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Abstract

We consider a variation on the classical finance problem of optimal portfolio design. In our setting, a
large population of consumers is drawn from some distribution over risk tolerances, and each consumer
must be assigned to a portfolio of lower risk than her tolerance. The consumers may also belong to
underlying groups (for instance, of demographic properties or wealth), and the goal is to design a small
number of portfolios that are fair across groups in a particular and natural technical sense.

Our main results are algorithms for optimal and near-optimal portfolio design for both social welfare
and fairness objectives, both with and without assumptions on the underlying group structure. We
describe an efficient algorithm based on an internal two-player zero-sum game that learns near-optimal
fair portfolios ex ante and show experimentally that it can be used to obtain a small set of fair portfolios
ex post as well. For the special but natural case in which group structure coincides with risk tolerances
(which models the reality that wealthy consumers generally tolerate greater risk), we give an efficient and
optimal fair algorithm. We also provide generalization guarantees for the underlying risk distribution
that has no dependence on the number of portfolios and illustrate the theory with simulation results.
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1 Introduction

In this work we consider algorithmic and learning problems in a model for the fair design of financial
products. We imagine a large population of individual retail investors or consumers, each of whom has
her own tolerance for investment risk in the form of a limit on the variance of returns. It is well known
in quantitative finance that for any set of financial assets, the optimal expected returns on investment are
increasing in risk.

A large retail investment firm (such as Vanguard or Fidelity) wishes to design portfolios to serve these
consumers under the common practice of assigning consumers only to portfolios with lower risks than their
tolerances. The firm would like to design and offer only a small number of such products — much smaller
than the number of consumers — since the execution and maintenance of portfolios is costly and ongoing.
The overarching goal is to design the products to minimize consumer regret — the loss of returns due to
being assigned to lower-risk portfolios compared to the bespoke portfolios saturating tolerances — both with
and without fairness considerations.

We consider a notion of group fairness adapted from the literature on fair division. Consumers belong
to underlying groups that may be defined by standard demographic features such as race, gender or age, or
they may be defined by the risk tolerances themselves, as higher risk appetite is generally correlated with
higher wealth. We study minmazx group fairness, in which the goal is to minimize the maximum regret across
groups — i.e. to optimize for the least well-off group. Compared to the approach of constraining regret to
be equal across groups (which is not even always feasible in our setting), minmax optimal solutions have
the property that they Pareto-dominate regret-equalizing solutions: every group has regret that can only be
smaller than it would be if regret were constrained to be equalized across groups.

Related Work. Our work generally falls within the literature on fairness in machine learning, which is
too broad to survey in detail here; see [3] for a recent overview. We are perhaps closer in spirit to research
in fair division or allocation problems [ 2 13], in which a limited resource must be distributed across a
collection of players so as to maximize the utility of the least well-off; here, the resource in question is the
small number of portfolios to design. However, we are not aware of any technical connections between our
work and this line of research. Within the fairness in machine learning literature, our work is closest to fair
facility location problems [9] [10], which attempt to choose a small number of “centers” to serve a large and
diverse population and “fair allocation” problems that arise in the context of predictive policing [4H6].

There seems to have been relatively little explicit consideration of fairness issues in quantitative finance
generally and optimal portfolio design specifically. An exception is [§], in which the interest is in fairly
amortizing transaction costs of a single portfolio across investors rather than designing multiple portfolios
to meet a fairness criterion.

Our Results and Techniques. In Section |3} we provide a dynamic program to find p products that
optimize the average regret of a single population. In Section [4 we divide the population into different
groups and develop techniques to guarantee minmax group fairness: in Section we show a separation
between deterministic solutions and randomized solutions (i.e. distributions over sets of p products) for
minmax group fairness; in Section [f.2] we leverage techniques for learning in games to find a distribution
over products that optimizes for minmax group fairness; in Section we focus on deterministic solutions
and extend our dynamic programming approach to efficiently optimize for the minmax objective when the
number of groups is constant; in Section [£.4] we study the natural special case in which groups are defined
by disjoint intervals on the real line and give algorithms that are efficient even for large numbers of groups.
In Section [5] we show that when consumers’ risk tolerances are drawn i.i.d. from an unknown distribution,
empirical risk bounds from a sample of consumers generalize to the underlying distribution, and we prove
tight sample complexity bounds. Finally, in Section[6] we provide experiments to complement our theoretical
results.



2 Model and Preliminaries

We aim to create products (portfolios) consisting of weighted collections of assets with differing means
and standard deviations (risks). Each consumer is associated with a real number 7 € R, which is the
risk tolerance of the consumer — an upper bound on the standard deviation of returns. We assume that
consumers’ risk tolerances are bounded.

2.1 Bespoke Problem

We adopt the standard Markowitz framework [I1] for portfolio design. Given a set of m assets with mean
i € R and covariance matrix 3 € R™*™, and a consumer risk tolerance 7, the bespoke portfolio achieves
the maximum expected return that the consumer can realize by assigning weights a over the assets (where
the weight of an asset represents the fraction of the portfolio allocated to said asset) subject to the constraint
that the overall risk — quantified as the standard deviation of the mixture a over assets — does not exceed
her tolerance 7. Finding a consumer’s bespoke portfolio can be written down as an optimization problem.
We formalize the bespoke problem in Equation below, and call the solution r(7).

T, 14T 2 4T
r(T) = max (a aXa<rt,l'a=1 1
(r) = max {a ula’Sa < 2 } M)
Here we note that optimal portfolios are summarized by function r(7), which is non-decreasing. Since
consumer tolerances are bounded, we let B denote the maximum value of r(7) across all consumers.

2.2 A Regret Notion

Suppose there are n consumers to whom we want to offer products. Our goal is to design p < n products
that minimize a notion of regret for a given set of consumers. A product has a risk (standard deviation)
which we will denote by ¢. We assume throughout that in addition to the selected p products, there is
always a risk-free product (say cash) available that has zero return; we will denote this risk-free product
by ¢o = 0 throughout the paper (r(co) = 0). For a given consumer with risk threshold 7, the regret of the
consumer with respect to a set of products ¢ = (c1,c¢,...,¢,) € RE, is the difference between the return
of her bespoke product and the maximum return of any product with risk that is less than or equal to her
risk threshold. To formalize this, the regret of products c¢ for a consumer with risk threshold 7 is defined
as R (c) = r(7) — max.,;<, r(c;). Note since ¢g = 0 always exists, the max.; <, r(c;) term is well defined.
Now for a given set of consumers S = {7;}7;, the regret of products c on S is simply defined as the average
regret of ¢ on S:

> Reo) @

When S includes the entire population of consumers, we call Rg(c) the population regret. The following
notion for the weighted regret of ¢ on S, given a vector w = (wq, ..., w,) of weights for each consumer, will
be useful in Sections Bl and [4t

Rs(c, W) £ Z w; Rﬂ. (C) (3)

Absent any fairness concern, our goal is to design efficient algorithms to minimize Rg(c) for a given set
of consumers S and target number of products p: mine Rg(c). This will be the subject of Section
We can always find an optimal set of products as a subset of the n consumer risk thresholds S = {7;},,
because if any product ¢; is not in S, we can replace it by min{7; | 7, > ¢;} without decreasing the return
for any consumerﬂ We let Cp(S) represent the set of all subsets of size p for a given set of consumers

1We consider a more general regret framework in Appendix [B] which allows consumers to be assigned to products with
risk higher than their tolerance, and in this case it is not necessarily optimal to always place products on the consumer risk
thresholds.



S: Cp(S) = {c=(c1,c2,...,¢,) CS}. We therefore can reduce our regret minimization problem to the
following problem:
R(S,p) = min Rg(c) (4)

ceCp(S)

Similarly, we can reduce the weighted regret minimization problem to the following problem:

R(S £ in R ) 5
(S, w,p) o loin s(c,w) (5)

2.3 Group Fairness: ex post and ex ante

Now suppose consumers are partitioned into g groups: S = {G}{_;, e.g. based on their attributes like race
or risk levels. Each Gy consists of the consumers of group k represented by their risk thresholds. We will
often abuse notation and write ¢ € G to denote that consumer ¢ has threshold 7, € Gi. Given this group
structure, minimizing the regret of the whole population absent any constraint might lead to some groups
incurring much higher regret than others. With fairness concerns in mind, we turn to the design of efficient
algorithms to minimize the maximum regret over groups (we call this maximum “group regret”):

A .
Reair (S, p) = o lain { max Rea, (C)} (6)

The set of products ¢ that solves the above minmax problenﬂ will be said to satisfy ex post minmax fairness
(for brevity, we call this “fairness” throughout). One can relax problem @ by allowing the designer to
randomize over sets of p products and output a distribution over Cp,(S) (as opposed to one deterministic set
of products) that minimizes the maximum expected regret of groups:

o~ A .
Riair (S,p) 2 comin {1r<rll?§gEc~c Ra, (C)]} (7)

where A(A) represents the set of probability distributions over the set A, for any A. The distribution C
that solves the above minmax problem will be said to satisfy er ante minmax fairness — meaning fairness
is satisfied in expectation before realizing any set of products drawn from the distribution C — but there is
no fairness guarantee on the realized draw from C. Such a notion of fairness is useful in settings in which the
designer has to make repeated decisions over time and has the flexibility to offer different sets of products
in different time steps. In Section 4| we provide algorithms that solve both problems cast in Equations (@
and . We note that while there is a simple integer linear program (ILP) that solves Equations @ and
@, such an ILP is often intractable to solve. We use it in our experiments on small instances to evaluate
the quality of our efficient algorithms.

