters in a window are canceling each other’s movements, then this value would go
to 0, and the algorithm would be stable even if the radius does not decrease. The notion
is thus robust to apparent convergence just due to decreasing radii. The net movement
normalized in a sliding window of 30 voters, for each dimension and mechanism, is shown in
Figure 3. It seems to almost die down for almost all mechanisms and budget items, except
for a few cases which do not change the result. We conclude it likely that the mechanisms

have settled into equilibria which are unlikely to change given more voters.

5.2 Understanding Voter Behavior

A mechanism’s practical impact depends on more than whether it consistently converges,
however. We now turn our attention to understanding how voters behave under each mech-
anism and whether we can learn anything about their utility functions from that behavior.
We find that voters understood the mechanisms but that their behaviors suggest large in-
difference regions, and that the full elicitation scheme is susceptible to biases that can skew
the results.

5.2.1 VOTER UNDERSTANDING OF MECHANISMS

One important question is whether, given very little instruction on how to behave, voters
understand the mechanisms and act approximately optimally under their (unknown to us)
utility function. This section shows that the voters behavior follows what one would expect
in one important respect: how much of one’s movement budget the voter used on each
dimension, given the constraint type.

Regardless of the exact form of the utility function, one would expect that, in the £!
constrained mechanism, a voter would use most of her movement credits in the dimension
about which she cares most. In fact, in either the Weighted Euclidean preferences case
(and with ‘sub-space’ being a single dimension) or with a small radius with £! constraints,
a voter would move only on one dimension. With £? constraints, one would expect a
voter to apportion her movement more equally because she pays an increasing marginal
cost to move more in one dimension (people were explicitly informed of this consequence in
the instructions). Under the Weighted Euclidean preferences model with £2 constraints, a
voter would move in each dimension proportional to her weight in that dimension. Finally,
with £ constraints, a voter would move, in all dimensions in which she is not indifferent,
to her favorite point in the neighborhood for that dimension (most likely an endpoint),
independently of other dimensions. One would thus expect a more equal distribution of
movements.

Figure 4 shows the average movement (as a fraction of the voter’s total movement)
by each voter for the dimension she moved most, second, third, and fourth, respectively,
for each constrained mechanism. We reserve discussion of the full elicitation weights for
Section 5.2.4. The movement patterns indicate that voters understood the constraints and
moved accordingly — with more equal movements across dimensions in £2 than in £!, and
more equal movements still in £>°. We dig deeper into user utility functions next, but can
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conclude that, regardless of their exact utility functions, voters responded to the constraint
sets appropriately.

3

I Full Elicitation Weights mm ! 2 N L°

I.HL

First Second Third Fourth
Ranking of dimensions by movement for each voter

° ° ° ° ° °
Z o o = i o

Movement as fraction of total movement

Figure 4: Average movement in dimension over total movement for each voter, with dimen-
sions sorted

5.2.2 LARGE INDIFFERENCE REGIONS

Although it is difficult to extract a voter’s full utility function from their movements, the
separability of dimensions (except through the deficit term) under the £°° constraint allows
us to test whether voters behave according to some given utility model in that dimension,
without worrying about the dependency on other dimensions.

Figure 5 shows, for the £°° mechanism, a histogram of the movement on a dimension as
a fraction of the radius (we find no difference between dimensions here). Note that a large
percentage of voters moved very little on a dimension, even in cases where their ideal point
in that dimension was far away (defined as being unreachable under the current radius).
This result cannot be explained away by workers clicking through without performing the
task: almost all workers moved at least one dimension, and, given that a worker moved in a
given dimension, it would not explain smaller movements being more common than larger
movements. That this pattern occurs in the £ mechanism is key — if a voter feels any
marginal disutility in a dimension, she can move the allocation without paying a cost of
more limited movement in other dimensions. We conclude that, though voters may share
a single ideal point for a dimension when asked for it, they are in fact relatively indifferent
over a potentially large region — and their actions reflect so.

We further analyze this claim in Appendix Section B, looking at the same distribution of
movement but focusing on workers who provided a text explanation longer than (and shorter
than, separately) the median explanation of 197 characters. (We assume that the voters
who invested time in providing a more thorough explanation than the average worker also
invested time in moving the sliders to a satisfactory point, though this assumption cannot
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be validated.) Though there are some differences (those who provide longer explanations
also tend to use more of their movement), the general pattern remains the same; only about
40% of workers who provided a long explanation and were far away from their ideal point on
a dimension used the full movement budget. This pattern suggests that voters are relatively
indifferent over large regions.

Furthermore, this lack of movement is correlated with a voter’s weights when she was
also asked to do the full elicitation mechanism. Conditioned on being far from her ideal
point, when a voter ranked an item as one of her top two important items (not counting the
deficit term), she moved an average of 74% of her allowed movement in that dimension; when
she ranked an item as one of least two important items, she moved an average of 61%, and
the difference is significant through a two sample t-test with p = .013. We find no significant
difference in movement within the top two ranked items or within the bottom two ranked
items. This connection suggests that one can potentially determine which dimensions a
voter cares about by observing these indifference regions and movements, even in the £
constrained case. One caveat is that the differences in effects are not large, and so at the
individual level inference of how much an individual cares about one dimension over another
may be noisy. On the aggregate, however, such determination may prove useful.

