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Abstract. This dissertation comprises three essays on dynamic stochastic matching, cus-
tomer choice modeling and assortment optimization. One common theme of the essays is developing
efficient approximate solution strategies for challenging and practically relevant operational prob-
lems faced by online marketplaces. The first essay (Chapter 2) proposes a modeling framework
for dynamic stochastic matching problems with a scalable and efficient solution strategy based on
approximate dynamic programming. The second essay (Chapter 3) focuses on an important and
unique feature of virtual item stores in online centralized marketplaces, which is that the seller has
perfect information of its customers’ complete purchase history and inventory; we study customers’
choice behaviors under such considerations. The third essay (Chapter 4) analyzes virtual stores of
online multiplayer video games and proposes to study the item recommendation problem through
the lens of discrete choice modeling and assortment optimization; approximation algorithms as well

as performance bounds are developed.
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Chapter 1

Introduction

Online marketplaces are a type of e-commerce platforms where product or service informa-
tion is provided by multiple parties. These online platforms provide a variety of technology-enabled
tools that enhance market transparency and efficiency. Since the early 2000s, online marketplaces
have been growing rapidly and transformed the modern society profoundly. In this dissertation,
we investigate a few aspects of the operational challenges of online marketplaces, formulate the
problems mathematically in a rigorous manner, and prescribe algorithmically efficient and effective
solutions. In this introductory chapter, we first briefly review the development of online market-
places of various types, and their key operational levers which are the main motivations of this
work. We then discuss the specific problems that we address in this dissertation, while detailed

literature reviews can be found in the respective chapters.

1.1. Online Marketplaces: Operational Challenges and Opportunities

In a traditional sense, online marketplaces are digital platforms that act as intermediaries by
connecting buyers and sellers. Examples of prevalent online marketplaces for retailing consumer
goods and services are Amazon, Taobao and eBay. Differentiated by participants, consumer retail
marketplaces can be categorized into business-to-consumer (B2C) and consumer-to-consumer (C2C)
marketplaces. Examples of B2C marketplaces include Amazon, Newegg, T-Mall and JD.com, where
a centralized market operator owns and sells all the products on the platform. On the other hands,

in C2C marketplaces, e.g., Etsy, Facebook Marketplace and Ebay, anyone can sign up and start to



sell or buy products, and the marketplace operator offers logistics, online payments or other related
services. Market operators of B2C marketplaces primarily face the challenge of understanding
customer choice patterns, and then offer personalized pricing or assortments/recommendations to
achieve improved market efficiency, customer satisfaction and revenue. In C2C marketplaces, the
operator instead aims to match buyers and sellers that are more likely to result in transactions.

In addition to consumer retailing, the emergence of the so-called gig economy has lead to
successful companies such as Uber and Airbnb, among many others, that have revolutionized the
way supply and demand is connected. Following the digital transformation due to the development
of information and communication technologies such as the Internet and the popularization of
smartphones, on-demand platforms based on digital technology have created new jobs and employ-
ment forms, generating billions of dollars of revenue while growing rapidly. Gig economy companies
span a variety business sectors, including accommodation (Airbnb, Vrbo), delivery (GoPuff, Shipt),
grocery (Instacart), food delivery (Uber Eats, DoorDash), home services (thumbtack), personal
transportation (Uber, Lyft), trucking (Convoy) and freight forwarding (Flexport).

In these gig economy platforms, one central operational task is to match supply and demand,
which takes into account potential outcomes of different matchings, and stochastic arrivals and de-
partures of agents; the availability of data collected by these digital platforms offer the opportunity
to design intelligent algorithms for the matching decisions, which can lead to substantially higher
market efficiency compared to traditional ad-hoc policies.

Another example of online marketplaces of particular interest is kidney exchange, where
kidney failure patients with willing but medically incompatible donors swap donors so that more
patients receive compatible kidneys. Kidney exchange programs have been successfully imple-
mented across the globe, resulting in improved quality of transplants with fewer kidney failures,
and reduced waiting time. Efficiently connecting patient-donor pairs requires specially designed al-
gorithms, which can help save millions of dollars in health care cost and more importantly, patient

lives.



1.2. Organization and Summary of Contributions

In this dissertation, we focus on three problems faced by online marketplaces, identify the
potential benefits of formulation and solution of the problems, and develop specialized approaches
that are practically relevant, easy to implement, and effective.

In Chapter E, we study the stochastic dynamic matching problem faced by gig economy
platforms as well as kidney exchange programs. Matching problems have been an important area
of research in Operations Research, Computer Science and Economics in the last century with
numerous influential results. In the digital era, the access to historic data and the need for real-
time decisions ask for technical innovations that address the stochastic and uncertain nature of
the problem. In particular, we propose to formulate the problem of connecting users of these
platforms as discrete-time Markov decision processes, which take into account stochastic arrival
and departures, potential failures, and heterogeneous reward structures. Such Markov decision
processes are difficult to solve, and we propose an linear programming based approximate dynamic
programming framework which provides high quality performance bounds and control policies.
Our framework extends existing research in LP-based ADP, and we show its applicability with an
extensive numerical study.

In Chapter E, we study the customer choice modeling problem faced by centralized B2C
platforms. Customer choice modeling is a fundamental task for B2C platforms upon which per-
sonalized pricing and assortment recommendation systems are built. One unique feature of the
centralized B2C platforms that we consider is that the platform has complete assortment, purchase
and inventory information of all the customers. Examples of these marketplaces include virtual
item stores of online multiplayer video games, or centralized B2C marketplaces in the “metaverse”.
We explore ways in which the marketplace operator could leverage all the information to model
customer choice behaviors, and propose a utility based model which we call the inventory-aware
multinomial logit model. We conduct numerical experiments to evaluate the performance of our

proposed approach against several benchmark approaches, and explore conditions under which our



approach could be useful.

In Chapter H, we study the assortment optimization problem faced by a class of online B2C
marketplaces with a specific structure which involves a combination of non-personalized Featured
section and personalized item recommendations. Examples of retailers with this structure include
virtual item stores of online multiplayer video game and traditional B2C platforms such as JD.com.
The structure of these marketplaces motivates us to model customer choices using a nested-logit
model. We also address customer heterogeneity by assuming customer segmentation is readily
available. Customer segmentation and choice model estimation can be achieved using techniques
introduced in Chapter E The optimization problem of recommending assortments is the focus of
this chapter, which is a computationally challenging problem. We develop a fully polynomial time
approximation scheme, a fast MILP formulation, a fast heuristic and a performance upper bound,

and establish the effectiveness of the approaches on synthetic instances.



Chapter 2

An Approximate Dynamic Programming Approach to Dynamic Stochastic

Matching

Abstract. Dynamic stochastic matching problems arise in a variety of recent applications,
ranging from ridesharing and online video games to kidney exchange. Based on the nature of the
underlying matching problems and other key characteristics of the specific applications, a number of
disparate approaches have been proposed for solving such problems. This motivates us to explore
the common structure in such problems and propose a general framework that can provide a
unified approach for a broad class of dynamic stochastic matching problems. Our framework can
accommodate a variety of important problem characteristics and is flexible regarding the nature
of agent compatibilities, possible restrictions on the matchings, and the potential for matching
failures. We formulate this framework as a Markov decision process (MDP). Because the resulting
MDPs are intractable, we resort to the linear programming-based approach to approximate dynamic
programming and derive novel reformulations of the resulting approximate linear programs (ALPs).
Even though these reformulations may be neither compact nor equivalent to the original ALPs, they
can be solved efficiently and produce strong bounds and heuristic policies. Numerical experiments
confirm that this approach shows strong performance and provides an attractive alternative for a

broad range of applications that involve dynamic stochastic matching.



2.1. Introduction

Matching problems are among the most fundamental and extensively studied problems in
combinatorial optimization, with numerous applications in economics, computer science, and oper-
ations management. Given some graph, matching problems aim to determine a set of edges where
each node is incident to at most one other node in the set and certain criteria are optimized. Re-
cently there has been considerable interest in dynamic matching problems, where nodes in the
graph may appear and/or depart dynamically over time. To a large extent this interest is driven
by novel applications, ranging from online advertisement allocation (Karp et al| 1990, Mehta et al.
2007, Feldman et al| 2009) and real-time ridesharing (Ozkan and Ward 2020, Yan et al| 2019) to
matchmaking for online multiplayer video games (Emek et al| 2016) and kidney exchange (Dickerson
et al| 2012, 2018).