3 Regret Minimization Absent Fairness

In this section we provide an efficient dynamic programming algorithm for finding the set of p products
that minimizes the (weighted) regret for a collection of consumers. This dynamic program will be used as a
subroutine in our algorithms for finding optimal products for minmax fairness.

Let S = {r;}]-; be a collection of consumer risk thresholds and w = (w;)]—; be their weights, such
that 7, < -+ < 7, (w.lo.g). The key idea is as follows: suppose that consumer index z defines the riskiest
product in an optimal set of p products. Then all consumers z,...,n will be assigned to that product and
the consumers 1, ...,z —1 will not be. Therefore, if we knew the highest risk product in an optimal solution,
we would be left with a smaller sub-problem in which the goal is to optimally choose p — 1 products for the
first z — 1 consumers. Our dynamic programming algorithm finds the optimal p’ products for the first n’
consumers for all values of n’ < n and p’ < p.

2In Appendix we show that optimizing for population regret can lead to arbitrarily bad group regret in relative terms,
and vice-versa.



More formally for any n’ < n, let S[n/] = {r;}?", and w[n’] denote the n’ lowest risk consumers and
their weights. For any n’ < n and p’ < p, let T(n/,p’) = R(S[n], w[r'],p’) be the optimal weighted regret
achievable in the sub-problem using p’ products for the first n’ weighted consumers. We make use of the
following recurrence relations:

Lemma 1. The function T defined above satisfies the following properties:
1. For any 1 <n' <n, we have T(n’,0) = ZZil w;r(T;).

2. Forany1<n’ <n and0<p <p, we have

n/
T(n',p') = _ min T(z—1,p = 1)+ ) wi(r(n) —r(r
( p) ze{p’,....,n"} ( p ) Zz:; (( ) ( ))

Proof. See Appendix O

The running time of our dynamic programming algorithm, which uses the above recurrence relations to
solve all sub-problems, is summarized below.

Theorem 1. There exists an algorithm that, given a collection of consumers S = {7}, with weights
w = (w;)l~, and a target number of products p, outputs a collection of products ¢ € Cp(S) with minimal
weighted regret: Rg(c,w) = R(S,w,p). This algorithm runs in time O(n?p).

Proof. The algorithm computes a table containing the values T'(n’,p’) for all values of n’ < n and p’ < p
using the above recurrence relations. The first column, when p’ = 0, is computed using property 1 from
Lemma while the remaining columns are filled using property 2. By keeping track of the value of the index
z achieving the minimum in each application of property 2, we can also reconstruct the optimal products
for each sub-problem.

To bound the running time, observe that the sums appearing in both properties can be computed in O(1)
time, after pre-computing all partial sums of the form Zil w;r(7;) and Z;il w; for n’ < n. Computing
these partial sums takes O(n) time. With this, property 1 can be evaluated in O(1) time, and property 2
can be evaluated in O(n) time (by looping over the values of z). In total, we can fill out all O(np) table
entries in O(n?p) time. Reconstructing the optimal set of products takes O(p) time. O

4 Regret Minimization with Group Fairness

In this section, we study the problem of choosing p products when the consumers can be partitioned into
g groups, and we want to optimize minmax fairness across groups, for both the er post minmax fairness
Program @ and the ex ante minmax fairness Program .

We start the discussion of minmax fairness by showing a separation between the ez post objective in
Program @ and the exr ante objective in Program @ More precisely, we show in subsection that the
objective value of Program @ can be (g) times higher than the objective value of Program ().

In the remainder of the section, we provide algorithms to solve Programs @ and @ In subsection
we provide an algorithm that solves Program @ to any desired additive approximation factor via no-regret
dynamics. In subsection we provide a dynamic program approach that finds an approximately optimal
solution to Program @ when the number of groups g is small. Finally, in subsection we provide a
dynamic program that solves Program @ exactly in a special case of our problem in which the groups are
given by disjoint intervals of consumer risk thresholds.



4.1 Separation Between Randomized and Deterministic Solutions

The following theorem shows a separation between the minmax (expected) regret achievable by deterministic
versus randomized strategies (as per Programs @ and ); in particular, the regret Rg,, of the best
deterministic strategy can be Q(g) times worse than the regret Ry, of the best randomized strategy:

Theorem 2. For any g and p, there exists an instance S consisting of g groups such that
7/?\/fai?“ (Sv p) < 1 ’Vp + 1-‘
Rfair(svp) o p+1 g

Proof. The proof is provided in Appendix O

In the following theorem, we show that for any instance of our problem, by allowing a multiplicative
factor g blow-up in the target number of products p, the optimal deterministic minmax value will be at least
as good as the randomized minmax value with p products.

Theorem 3. We have that for any instance S consisting of g groups, and any p,
Rfair (57 gp) S Rfair (Sap)

Proof. Fix any instance S = {Gj}{_, and any p. Let ¢} £ argmingcc () Re, (¢) which is the best set of p
products for group Gi. We have that

Riair (S, 9p) = (i oA Rg, (c)

< max R, (Urey)
< max Re,(c)

<

< wex Eec Ra, (c)]

where the last inequality follows from the definition of ¢} and it holds for any distribution C € A(C,(S)). O

4.2 An Algorithm to Optimize for ex ante Fairness

In this section, we provide an algorithm to solve the ez ante Program . Remember that the optimization
problem is given by

ceA(Cy(5)) | 1<k<g

Reair (S,p) £ min { max Ecc[Rg,(c )]} @

Algorithm relies on the dynamics introduced by Freund and Schapire [7] to solve Program . The
algorithm interprets this minmax optimization problem as a zero-sum game between the designer, who
wants to pick products to minimize regret, and an adversary, whose goal is to pick the highest regret group.
This game is played repeatedly, and agents update their strategies at every time step based on the history
of play. In our setting, the adversary uses the multiplicative weights algorithm to assign weights to groups
(as per Freund and Schapire [7]) and the designer best-responds using the dynamic program from Section
to solve Equation to choose an optimal set of products, noting that

Erng Ry (@] = S Dyt ) S R(o) 30 2O G) g e iy

kelg] zeGk k i=1 kelg) |Gl

where w;(t) £ > kelg] 1‘)5(7 I{i € Gi} denotes the weight assigned to agent i, at time step t.

Theorem [] shows that the time-average of the strategy of the designer in Algorithm [I]is an approximate
solution to minmax problem (|7



Algorithm 1 2-Player Dynamics for the Ex Ante Minmax Problem

Input: p target number of products, consumers S partitioned in groups G1,...,Gy, and 7.
Initialization: The no-regret player picks the uniform distribution D(1) = (é, RV %) € A([g]),
fort=1,...,T do

The best-response player chooses c(t) = (c1(t),...,cp(t)) € Cp(S) so as to solve

c(t) = argmin Ep [Ra, (c)] . (8)
ceCyp(S)

The no-regret player observes uy(t) = Rg, (c(t))/B for all k € [g]. The no-regret player sets D(t + 1)
via multiplicative weight update with 3 = 1 € (0,1), as follows:

1+4/2182

Dk(t)ﬂuk(t)
Dp(t+1) =
k ) 71 Di(t)gur®)

k€ [g],

Output: C7: the uniform distribution over {c(t)}Z_;.

Theorem 4. Suppose that for alli € [n], r(7;) < B. Then for allT > 0, Algorz'thm runs in time O(Tn?p)
and the output distribution Cr satisfies

~ 2Ilng Ing
géa[‘ﬁ]ECNCT [R‘Gk (C)} < fair (S,p) + B ( T + T) . (9)

Proof. Note that the action space of the designer C,(S) and the action set of the adversary {Gi}j_, are
both finite, so our zero-sum game can be written in normal form. Further, ug(t) € [0, 1], noting that the
return of each agent is in [0, B] — so must be the average return of a group. Therefore, our minmax game
fits the framework of Freund and Schapire [7], and we have that

axEcc.. |[Ra, (c)] < i a
max Bencr Rou(e)] <, min  omax)

2Ilng Ing
EkNQ,CNC [R(;k (C)] + B ( T + T) .

The approximation statement is obtained by noting that for any distribution G over groups,

Ei~c c~c |Ra, = Eevc |[Re, .
X Eig, ¢ [Ra, (c)] max. c [Ra, (c)]

With respect to running time, note that at every time step ¢ € [T, the algorithm first solves

c(t) = argmin Ey . p(s) [Re, (c)] .-
CECp(S)

We note that this can be done in time O(n?p) as per Section [3, remembering that
Ex~p(t) [Re (€)] = Rs (e, w(?))

i.e., Equation is a weighted regret minimization problem. Then, the algorithm computes u(t) for each
group k, which can be done in time O(n) (by making a single pass through each customer ¢ and updating
the corresponding uy, for ¢ € Gy). Finally, computing the g weights takes O(g) < O(n) time. Therefore,
each step takes time O(n?p), and there are T such steps, which concludes the proof. O

Importantly, Algorithm [I| outputs a distribution over p-sets of products; Theorem [4 shows that this
distribution Cr approximates the ex ante minmax regret Ry.i,. Cr can be used to construct a deterministic
set of product with good regret guarantees: while each p-set in the support of Cr may have high group
regret, the union of all such p-sets must perform at least as well as Cr and therefore meet benchmarks Ryair
and Ry, However, this union may lead to an undesirable blow-up in the number of deployed products.
The experiments in Section [§] show how to avoid such a blow-up in practice.