Furthermore, we note that while such indifference regions conflict with the utility models
under which the £? constraint mechanism converges in theory, it fits within the DLCD
framework introduced in Section 4.
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Figure 5: Fraction of possible movement in each dimension in £, conditioned on distance
to ideal pt. The ‘All’ condition contains data from all three £ instances, whereas the
others only from the instance that also did full elicitation.

5.2.3 MECHANISM TIME

In this section, we note one potential problem with schemes that explicitly elicit voter’s
optimal solutions — for instance, to find the component-wise median — as compared to
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Figure 6: Median time per page

the constrained elicitation used in ILV: it seems to be cognitively difficult for voters. In
Figure 6, the median time per page, aggregated across each mechanism type, is shown. The
“Mechanism” time includes a single user completing both sets in each of the constrained
mechanism types, but not does include the time to also do the extra full elicitation task in
cases where a voter was asked to do both a constrained mechanism and the full elicitation.
The full elicitation bars include only voters who did only the full elicitation mechanism,
and so the bars are completely independent. On average, it took longer to do the full
elicitation mechanism than it took to do two sets of any of the constrained mechanisms,
suggesting some level of cognitive difficulty in articulating one’s ideal points and weights on
each dimension — even though understanding what the instructions are asking was simple,
as demonstrated by the shorter instruction reading time for the full elicitation mechanism.
The £ mechanism took the least time to both understand and do, while the £2 mechanism
took the longest to do, among the constrained mechanisms.

This result is intuitive: it is easier to move each budget item independently when the
maximum movement is bounded than it is to move the items when the sum or the sum of
the changes squared is bounded (even when these values are calculated for the voter). In
practice, with potentially tens of items on which constituents are voting, these relative time
differences would grow even larger, potentially rendering full elicitation or £? constraints
unpalatable to voters.

One potential caveat to this finding is that the Full Elicitation mechanism potentially
provides more information than do the other mechanisms. From a polling perspective, it is
true that more information is provided from full elicitation — one can see the distribution of
votes, the disagreement, and correlation across issues, among other things. However, from
a voting perspective, in which the aggregation (winner) is the only thing reported, it is
not clear that this extra information is useful. Further, much of this information that full
elicitation provides can reasonably be extracted from movements of voters, especially the
movements of those who are given a starting point close to the eventual equilibrium.
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5.2.4 UI BIASES

We now turn our attention to the question of how workers behaved under the full elicitation
mechanism and highlight some potential problems that may affect results in real deploy-
ments. Figures 7 and 8 show the histogram of values and weights, respectively, elicited from
all workers who did the full elicitation mechanism. Note that in the histogram of values, in
every dimension, the largest peak is at the slider’s default value (at the 2016 estimated bud-
get), and the histograms seem to undergo a phase shift at that peak, suggesting that voters
are strongly anchored at the slider’s starting value. This anchoring could systematically bias
the medians of the elicited values.

A similar effect occurs in eliciting voter weights on each dimension. Observe that in
Figure 4 the full elicitation weights appear far more balanced than the weights implied by
any of the mechanisms (for the full elicitation mechanism, the plot shows the average weight
over the sum of the weights for each voter). From the histogram of full elicitation weights,
however, we see that this result is a consequence of voters rarely moving a dimension’s weight
down from the default of 5, but rather moving others up.

One potential cause of this behavior is that voters might think that putting high weights
on each dimension would mean their opinions would count more, whereas in any aggregation
one would either ignore the weights (calculate the unweighted median) or normalize the
weights before aggregating. In future work, one potential fix could be to add a “normalize”
button for the weights, which would re-normalize the weights, or to automatically normalize
the weights as voters move the sliders.

These patterns demonstrate the difficulty in eliciting utilities from voters directly; even
asking voters how much they care about a particular budget item is extremely susceptible
to the user interface design. Though such anchoring to the slider default undoubtedly
also occurs in the £ constrained mechanism, it would only slow the rate of convergence,
assuming the anchoring affects different voters similarly. These biases can potentially be
overcome by changing the UI design, such as by providing no default value through sliders.
Such design choices must be carefully thought through before deploying real systems, as
they can have serious consequences.

6. Conclusion

We evaluate a natural class of iterative algorithms for collective decision-making in continu-
ous spaces that makes practically reasonable assumptions on the nature of human feedback.
We first introduce several cases in which the algorithm converges to the societal optimum
point, and others in which the algorithm converges to other interesting solutions. We then
experimentally test such algorithms in the first work to deploy such a scheme. Our find-
ings are significant: even with theoretical backing, two variants fail the basic test of being
able to give a consistent decision across multiple trials with the same set of voters. On the
other hand, a variant that uses £°° neighborhoods consistently leads to convergence to the
same solution, which has attractive properties under a likely model for voter preferences
suggested by this convergence. We also make certain observations about other properties
of user preferences — most saliently, that they have large indifferences on dimensions about
which they care less.
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Figure 7: Histogram of values from all full elicitation data. The red vertical lines indicate
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Figure 8: Histogram of weights from all full elicitation data. The red vertical lines indicate
the sliders’ default value of 5.