This has led to a number of disparate approaches for solving such problems, based on the
nature of the underlying matching problems and other key characteristics of the specific applica-
tions. For example, Ozkan and Ward (2020) propose a continuous linear program together with a
myopic LP-based matching policy for their dynamic bipartite matching problem, while Emek et al.
(2016) propose an on-line algorithm for a dynamic general matching problem. Dickerson et al.
(2012) use an iterated local search method to approximate the future value of matches in a setting
where additional constraints are imposed on the matches that are allowed. In this work, however,
we aim to explore the commonality between these problems and propose a general framework that
can provide a unified approach for a broad class of dynamic matching problems.

Specifically, we consider a general dynamic matching problem where agents arrive gradually
over a finite time horizon. Compatibility between agents is characterized by a general compatibility
graph, where each node represents an agent type. The decision maker observes the agents present in
the system, and decides whether and how to match them given the compatibility graph. Successfully
matched agents obtain a reward and leave the system, while unmatched agents either persist or

depart. The decision maker’s objective is to maximize the expected total reward over the time



horizon. In this setting, the decision maker has to determine both which agents to match and when
to match agents. Thus, the decision maker has to balance immediate matchings with the potential
increase in reward from later matchings, while accounting for waiting costs and potential agent
departures. Our setup can also accommodate additional restrictions on the feasible matchings and
account for potential match failures, which may occur with a certain probability after the decision
maker has committed to a matching in each time period. When a proposed match fails, affected
agents are returned to the system. Such failures are common in kidney exchanges, see Dickerson
et al) (2018). For example, in the United Network for Organ Sharing (UNOS) 93% of matches fail,
while most matches fail at other kidney exchanges as well, e.g., Bray et al) (2015). Similar failures
may occur in other matching applications, such as online dating, ridesharing and matchmaking for
multiplayer video games.

The stochastic nature of this general failure-aware dynamic matching problem is naturally
accommodated by formulating the problem as a Markov decision process (MDP). However, the
resulting MDPs suffer from the three “curses of dimensionality” (Powell 2011, p. 3-5) in that
the state, action, and outcome space of the MDP all grow exponentially with the size of the
underlying graph. To achieve tractability, we therefore resort to approximate dynamic programming
(ADP), see Powell (2011)) and Bertsekas (2008). In particular, we use the linear programming-based
approach to approximate dynamic programming, which was introduced in Schweitzer and Seidmann
(1985) and further explored in De Farias and Van Roy (2003, 2004). The main idea behind this
approach is to approximate the value function with a collection of pre-selected weighted basis
functions, and determine these weights by solving an approximate linear program (ALP). This
approach has been used successfully in a number of settings, such as network revenue management
(Farias and Van Roy 2007, Zhang and Adelman 2009, Vossen and Zhang 2015) and health care
management (Patrick et al) 2008, Samiedaluie et al| 2017).

The linear programming-based approach to approximate dynamic programming leads to
large-scale linear programming problems that are difficult to solve even with current commer-

cial solvers. A number of different approaches have been proposed to address this computational



challenge, ranging from column generation (Adelman 2007, Zhang and Adelman 2009) and con-
straint sampling (De Farias and Van Roy 2004) to constraint violation learning (Lin et al| 2020).
We instead take a different approach and extend the work in Tong and Topaloglu (2013) and Vossen
and Zhang (2015), who derive compact equivalent reformulations of the resulting ALPs for network
revenue management problems and find that directly solving these reformulations can be orders of
magnitude faster than other approaches.

However, the system dynamics and action spaces are substantially more complicated when
considering dynamic stochastic matching problems. As a result, the reformulations we derive may
be neither compact nor equivalent. For general non-bipartite compatibility graphs, our reformu-
lation transforms an ALP with an exponential number of variables to a LP with an exponential
number of constraints. Nevertheless, we show that these reformulations can be solved significantly
faster than other approaches. When additional constraints are imposed in the feasible matchings,
our reformulation relaxes the original ALP. Still, these reformulations provide strong performance
bounds and high-quality heuristic control policies. Overall therefore, we establish a general algo-
rithmic framework that encompasses and extends a broad class of dynamic matching problems. To
our knowledge, our model is the first to propose ADP approaches for dynamic matching problems
with general non-bipartite compatibility graphs, and our numerical results show that taking ad-
vantage of distributional information can yield strong performance in this setting. Moreover, our
results demonstrate effectiveness of ADP approaches for dynamic kidney exchange problems, where
our ALP reformulation provides tight performance bounds.

To summarize, our contributions are as follows:

1. We propose a unified framework for a variety of dynamic stochastic matching applications
that accounts for stochastic arrivals and departures of agents, arbitrary compatibility relations
between agents by allowing general (non-bipartite) compatibility graphs, agent waiting costs, and
potential match failures. Our framework can also incorporate certain additional restrictions on
the matchings that are allowed, for settings where matchings induce a cycle of exchanges and it is

desirable to limit the length of such cycles.



2. We introduce a linear programming-based approximate dynamic programming approach
to approximately solve dynamic matching problems. We propose reformulations of the original
ALPs that can be solved efficiently and have an intuitive interpretation. We also show the promise
of this approach even if the reformulations are not equivalent and relax the original ALPs. Overall
therefore, we believe that our results extend the literature on Approximate Linear Programming.

3. We evaluate the performance of our approach with a numerical study that considers
a number of different applications, ranging from kidney exchange and real-time ridesharing to
matchmaking for online multiplayer video games. We show that our approach yields tight upper
bounds and high quality control policies over this broad set of applications.

The remainder of the chapter is organized as follows. Section @ surveys related literature on
applications that involve dynamic matching. Section @ introduces the formulation of our dynamic
matching problem. In Section , we introduces the ALP framework, describe the key ideas behind
our approach, and derive reformulations of the original ALPs. We also introduce heuristic control
policies based on the solution to these ALPs. Section @ describes our numerical experiments. In
the appendix, Section @ contains all technical proofs. Section @ illustrates connections with
two other related problems. Section @ provides additional implementation details. Section @
provides additional numerical experiments and details on the data sets for the applications we

consider. Section @ concludes.

2.2. Related Literature

The theory of matching has enjoyed extensive attention with significant results in the field of
combinatorial optimization, economics and computer science. In more traditional static matching
problems, the compatibility graph is known and fixed, and the objective is to find a matching that
maximizes a certain reward. When the resulting graphs are bipartite, finding a maximum weight
matching is also called the assignment problem and the well-known Hungarian algorithm can be
used to solve this problem. For static matching problems on general graphs, Tutte’s Matching

Theorem appeared in the 1940s, and approaches based on augmenting paths were first suggested
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in the 1950s (Cook et al| 2009). An efficient algorithm was first introduced in the landmark paper
of Edmonds ([1965), who first provided a complete linear description of the b-matching polytope
using the so-called blossom inequalities. Blossom inequalities can be identified using a separation
procedure, and Padberg and Rad ([1982) devise an efficient combinatorial separation algorithm based
on the Gomory-Hu cut-tree (Gomory and Hu 1961). We use this result to construct equivalent ALP
reformulations for a certain class of dynamic matching problems. However, the matching problems
that we study are dynamic in nature and do not assume a known and fixed compatibility graph.

Dynamic matching problems are a class of problems where agents arrive and depart stochas-
tically over time. When the compatibility graphs are bipartite, the problems are also known as
dynamic assignment problems. Dynamic assignment problems have a long history, beginning with
Derman et al| (1972) — see Su and Zenios (2005) for a more recent review. Spivey and Powell (2004)
also consider an approximate dynamic programming approach for a class of dynamic assignment
problems. However, their approach relies on iteratively updating the basis function weights in their
approximations by solving a sequence of optimization problems, whereas our approach determines
the basis function weights that provide the best bound (given the approximation) using a single
LP formulation.

An emerging application of such dynamic bipartite matching problems arises in ridesharing
platforms that aim to optimally match drivers and customers over time. Our model is most closely
related to the models proposed by Ozkan and Ward (2020) and Aouad and Saritad (2019), who
formulate ridesharing systems as an open queueing network where driver and customer arrivals are
independent of the matching decisions. There is support for such an assumption in the work of
Zhong et al| (2019), who use data from the ride-sharing company Didi to show that a Markovian
queueing model with exogenous customer and driver behaviors provides good estimates for system
performance measures during rush hours in China. (Ozkan and Ward (2020) propose a myopic
randomized allocation policy based on a continuous LP formulation and establish its asymptotic
optimality. Aouad and Saritad (2019) propose allocation policies that rely on a LP formulation

that is based on a fluid relaxation. Their LP formulation has a similar structure to our ALP
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reformulations when the compatibility graphs are bipartite, albeit for a continuous time setting
where matchings occur over an infinite horizon; in contrast to Ozkan and Ward (2020), their
allocation policies allow the possibility of waiting for possible higher reward matches. Unlike these
approaches, our formulation relies on a discrete time horizon that can more easily incorporate time
varying arrival and departure rates.