4.3 An ex post Minmax Fair Strategy for Few Groups

In this section, we present a dynamic programming algorithm to find p products that approximately optimize
the ex post maximum regret across groups, as per Program @ Remember the optimization problem is given
by

Ruse(5.9) = _min { max R (o)} ®

c€CL(S) (1<k<yg
The algorithm aims to build a set containing all g-tuples of average regrets (Rg,,...,Rg,) that are simulta-
neously achievable for groups G, ...,G,. However, doing so may be computationally infeasible, as there can

be as many regret tuples as there are ways of choosing p products among n consumer thresholds, i.e. (g) of
them. Instead, we discretize the set of possible regret values for each group and build a set that only contains
rounded regret tuples via recursion over the number of products p. The resulting dynamic program runs
efficiently when the number of groups g is a small constant and can guarantee an arbitrarily good additive
approximation to the minmax regret. We provide the main guarantee of our dynamic program below and
defer the full dynamic program and all technical details to Appendix [E]

Theorem 5. Fiz any € > 0. There exists a dynamic programming algorithm that, given a collection of
consumers S = {1;}1_,, groups {G}{_,, and a target number of products p, finds a product vector c € Cp(S)

with maxye(g Ra, (¢) < Ryair (S,p) + € in time O (nzp G%-‘ + 1)9).

This running time is efficient when ¢ is small, with a much better dependency in parameters p and n
than the brute force approach that searches over all (Z) ways of picking p products.
4.4 The Special Case of Interval Groups

We now consider the case in which each of the g groups Gy, is defined by an interval of risk thresholds. Le.,
there are risk limits by, ..., by41 so that Gy contains all consumers with risk limit in [bg, bxy1). Equivalently,
every consumer in Gy, has risk limit strictly smaller than any member of G1.

Our main algorithm in this section is for a decision version of the fair product selection problem, in
which we are given interval groups G4, ..., Gg4, a number of products p, a target regret », and the goal is to
output a collection of p products such that every group has average regret at most « if possible or else output
INFEASIBLE. We can convert any algorithm for the decision problem into one that approximately solves the
minmax regret problem by performing binary search over the target regret x to find the minimum feasible
value. Finding an e-suboptimal set of products requires O(log ?) runs of the decision algorithm, where B is
a bound on the minmax regret.

Our decision algorithm processes the groups in order of increasing risk limit, choosing products ¢*)
G, when processing group Gj. Given the maximum risk product x = max(uﬁ;ic(h)) chosen for groups
G1,...,Gp_1, we choose ¢} C G, to be a set of products of minimal size that achieves regret at most x
for group Gy (together with the product x). Among all smallest product sets satisfying this, we choose one
with the product with the highest risk. We call such a set of products efficient for group Gr. We argue
inductively that the union ¢ = Jj_, c®) is the smallest set of products that achieves regret at most & for all
groups. In particular, if |c| < p then we have a solution to the decision problem, otherwise it is infeasible.
We may also terminate the algorithm early if at any point we have already chosen more than p products.

Formally, for any set S of consumer risk limits, number of products p’, default product < min(S), and
target regret k, define SAT(S,p',z,k) = {c C S : |c|] < p/,Rs(cU{z}) < k} to be the (possibly empty)
collection of all sets of at most p’ products selected from S for which the average regret of the consumers in
S falls below k using the products ¢ together the default product z. For any collection of product sets A, we
say that the product set ¢ € A is efficient in A whenever for all d € A we have |c| < |d| and if |c| = |d| then
max(c) > max(d). That is, among all product sets in A, ¢ has the fewest possible products and, among all
such sets it has a maximal highest risk product. Each iteration of our algorithm chooses an efficient product
set from SAT(Gy,p’, x, k), where p’ is the number of products left to choose and x is the highest risk product
chosen so far. Pseudocode is given in Algorithm



Algorithm 2 Fair Product Decision Algorithm

Input: Interval groups Gfi,...,G4, max products p, target regret s
1. Let c + 0
2. Fork=1,...,g

(a) If SAT(Gy,p — |c|, max(c), k) = 0 output INFEASIBLE
(b) Otherwise, let ¢®) be an efficient set of products in SAT(Gy, p — |c|, max(c), k).
(c) Let ¢ + cuUc®,

3. Output c.

Lemma 2. For any interval groups G1, ..., Gy, number of products p, and target regret r, Algorithm [J
will output a set of at most p products for which every group has regret at most k if one exists, otherwise it
outputs INFEASIBLE.

Proof. See Appendix [G.3] O

It remains to provide an algorithm that finds an efficient set of products in the set SAT(S,p’, z, k) if
one exists. The following Lemma shows that we can use a slight modification of the dynamic programming
algorithm from Theoremto find such a set of products in O(|S|*p’) time if one exists, or output INFEASIBLE.

Lemma 3. There exists an algorithm for finding an efficient set of products in SAT(S,p’, x, k) if one exists
and outputs INFEASIBLE otherwise. The running time of the algorithm is O(|S|?p’).

Proof. A straightforward modification of the dynamic program described in Section [3] allows us to solve the
problem of minimizing the regret of population S when using p’ products, and the default option is given by
a product with risk limit 2 < 7 for all 7 € S (instead of ¢y). The dynamic program runs in time O(|S|?p’),
and tracks the optimal set of p” products to serve the z — 1 lowest risk consumers in S while assuming
the remaining consumers are offered product 7., for all z < |S| and p” < p’. Assuming SAT(S,p’, z, k) is
non-empty, one of these z’s corresponds to the highest product in an efficient solution, and one of the values
of p” corresponds to the number of products used in said efficient solution. Therefore, the corresponding
optimal choice of products is efficient: since it is optimal, the regret remains below . It then suffices to
search over all values of p’ and z after running the dynamic program, which takes an additional time at most
o(ls1p)- O

Combined, the above results prove the following result:

Theorem 6. There exists an algorithm that, given a collection of consumers divided into interval groups
S = Gij_, and a number of products p, outputs a set ¢ of p products satisfying maxyc(q Ra, (c) < R(S,p)+e
and runs in time O(log(g)p > |Gkl?), where B is a bound on the mazimum regret of any group.

Proof. Run binary search on the target regret x using Algorithm [2] together with the dynamic program.
Each run takes O(pY_7_; |Gx|?) time, and we need to do O(log £) runs. O

5 Generalization Guarantees

5.1 Generalization for Regret Minimization Absent Fairness

Suppose now that there is a distribution D over consumer risk thresholds. Our goal is to find a collection of
p products that minimizes the ezpected (with respect to D) regret of a consumer when we only have access
to n risk limits sampled from D. For any distribution D over consumer risk limits and any p, we define
Rp(c) = E-op[R-(c)], which is the distributional counterpart of Rg(c).

In Theorem |7}, we provide a generalization guarantee that shows it is enough to optimize Rg(c) when S
is a sample of size n > 2B%e~?log (4/§) drawn i.i.d. from D.

10



Theorem 7 (Generalization Absent Fairness). Letr : R>g — R be any non-decreasing function with bounded
range B and D be any distribution over R>o. For anye > 0 and § > 0, and for any target number of products
p, if S = {m}1, is drawn i.i.d. from D provided that

2
> 28210 (4/6)

o2
then with probability at least 1 — §, we have

sup |Rs(c) —Rp(c)| <e.

ce]Rgo

Proof. See Appendix [G.4] O

The number of samples needed to be able to approximately optimize Rp(c) to an additive e factor has a
standard square dependency in 1/¢ but is independent of the number of products p. This result may come as a
surprise, especially given that standard measures of the sample complexity of our function class do depend on
p. Indeed, we examine uniform convergence guarantees over the function class F, = {fc(7) | c € RY} where
fe(T) = max,, <, r(cj)lﬂ via Pollard’s pseudo-dimension (PDim) [12] and show that the complexity of this
class measured by Pollard’s pseudo-dimension grows with the target number of products p: PDim(F,) > p.

Definition 1 (Pollard’s Pseudo-dimension). A class F of real-valued functions P-shatters a set of points
Ti,...,Tn if there exist a set of “targets” ~1,...,vn such that for every subset T C [n] of point indices,
there exists a function, say fr € F such that fr(m;) > v if and only if i € T. In other words, all 2™
possible above/below patterns are achievable for the targets v1,...,vn. The pseudo-dimension of F, denoted
by PDim(F), is the size of the largest set of points that it P-shatters.

Lemma 4. Let r: R — R be any function that is strictly increasing on some interval [a,b] C Rﬁ Then for
any p, the corresponding class of functions F, has PDim(F,) > p.