In general, this work takes a significant step within the broad research agenda of un-
derstanding the fundamental limitations on the quality of societal outcomes posed by the
constraints of human feedback, and in designing innovative mechanisms that leverage this
feedback optimally to obtain the best achievable outcomes.
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Appendix A. Mechanical Turk Experiment Additional Information

In this section, we provide additional information regarding our Amazon Mechanical Turk
experiment, including a walk-through of the user experience. Furthermore, we have a live
demo accessible at: http://gargnikhil.com/projectdetails/IterativelLocalVoting/.
This demo will remain online for the foreseeable future.

Figures 9 through 13 show screenshots of the experiment. We now walkthrough the experi-
ment:

e Figure 9 — Welcome page. Arriving from Amazon Mechanical Turk, the workers read
an introduction and the consent agreement.

e Figure 10 — Instructions (shown are £? instructions). The workers read the instruc-
tions, which are also provided on the mechanism page. There is a 5 minute limit for
this page.

e Figures 11, 13 — Mechanism page for £2 and Full Elicitation, respectively. For the
former, workers are asked to move to their favorite point within a constraint set, for 2
different budget points. The “Current Credit Allocation” encodes the constraint set —
as workers move the budget bars, it shows how much of their movement budget they
have spent, and on which items. The other constrained movement mechanisms are
similar. For the Full Elicitation mechanism, voters are simply asked to indicate their
favorite budget point and weights. The instructions are repeated on the mechanism
page as well at the top. There is a 10 minute limit for this page.

e Second mechanism, 30% of workers. Some workers were asked to do both one of
the £1,£2, or £L*, and the Full Elicitation mechanism. For these workers, the Full
Elicitation mechanism shows up after the constrained mechanism.

e Figure 12 — Feedback page. Finally, workers are asked to provide feedback, after which
they are shown a code and return to the Mechanical Turk website.

Appendix B. Indifference Regions Additional Information

We now present some additional data for the claim in Section 5.2.2, that voters have large
indifference regions on the space. In particular, Figures 14 and 15 reproduce Figure 5
but with workers who provided explanations longer (and shorter) than the median response,
respectively. This split can (roughly) correspond to workers who may have answered more or
less sincerely to the budgeting question. We find that the response distribution, as measured
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‘Welcome to our survey and thank you for participating. We are testing out various mechanisms that would allow people to vote on a government budget and would like your feedback on how these mechanisms work.

‘We will ask you questions about how you would like the US federal government to allocate money across a few of its major budget items.

" Consent Agreement (Click to expand)

Click 'begin’ once you have read and if you agree to the above consent statement.

BEGIN

Figure 9: Page 1 — Welcome Page for all mechanisms

Time remaining on this page: 4 minutes and 56 seconds
Below, please indicate your preferences regarding the US Federal Budget. You wil see 2 budget options that differ slighty. For each budget option, modify the budget value to better match your preferences.

On the lefi-hand side of each slider we show you the percent change from how much the govemment is budgeted to spend in 2016. Please keep in mind the changes that have already been made from the baseline budget before suggesting your own further changes. For example, if others have.
already changed defense or healthcare spending from the 2016 budget to match your preference, you may want to focus on changing the other budget items.

reaseecrease the budget from the il values,you'l have o spend the glven movement reis. Nolabl, the amount of et i 1o iven budget lem il be proportiol 1 the square o the change you make i hat budget e, and so s easle o mave multpie budget fems a smll
e T N B L large amount. Don't worry about the exact calculations because we'l show you how many credits you are using as you move the values.

rse, you may ot have enough credits o make al he changes you wish to ke, and so youl it ¥ the most. int mimics tradeoffs in a democratic society — because not everyone can get exactly what they want, it benefits voters to voice their
oplnlor\s Tt STongly o the budget fems they care about the most

xperiment, you must ime s up. You inutes to read these i another 10 will be able to see these i the question pag:

ADetailed instructions (Click to expand)

You can move the siiders 1o adjust values, or you can enter the value you desire in the box on the right. We will automatically enforce the movement constraint and update the deficit term. Above the sliders you  credits items, along with how many.
credits remain. The siiders are centered on the 2016 budget, and we mark both the 2016 budget and the Initial numerc values.
‘The amount omedns Sz cranging o
that defense.

n will ange youmake in man busgt tem. Nole thathe square of the number a is a? or a multiplied by a. For example, lets say that the inital value for defense expenditure is $5008, but you would prefer
sed by $58 1 S496. To move the delense spending 1o your Geal po\m you would 25C credts, 495=5, and 5° = 25). I aditionally you want o increase tax spending by $38, you would have 1o spend an
Seions 36 et = 9 fo el o 4G e,

Note thatthe figures are in Billions of dolars. Note also that this survey only pertains to Federal spending

spends significanty these budget categor

Please click 'NEXT'once you read these instructons.
next

Figure 10: £? Page 2 — Instructions

Below, please Indicate your preferences regarding the US Federal Budget. You will see 2 that diffe slighty. For

, modify the budget value 1o better match your preferences.
O the lefi-hand side of each sicer we show you the percent change from how much the govemment is budgeted to spend in 2016. been made your own further changes. For example, If others have alread)
ianged defense or healihcare spending ffom the 2016 budget 1o match your preference, you may wan (o focus on changing the other budge ftems.