We also consider dynamic matching problems with general non-bipartite compatibility graphs.
Such problems arise in matchmaking systems for online player-versus-player (PvP) video games,
which are immensely popular and routinely attract millions of players. Matchmaking systems pro-
vide a crucial service by connecting players for online game sessions: a good matchmaking system
can increase player experience and engagement, which in turn improves retention (Butcher 2008).
While certain video games require matchings that involve large groups or competing teams, an
important class of video games (such as the StarCraft and the Street Fighter franchises) involves
pairing two players for direct competition. Even in such cases, however, determining an optimal
set of matchings presents a significant challenge. Because players join the game at different times,
the quality of the matchings (based on factors such as server latency and skill balance) has to be
balanced with the time players spend waiting for a game to begin. Véron et al| (2014) and Xu et al.
(2019) analyze waiting times in video games, and establish that this tradeoff can have a significant
impact on user experience. Typically, video game companies rely on ad-hoc rule-based heuristic
policies that are myopic in nature. These can lead to inefficiencies when perfect opponents emerge
shortly after a player has been paired, aptly described as “Haste Makes Waste” in Emek et al.
(2016). Emek et al| (2016) refer to this problem as the min-cost perfect matching with delays,
and derive worst-case performance guarantees based on a randomized online algorithm. While
our overall setting is similar to the one considered by Emek et al. (2016), a key difference is that
we account for and explicitly incorporate the arrival time distributions of the different players.
This distributional information is often readily available based on the historical arrival patterns of
players, and can be used to improve matchmaking decisions.

Another application of particular interest is kidney exchange. A kidney exchange occurs
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when two patients swap incompatible donors. Such exchanges can also take the form of longer
cycles, where each patient receives a kidney from the donor of the next pair in the cycle. To ensure
that donors follow through after their intended recipient successfully receives a kidney from another
domnor, cycle lengths are restricted by the number of medically feasible simultaneous transplants.
The static version of the kidney exchange problem therefore involves a generalization of the general
matching problem, often called the barter exchange clearing problem (Abraham et al] 2007), where
exchange cycles are restricted to some maximum length L. Roth et al| (2005) show that significantly
better solutions can be obtained by allowing cycles of length 3 instead of allowing 2-cycles only.
Abraham et al| (2007) show that the matching problem for kidney exchange is NP-Complete when
the cycle length limit is finite and larger than two, and present an IP formulation and branch-
and-price algorithm for cycles up to length 3. Subsequently, Glorie et al) (2014) show that higher
efficiency can be achieved by allowing longer chains, and propose a specialized branch-and-price
algorithm to solve kidney exhange problems with longer cycles.

Awasthi and Sandholm (2009) first proposed a dynamic version of the matching problem
for kidney exchange, where exchanges are conducted continuously and the exchange is optimized
with respect to future arrivals and departures. They show that more matches can be achieved by
considering the future, though the approach does not scale to larger instances. Dickerson et al.
(2012) propose off-line machine learning approaches to learn the potentials of structural elements
of the graph. These potentials can be viewed estimates of the value functions in a corresponding
dynamic program. In our model, the value functions are approximated systematically by the
weighted sum of a collection of basis functions. Our framework also addresses the issue that
matches might fail after the algorithm is committed. We adopt procedures in Dickerson et al.
(2018), who adjust the edge-reward based on such failures. The ability to provide upper bounds
is a key benefit of ADP approaches in this setting. Whereas Dickerson et al| (2012) use perfect
hindsight bounds and Dickerson et al| (2018) do not provide upper bounds on the performance of

the policies they propose, our ALP formulation can provide strong upper bounds on performance.
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2.3. Model Formulation and Preliminaries

We consider a system where agents arrive and depart over time. We assume that the time
horizon is finite and discrete. A planner needs to decide which of the present agents to match
at the start of each time period based on their compatibilities. A reward is collected for every
successful match, and successfully matched agents leave the system. However, we also account for
possible match failures; when matches fail, the corresponding agents return to the system in the
next period. The objective is to maximize the total expected reward by selecting which matches
to execute .

We formulate this problem as a finite-horizon discrete-time Markov decision process (MDP),
and use 7 = {1,...,T} to represent the planning horizon. We assume that each agent has a type
i€V ={1,...,V}, where V represents the set of all agent types. At the start of each period ¢,
the planner observes the agents present in the system. Thus, the state space in our MDP can be

expressed as

S={seZ¥ s <8 VieV}

We assume a finite state space by imposing a uniform upper bound S on the state variables. This
is without loss of generality, and avoids the technical complications that come with an infinite-
dimensional MDP.

Given a state s; at the start of each period, the planner has to decide which agents to match.
To allow for a general and unified framework, we represent the compatibility between agents using
a directed graph G = (V,€). Intuitively, we can interpret this by imagining that each agent has
an item that it wishes to exchange. A directed arc (i,7) € £ then reflects that type ¢ agents are
willing to exchange their items for items held by type j agents. An elementary cycle in G (where
each node in G is visited at most once) will therefore represent a feasible exchange of items, where
each agent receives the item of its successor in the cycle. Under this setup, the planner determines
which exchanges to execute by selecting a collection of cycles in G.

To formally represent the action space in our MDP, we first define C to be the set of all
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elementary cycles in the compatibility graph G. We further let L € Z, be the maximum cycle
length and use C(L) to denote the set of elementary cycles with a maximum lengths of L. For any
¢ € C(L), we introduce decision variables x. to represent the number of times cycle ¢ is scheduled
for exchange. For any agent type ¢ € V, we introduce constraints to ensure that the number of type
1 agents selected for exchange does not exceed the number of such agents present in the current
state. As a result, the action space can be defined as
Ay ={xezf™: Y wo<siviev),
ceC(L):ieV(c)

where V(c) represents the nodes in cycle c. To express state-action pairs, we define
X ={(s,x):s€S,xe As)}.

While this approach might be somewhat unusual, we emphasize that this framework can easily
accommodate traditional matching problems with an undirected compatibility graph. Specifically,
we can duplicate arcs in both directions for each edge in the undirected compatibility graphs, and
impose the further restriction that each matching can only include cycles of length two. However,
it can also be useful to consider settings that relax this restriction. In kidney exchange markets, for
example, the maximum cycle length allowed is typically three; alternatively, timeshare exchange
markets correspond to a setting where no restrictions are imposed on the cycle length (see Section
2.7 for additional details on this application).

Our framework incorporates the possibility that planned matches can fail, following the notion
of failure-aware matching proposed in Dickerson et al, (2018). As in Dickerson et al| (2018) and
Ozkan and Ward (2020), we assume that each potential exchange (i,j) € £ has an independent
success probability p; ;. Because the exchanges in a cycle ¢ will fail whenever at least one of the
exchanges in ¢ fails, we can define the failure probability for a cycle ¢ as p. = 1 — H(m)eg(c) Pij
where £(c) represents the arcs in ¢. The reward function consists of two components: waiting cost
of agents in the system, and successful matching reward. Let w;; be the waiting cost of each type ¢

agent at the beginning of each period, and r; . is the reward of a type c cycle if the exchanges in the
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cycle are successful, we can therefore associate an expected reward with each planned matching

x € A(s) as follows:

ri(s,x) = Z (1= pe)recxe — Zwmsi.

ceC(L) IS%

To represent the transition function we first use y; to represent the number of successful
exchange cycles given that the planned matches x; when s; agents are present at the start of each
period, and define the conditional probability

Pl(yix) = ] (xt’c> et (1 = o).
ceC(L) Yt
After successfully matched agents leave the system the number of remaining agents equals s} (s¢, y),
which is defined as
Sllt,i(st7 Yt) = St — Z Yt,c-
ceC(L)5eC(L)

Finally, the planner also observes departures d; = (d¢ 1, ..., d;) of unmatched agents and arrivals
a; = (ag1,-..,a¢y) of new agents. Thus, the number of agents s;11 present at the start of the next

period equals

/
St41,i = Sp,i(8t: ¥t) — dii + azg.

We assume that the departures of each agent type are independent and follow a binomial dis-
tribution with probability v; for each ¢ € V. It follows that the joint distribution of departures
is

PUdylsy,y:) = szc'l(dt,”sg,i(sb yt)),
i€V

where

) St, Yt di s ’ —d, .
p;‘i(dt,i|5;,i(sta}’t)) = < t,zil ) )> v t (1 B Vi)%,ﬂSt:Yt) dt,z.
ti

We also assume that the new arrivals of each agent type are independent, and follow a discrete
distribution with bounded support. Thus, the joint distribution of arrivals is

Pt(a) = Hp?(at,i),

(1%
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where pf(a;) represents the probability that a;; type i customers arrive during period t. As a
result, the overall transition probabilities P(s;11|s¢, X¢) can be expressed as

P(sty1lsi,xt) =) Yo > Plyilxe) PU(dilse, ye) P (ar) Lsear = si(st,ye) — di + ar}.