Proof. See Appendix [G.4] O

5.2 Generalization for Fairness Across Several Groups

In the presence of g groups, we can think of D as being a mixture over g distributions, say {Dy};_,, where
Dy, is the distribution of group Gy, for every k. We let the weight of this mixture on component Dy be
Tg. Let Tmin = mini<g<g 7. In this framing, a sample 7 ~ D can be seen as first drawing £ ~ 7 and
then 7 ~ Dy. Note that we have sampling access to the distribution D and cannot directly sample from the
components of the mixture: {Dy}]_;.

Theorem 8 (Generalization with Fairness). Let 7 : R>g — R be any non-decreasing function with bounded
range B and D be any distribution over R>q. For any € > 0 and § > 0, and for any target number of
products p, if S = {1;}}'_y consisting of g groups {Gr}i_, is drawn i.i.d. from D provided that

2 (432 log (8¢/9)
-2

Tmin

n

+105 20/ )
then with probability at least 1 — §, we have

sup
CeA(Rgo), k€lg]

Proof. See Appendix O

3Note that uniform convergence over F, is equivalent to uniform convergence over the class of R, (c) functions.
4While not always true, most natural instances of the choice of assets are such that r(7) is strictly increasing on some interval

[a, B].

E, [Re, (o)l - E,[Ro, (0] < <.

c~C
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6 Experiments

In this section, we present experiments that aim to complement our theoretical results. The code for these
experiments can be found at https://github.com/TravisBarryDick/FairConsumerFinancel

Data. The underlying data for our experiments consists of time series of daily closing returns for 50 publicly
traded U.S. equities over a 15-year period beginning in 2005 and ending in 2020; the equities chosen were
those with the highest liquidity during this period. From these time series, we extracted the average daily
returns and covariance matrix, which we then annualized by the standard practice of multiplying returns
and covariances by 252, the number of trading days in a calendar year. The mean annualized return across
the 50 stocks is 0.13, and all but one are positive due to the long time period spanned by the data. The
correlation between returns and risk (standard deviation of returns) is 0.29 and significant at P = 0.04.
The annualized returns and covariances are then the basis for the computation of optimal portfolios given a
specified risk limit 7 as per Section [2|f°|

In Figure a), we show a scatter plot of risk vs. returns for the 50 stocks. For sufficiently small risk
values, the optimal portfolio has almost all of its weight in cash, since all of the equities have higher risk
and insufficient independence. At intermediate values of risk, the optimal portfolio concentrates its weight
on just the 7 stocksﬂ highlighted in red in Figure a). This figure also plots the optimal risk-return frontier,
which generally lies to the northwest (lower risk and higher return) of the stocks themselves, due to the
optimization’s exploitation of independence. The black dot highlights the optimal return for risk tolerance
0.1, for which we show the optimal portfolio weights in Figure b). Note that once the risk tolerance reaches
that of the single stock with highest return (red dot lying on the optimal frontier, representing Netflix), the
frontier becomes flat, since at that point the portfolio puts all its weight on this stock.

Algorithms and Benchmarks. We consider both population and group regret and a number of algo-
rithms: the integer linear program (ILP) for optimizing group regret; an implementation of the no-regret
dynamics (NR) for group regret described in Algorithm a “sparsified” NR (described below); the dynamic
program (DP) of Section for optimizing population regret; and a greedy heuristic, which iteratively chooses
the product that reduces population regret the mostm We will evaluate each of these algorithms on both
types of regret (and provide further details in Appendix .

Note that Algorithm [I] outputs a distribution over sets of p products; a natural way of extracting a fixed
set of products is to take the union of the support (which we refer to as algorithm NR below), but in principle
this could lead to far more than p products. We thus sparsify this union with a heuristic that extracts only
p+ s total products (here s > 0 is a number of additional “slack” products allowed) by iteratively removing
the higher of the two products closest to each other until we have reduced to p + s products. This heuristic
is motivated by the empirical observation that the NR dynamics often produce clumps of products close
together, and we will see that it performs well for small values of s.

Experimental Design and Results. Our first experiment compares the empirical performance of the
algorithms we have discussed on both population and group regret. We focus on a setting with p = 5 desired
products and 50 consumers drawn with uniform probability from 3 groups. Each group is defined by a
Gaussian distribution of risk tolerances with (u, o) of (0.02,0.002), (0.03,0.003) and (0.04,0.004) (truncated
at 0 if necessary; as per the theory, we add a cash option with zero risk and return). Thus the groups tend
to be defined by risk levels, as in the interval groups case, but are noisy and therefore overlap in risk space.
The algorithms we compare include the NR algorithm run for 7' = 500 steps; the NR sparsified to contain

5For ease of understanding, here we consider a restriction of the Markowitz portfolio model of [I1] and Equation in which
short sales are not allowed, i.e. the weight assigned to each asset must be non-negative.

6These 7 stocks are Apple, Amazon, Gilead Sciences, Monster Beverage Corporation, Netflix, NVIDIA, and Ross Stores.

7In Appendix @ we show that the average population return fg(c) = % > maxc; < r(c;) is submodular, and thus the
greedy algorithm, which has the advantage of O(np) running time compared to the O(n2p) of the DP, also enjoys the standard
approximate submodular performance guarantees.
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Figure 1: Asset Risks and Returns, Optimal Frontier and Portfolio Weights

from 0 to 4 extra products; the ILP; the DP, and greedy. We compute population and group regret and
average results over 100 instances.

Figure |2 displays the resultsﬂ For both population and group regret, NR performs significantly better
than ILP, DP, and greedy but also uses considerably larger numbers of products (between 8 and 19, with a
median of 13). The sparsified NR using s = 0 additional products results in the highest regret but improves
rapidly with slack allowed. By allowing s = 2 extra products, the sparsified NR achieves lower population
regret than the DP with p = 5 products and lower group regret as the ILP with 5 products. While we
made no attempt to optimize the integer program (besides using one of the faster solvers available), we
found sparsified NR to be about two orders of magnitude faster than solving the ILP (0.3 vs. 14 seconds on
average per instance).
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Figure 2: Algorithm Performance

Our second experiment explores generalization. We fix p = 5 and use sparsified NR with a slack of s =4
for a total of 9 products. We draw a test set of 5000 consumers from the same distribution described above.
For sample sizes of {25, 50, ...,500} consumers, we obtain product sets using sparsified NR and calculate the
incurred regret using these products on the test set. We repeat this process 100 times for each number of

8We provide additional design details and considerations in Appendix
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consumers and average them. This is plotted in Figure [} we observe that measured both by population
regret as well as by group regret, the test regret decreases as sample size increases. The decay rate is roughly
1/4/n, as suggested by theory, but our theoretical bound is significantly worse due to sub-optimal constantrﬂ
Training regret increases with sample size because, for a fixed number of products, it is harder to satisfy a
larger number of consumers.

Generalization - No Regret Sparsified to P+4 Generalization - No Regret Sparsified to P+4

\ Regret_type ' Regret_type
0.016 \ —— In-sample Population Regret 0,030 ' —— In-sample Group Regret
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o014 i 0.025 \

0012 . \
0,020
0010

Regret
Regret

0.015 \_
0.008 =

0.006 0010
0.004
0.005
0 100 200 300 400 500 0 100 200 300 400 500
Number of Consumers in Sample Number of Consumers in Sample
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Figure 3: Generalization for No-Regret with p = 5 Sparsified to p + s = 9 Products
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Appendix
A Probabilistic Tools

Lemma 5 (Additive Chernoff-Hoeffding Bound). Let Xi,...,X,, be a sequence of i.i.d. random variables
with a < X; <b and E[X;] = p for all i. Let B = b— a. We have that for all s > 0,

X, —2ns>
pr |2 s o] < 2emp (2225
n B2

Lemma 6 (Standard DKW-Inequality). Let D be any distribution over R and X1, ..., X, be an t.i.d. sample
drawn from D. Define N(t) £ Pry.p(X < t) and N,,(t) £ n~1 Y | I{X; <t} to be the cumulative density
functions of D and the drawn sample, respectively. We have that for all s > 0,

Pr {sup No(t) — N(t)’ > s} < 2exp (—2ns?)

teR

The following Lemma is just a sanity check to make sure that we can apply the DKW inequality to the
strict version of a cumulative density function.