To neresseidecresse the budget o the ntal values,you'l ave to spend the given moverment uedns Notably, the
than it 't worn

budget item

ge you make n that budget tem, and so it Is easier to move multiple budget items a small amount each
is to move one item a large amount. D are using as you 3
e, you may not have enough creds to make allthe changes you wish to make, you P the most. because not exactly whal they wan, it 1o voice their opinions most
Srongly o the bt ems they Cae aboLt the most
Pl pe you up. You d ] the questions (you will well)
¥ Detailed instructions (Click to expand)
Time remaining on this page: 8 minutes and 41 seconds
Set1
Current Credit Allocation
Credits left: 61.3
Rese 1 e
National Defense @
e | fomn s
Medicare & Health @
55 . s 8
' Education, Science, Environment, & Transpartation @ e
i | s i
© Indwvidual Income Tax @ e~ g
9% | s Py
-
Current Credit Allocation
Credits left 0.0
Tisisa
National Defense @
~ad6% | = %
= Medicare & Health @ Ll =
wanen . 10282 Py
™ Education, Science, Environment, & Transportation @ - -
a5z | o0 %
= Indwidual Income Tax @
+1070% | fea

Please explain your answers

Figure 11: £? Page 3 — Mechanism
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pasn—F ¥ 275N

How do you identify?

Somewhat conservative ® m Somewhat liberal ® | Very liberal ®

Please provide feedback about the website, the HIT in general, and the user interface. We will reward a bonus for good explanations and/or good feedback.

SUBMIT

Figure 12: Page 4 — Feedback for all mechanisms

Below, indicate your prferences regarding the US Federal Budget. For each ofthe given budge tems, lease move th siders o nicate yourdeal value for that budge! tem. To successfully complats the experiment, you must advance before tme s up. You have 5 minutes o read these
instructions and another 10 minutes to answer the questions (you will be able to see these instructions on the next page as well).

Detailed instructions (Glick to expand)

Note that the figures are In Billions of doliars. Note also that this survey only pertalns to Federal spending -- each state also spends significantly on some of these budget categories. On the left-hand side s the percent change from how much the govemment is budgeted to spend In 2016. This value,
along with the deficit term, will be automatically calculated as you move the bars. You may also enter a value in the textbox on the right instead of moving the siider.

“Time remaining on this page: 9 minutes and 36 seconds.
“The deficit wil be S&71618. Thisis @ 41.49% increase from the 2016 bucget defict.

Rt 0 Sidrs.

National Defense @
-16.38% 452.38 .
|

Medicare & Health @
+6.86% | (106286 P

‘Education, Sclence, Environment, & Transportation @
+1275% | latee P

individual Income Tax @

-16.89% . : : | 121328

Onthe strong yo the budget values you indicated above on a scale of 0 o 10 (‘Indifferent” to “Care Very Much’). For example, i it's portant to you that we pending . you would put a high value on the siider
below, along with a low spenang ﬁgule e e You Would prefer high spending o defense but do ot feel srongly about i, you would put a high $pending figure above but a low value below.

National Defense @

| 6.45 /
" Medicare & Health @ )
0 ‘ 4.52
" Education, Science, Environment, & Transportation @ . : ’
5
] i
Individual Income Tax @
5 4

Deflcit @

Please explain your answers:

Figure 13: Full Elicitation Page 3 — Mechanism
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by the fraction of possible movement one used when far away from one’s ideal point on a
given dimension, are similar.

0.57

mEm Al WS Near Ideal Pt MM Far from Ideal Pt

0.4

Histogram pdf
o
L

o
b

0.1

0.0-
0.0 0.2 0.4 0.6 0.8 1.0

Movement as fraction of possible movement

Figure 14: Fraction of possible movement in each dimension in £°°, conditioned on distance
to ideal pt. The ‘All’ condition contains data from all three £ instances, whereas the
others only from the instance that also did full elicitation. This plot only includes those
people who provided an explanation as long or longer than the median explanation
provided (197 characters).
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0.57

WEm Al W Near Ideal Pt WEM Far from Ideal Pt

0.4

Histogram pdf

0.4 0.6 0.8 1.0

Movement as fraction of possible movement

Figure 15: Fraction of possible movement in each dimension in £°°, conditioned on distance
to ideal pt. The ‘All’ condition contains data from all three £ instances, whereas the
others only from the instance that also did full elicitation. This plot only includes those
people who provided an explanation shorter than the median explanation provided (197
characters).