Yty <t dp:de <sj(s¢,ye) at

A feasible policy 7 is a time-dependent decision rule that assigns an action x7 (s;) € A(s¢) to
every state s; € S reached at the start of period ¢. Given an initial state s; € S, the total expected

reward of policy 7 equals

IT(s1) = D E[ra(s7,x7 (57))lsal

teT
where the expectation [E is taken over the distribution of the random state sj reached at the start

of period ¢t when the planner selects actions according to policy 7. Using II to represent the set of

all feasible policies, our objective is to find an optimal policy 7*, that is,

7 (s1) = argmax 97 (s1). (2.1)
mell
2.4. Approximate Linear Programming

In this section we describe our ALP approach to approximately solve the MDP (@) We
first outline how MDP (@) can be formulated as a linear program in Section , and use this
to construct an ALP formulation in Section by imposing restrictions on the value function.
In Section , we introduce reformulations of the ALP that can be solved efficiently and that
attain an upper bound on the expected rewards. Finally, Section describes how the solution
to these ALP reformulations can be used to generate heuristic control policies that can provide a
lower bound on the expected rewards; by comparing the performance of these control policies to

the upper bounds, we can assess the quality of the resulting approximations.

24.1 Optimality Equations and Exact Linear Program

Given a feasible policy 7, the value function 97 (s;) can be defined recursively as

OF (st) = re(se,xe) + Y Plsiaalse, x)07 1 (si41), VEET s €S.
St+1E€S
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Therefore, we can solve the MDP (@) and determine the optimal value function v (s;) using the

dynamic programming optimality equations

ﬁf(st) = néi)({)?”t(st,xt) + E P(St+1’St,Xt)19I+1(St+1), vVt € T, St € S, (22)
Xt S
St+1€s

with boundary conditions 97, ,(s) = 0 for all s € S. Given the |V|-dimensional state space and
a |C|-dimensional action space, however, solving (@) is computationally intractable due to the
state-space and action-space explosion.

In this chapter, we therefore consider linear programming-based approximate dynamic pro-
gramming approaches to solving this problem. As a first step, we use decision variables 9;(s) for

all t € T and s € S to define an equivalent linear programming formulation for (@)

P: min 9;(s1)
{9e()we

st. Uy(s) > ri(s,x)+ Y P(S'|s,x)041(s),  VEET,(s,x) € X.
s'eS

Solving (P) is as difficult as solving (@), because both the number of columns and rows
in (P) are exponential in |V| and |C(L)|. To address this challenge, a common strategy is to
impose restrictions on the value function and approzrimately solve the LP. This is often achieved by
expressing the value function 9J4(s) as the weighted sum of a set of basis functions; substituting the

value function by this weighted sum in (P) then yields an approximate linear program.

2.4.2 ALP Formulations

In this chatper, we focus on affine approximations of the value function. Affine approxima-
tions have been common in the LP-based ADP literature, and heuristic policies based on the affine
approximation are known to give strong performance; see, for example, Adelmarn (2007), Vossen
and Zhang (2015), and Meissner and Strauss (2012).

The affine value function approximation is given by

9u(s) = 0y + > Viasi, (2.3)

i€V
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where V;; represents the marginal value of one type ¢ agent in period ¢ and 6; is a constant offset.
Substituting (@) into the LP formulation (P) yields

P4 . IIllIl 01 +ZVMSU
%

s.t. 0 — ‘9t+1+2‘/},z31 ZP |S X ZW+115 >Z 1_Nc Tt,cle — Zwtzsza

% s'eS % ceC(L =%

Vte T, (s,x) € X.

For all i € V, we assume 071 and Vry1; equals O and observe that

> PS8, ) Vig i) = Elsffs, x] Vi1 = {(1 —vi)(si— Y, (1= pe)ze) + E[az’]] Vit
= ceC(L):
1€V(c)
where [E[a;] denotes the expected number type i arrivals in a period. This follows from the fact
that both match failures and agent departures follow a binomial distribution.

For ease of exposition we define \; = E[a;], 7; = 1 — 14, and fi, = 1 — . for all i € V and

¢ € C(L). With these definitions, we can simplify (P4) to

PA Iglgl 91"‘2‘/12511

(1%
st Oy — b1 + Z Viisi — Z(E‘Si - Z?z’ﬁcﬂﬁc +2i)Virri > Zﬁcn,awc - Z Wt,i8i,
i€y SY ceC(L): ceC(L) S
i€V(c)

Vte T, (s,x) € X.

Because the affine approximation imposes a restriction on the value function, it immediately follows

that the approximate linear program (DA) provides an upper bound on the total expected reward
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over the horizon. The dual of the affine ALP (P4) equals

D”: max Z Z ( Z ﬁcrt,cxc—zwt,isi)ﬂt(sax)
)

{me()bveer teT (sx)€EX  ceC(L =%

st Y m(s,x) =1, Ve T,  (2.4)
(s,x)X
81,1 ift=1,
Zsmt(s,x) =
(s,X)EX Z(?isi — Z UilleTe + Xi)me—1(s,x), ift > 1,
(s,x)EX ceC(L):
i€V(c)

YieV,teT, (2.5)

™ 20, VteT.

The decision variables (s, x) in (D) can be viewed as approzimate state-action probabilities.
Specifically, m;(s,x) equals the fraction of time that the system reaches state s at the beginning
of period t and executes a matching s during the period under the affine approximation. These
probabilities are approximate since they generally do not coincide with those following an optimal
policy; see Adelman (2007) for further discussion. Since the term }° ¢y Si(s, X) represents the
expected number of type i agents present at the start of period ¢, the flow balance constraints (@)
maintain the state distribution in expectation over time.

Relative to (P), the approximate linear program (P#) has a more manageable number of
variables, although the number of constraints is still an exponential in both |V| and |C(L)|. This
suggests that the corresponding dual approximate linear program (DA) can be solved using column
generation methods, which start with a subset of variables and iteratively add variables that can
improve the solution. We refer to Trick and Zin| (1997) for an early application of column generation
methods for solving ALPs and to Desrosiers and Liibbeckq (2005) for a detailed review of column

generation methods in general.
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2.4.3 ALP Reformulations

In this section, we introduce reformulations of the ALP dual (D?). The construction of such
reformulations relies on the structure of the subproblems when using column generation to solve
(DA). If we can formulate these subproblems as a linear program, the ALPs can be reformulated
as well; see Vossen and Zhang (2015) for additional discussion. We investigate the conditions under
which this leads to equivalent compact reformulations for (DA), and explore how this approach can
be used to generate upper bounds by relaxing the ALP when the structure of the column generation
subproblems does not admit an explicit characterization of the linear programming formulation.

As a first step, we consider the subproblems that arise when (DA) is solved with a column
generation method. After solving a restricted master problem with a subset of the columns in (DA),
suppose we obtain a dual solution (6, V). Then, the column generation subproblem for period ¢t € T

equals
CGt .

max E fe | Tte — E UiVig1i | we — E (Vi = UiVigr,i + we ) si + § AiVig1,i — 0 + 0ip1.
(s,x)eX . ‘ ‘

ceC(L) i€V(c) i€V 1%

Using the definition of the feasible state-action pairs, it follows that we can formulate the column

generation subproblem as the linear program

c— Z (Vi = UiVigr,i +wes) 8 + Z AiVig1i — 0y + 041
ceC(L) 1€V(c) IS% IS%

=
)
™
]
&
P
o
|
N
N
~
X
>

s.t. > de <&, VieV, (2.6)

<85, if t > 1;
5 VieV, (2.7)
= S1,4, ift =1.

ER+ES <e, (2.8)

P>
w>
Y
(=]
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Here, constraint (@) represents a collection of linear inequalities that, together with the other
constraints in (CG-LPy), are necessary and sufficient to represent the convex hull of the feasible
state-action pairs (§,%) € X.

Clearly, the nature of constraint (@) will be critical to our approach. First, however, we
follow the approach taken in Vossen and Zhang (2015) to construct an equivalent reformulation
for the approximate linear program (D“) based on the formulation (CG-LP;), as Proposition @

states.

Proposition 2.1. (D?) is equivalent to the linear program

:max E E MCthﬁtc E E wtzstz

> teT ceC(L teT i€V
Sl,ia ift = 1,’
s.t. 5t = Vi1 — Z BT 1c+ Ny ift> 1. VteT,ieV, (29)
ceC(L):
1€V(c)
Z xtcgstu VteT,i €V, (210)
ceC(L):
i€V(c)
E°x; + E’s; <e, VteT, (211)
X8 >0, Vte T.