Lemma 7 (DKW-Inequality for Strict CDF). Let D be any distribution over R and Xy, ..., Xy be an i.i.d.
sample drawn from D. Define P(t) £ Prx.p(X < t) and P,(t) = n 1Y | I{X; < t} to be the strict
cumulative density functions of D and the drawn sample, respectively. We have that for all s > 0,

Pr {sup Pu(t) — P(t)’ > s} < 2exp (—2ns?)
teR

Proof. The key idea is to apply the standard DKW inequality to the (non-strict) CDF of the random variable
—X;. Towards that end, define N () £ Prx.p(—X <t) and N,(t) £n~1> " I{—X; < t}. Then we have

the following connection to P and B,

n

Palt) ~ P()] = |1 - %ZH{XZ» >t} 1+ Pr(X>1)

i=1

1 n
— =3 H-Xi < —t} = Pr (-X < 1)
nia X~D

= |Au(=t) = N(=t)

The proof is complete by the standard DKW inequality (see Lemma @ O

Lemma 8 (Multiplicative Chernoff Bound). Let Xi,...,X,, be a sequence of i.i.d. random variables with
0<X;,<1and E[X;] = p for all i. We have that for all s > 0,

X, —nus?
Pr Zz’<(1—s)u] <exp( n2us>

n

B A More General Regret Notion

In this section we propose a family of regret functions parametrized by a positive real number that captures
the regret notion we have been using throughout the paper as a special case. We will show how minor tweaks
allow us to extend the dynamic program for whole population regret minization of Section |3 as well as the
no-regret dynamics for ex ante fair regret minimization of Section to this more general notion of regret.
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For a given consumer with risk threshold 7, and for any « € (0, 0], the regret of the consumer when assigned
to a single product with risk threshold c is defined as follows:

RO (c) = {7’(7) —r(c) c¢<7T (10)

a(c—1) c>T
When offering more than one product, say p products represented by ¢ = (c1,c¢2,...,¢p), the regret of a
consumer with risk threshold 7 is the best regret she can get using these products. Concretely,
« _ : af
1%'r (C) - 1r§n¢‘1£p R‘r (Cl) (11)

We note that our previous regret notion is recovered by setting o« = co. When a # o0, a consumer may be
assigned to a product with higher risk threshold, and the consumer’s regret is then measured by the difference
between her desired risk and the product’s risk, scaled by a factor of a. We note that in practice, consumers
may have different behavior as to whether they are willing to accept a higher risk product, i.e. different
consumers may have different values of «; in this section, we use a unique value of « for all consumers for
simplicity of exposition and note that our insights generalize to different consumers having different ’s. The
regret of a set of consumers S = {7;}7_; is defined as the average regret of consumers, as before. In other
words,

RE(0) = > R3(0 (12)

We first show in Lemma [9] how we can find one single product to minimize the regret of a set of consumers
represented by a set S = {7;}7_;. Note this general formulation of regret will allow choosing products that
do not necessarily fall onto the consumer risk thresholds. In Lemma [J] we will show that given access to
the derivative function r’(7), the problem min.cg, Rg(c) can be reduced to an optimization problem that
can be solved exactly in O(n) time. Before that, we first observe the following property of function r(7)
(Equation (1)) which will be used in Lemma [9}

Claim 1. r is a concave function.

Proof of Claim[1. Let X be the vector of random variables representing m assets and recall y is the mean
of X and ¥ is its covariance matrix. Fix 71,79 > 0, and 8 € (0,1). For ¢ € {1,2}, let w; be an optimal
solution to the optimization problem for 7(7;), i.e., w; is such that r(r;) = w,' . We want to show that

r (B + (1= B)72) > Br(n) + (1 — B)r(re) = (Bwr + (1 — B)wa) (13)

So all we need to show is that w = fw; + (1 — 3)wy is feasible in the corresponding optimization problem
for r (811 + (1 — B) 72). Then, by definition, Equation holds. We have that

L'w=3(1Twi) +(1-8)(1Twz) =1
and
wiEw = g2w] Bwy + (1 - §)*wy Zwy + 26(1 - f)w] Ewy
< B+ (1-B)%m5 +28(1—B) - Cov (w] X, wy X)

< 877 + (1= B)°r +28(1 = B) -/ Var(w] X)Var(wj X)

= B2+ (1 B)Pr3 +28(1 - B) -/ (w] Swi)(w] wa)
< B+ (1= 8)*75 +28(1 = B)mim
— (B + (1 - B)ms)”

where the second inequality follows from Cauchy-Schwarz inequality. Note also that Cov (W;—X ,wg X )
wi Y wy and Var(w, X) = w/ X w;, for i € {1,2}.

o
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Lemma 9. Let S = {r}; where 1y < 1o <...<7,. We have that RG(c) is a convex function and

1 o — 1 1 o . ] o . . . . .
Cgﬁgo R$%(¢) = min {1211_%1” R (1), 1§111%121_1RS(C,) Io{mi <e < Tl+1}} (14)

where for every 1 <i<mn—1,¢; = (r')7! (%) (c; = oo if (r')~1 (n"‘_ll) does not exist) and
1 <<
]Ioo{Ti < ¢ <Ti+1} £ ‘ l_ i+l
oo otherwise
Proof of Lemmal[9 First observe that Claim [1]implies for every 7, R®(c) defined in Equation is convex.
Hence, Rg(c) is convex because it is an average of convex functions. We have that for a single product ¢,

RE() = = {(r(m) — r(e) He S 7} + (e = 7) He > 3}
j=1

Note that R3(m1) < Rg(c) for every ¢ < 7 and RG(1,) < Rg(c) for every ¢ > 7,. We can therefore
focus on the domain [11,7,] to find the minimum. The function Rg(c) is differentiable everywhere except
for the points given by consumers’ risk thresholds: S = {7;}}_;. This justifies the first term appearing in
the min{-,-} term of Equation (I4). For every 1 < i < n — 1, the function R$(c) on domain (7;, 7;41) is
differentiable and can be written as:

RGO =~ (oY (c=m)+ 3 () = r(c))

Jj<i jzi+1l
The minimum of Rg(¢) on domain (7;,7;41) is achieved on points ¢ where

R§e) = [ (@)D =0 = () =

de

n—1

We note that Rg(c) is a convex function by the first part of this Lemma implying that ¢; (if belongs to
the domain (7;,7;41)) is a local minimum. This justifies the second term appearing in the min{-,-} term of
Equation and completes the proof. O

Remark 1. Given any set of weights w € RY over consumers, Lemmalg can be easily extended to optimizing
the weighted regret of a set of consumers given by:

n
R(c,w) =) w; R (c)
i=1
In fact, for any S and w, we have that Rg(c,w) is a convex function and

. . . . af . o, . ) ) .
cIenRH;o RS (¢, w) = min {lrglilgn RS (i, W), 1SEI%1£71RS(C“W) Too{m < ¢ < TH_l}} (15)

where for every 1 <i<n—1, ¢; = (r')~" (M) (c; = oo if (')~! (M) does not exist) and

Zj2i+l wj j>it1 Wi

1 T < ¢ < Tig1

Hoo{Ti<Ci<Ti+1}é .
oo otherwise

18



We now provide the idea behind a dynamic programming approach for choosing p products that minimize
the weighted regret of a population S = {7;}?_;. The approach relies on the simple observation that there
exists an optimal solution such that if the consumers in set S(p’) are assigned to the p’-th product ¢,
cp € argmin, g+ Rg(p)(c) (for a single product c)lﬂ

Therefore, to find an optimal choice of products, it suffices to i) correctly guess which subset S(p’) of
consumers are assigned to the p’-th product, then ii) optimize the choice of product for S(p’), which can be
done using Lemma [0] Noting that S(p) is an interval for all p’, S(p’) is entirely characterized by z, the first
agent assigned to ¢/, and n’, the last agent assigned to ¢,. In turn, as in Section |3| our dynamic program
can be characterized by a recursive relationship of the form

T(n',p)= min |T(-1p' ~1)+ min Zwi RZ(c) |, (16)

where T'(n/,p’) represents the minimum weighted regret that can be achieved by providing p’ products to
consumers 1 to n’. Our dynamic program will implement this recursive relationship.

The results of Section immediately extends to this more general regret notion, given that dynamic
program can be used as an optimization oracle for the problem solved by the best-response player in
Algorithm

C Optimizing for Population vs. Least Well-Off Group: An Ex-
ample

In this section, we show that optimizing for population regret may lead to arbitrarily bad maximum group
regret, and optimizing for maximum group regret may lead to arbitrarily bad population regret. To do so,
we consider the following example: there is a set S of n consumers, divided into two groups G; and Gs.
We let |G1] = 1 and |G2| = n — 1 and assume the single consumer in group G has risk threshold 7y, and
the n — 1 consumers in group G, all have the same risk threshold 7 > 7. We let r;1 < ry be the returns
corresponding to risk thresholds 71, 7. Let p = 1, i.e. the designer can pick only one product; either ¢ = 7
or ¢ = To.
When picking ¢ = 7, we have that the average group and population regrets are given by:
(n—1)(re —r1)

Re, (1) =0, Rg, (1) =12 — 711, Rg(m) = B —

When picking ¢ = 75 instead, we have
r
Re,(12) =71, Ra,(m) =0, Rs(m) =~

Suppose 0 <719 —ry <r;yandn—1> T%Tl Then, the optimal product to optimize for maximum group
regret is ¢9"? = 719, and the optimal product to optimize for population regret is cP°? = 75. Then, we have
that

1. The ratio of population regret using c9"P over that of cP°P is given by:

Rs(c??)  (n—1)(ro —71)/n  (n—1)(r2 —11)

Rs(cpor) o ri/n r

r2

This ratio can be made arbitrarily large by letting n — +o0, at _1“ constant.

r

100n the one hand, for all p’ and given S(p'), picking ¢p in such a manner provides a lower bound on the achievable average
regret. On the other hand, ¢, yields S(p’) as a set of consumers assigned to ¢,/ in an optimal solution. Indeed, if consumers
in S(p’) strictly preferred picking a different product, this could only be because they would get strictly better regret from
doing so: by picking a different product, they would then decrease the population regret below our lower bound, which is a
contradiction.
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2. The ratio of maximum group regret using cP°? over that of c9"? is given by:

max (Rg, (cPP), Rg,(cPP))
max (RGl (Cgrp)v R’GQ (Cgrp)) B To —T1 '

This ratio can be made arbitrarily large by letting ro — r; — 0 at r; constant.