Appendix C. Proofs

In this appendix, we include proofs for all the theorems in the paper.

C.1 Known SSGM Results

Theorem 4. (Nemirovski et al., 2009; Strassen, 1965) Let 6 € © be a random vector with
distribution P. Let f(z) = E[f(x,0)] = [o f(x,0)dP(), for x € X, a non-empty bounded
closed convez set, and assume the expectation is well-defined and finite valued. Suppose that
f(-,0),0 € © is conver and f(-) is continuous and finite valued in a neighborhood of point
x.

For each 0, choose any g(x,0) € 0f(x,0). Then, there exists g(x) € 0f(z) s.t. glx) =

This theorem says that the expected value of the sub-gradient of the utility at any point
x across voters is a subgradient of the societal utility at x, irrespective of how the voters
choose the subgradient when there are multiple subgradients, i.e., when the utility function
is not differentiable. This key result allows us to use the subgradient of utility function of a
sampled voter as an unbaised estimate of the societal subgradient.

Now, consider a convex function f on a non-empty bounded closed convex set X € RM,
and use [-]x to designate the projection operator. Starting with some xg € X, consider the
SSGM update rule x; = [z;—1 — 7¢(gr + 2zt + b)] x, where z; is a zero-mean random variable
and by is a constant, and g, € df(x;). Let E,[-] be the conditional expectation given F;, the
o-field generated by xg, x1,...,2:. Then we have the following convergence result.
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Theorem 5. (Jiang & Walrand, 2010) Consider the above update rule. If

f(-) has a unique minimizer x* € X
T > O,Zrt = OO,ZT? < 00
t t

AC1 e R < oo s.t. ||0f(x)]|e < C1,Vz e X
30y € R < 00 s.t. Egf||z]!] < Co, Vit
dC53 € R < 00 s.t. HthQ < (Cs,Vt

> rllbyl] < 0o wp. 1
t

Then xy — x* w.p. 1 ast — oc.

Note: Jiang and Walrand (2010) prove the result for gradients, though the same proof
follows for subgradients. Only the inequality [z* — x¢]T¢g; < f(2*) — f(=x;) for gradient g;
at iteration ¢ is used, which holds for subgradients. Boyd and Mutapcic (2006) provide
a general discussion of subgradient methods, along with similar results. Shor (1998), in
Theorem 46, provide a convergence proof for the stochastic subgradient method without
projections and the extra noise terms.

C.2 Mapping ILV to SSGM

As described in Section 3, suppose that hy is the induced probability distribution on the
ideal values of the voters. In the following discussion, we will refer to voters and their ideal
solutions interchangeably:.

Next, we restate ILV without the stopping condition so that it looks like the stochastic
subgradient method. Consider Algorithm 2.

Algorithm 2: ILV
Start at some xg € X. For ¢t > 1,

e Sample voter v € V from hy.

e Compute xy = [24—1 — 7¢Gv, (7¢)]x, where 7, = 7 and 4Gy, (2¢) is

movement given by voter v;.

We want to minimize the societal cost, f(z) = E[f,(z)]. From Theorem 4, it imme-
diately follows that if each voter v articulates a subgradient of her utility function for all
x, i.e. gy(z) € dfy(x), then from Theorem 5, we can conclude that the algorithm con-
verges. However, users may not be able to articulate such a subgradient. Instead, when
the voters respond correctly to query (1) (i.e. move to their favorite point in the given £7
neighborhood), we have
xp — argming[fo, () @ |z — a¢flg < 74

(2)

Gu, (xt) = T

Furthermore, for all the proofs, we assume the following.
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A. The solution space X C RM is non-empty, bounded, closed, and convex.
B. Each voter v has a unique ideal solution z, € X.

C. The ideal point x, of each voter is drawn independently from a probability distribution
with a bounded and measurable density function hy on M dimensions:
there exists C' s.t. Vo we have hy(z) < C. This assumption allows us to bound the
probability of errors that occur in small regions of the space.

C.3 Proof of Theorem 1

Let the disutility, or cost to voter v € V be f,(z) = ||z — x|, for all z € X. We use the
following technical lemma:

Lemma 1. For q € {1,2,00}, there exists Ko € RY s.t. ||gu(7) — gtll2 < Ko, V gt € Ofy(x)
for any v and x.

The lemma bounds the error in the movement direction from the gradient direction, by
noting that both the movement direction and the gradient direction have bounded norms.

We also need the following lemma, which is proved separately for each case in the following
sections.

Lemma 2. Suppose that f,(z) £ ||z, — z||, and define the function

At £ H{gvt (xt) ¢ 8fvt (.271})},

where Gy, (x¢) is as defined in (2). Then there exists C € R s.t. ¥V n, P(A; = 1|F) < Cry,
when (p=2,q=2), (p=1,g=00), or (p =00, q=1).

The lemma can be interpreted as follows: A; indicates a ‘bad’ event, when a voter may not
be providing a true subgradient of her utility function. However, the probability of the event
occurring vanishes with r;, which, as we will see below, is the right rate for the algorithm
to converge.