The ALP reformulation (RDA) can be viewed as a deterministic approximation of the original
dynamic programming formulation. For each period ¢ € 7T, constraints (@) track the system
dynamics in expectation, while constraints () and () determine the matching in period ¢
based on the current state while maximizing the total expected reward.

Proposition @ transforms an ALP formulation with an exponential number of variables
(DA) into an ALP formulation with a potentially exponential number of constraints (RDA). This
transformation relies on a complete linear programming description of the column generation sub-
problems (CGy) for all t € T, and extends the approach outlined in [Vossen and Zhang (2015). While

Vossen and Zhang (2015) derive compact equivalent reformulations for network revenue manage-
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ment problems, this application is substantially different from the dynamic stochastic matching
problems we consider. Network revenue management problems assume at most one customer ar-
rival in each period, while dynamic stochastic matching problems involve “block” demands for
multiple agent types; as a result, the system dynamics and action space are significantly more
complicated. In fact, the network revenue management problem can be interpreted as a special
case of the dynamic stochastic matching problem, as we illustrate in Section @

Of course, the tractability of the ALP reformulation (RD) is highly dependent on the
nature of the constraints in () that are needed to represent the convex hull of the feasible
state-action pairs. While it may be hard to establish these constraints in general, there are im-
portant applications of dynamic matching that allow a full characterization of these constraints.
Specifically, consider dynamic stochastic matching problems where the cycle length L equals 2. As
discussed before, this corresponds to settings where the action space can be represented as a general

matching problem. For this case, the following proposition provides an explicit characterization of
constraint () in (RD4).
Proposition 2.2. For a dynamic matching instance defined on G = (V,&) with L = 2, (RD?) is

equivalent to the linear program

max E E ﬁcTt,cxt,c—E E W St 4
)

§,%

teT ceC(L teT i€V
51,is ift=1;
s.t. 515 = Vidr_1i— Z BTidrc+ Ny ift> 1. VteT,ieV, (2.12)
ceC(L):
i€V(i)
Tre < St VteT,ieV, (2.13)
ceC(L)
1€V(c)
. s15—1
Be < ZEW; YWV si odd, (2.14)
ceC(L): 1EW
V(c)ew
fctaét 207 VtGT

)
D

The resulting ALP formulation when L = 2 has an exponential number of constraints ()
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We observe that a compact equivalent formulation is in fact unattainable in this case: when
T = 1 the formulation reduces to a static b-matching problem, and Rothvofj (2017) shows that no
polynomial-sized formulation can represent the convex hull of feasible matchings. However, it is
known that the blossom inequalities () can be separated efficiently (Padberg and Raq 1982).
Moreover, the number of such constraints that need to be added is small in our applications; as a
result, our numerical study indicates that solving (RDA) is orders of magnitude faster than solving
the approximate linear program (D?) using column generation methods.

In addition, we observe that constraint () is redundant when the graph G = (V,€) is
bipartite. Dynamic stochastic matching problems with a bipartite graph structure arise in variety
of applications, such as ridesharing and online advertising. Solving the approximate linear programs
is therefore highly efficient in these applications, as we show for the dynamic ridesharing instances
we consider in our numerical study.

Proposition no longer applies when the cycle lengths L are restricted to some value other
than 2. In fact, when L > 3 it is generally impossible to fully characterize the convex hull of the
feasible state-action pairs expressed in constraints () This follows from Theorem 1 in |Abraham
et al) (2007), which shows that the barter exchange clearing problem is NP-Complete given a graph
G = (V,€) and an integer L > 3. As a result, the column generation subproblems (CG;) for (D*)
will also be NP-Complete, and therefore the constraints that specify the convex hull of the feasible
state-action pairs cannot easily be characterized or separated. In such cases, however, we can still
consider a relaxation of the approximate linear program (D“) by removing the constraints ()
Because this relaxed ALP will yield an upper bound on the affine approximation, it also provides
a bound on the total expected reward. Such relaxations can still provide strong performance
if the column generation subproblem relaxations (CG-LP;) without constraint () have tight
bounds. In our numerical study, we pursue this approach for a class of dynamic stochastic matching
problems that arises in kidney exchange. It might further be possible to strengthen this relaxed
ALP by adding valid inequalities for the barter exchange clearing problem. However, our numerical

experiments indicate that the benefits of such valid inequalities would be marginal, and we do not
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consider this potential bound strengthening in this chapter.

In sum, the ALP reformulation (RDA) provides an efficient approach to generate upper
bounds on the total expected reward for dynamic stochastic matching problems. For bipartite
matching instances, (RD*) has O(T - (|V| 4 |C|)) variables and O(T - [V|) constraints, hence both
the space and time complexity of (RDA) are polynomial. For general non-bipartite instances with
L =2, (RD%) has O(T-(|V|+|C|)) variables, O(T - |V|) regular constraints and exponentially many
blossom constraints. However, because the blossom constraints are added to the formulation in a
dynamic fashion with efficient separation routines, the space and time complexity of (RDA) remain
polynomial. For general instances with L > 3, we remove constraints () from the formulation
and solve a relazed version of (RD#), which also has O(T - (|V| + |C|)) variables and O(T - |V|)

constraints.

2.4.4 Heuristic Control Policies

In addition to providing an upper bound, optimal solutions for the ALP reformulations can
also be used to derive heuristic control policies. We distinguish between primal and dual control
policies.

Primal policies rely on an an optimal solution (V*, W*, U*) to the primal formulation (RP*)
that corresponds to (RDA), which we do not state explicitly. Observe that the values of the decision
variables V/'; reflect the marginal value of a type ¢ agent in period ¢. Based on these values, we
can derive a one-step greedy policy by substituting the approximation (@) that results with these
values into the right hand side of (222) for each initial state s; € S (Powell 2011, Chapter 6).
Disregarding constant terms in the objective function, this results in the optimization problem

max Z fe | T1,c — Z Vaii | ze.
xeAl) Lo iev(e)
We can choose to implement this policy without or with resolving. Without resolving we solve
the ALP (RDA) once, and the value function estimates used in the policy do not change. With

resolving, we solve (RDA) after every state update and update the value function estimates in the
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objective function.

In addition, we also consider control policies that are based on the optimal solution to the
dual program (RDA). This naturally leads to probabilistic allocation policies, which have shown
promise in several applications (Lei et al] 2021, Vossen et al| 2022). To illustrate this approach,
suppose (s*,x*) is an optimal solution to (RD?) when L = 2. We focus on the first period variables
x7, and observe that x] might be fractional due to linkages present in (@) (even though the column
generation subproblems (CG-LP;) for a single period would have integer solutions). The following
proposition states that x] can be expressed as a convex combination of feasible integer matching

decisions.

Proposition 2.3. Let x7] be the first period solution of an optimal solution to (RDA) when L = 2.

Then,

N
xi =3 puxt, (2.15)
n=1

where pp, > 0 forn=1,...N and Zflvzl pn = 1, and X is a feasible integer solution of the first

period forn=1,...,N.

The proof of Proposition @ relies on an extension of the Birkhoff-von Neumann Theorem
proposed recently in [Vazirani (2020). Given this decomposition, we obtain a probabilistic allocation
policy by selecting the matching x| with probability p,. To use this approach, we have to update
and solve (RD?) at the start of every period. When L > 3, Proposition @ no longer applies.
To construct an allocation policy in this setting, we solve a relaxation of (RDA) by removing
constraints () and round down any fractional solution; clearly, this yields a feasible integer
allocation.

We use Monte Carlo simulation to evaluate these policies, and generate sample paths that
advance the state by sampling from the stochastic process that describes the uncertain state transi-
tions. Starting from an initial state, we calculate the sample average reward (and standard errors)
of these policies over the horizon to determine a lower bound on the policies’ performance. This

might require resolving the ALP after each state update. The resulting lower bound can be com-
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pared with the upper bound obtained by solving the ALP reformulation to assess overall quality.

Section @ provides additional implementation details for the policies outlined above.

2.5. Numerical Study

In this section, we evaluate the performance of our approach with a numerical study that
considers three different applications. We compare the performance of our ALP approach to that
of several benchmark policies, which we outline in Section . Section m considers real-time
ridesharing problems, which involve determining a bipartite matching in each period. Section
considers matchmaking problems in on-line video games, which involve matchings in general graphs.
Section evaluates the performance of our approach for dynamic kidney exchange problems,
which involve matching patient-donor pairs for kidney transplants and allows for longer exchange
cycles.