D Approximate Population Regret Minimization via Greedy Al-
gorithm

Recall that given S = {1}, and set ¢ C S of products, the population regret of S is given by
1 n n 1 n
SE ) MERES SICTRATIEE) et
i=1 i=1 ;

where for any 7, f-(c) £ max., <. r(c;), and

:M—‘

fs:25 5 Reo, f5(0)2 03 fo(e)
=1

First, note that when no product is offered, consumers pick the cash option ¢y and get return r(co) = 0:
Fact 1 (Centering). For any S, fs(0) = 0.

Second, fg is immediately monotone non-decreasing, as consumers deviate to an additional product only
when they get higher return from doing so:

Fact 2 (Monotonicity). For any S, if ¢ C d, then fs(c) < fs(d).
Finally, fg is submodular:
Claim 2 (Submodularity). For any S, fs is submodular.
Proof. We first show that for every i, f,,(-) is submodular: for any ¢,d C .S, we have that

fri(cUd) + fr(end) < fr.(c) + fr(d).

If c =0 or d = 0, the claim trivially holds. So assume c,d # 0. Let ¢ be such that fr,(cUd) = r(c). If
¢ = ¢g = 0, the claim holds because all four terms above will be zero. If ¢ € ¢, the claim holds because
fr(cUd) = fr,(c) and f.,(d) > fr,(cnd) by Fact 2] The same argument holds when ¢ € d by symmetry.
The proof is complete by noting that any simple average of submodular functions (in general, any linear
combination with non-negative coefficients) is submodular. O

Remark 2. Claim @ extends to any weighted set of consumers: firx any set S = {m;}", of consumers and
any nonnegative weight vector w € R%,. Then the function fs : 25 = R given by fs(c) = S wifr(c) is
submodular.

We therefore have that for any S and any target number of products p,

min  Rg( ZT — max fs(c)

c€CH(9) n & eC8, le/=p

where by Facts and Claim the maximization problem in right-hand side is: mazimization of a
nonnegative monotone submodular function with a cardinality constraint. Using the Greedy Algorithm (that
runs in O(np) time), we get p products represented by c97% such that

ZT(%‘) —(1—e): max fs(c)

cCS, [c|=p



E An ex post Minmax Fair Strategy for Few Groups, Extended

Given bound B on the maximum group regret and a step size of a, we let

vere i e o | 2]

be a net of discretized regret values in [0, B] with discretization size o. Given any regret R, we let ceil, (R)
be the regret obtained by rounding R up to the closest higher regret value in N(®). T.e., ceil, (R) is uniquely
defined so as to satisfy R < ceil,(R) < R+4a and ceil,(R) € N (@), Our dynamic program implements the
following recursive relationship:

g

1 17
ceil, | Ra, +Z {Zé Gk} R, (72) st.z<n/, Ra,)l_, € F9(:z—-1,p —1) (a7)
kl
k=1
where for all n’ < n,
n’ g
16

FO 002 Y L USSP : (18)

= |Gl et
Note that F (a)(n/ ,0) contains a single regret tuple, whose k-th coordinate is the weighted regret of agents
Grn{l,...,n'} when using weight 1/|G}| and offering no product.

Intuitively, F(®) (n’, p’) keeps track of a rounded up version of the feasible tuples of weighted group regrets
when using weight 1/|Gy| in group G}, and when offering p’ products and considering the regret of consumers
1 to n only. The corresponding set of products used to construct the regret tuples in F(®)(n/,p’) can be kept
in a hash table whose keys are the regret tuples in F(®)(n/,p'); we denote such a hash table by Z(*)(n,p).
While there can be several p/-tuples of products that lead to the same rounded regret tuple in F() (n',p),
the dynamic program only stores one of them in the corresponding entry in the hash table at each time
step. The program terminates after computing F(®) (n,p), Z(@) (n,p), and outputting the product vector in
Z(®) (n,p) corresponding to the regret tuple with smallest regret for the worst-off group in F(®)(n,p). The
sets F(@)(n,p), Z(®) (n, p) satisfy the following guarantee:

Lemma 10. Fiz any a > 0. Let (Rg,,...,Rq,) be any regret tuple that can be achieved using p products.
There exist consumer indices (21, . . ., z,) € I\ (n,p) such that the corresponding regret tuple (R(G?‘l), e ,R(GO;)) €

F@)(n,p) satisfies

Re, (c) <R < Re, +pa, V€ [g],

k
where ¢ = (T.y,...,Tz,).

We provide the proof of Lemma [10] in Appendix [E] In particular, Lemma [I0] implies that the dynamic
program run with discretization parameter o approximately minimizes the maximum regret across groups
(i.e., the optimal value of Program @) within an additive approximation factor of pa. Letting o = 167 yields
an e-approximation to the minmax regret.

The running time of our dynamic program is summarized below:

Theorem 9. Fiz any o > 0. There exists a dynamic programming algorithm that, given a collection
of consumers S = {r;}I'_y, groups {Gr}]_,, and a target number of products p, computes F@)(n,p) and
Z(®) (n,p) in time O (ngp ([g] + 1)9).

g
When the desired accuracy is €, the dynamic program uses a = % and has running time O (nzp ( {%-‘ + 1) ) .
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Proof. Note that each set F(®)(n/,p) and Z(®)(n/,p') built by the dynamic program has size at most
([gw + 1)9, as F(@)(n/,p') only contains regret values in N(®) by construction and Z(®)(n’,p’) contains
one product tuple per regret tuple in F(®)(n’, p’).

Each sum used in the dynamic program can be computed in time O(1), given that Z?;l l{liéfl"'}r(n)

and 27;1 l{féf‘k} have been pre-computed for all n’ € [n],k € [g] and stored in a hash table. The pre-
computation and storage of these partial sums can be done in O(gn) time.

Now, each time step of the dynamic program corresponds to the p’-th product with p’ < p. In each time
step p/, we construct O(n) sets F(@) (n’,p’), one for each value of n’. For each value of n’, the dynamic

program searches over i) z € [n] and ii) at most ([£] + 1)g tuples of regret in F(®)(z,p’ — 1). Therefore,
building F(®) (n, p) can be done in time O (nQp ([gw + l)g)

Finally, finding the tuple with the smallest maximum regret in F(<) (n, p) requires searching over at most
([g] + 1)g product tuples in Z(*) (n, p).

Therefore, running the dynamic program requires time O <n2p ([g} + 1)g>. O

Proof of Lemma [10]

We let F(n/,p’) be the set of weighted regret tuples that are achievable using p’ thresholds when only agents
1 to n’ are considered, and the regret of agents in group Gy is weighted by 1/|Gj| — importantly, this
reweighting is independent of the choice of n’ and computes the average regret of a group as if all of its
consumers were present. The set F(n,p) contains all feasible tuples of average regret given groups {Gj}{_;.
Importantly, F(n,p) is different from F(®)(n, p): F(n,p) contains all achievable tuples of regret, even those
that do not belong to the net N(®); in turn F(n,p) may contain up to (Z) regret tuples. In comparison,
F (a)(n, p) is a smaller set of size at most ((%W + 1)g that only contains regret tuples with values in the net
N F (D‘)(m p) is built with the intent of approximating the true set of achievable regret tuples, F(n, p).
The proof idea is to show that F(®)(n,p) is a good approximation of F(n,p), as intended. More precisely,
we want to show that for every feasible regret tuple (Rg, )7_, in F(n, p), the discretized set F(®) (n, p) contains
g
a regret tuple (R(C?k)) that is at most pa away from (RGk)izl; further, the corresponding product vector
k=1
c(@ € Z(™(n, p) has true, unrounded regret also within par of (Rg,)7_,-
We start by showing that F(n,p) obeys the following recursive relationship:

Claim 3.
F(n',p') =
’ g
—~ 1{i € G4} (19)
RGk—i-iZ:WRn(TZ) st.z<n', (Rg,)j_, € Flz—1,p' 1)

== k=1

where
’ g
F(n',0) 2 FO @, 0)=4 | Y e Gty : (20)

: |G
i=1 k=1

Proof. When p’ = 0, the result is immediate, noting that agents 1 to n’ are assigned to the cash option
¢p with 0 return and incur regret r(7;) each. The total regret in group Gy, considering agents 1 to n’ and
reweighting regret by 1/|Gy|, is given by

" 1{icG
> G

i=1
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Now, take p’ > 0. Fix the highest offered product to be 7., corresponding to consumer z. First, agents
z,...,n' are assigned to product 7, corresponding to consumer z; the weighted regret incurred by these
agents, limited to those in group Gy, is exactly

’ /
n

1i€G (v iy =S L€y
Y ) — () = 3 = R ().

1=z 1=z

The remaining agents are 1 to z — 1 and have p’ — 1 products available to them; hence, a regret tuple
(Rg,,---,Rg,) can be feasibly incurred by these agents if and only if (Rg,,...,Rg,) € F(z —1,p' — 1),
by definition of F(z — 1,p’ — 1). To conclude the proof, it is enough to note that the total regret incurred
by agents in group Gy is the sum of the regrets of agents {1,...,2 — 1} N G) and the regret of agents
{z,...,n'}NG. O

We now show that for any a > 0, F(®) (n,p) provides a pa-additive approximation to the true set of
possible regret tuples F(n,p):
Lemma 11. For allp € N, for all z € [n], and for any regret tuple (Ra,,...,Rq,) € F(n,p), there exists
a regret tuple (R(C?l), e ,R(a)) € F@)(n,p) such that R(a) < Rg, +pa for all k € [g].