Theorem 1. Suppose that conditions C1, Ca, and Cs are satisfied, the voter utilities are LP
normed, and voters respond to query (1) according to either Model A or Model B. Then,
ILV with £ neighborhoods converges to the societal optimal point w.p. 1 when (p,q) = (2,2),
(1,00), or (o0, 1).

Proof. We will show that Algorithm 2 meets the conditions in Theorem 5. Let b =
E¢[dv, (2)] — g¢ and 2z = §y,(2) — E¢[Ge], for some g € Of(x;). Then, Gy, (z;) can be
written as gy, (1) = G+ + 2zt + b. We show that by, z; meet the conditions in the theorem,
and so the algorithm converges.
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Let A; be the indicator function described in Lemma 2. Then, for some g; € 0f(zy),

be = Bi[Go, (x1)] — gt
= Et[gv, (z¢)] — Ei[gi] Theorem 4, i.i.d sampling of v
= P(A; = 1[F)(Et[go, (21)| Ar = 1] — E¢[ge| A = 1])
+ P(Ar = 0|F) (Ei[go, (z¢)|Ar = 0] — Eq¢[ge| A = 0])
= P(A; = 1{F)(Et[go, (22)|Ar = 1] — E¢[ge| A = 1])
< Cry(Ee[gu, (21)|Ar = 1] — Ei[ge] Ar = 1]). Lemma 2

Combining with Lemma 1, and the fact that r, = r¢/t, we have

Zrt||bt|| < 0o and there exists C; € R < 0o s.t. ||by]|2 < C, V.

Finally, note that ||z]| £ ||§u, () — E¢[Gw, (2¢)]]| is bounded for each ¢ because the ||§y, (21|
is bounded as defined. Thus, all the conditions in Theorem 5 are met for both b; and z,
and the algorithm converges. O

C.4 Proof of Theorem 2

Instead of moving to their favorite point on the ball, voters now instead move in the direction
of the gradient of their utility function to the boundary of the given neighborhood. In this
case, we have:

Goi (1) = ; for go, € Ofu,(21). (1)

||g'Ut ”q

The key to the proof is the following observation, that the ¢ norm of the gradient of
the p norm, except at the ideal points on each dimension, is constant. This observation is
formalized in the following lemma:

Lemma 3. V(p,q) s.t. p >0, ¢ >0, and 1/p+1/q = 1, ||V|z — zy|pllq = 1,V s.t.
x™ # x)t for any m.

Theorem 2. Suppose that conditions C1, Co, and Cs are satisfied, the voter utilities are
LP normed, and voters respond to query (1) according to Model B. Then, 1LV with L4
neighborhoods converges to the societal optimal point w.p. 1 for any p > 0 and q¢ > 0 such
that 1/p+1/q = 1.

Proof. Since the probability of picking a voter v such that zj* = z* for some dimension m
is 0, we have gy, (v¢) = gu, for gy, = Vfy,(x¢). Thus we obtain the gradient exactly, and
hence Theorem 5 applies with by = 0 for all . O

C.5 Proof of Propositions

We now turn our attention to the case of Weighted Euclidean utilities and show that Al-
gorithm 2 converges to the societal optimum. The analogue to Lemma 2 for this case is
(proved in the following subsection):
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Lemma 4. Suppose that f,(z) = Zle %Hmk — 2F|l2, and define the function

Ay £ H{gvt (xt) ¢ afvt (:Et)},

where Gy, (x¢) is as defined in (2) for ¢ = 2. Then there exists C € R s.t. Vn, P(A: =
1|Ft) S CT’t.

Proposition 1. Suppose that conditions Cq, Cq, and Cs are satisfied, the voter utilities are
Weighted Euclidean, and voters correctly respond to query (1) according to either Model A
or Model B. Then, ILV with £? neighborhoods converges with probability 1 to the societal
optimal point.

Proof. The proof is then similar to that of Theorem 1, and the algorithm converges to
Z;ﬁ-{:lwﬁﬂwk—rﬁllz} =

l[woll2

¥ = argmin E
Now, we sketch the proof for fully decomposable utility functions and £ neighborhoods.

Proposition 2. Suppose that conditions C1, Ca, and Cs are satisfied, the voter utilities
are decomposable, and voters respond to query (1) according to either Model A or Model
B. Then, ILV with L% neighborhoods converges with probability 1 to a point in the set of
medians T.

Proof. Consider each dimension separately. If x}"; < z7", then the sampled voter increases
", by r; as long as i | +r; < x'. On the other hand if z7"; > 2}, then the sampled
voter decreases x}" | by r; as long as x}"; —r; > x'. Thus except for when a voter’s ideal
solution is too close to the current point, the algorithm can be seen as performing SSGM
on each dimension separately as if the utility function was £! (the absolute value) on each
dimension. Thus a proof akin to that of Theorem 1 with p =1, ¢ = oo holds. O

C.6 Proof of Theorem 3

We now show that the algorithm finds directional equilibria in the following sense: if under
a few conditions a trajectory of the algorithm converges to a point, then that point is a
directional equilibrium.