The ALP and all benchmark approaches are implemented using Python 3.8.5, and we use
the Gurobi solver whenever a linear or integer program is solved. All code and data sets are
available at https://github.com/FanYouCN/dynamic_stochastic_matching. We used a PC with

AMD Ryzen 3800X and 16GB of RAM running Windows 10 to conduct our experiments.

2.5.1 Benchmark Approaches

We use three benchmarks to assess the performance of our ALP reformulations: column
generation, a deterministic linear program, and a limited lookahead policy. We outline these
benchmarks below, while Section @ provides additional details on their implementations.
Column Generation. We first compare our ALP reformulation with solving (D#) using col-
umn generation. In particular, we iteratively add columns for each period t € T by solving the
subproblems (CG¢) as an IP. The purpose of this comparison is twofold. First, we compare com-
putation times to demonstrate the efficiency of the ALP reformulation. In addition, we compare
upper bounds obtained by both approaches to understand the impact of relaxing the ALP when a

complete description of constraint () is unattainable.
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Deterministic Linear Program. We also compare the performance of our ALP with a deter-
ministic linear program (DLP) that assumes away all uncertainty and replaces relevant terms by
their respective expected values. DLPs have received considerable attention, see for example Chap-
ter 2 of Gallego et al] (2019). While DLPs typically aggregate time periods, our setting (which
includes potential failures and departures) requires a multi-stage LP formulation. The DLP not
only provides an upper bound, but also admits the derivation of heuristic control policies akin to
the primal policies outlined in Section .

Limited Lookahead Policy. Finally, we also contrast the performance of our ALP approach
with limited lookahead policies (LLA). Limited lookahead policies optimize matching decisions
over some pre-determined horizon, which is usually significantly shorter than 7. A horizon length
of zero periods yields a myopic policy that only maximizes immediate rewards without accounting
for future dynamics. In our numerical experiments, we set the horizon length to 5 periods. For a
more detailed discussion of myopic and limited lookahead policies, we refer to Chapter 6 of Powell

(2011).

2.5.2 Dynamic Matching for Ridesharing

We first assess the performance of our approach for dynamic stochastic matching problems
that arise in ridesharing platforms, which involve matchings over a bipartite compatibility graph.
We perform an initial set of experiments based on an example in Ozkan and Ward (2020, p. 25);
subsequently, we also evaluate our approach on randomly generated larger instances to evaluate

the scalability of our approach.

2.5.2.1 Initial Experiments

For our initial set of experiments, we adapt an example from Ozkan and Ward (2020), where
the ridesharing region is partitioned into 3 disjoint areas. Area 1 only has customer arrivals while
area 3 only has driver arrivals, causing an imbalance between supply and demand in these regions.

Different instances are generated by varying a parameter n that captures the thickness of the
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Table 2.1: Computation times (seconds) of instances in Ozkan and Ward (2020)

n=1 n=10 n=100
ALP 1.6 x1072 59x1072 35x 10"

ALP CG | 3.6x107' 1.5x10% 9.8 x 10?
DLP 77x107% 47x1072 22x107!
OLP 4.4 x 1073

matching market. Specifically, n represents the arrival rate of customers and drivers at each of the
locations. For a detailed description of the instances derived from this example, we refer to Section
i

In addition to the ALP-based and benchmark policies we also assess the performance of
the myopic LP in Ozkan and Ward (2020, Section 4.1), which we refer to as OLP. The OLP
ignores any state information and market thickness while matching arriving customers and drivers
in expectation. The OLP provides an upper bound, while its optimal solution can be used to
construct a randomized policy.

Table @ summarizes the computation times when solving the ALP reformulation, the ALP
using column generation, the DLP, and the OLP. These results highlight the computational effi-
ciency of our ALP reformulation, which solves orders of magnitude faster than the column gener-
ation methods. Except for the OLP, we also observe that computation times increase slightly as
the market thickness n increases. This is explained by the fact that discretizing the time horizon
requires a larger number of periods when the market thickness increases (see Section @ for details
on this discretization).

Table @ summarizes the performance of the ALP-based and benchmark control policies.
For each thickness level, we first determine upper bounds. Next, we generate 100 sample paths of
arrivals and simulate different policies. Table @ reports the sample average number of match-
ings (i.e., the reward), the standard errors of the sample averages, and the average optimality
gaps. When determining optimality gaps, we compare the ALP and LLA policies against the ALP
bound, the DLP policy against the DLP bound, and the OLP policy against the OLP bound. For

these initial instances, we observe that the ALP policies, the DLP policy, and the OLP policy all



Table 2.2: Upper and lower bounds of instances in Ozkan and Ward (2020)

n=1 n=10 n=100
ALP UB 8.86 97.5 984.1
DLP UB 10.0 100.0 1000.0
OLP UB 9.85 98.5 985.1
Ib(se) | 5.53(0.2) 81.8(0.81) 936.6(2.5)
ALP Dual Policy gap 37.6 16.1 4.8
. ) Ib(se) | 5.59(0.2) 83.65(0.8) 945.0(2.6)
ALP Primal Policy
with resolve gap 36.9 14.2 3.9
) ) Ib(se) | 5.53(0.2) 83.64(0.8) 944.8(2.6)
ALP Primal Policy
no resolve gap 37.6 14.2 4.0
Ib(se) | 5.60(0.2) 82.93(0.8) 943.0(2.8)
DLP Policy gap 44.0 17.0 5.7
Ib(se) | 5.58(0.2) 82.79(0.8) 941.1(2.7)
OLP Policy gap 43.3 15.9 4.5
Ib(se) | 5.52(0.2) 72.9(0.8) 771.3(2.6)
LLA Policy gap 37.3 25.2 21.6

29

have similar performance, and significantly outperform the LLA policy. However, the ALP upper
bound is stronger across all thickness levels and allows us to establish the tightest gaps. The gap
improvement relative to the OLP decreases as thickness levels increase, which is consistent with
the asymptotic optimality provided by the OLP upper bound in Ozkan and Ward (2020). Over-
all, these results highlight both the efficiency and quality of our ALP-based approach relative to
the benchmark policies. While the OLP policy is slightly more efficient, we emphasize that this
critically depends on the fact that all parameters in these initial instances are time-homogeneous:
with time-varying arrival rates, the continuous LP becomes significantly more challenging; see the
discussion at the end of Section 3 in Ozkan and Ward (2020). In contrast, this will have little

impact on solving the ALP reformulation.

2.5.2.2 Experiments with Larger Ridesharing Instances

To further assess the performance of our ALP-based policies, we also generate larger random
instances that incorporate a richer reward structure and allow for latency in the matching decisions.

By slightly increasing potential latency of matching decisions, the platform accumulates a batch of
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customer requests, resulting in a more efficient assignment of the drivers. Due to their substantial
benefits, such batching algorithms have seen widespread adoption in major ridesharing platforms.
For example, Zhang et al) (2017) describe the batching algorithm used by DiDi, and an illustration
of the batching used by Uber can be found in Uber (2019). We provide a detailed description of
these instances in Section @

As before, we evaluate the performance of the ALP-based and benchmark policies on these
instances. However, we do not include the OLP policy because it cannot accommodate batch
requests. @ lists average computation times over a broad set of larger instances. For these larger
instances, we first observe that solving the ALP reformulation remains efficient while solving the

ALP using column generation quickly becomes intractable; this further demonstrates the value of

the reformulation.

Table 2.3: Upper and lower bounds for ridesharing instances with 20 areas

Instance Number 1 2 3 4 5
ALP UB 1254.9 1202.1 1199.6 1204.6 1108.0
DLP UB 1348.7 1304.6 1293.8 1305.0 1227.7

Th(se) | 1241.7(22) 11922(2.6) 1184.6(1.6) 1192.6(2.0) 1102.4(2.5)
ALP Dual Policy gap 1.05 0.82 1.25 0.82 0.50
. ~ Ib(se) | 1241.6(22) 1191.8(2.6) 11845(1.7) 1192.3(2.0) 11021(25

ALP Primal Policy o, 1.06 0.85 1.26 1.01 0.53
_ ~ Ib(se) | 1233.5(2.3) 1184.3(2.6) 1177.5(1.7) 1183.9(2.0) 1096.0(2.4)

ALP Primal Policy o, 1.70 1.47 1.84 1.72 1.08
Th(se) | 1104.0(22) 1091.4(24) 1101.1(1.7) 1079.4(1.8) 1018.0(2.2)

DLP Policy gap 18.1 16.3 14.9 17.3 17.1
Th(se) | 1193.2(21) 1169.2(24) 1149.6(1.7) 1161.0(1.9) 1083.2(2.4)

LLA Policy gap 4.91 2.73 4.16 3.61 2.24

Table @ shows the policy performance for five randomly generated ridesharing instances
with 20 areas; again, we show upper bounds, sample average rewards and standard errors as well
as optimality gaps. We observe that the ALP bound is significantly tighter than the DLP bound
across all instances. Both the ALP primal policy and the ALP dual policy with resolve show near
optimal performance, and consistently outperform the DLP and LLA policies; The ALP primal
policy without resolve also shows strong performance, and might be an attractive alternative for

large-scale problems where policies that require resolving become too time-consuming for real-time
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decision-making. In @ we show results for an additional collection of instances, which exhibit
similar performance characteristics. Overall, these experiments show that our approach provides
high quality bounds and control policies for dynamic stochastic matching problems over bipartite

graphs.