Proof. The proof follows by induction on p. At step p’ < p, the induction hypothesis states that for all n’,

for any regret tuple (Rg,,...,Rq,) € F(n',p'), there exists a regret tuple (Rgll), . .7Rgg)) € F@(n/ p)

such that R(G?;) < Rg, +p'a for all k € [g].
First, when p’ = 0, the induction hypothesis holds immediately: by definition, F(®)(n/,0) = F(n’,0).
Now, suppose the induction hypothesis holds for p’ — 1. Pick any regret tuple (Rg, (n/,p),...,Rg,(n,p")) €

F(n',p'); we will show that the induction hypothesis holds for this tuple. First, note that there exists z and
(Rg, (2 —=1,p" = 1),...,Rg, (2 = 1,p' = 1)) € F(z — 1,p' — 1) such that

1[i € Gy
Re, (0, p') = Rg, (2 — 1,0/ +Z |Gk|’“ R,,(r.) Vk € [g]

by definition of F(n’,p’). Further, by induction hypothesis, there exists a g-tuple of rounded regret
(R((?l)(z —Lp —1),.. R(G?‘)(z —1,p' — 1)) in F)(z —1,p’ — 1) such that

RS (z—1,p' —1) < Rg, (2 — 1,p' — 1) + (¢ — D Yk € [g].

Combining the above two equations, we get that

a GG
R( )(z—lp —|—Z U d R, (72)

=Rg, (', p) + (' - l)a Vk € [g].

Now, let R(C?;j (n',p") = ceil, R(Cf;)(z -1,p-1)+ Zziz l[liéflk] R, (Tz)). First, (R(gl)(n’,p’), e R(Of)( n',p’))
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is in F(@)(n’, p') by definition. Second,

(03 . (e} G
R( )( '.p') = ceil, ng)(z—l,p’ —|—Z Lli € Gi] R, (72)

’

<R (z-1p -1+ > 1li € G R, (7.) +a

<Rg, (n,p") +p'a.
This concludes the induction. O

To conclude the proof, let (Rg,,...,Rg,) be a tuple of regret that can be achieved using p products.
The tuple belongs to F(n,p), by definition of F(n,p). Therefore, by Lemma there exists a regret tuple

(Rg) R(a ) € F(®) such that
RY) < Re, +pa Yk € [g].

Let ¢ £ {c1,...,¢,} € Z(®)(n,p) be the product vector that was used to construct regret tuple (R(a))k .

Since at each step p’, the dynamic program rounds regret tuples to higher values, a simple induction shows
that
Rg, (c) < R Vk € [g].

Combining the two above equations, we get the result:

R, (¢) <RY) < Re, +pa Vk € [g].

F Additional Experiment Details

All experiments were run on a consumer laptop without GPU (13-inch Macbook Pro 2016 with 2 GHz Intel
Core i5 and 8 GB of RAM), using Python 3.6.5 (and in particular, NumPy 1.17.1 and Pandas 1.0.3). Exper-
iment 1 took about 16.7 minutes in total. Experiment 2 took about 3.8 hours in total. For reproducibility,
we began each experiment with a fixed random seed (10).

For the No-Regret experiments, we have two parameters to choose: the number of steps and the step
size{ﬂ Note that theory suggests that step size should be a function of the number of steps desired (or vice
versa), but common practice among related algorithms is to try many step sizes and run until convergence.
We adopt this approach, guided by theory. To do so, we calculate a lower bound on the theoretical instance-
specific step size using the sum of rewards as a loose upper bound B on the maximum possible group
regret. We then consider applying the following multipliers to this lower bound on the step size: we take
(1,10,100,1000,10000) as a small set of possible multipliers and examine convergence for each of them. In
all experiments, we pick the step size multiplier after empirically observing that it both i) provides a good
approximation to the optimal ex ante regret and ii) converges in few time steps; we note that our choices of
multipliers enjoy good performance guarantees in practice, as evidenced by Figure

G  Omitted Proofs
G.1 Proof of Lemma [1]

The first property is immediate, because when p’ = 0, we do not choose any products, and there is only one
valid solution that assigns all consumers to the zero-risk cash product. For this solution, the weighted regret

HWe implement the Multiplicative Weight Update of Algorithm [I| in exponential form; i.e., we write 8 = exp(—n). The
code takes the regret values Rg, (c) as losses, takes 1/B as the step size, and updates the k-th weight in each round ¢ by a
multiplicative factor of exp(— nRGk (c(t))/B), as per Algorithm l This allows us to easily translate the weights in log space so
as to avoid numerical overflow issues.
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is simply the sum of the weighted returns for each consumer’s bespoke portfolio.

We now turn to proving the second property. For any consumer index z € [n’], define T'(n’,p’, z) to be
the optimal weighted regret for the first n’ consumers using p’ products subject to the constraint that the
highest risk product has risk threshold set to 7.. That is,

T, p,2)= min Rgin(c, wn']).
W= i Refela)
cl,...,cngfz
Cpl =T

The products achieving weighted regret T'(n’,p’, z) must choose ¢,y = 7, and choose c¢1,...,¢y—1 to be
optimal products for the consumers indexed 1,...,2 — 1, who are not served by the product ¢, because it
is too high risk. On the other hand, the weighted regret of consumers z,...,n’ when assigned to a product

with risk limit 7, is given by Z:iz w; - (r(m;) — r(72)). Together, this implies that

T ,p,2)=T(—-1,p - 1)+ Zwi - (r(m) —r(r2)).

On the other hand, for any n’ and p’, we have that T'(n',p’) = min.¢p,/) T(n/,p’, 2), because the optimal
p’ products for the first n’ consumers has a largest risk threshold equal to some consumer risk threshold.
Combining these equalities gives

T(nlvpl) = min T(n/vpl7z) = min T(Z - 17]9, - 1) + Zwl : (T(Ti) - T(TZ))v

z€[n’] z€[n’]

as required.

G.2 Proof of Theorem 2

Proof. Note there is a one-to-one relation (on some domain [0,a] for risk thresholds) between any risk
threshold 7 and its corresponding return given by r(7) by Equation (1J) — we will therefore (only for
simplicity of exposition) construct our instance by defining a set of returns instead of risk thresholds. Let
A= {r,2r,...,(p+ 1)r} be the set of all possible returns in our instance for some constant r > 0. We will
take r = 1 for simplicity but our proof extends to any r > 0.

Our instance construction is simple. If ¢ < p + 1, we partition A into g subsets of size at most [
and we let each group be defined as one of the partition elements. In this case, there will be one consumer
for every return value in A. For e.g., if p = 4 and g = 2, we can define G; = {1,2,3} and G2 = {4,5}.
If g > p+ 1 (allowing consumers having the same return) we let each group be defined by a single return
value in A. For e.g., if p = 2 and g = 4, we can define Gy = {1}, G2 = {2}, and G5 = G4 = {3}. To
formalize this construction, define s = min{g,p + 1} and let {P,}{_, be a s-sized partition of R such that
max; |P;| = [pg#]. Instance S of size n = max{g,p + 1} is defined as follows.

)

ptl
rl

S={Gp}{_, where Vkelg: Gip= {Ps L s

Let A, ={B C A:|B| = p} and observe that |A,| = p+ 1. We have that

@ . (2) 1 @ 1
air ) = B = =
Reair (5,7) Br:renfrxlp {1%?2(5; Raw( )} maxy, |G| [%1

where (1) follows from the definition of R, (S,p) in this specific instance that all consumer returns are
specified by the set A of size p + 1. (2) follows from the fact that for any set of products B € A,, all
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groups G, that have a consumer with return A\ B will incur an average regret of 1/|Gg|. (3) holds because

maxy, |G| = max; |P;| = [”Tfl] Next, by looking at the uniform distribution over A,,
~ 1) 1 (2) 1 1 1
Rieair (S,p) < max R¢g, (B) = max =
fa ( p) 1Sk§gp+1B; Gk( ) 1§k§gp+]-r€zG:k|Gk| p+1

where (1) follows from the definition of Rtair (S,p). (2) follows from the fact that for every group k and
every 1 € Gy, there is one (and only one) set of products, namely B = A\ {r}, that makes Gy incur a regret
of 1/|Gy|. We therefore have that

Ree (Sp) _ 1 [Hﬂ
Rfair (Sap) o p+1 g )

G.3 Proof of Lemma [2

To ease notation, for any product sets ¢V, ... c(9), we let c("F) = UIZ:h c¢® denote the union of the product
sets with indices in {h, ..., k}.