Theorem 3. Suppose that C1, Ca, and C3 are satisfied, and let G(z) = E, {%}
Suppose, G(x) is uniformly continuous, L2 movement norm constraints are used, and voters
move according to Model B. If a trajectory {x}5°, of the algorithm converges to z*, i.e.
xy — =, then x* is a directional equilibrium, i.e. G(x*) = 0.

Proof. Suppose x* is not a directional equilibrium, i.e. Je > 0s.t. ||G(z*)||2 = €. Consider a
S-ball around x*, Bs = {z : ||[z* — z||2 < §}, with J, €2 > 0 chosen such that 3m € {1... M}
s.t. Vo € Bs, sign(Gp,(z)) = sign(G,(z*)) and |Gy, ()] > €2, i.e. the gradient in the mth
dimension does not change sign and has magnitude bounded below. Such a §, ez exists by
the continuity assumption (if z* is not a directional equilibrium, at least 1 dimension of
G(z*) is non-zero and thus one can construct a ball around z* such that G(z),x € By in
that dimension satisfies the conditions).
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Now, one can show that the probability of leaving neighborhoods around z* goes to 1:
Vi >0,0<d2 <6, w.p. 1 I >tst. ||z —x*|2 > o
Suppose x; € Bs, (otherwise 7 = ¢ satisfies), r, = %

VI (k)

Ty =Xt + Az Az & —rp—t
APP T T )

-
ler — 2™z = o — " + ) Awyl
k=t

.
> 1) Aglla — [lae — 2|
k=t
T
> (| Ayl — 62
k=t
T T
1> Azplle > Ayl defn of || - [|2
k=t k=t

T T
Z Aack,m Z A$k,m
k=t k=t

T T
> Az > ATkm
k=t k=t

= ‘]EU

-
+ Z Awk,m - Ev
k=t

> |E,

= 1) Azg —E,
k=t

By Hoeffding’s inequality,

ET: Aflsz,m

k=t

2(r — t)2e§
> €3] <exp oy T
k=t k&

—0as T — o0

.
Pr (Z Azpm —E,
k=t

Furthermore, by the continuity assumption,

[Ey

-
Z Azxym
k=t

|21 rkGm()|
k=t

— 00 as T — oo while zy € B,

Thus, Pr(||xz; —x*||]2 > d2) — 1 as 7 — oo. Thus, if an infinite trajectory converges to z*,
then w.p. 1, then * is a directional equilibrium. O

C.7 Proofs of Lemmas

Lemma 1 For g € {1,2,00}, K3 € Rt < 00 s.t. ||go, — gtll2 < K2, Vgt € Ofy,(x1), vt, 21
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Proof.

1o (26) = gell2 < l|Gw, (1) ll2 + [1g¢l2
_ Nz — argming [l — |y« [l — 24llq < re]l2

+ [lgell2
Tt

< K1+ [gell2
< Ky

for some K1, Ko € RT. The second inequality follows from the fact that for finite M-
dimensional vector spaces, |y|l2 < |lyll1 and ||yl < VM]||y|loo- The third follows from the
norm of the subgradients of the p norm being bounded. O

Lemma 2, case (p = 2,q = 2).

Proof. Remember that A; 2 1{g,, (x¢) ¢ 0f, (21)}. Let By = I{||zy, — x¢|l2 < r¢}. We show
that A) B, =0 = A; =0, and B) 3C € R s.t. P(B; = 1|F) < Cr. Then, 3C € R s.t.
P(At = Hft) S CT’t.

Part A, B,=0 = g, (xt) = gy, for some g; € Ofy, (x4):
First, note that

Of vy (x) = Ol — 2, |2

T—Ty
_ { eo—al) T 7 Tu
{9:gll2 £1} ==,

If |2y, — x¢]]2 > 7¢ , then

. Ty, — T
argmin(||x — zy,|l2 : ||z — 2|2 < 7] = @ + ot
@ |20, — 212
Then,
_ 1 — : — <
Gv, (x1) = 7 — argming |2 Q:ZtHz |z = zella < 7] Definition
B Ty — (ZL‘t + rt4||fvif;]2>
= -
_ Tt T Tu
Hxvt - $t||2
€ 8fvt($t)
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Part B, 3C € R s.t. P(B; = 1|5) < Cry:

P(B; = 1|F) = P(||wy, — z¢ll2 < 14| F2)

Il
S

hX‘]:t (x)dac
ze{z:||z—xz¢||2<r:}

= / hx(x)dx v drawn independent of history
ze{z:||z—z¢||2<r:}

< Crtg bounded hy

<Cry ry < 1 eventually

for some C' € R < co. Note that C depends on the volume of a sphere in M dimensions.
Lemma 2, case (p =1,q = o0).

Proof. Let hy,(z;) = [sign(z), —xf), ..., sign(z —af), ..., sign(z) — xf\/[)]T

Let By = I{3m, |z} — x| < ri}. We show the the same two parts as in the above proof.