2.5.3 Matchmaking in Online Video Games

In this section, we evaluate the performance of our ALP approach for matchmaking prob-
lems that arise in online video games. In contrast to ridesharing problems, matchmaking involves
determining matchings over a general non-bipartite graph. In addition, this setting also includes
self loops in the compatibility graphs, in that players with an identical type can potentially be
matched. The key difficulty in the 1-versus-1 (1v1l) games we consider is balancing the quality of
the match that occurs when two players are paired with the time players spend waiting for a match
to begin. While an important area of research in and of itself, we assume the quality of a pairing
can be represented using a “score” function. We provide further background in @, and refer to

van Dongen (2018) for an illustrative example .

2.5.3.1 Initial Experiments

We randomly generate 5 baseline instances by considering the matchmaking system for a 1v1
online video game in the US. Players are divided into four geographical regions, west, midwest, south,
and northeast. We assume that each region has dedicated servers to host the online game sessions.
Matching players from the same region will result in a lower latency, matching players from adjacent
regions leads to higher latency, while players from the west and northeast regions are incompatible
and cannot be matched. Players are divided into three skill level brackets, low, mid, and high, and
generally prefer to be matched with other players of the same skill level. Thus, matching players
from the same bracket results in a higher reward, while low skilled players are incompatible with
high skilled players. Each of the 5 baseline instances has a unique set of parameters that capture

the reward, waiting cost, failure rate, and arrival rate; we refer to @ for a detailed description of



Table 2.4: Upper and lower bounds for baseline matchmaking instances

Instance Number 1 2 3 4 5
ALP UB 3425.1 3642.5 3385.1 2952.4 3736.2
DLP UB 4087.8 4356.5 4020.9 3505.3 4441.2
Ib(se) | 3203.7(17.3) 3419.2(17.0) 3139.5(18.1) 2700.5(16.8) 3533.8(16.5)
ALP Dual Policy gap 6.46 6.13 7.25 8.53 5.41
. . Ib(se) | 3225.7(16.4) 3431.8(18.3) 3140.5(17.3) 2704.0(16.9)  3523(17.8)
ALP Primal Policy
with resolve gap 5.82 5.78 7.22 8.41 5.68
. . Ib(se) | 3101.2(23.1) 3407.9(18.9) 2850.1(34.5) 2638.5(16.9) 3477.0(19.0)
ALP Primal Policy
no resolve gap 9.45 6.43 15.8 10.6 6.93
Ib(se) | 3199.1(17.6) 3402.7(17.4) 3141.7(18.2) 2689.7(15.5) 3508.8(17.9)
DLP Policy gap 21.7 21.9 21.8 23.2 21.0
Ib(se) | 3057.3(15.2) 3304.5(16.7) 3015.3(17.1) 2500.6(15.3) 3466.2(18.3)
LLA Policy gap 10.7 9.28 10.9 15.3 7.22

these parameters.

As a first step, we evaluate the computation times when solving the ALP reformulation, the
ALP using column generation, and the DLP. On average, solving the DLP requires 0.09 seconds,
while solving the ALP reformulation requires 0.19 seconds, and solving the ALP using column
generation requires 116 seconds. In this setting, solving the ALP reformulation uses a separation
procedure to dynamically add the blossom inequalities () Nevertheless, the ALP reformu-
lation is again orders of magnitude faster than the column generation, further highlighting the
computational efficiency of our framework.

Next, we assess the performance of the ALP-based and benchmark control policies. As
before, we generate 100 sample paths and simulate the different control policies. We again compare
the ALP and LLA policies against the ALP bound, and the DLP policy against the DLP bound.
Table @ summarizes the results. We observe that the ALP upper bound is tighter than the DLP
upper bound, which allows us to establish significantly stronger optimality gaps. The ALP dual
policy and primal policy with resolving show similar performance, and slightly outperform the
DLP policy and the ALP primal policy without resolve. The LLA policy performs markedly worse
than all other policies. Generally speaking, these results are in line with our observations for the

ridesharing instances, and illustrate the broad applicability of our framework.
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2.5.3.2 Further Experiments

To understand how our ALP approach performs in different environments, we randomly
generate a number of additional instances by systematically varying the waiting costs, arrival rates,
and sizes of the underlying compatibility graphs. A description and the results of these additional
experiments can be found in @ Different environments lead to certain broad qualitative changes
to the results in these additional experiments. For example, the relative performance of the LLA
policy does improve when waiting costs are low or when arrival rates increase, as it is easier to
pair players with a perfect opponent in such cases. Nevertheless, the key observations from our
initial experiments remain valid. The ALP bound is still uniformly stronger in all experiments,
and the ALP dual and primal policy with resolve predominantly yield the highest rewards. Overall
therefore, our model performs well across different settings, and achieves strong performance on
general non-bipartite compatibility graphs. To the best of our knowledge, our model is the first to

consider dynamic matchmaking decisions with stochastic player arrivals and departures.

2.5.4 Kidney Exchange

In our final set of experiments, we consider the performance of our ALP framework for
dynamic kidney exchange problems. Dynamic kidney exchange problems incorporate a broad set
of distinct considerations: matchings can be defined over general non-bipartite graph (with self-
loops), or even incorporate longer exchange cycles. Furthermore, these problems have stochastic
arrivals and departures, and include the possibility of match failures.

We generate instances for this problem using the well-known Saidman Generator (Saidman
et al, 2006), where patient-donor pairs are characterized by various attributes. We follow the
approach outlined in Dickerson et al| (2018) and [Li et alf (2019), and a detailed description can be
found in @

We first evaluate computation times when solving the ALP reformulation and the DLP,

using cycle length restrictions L = 2 and L = 3. When L = 2, the ALP reformulation again uses a
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Table 2.5: Upper and lower bounds for kidney exchange instances with two-way exchanges

Instance Number 1 2 3 4 5
ALP UB 112860.3 122342.2 117266.3 113375.9 120089.9
DLP UB 127403.2 136072.6 129362.7 129131.4 134752.7
Ib(se) | 110123.2(325.3) 119673.4(340.6) 113901.4(345.8) 110922.9(306.3) 116890.0(343.2)
ALP Dual Policy gap 2.42 2.18 2.86 2.16 2.66
. . Ib(se) | 110168.2(321.9) 119735.5(340.8) 113952.1(345.9) 110985.9(304.5)  116990.3(342.0)
ALP Primal Policy
with resolve gap 2.38 2.13 2.82 2.10 2.58
, , Tb(se) | 110073.6(323.2) 119686.7(344.2) 113821.9(345.1)  110863.2(307.7)  116741.3(340.6)
ALP Primal Policy
no resolve gap 2.46 217 2.93 2.21 2.78
1b(se) 98778.9(324.6) 108406.5(325.9)  103959.1(348.3)  101134.3(309.8)  107368.0(339.7)
DLP Policy gap 22.4 20.3 19.6 21.6 20.3
Tb(se) | 109386.2(326.6) 118980.6(343.4) 113234.7(348.4) 110066.7(309.8)  116158.0(344.8)
LLA Policy gap 3.07 2.74 3.43 2.91 3.27

separation procedure to dynamically add the blossom inequalities () When L = 3, we solve a
relaxed ALP as described in Section . On average, solving the ALP requires 1.6 seconds when
L = 2 and 51.1 seconds when L = 3. Solving the DLP requires 1.1 seconds when L = 2 and 44.5
seconds when L = 3. Solving the ALP using column generation is intractable for these instances.
To assess the loss of quality in the bounds obtained when solving the relaxed ALP for L = 3, we
therefore also generated smaller instances. We refer to @ for a description of these instances, and
a summary of the results when solving these smaller instances using both the relaxed ALP and the
ALP with column generation. Overall, these results indicate that removing constraints () in
the relaxed ALP has a negligible impact on the quality of the upper bounds. Moreover, we again
observe that the ALP reformulation solves orders of magnitude faster than the ALP using column
generation.