Suppose our feasibility problem has a solution. It is enough to show that there exists product sets
cM, ... c@ such that c(1'9) is a feasible set of at most p products and ¢*) C G, is efficient in SAT (G}, p —
|c(F=D| max(c(t*~1)) k) for all k € [g]. Note that by the definition of efficiency and a straightforward
induction, any product sets ¢(1), ... c(¥ and alternative product sets ¢/, ..., ¢/(9) satisfying these properties
must have |¢/®)| = |c*)| and max(c/®)) = max(c®) for all k € [g], hence

SAT), £ SAT(Gy,p — |c(1:k_1)|, max(c(lzk_l)), K)
= SAT(Gy,p — [¢/F D], max(c' 1), k)

does not depend on the specific choice of ¢V, ..., c(9) that satisfies the above assumptions. Since the
algorithm may only output INFEASIBLE if SAT}, is empty for some k, it can only do so when no ¢(*), ... c(9)
satisfying the above assumptions exists. When such product sets exist, the algorithm outputs one, and
c(1:9) is guaranteed to use at most p products and have regret at most x in each group by definition of
SAT(G},p — |+~ V| max(c(H 1) k).

Assuming our problem is feasible with p products, we show the following induction hypothesis: for all
k < g there exist product sets ¢(M), ... c¢®) such that cUt1) is efficient in SAT(Gj,p— |c(9) | max(c(t9)), k)
for all j < k — 1, that can be completed in a set products ¢'**) U d*+1:9) that has size at most p and
guarantees regret at most s in each group, where d¥) c Gj.

First, the induction hypothesis immediately hold for ¥ = 0: since the problem is feasible, there exists
a product vector d that uses at most p products and guarantees group regret of at most x. Now, suppose
the induction hypothesis holds for k; we will show it holds for k 4+ 1. Take ¢(3*) U d*+1:9) that has size
at most p and guarantees regret at most x in each group, such that cUtY is efficient in SAT(G,,p —
|ct:9) | max(c(t9)), k) for all j < k — 1. Take c*+1) to be efficient in SAT(G;,p — |ct*F) |, max(c¥)), k); we
have two cases:

1. [c®D| = |d**D| and max(c#*+D) > max(d*+D). Let us consider product set c#+1) U d(*k+2:9),
Then, |c(t%) U d*+19)| = |c(*+1) y d*+29)| < p. Further, no group has regret over x. Indeed,
compared to when using ¢(**) Ud**+1:9) we have that: i) the regret of groups G; to Gy, is unaffected
as they only use products c¢(!¥); ii) the regret of group G} stays below x by satisfiability of ¢(*+1);
iii) the regret of groups G, ...,G, cannot increase because agents who used product max(d*+1)
get weakly lower regret from using max(c**t1)) > max(d®**1), and the remaining agents can keep
using the same products in d*+2:9) Since the regret of all groups remains below x under products
c(ik+1) yd(k+2:9) by the induction hypothesis, this remains true when using products c(3++1yd(k+2:9),
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2. [e® V| < [d*k+D|. In that case, let d*+2) = d*+2) U {by10} (where by» is the smallest threshold in
group Gj.2). Consider product offering c(Bk+1) g dk+2) g d(F+3:9) | First, we note that

(D) [ QU2 [ qUH3:9)| < |c1H) | gB+D) | gR+2) y gk+3:9)| _ 1
— |C(1:k) U d(k+1:g)|
<p.
Second, note that the regrets of all groups remain under . Indeed, compared to when offering products
cR) Uy dF+19) | we have: i) the regrets of groups G1, ..., Gy stay the same, as before; ii) the regret of
group Gpy1 stays below & by satisfiability of c¢(¥*1) | as before; iii) the regret of groups Giia,. .., Gy

can also only decrease, because all agents who were assigned to max(d**1) < by, are now assigned

to the higher return product b2, while the remaining agents stay assigned to the same product in
d(k+2:9)

This concludes the proof.

G.4 Proofs of Generalization Theorems

Proof of Theorem[} Let fo(r) £ max.; <, r(cj) and observe that using this notation, for any 7, R-(c) =
r(7) — fe(7). To prove the claim of the theorem, first note that,

sup [Rs(c) = Ro(e) < | E_[1(7)] — E_[r(r)]|+ sup

T~D
ceRgO CGRI;O

E_[fe(r)] = E [fe(r) (21)

T~

where “7 ~ S” means sampling 7 from the uniform distribution over S. We have that by an application of
additive Chernoff-Hoeffding bound (see Lemma [5]), with probability at least 1 — 6/2, given the assumption
on sample size n,

B?log (4/6 ) €
E ~ E ‘ <2228 0)  © 22
E ()] E ()] <yt < 2 (22)
Now let us focus on the second term appearing in Equation . Consider any vector of products ¢ =
(c1,...,¢p) € Rgo where, without loss of generality, we assume ¢; < --- < ¢,. Letting ¢o = 0 and ¢, = o0,

these products partition R>¢ into p intervals [¢;, ¢j+1) for j € [p] such that fc(7) = r(¢;) for all 7 € [¢;, ¢j41).
We can rewrite f.(7) as a telescoping sum that adds a term r(c;) — r(¢;—1) for each interval j up to and
including the interval containing 7:

fe(T)

r(c)){e; <7 <cjpa}

<
Il
=)

I
'M"@

r(cj) Me; < 7h —Hejpn < 73)

<
I
o

I
'M“

- 1M

r(e)){c; <7} — Z r(e)){ci <7}

p+1
= r(c;)He; <7} - Z r(cj—1)l{e; < 7}
7=0 7j=1
=r(co)lfeo <7} = r(ep)Heprr < 7Y+ Y T = ¢} (r(ey) = 7(¢j-1))

Jj=1

Z {7 > ¢;}(r(es) = r(cj-1))
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remembering for the last equality that ¢y is the risk-free cash option and has return r(cg) = 0 and that
ck+1 = +oo is the final dummy product that corresponds to having an infinite risk and always satisfies
T < cpt1. Taking expectations of this expression converts the indicator into the complementary CDF
(CCDF), and therefore we have

sup | E [fe(r)] = E [fo(n)]] = sup |3 (Prr=c) = Pr(r=c))- (r(e;) = r(es))

ceRrL, TS cer?, [ TS T~D
P
< sup Pr(r>¢j)— Pr(r> cj)‘ - (r(ej) = r(cj-1))
ceRP T~S T~D
>0 j=1
P
<sup|Pr(r>t)— Pr th‘- r(c;) —r(ci—
| Pr(r20) - Py 0] 30006 —rer-0) (23)
log (4/6
< RER . (r(ey) e
B2log (4/6)
- 2n
€
< =
-2

where the first inequality follows from the triangle inequality and the fact that r is non-decreasing: r(c;) >
r(cj—1) for j = 1,...,p. The third inequality holds with probability 1 — /2 and follows from the Dvoretzky-
Kiefer-Wolfowitz inequality (see Lemma [7)). The last inequality follows by the assumption on sample size n.
Combining Equations and and7 completes the proof of the theorem. O

Proof of Theorem[8 Let S = {r;}I; be a set of consumers of size n drawn from the distribution D that is
partitioned into g groups: {Gi}{_;. Let ny = |Gj| denote the size of group k. It follows from the uniform
convergence of Theorem [7| that for any group k, so long as nj > 2B%c~2log (4/8'), with probability 1 — ¢,
supeerr | [Ra, (¢) — Rp,(c)| < e. This implies by a union bound that with probability at least 1 — §/2, so

long as ny > 2B2%c2log (8¢/9) for all k,

sup  |Rg,(c) —Rp,(c)| <¢
CGRZ;O, ke(g]

But note for any group k, ny ~ Bin(n, 7;) where Bin(m, ¢) denotes a binomial random variable with m trials
and success probability ¢. By an application of the Multiplicative Chernoff bound (see Lemma , as well
as a union bound, we have that with probability 1 — §/2, for any group k,

ny > nmp — \/2nmy log (2g/6) > 2B% 72 1og (89/6)

where the second inequality follows by the assumption on n in the theorem statement. We can therefore
conclude by another union bound that, with probability at least 1 — 9,

sup  |Rg,(c) —Rp,(c)| <e
CER;O, k€(g]

The proof is complete by noting that

sup E [Ra,(c)] = E [Rp,(c)]| < sup E [Re.(c) = Ro, ()]
CeA(RL,), kelg] '~ e CceA(RL,), ke[g] ™

= sup  |Rg,(c) — Rp,(c)|
ceRY ., ke[g]

28



Proof of Lemmal[j Our goal is to show that the class of functions F, can P-shatter at least p points (or

consumer risk limits). Let 74 < --- < 7, € [a,b] be any sequence of increasing consumer risk limits. The

high-level idea is to design a target v; and a product ¢; for consumer ¢ so that the return for consumer i is at

least the target v; if and only if the product ¢; is included (as opposed to a default product lower than any

target). Given that we have p products to choose, we can decide to include the product for each consumer or

not independently, and therefore we can achieve all above/below target patterns to shatter the consumers.
Formally, define targets 1, ...,7, and a collection of candidate products c, ..., c, so that

r(co) <7 <rler) <r(m) <72 <r(er) <r(m) < - <7p <7(cp) <1(Tp).

Note that this is always possible since the return function r is strictly increasing on the interval [a, b]. For
any product vector d € RP of product risk thresholds, we have that fq(r;) > ; if and only if there is some
product d; such that r(d;) € [v;, 7(7;)]. Now, for any T C [p], define a product risk threshold vector d € R?
by d; =c¢; ifi € T and d; = cg if i € T. By the above argument, and the definition of ¢; and ~;, it follows
that fq(m;) > ; if and only if ¢ € T. Therefore F, shatters 71,...,7, and PDim(F,) > p. O
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