Part A, B, =0 = gy, (z¢) = g¢, for some g; € Ofy, (x1):
First, note that the subgradients are

afvt (JZ‘) = 8H:c - fL’thI
={9: lglloe < 1,97 (x — 0,) = [lz — 4, |1}

If Vm, |27, — 27"| > 7y, then

argm{)}n[”x — Ty |1 |7 — 2] oo S 1] = @y + vy, (a4)

Then,
— i — sl — <
(g = T i = ¢ o = o < 1 Definition
Tt
I (@t + rehy, (1))
Tt
= _hUt (xt)
€ Ofy, (1)
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Part B, 3C € Rs.t. P(B; = 1|F) < Cry:

P(B; = 1|F) =P@m : |ay, — a1 < r|Fy)
-/ havi, (@)da
ze{x:Im,|am -z |<ri}
= hx(x)dx v drawn independent of history
ze{x:Im,|am—z]|<ri}
< Cry bounded hy, fixed M, bounded X

for some C € R < oco. In the last line, C' = 2M (diameter(X')), based on the volume of the
slices around the ideal points on each dimension. O

Lemma 2, case (p =1,q = o0).

Proof. Let m; € argmax,, |zy! — z"|,
Let o, (z:) 2 [0, 0, ..., 0, sign(a™ —a7), 0,..., 0, 0],
Let By = I{3m # my : |27

me— g < |2 — 2| + 1, }. We show the the same two parts as
in the above proofs.

Part A, B, =0 = gy, (z¢) = g¢, for some g; € Ofy, (x1):

First, note that when B; = 0, the set of subgradients is

O fu(2) = Oz — 2y, [0
= {hw, (1)}

Also when B; =0,

arg min[[|z — v, oo * [l = @l < 7] = 20 = reho, (1)

Then,
— i — s — <
i () = B arEmine (e — w15 |l2 — ol < 14 Definition
Tt
_ Tt — (fUt - 'rthvt (ﬂft))
Tt
= h”Ut (xt)
€ Ofy, (1)
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Part B, 3C € R s.t. P(B; = 1|5) < Cry:

P(B; = 1%

)
P(I{3m # my : |20 — :c;m\ < lay, — x|+ re | Fp)

vt

/ - - hX‘]'—t (.’L’)dl’
ze{z:Im#m; s.b. |zy," —x; H<|z —z | +re

/ o hx(x)dz v ind. of history
ze{z:Im#Amy st |z, —a] "t |<|a —z] 4}

< Cry bounded hy, X, fixed M

for some C' € R < oo. Note that C = 2M?(diameter(X)), based on the volume of the slices
around each dimension. O

Lemma 3V (p,q)s.t. p>0,¢>0,1/p+1/q =1, ||V|z—20|pllg = 1,V s.t. Vm,a™ # x}".
Proof. If ™ # x',Vm :

1/p
Vil = 24llp = Vi (Z 2™ — xmp)
m
1 Vla™ =2
P (Y, [am — amp)t P

_ ™ =2 P (V2™ — 27)

|z — @[
Then

v

| |2 — 2 P (Vi |2™ — 23])

HVHHE—%Hqu = | Hq

lz — @l
1 1/q
"ot (Z |2 = 2 P (V2™ — fﬁm)‘q)
.’L'—fl;'v”p m
1 1/q
— (p—1)g
= — Z]mm—xvm| )
|z — 2yl ( ™
1
:WH%—%H?/Q (p—1)g=rp
— x|
=1

k
Lemma 4 Suppose that f,(z) = Zszl ”:}Uﬁﬂxk — 2F|l2, and define the function

Ay £ H{gvt (xt) ¢ afvt (xt)},

where Gy, (xt) is as defined in (2) for ¢ = 2. Then there exists C € R s.t. Vn, P(A; =
1|ft) S CTt,
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Proof. Let By =I{3k s.t. |lzf — af|ls < ri}. We show the same two parts for B; as for the
proofs for Lemma 2.

Part A, B, =0 = gy, (2¢) = g¢, for some g; € Ofy, (x1):

First, note that, when By = 0,

< wh k k
6mfvt(xt) = 8mz . ||.CL' - mUHZ
2 w2
whkm " — :cgz

= = z km is subspace containing the mth dimension
[wsll2 [l — 2" |2

Also if By =0, then

K k k m m
. w wtm xlt—
arg min Z lzF —aflo: lz —zello < re| =@ 47 |-, .
cal Do) T Fwllz [l — 2]
Then,
_ 1 — : — <
(o) = T argminlle =y ¢ =l < 1 e
Tt
(S Ofvt (i‘t)
Part B, 4C € R s.t. P(Bt = 1|ft) < Cry:
P(By = 1|F) = P([lze, — zella < e F2)
- / h/\’\]——t (x)d:c
z€{z:3k s.t. ||xfjt7:cf||2§n}
= / hx(x)dz v drawn independent of history
we{w:Ik st ok —xf|2<r}
< Crtz bounded hy
< Cry ry < 1 eventually
for some C' € R < co. Note that C' depends on K and M. O
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