We generate 5 kidney exchange instances, where edge rewards are randomly drawn. For each
instance, after determining the ALP and DLP upper bounds, we generate 100 sample paths and
simulate the various policies. Tables @ and @ summarize the performance of the ALP-based and
benchmark control policies. As with the previous applications, the ALP upper bound is considerably
stronger than the DLP upper bound and the ALP-based policies provide the highest rewards.
Overall, our ALP approach obtains near-optimal performance, even when using the relaxed ALP
for L = 3. Moreover, a comparison of the upper and lower bounds for L = 2 and L = 3 shows

that the improvement by allowing three-way exchanges is substantial (~ 5%), which is consistent
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Table 2.6: Upper and lower bounds for kidney exchange instances with three-way exchanges

Instance Number 1 2 3 4 5
ALP UB 116894.2 127697.0 123204.3 114750.9 124055.0
DLP UB 135670.1 146427.1 139618.3 133642.1 141178.8
Ib(se) | 114514.8(339.6) 124794.3(373.7) 120153.7(310.3) 112218.7(293.8) 121795.3(336.0)
ALP Dual Policy gap 2.03 2.27 2.47 2.20 1.82
. . Ib(se) | 114784.2(340.2) 125067.1(370.8) 120362.5(311.8) 112475.1(299.3) 122032.7(333.9)
ALP Primal Policy
with resolve gap 1.80 2.05 2.30 1.98 1.63
. . Ib(se) | 114500.2(348.1) 124758.3(379.5) 120066.1(305.2) 112208.3(301.5) 121804.0(331.3)
ALP Primal Policy
no resolve gap 2.04 2.30 2.54 2.21 1.81
Ib(se) | 101322.2(334.3) 111720.6(354.8) 106728.6(309.7) 99654.3(279.2) 110584.8(335.0)
DLP Policy gap 25.3 21.6 23.7 25.4 21.6
Ib(se) | 113540.8(349.9) 123817.0(362.1) 119285.4(311.3) 111079.6(299.8) 120888.5(340.1)
LLA Policy gap 2.86 3.03 3.18 3.19 2.55

with other experiments in the literature. These results demonstrate the effectiveness of our ALP

approach for dynamic kidney exchange.

2.6. Concluding Remarks

We introduce a general framework for dynamic stochastic matching problems that provides
a unifying alternative to different approaches that have been proposed for various applications
that involve matching over time. Our framework incorporates common features such as failure-
awareness and arbitrary length cycles, which arise in a variety of applications. Using the linear
programming-based approximate dynamic programming approach, we introduce novel reformula-
tions of the resulting ALPs that can be solved efficiently even if they are not necessarily compact.
Even when our ALP reformulations are not equivalent and relax the original ALPs, numerical
experiments illustrate that our approach achieves strong performance and provides an attractive
alternative for applications that involve dynamic stochastic matching.

In practice, different applications naturally admit additional unique considerations. For ex-
ample, agents’ departure rates might differ based on whether they encountered a match failure. In
dynamic ridesharing, joint pricing and matching could lead to better overall efficiency. We could
also consider carpooling, where the system controller matches multiple customers to one driver. For
kidney exchange, fairness consideration could be an important extension. It would be interesting

to see how our model can be adjusted to account for such scenarios.
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Even though the affine approximation already yields high quality performance, it could also
be of interest to consider alternative approximation schemes. For example, a separable piecewise
linear approximation might potentially lead to stronger bounds and better heuristic policies. A
key challenge, however, is to retain tractability when solving the approximate linear programs that

would arise from such approximation schemes.



Chapter 3

Inventory Aware Customer Choice Modeling

Abstract. We study the customer choice modeling problem faced by online centralized plat-
forms that sell virtual goods. Examples of such platforms include item stores of online multiplayer
video games and certain marketplaces in the metaverse. One key distinctive feature of these plat-
forms is the access to complete purchase history and z’nvemﬁoryﬂ information of their customers, in
contrast to online marketplaces that sell physical goods. We aim to understand customers’ choice
behaviours in the presence of perfect inventory information, and propose inventory aware discrete
choice models that incorporate this information. We conduct extensive numerical experiments by
first setting up so-called ground truths, which are used to simulate inventory aware choice models
and other benchmark approaches. Our results show that inventory aware models can substantially

improve choice model performance both in terms of predictive power and revenue.

3.1. Introduction and Related Work

Discrete choice models are used to model choices made by customers among a finite set of
alternatives. Accounting for discrete choice behavior has received increased attention in recent
years, as key operational decisions such as assortment planning and pricing require high-quality
inputs.

Traditionally, operational decisions have been based on demand models that are centered

!Following video game terminology, inventory refers to the customers’ ownership information of virtual items

throughout this work.
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around products, resulting in the so-called independent demand paradigm. Under this paradigm,
each product has its own stream of demand, independent of other products offered. The independent
assumption is clearly somewhat unrealistic. For example, in revenue management problems the
probability of selling a full-fare ticket may likely depend on whether a discounted ticket is also
available at the same time.

The importance of accounting for such customer choice behaviours has been recognized by
both researchers and practitioners. The seminal work of Talluri and Van Ryzin (2004) demonstrated
the importance of incorporating customer choice behavior into revenue management models. Since
their formulation of the single-leg airline seat allocation problem under a general discrete choice
model, there has been a large amount of research on choice based revenue management models.
Several studies have empirically reported the success of choice based revenue management models.
For example, Yunes et al. (2007) describe how John Deere & Co. identified a potential increase of
profit from 8% to 18% by investigating consumer choice preferences for two of its product lines. In
Lee et al| (2016), the authors conduct a choice based demand estimation at a university bookstore
and evaluate the impact of using these demand estimates to determine the inventory poldicy. They
implemented the proposed model, which increased profits by more than 10% in a controlled field
experiment. The article by Vulcano et al] (2010) reports the results of a study conducted with a
commercial airline. The authors estimate a multinomial logit choice model and access the revenue
performance of a choice model based policy against an independent demand model based policy in
a simulation study, resulting in revenue improvements between 1.4% an 5.3%.

Given the documented success of accounting for consumer choice behaviors, a stream of work
has emerged that focuses on better understanding the operational impact of customer choices.
However, the study of customer choice behaviours itself already dates back to the 1950s in the
field of psychology and economics, see Luce (1959); since then, various discrete choice models have
been proposed. To date, the most popular discrete choice models are the multinomial logit (MNL,
see McFadden et all [1973) model and its extensions, including mixed multinomial logit (MMNL,

see McFadden and Train 2000), latent-class MNL (e.g., Greene and Hensher 2003) and nested
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logit (NL, e.g., |McFadden| |198]J). The MNL model and its extensions belong to a class of utility-

based models, where customers obtain a utility when choosing an alternative and their choices are
governed by a certain decision criterion, e.g., utility maximization. The specific structures of choice
models in this class depend on assumptions relative to the random utility distributions that are

used. Another example of random utility based choice model is the exponomial model (see, e.g.,

IAlptekinoglu and Semplel lZOld). Other classes of discrete choice models include temporal models,

e.g., the Markov chain choice model proposed in tBlanchet et al.| (|201d), and rank-based models

such as the ranked-list choice models in |Van Ryzin and Vulcand (|2015|), |Van Ryzin and Vulcand

() For a comprehensive review of discrete choice models, we refer to tFeng et alJ (lZOZﬂ), where

the authors also discuss relationships among different classes of structural choice models. For a

empirical evaluation of discrete choice models, we refer to lBerbeglia et al.| (lZOQ]J)

As mentioned earlier, discrete choice models have been successfully applied in the field of

product line optimization (lYunes et alJ l2007|), traditional retail (tK('jk and Fisheﬂ |2007|, lK('jk et alJ

), airline revenue management (bhamg and Coopex{ h005|, |Vulcano et alJ |201d) and E-commerce

retailers (lRusmevichientong et alJ bOld, tBernstein et alJ lZOld). However, decision makers in different

application domains have different levels of information that can be used to understand and estimate
customers’ choices. Here, we focus our attention on a centralized online marketplace that sells
virtual goods and where the seller has access to perfect information for each customer; specifically,
the seller knows each customer’s complete purchase history and inventory. One example of such
marketplaces is the virtual item store in online multiplayer games, which is a large and growing
industry with revenues in excess of a billion dollars ( ) Another potential example can
be found in the marketplaces within Meta’s (formally Facebook) vision of the metaverse; although
many believe that the metaverse should be built upon decentralized block-chain technology, a
Meta-controlled metaverse would likely result in centralized storage of user data, providing the
opportunity to more accurately estimate customers’ choice preferences.

The unique characteristics of these online marketplaces, which involve virtual goods and

access to purchase history and inventory information, present novel challenges for customer choice
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modeling. To illustrate this, it is instructive to compare the item store of Call of Duty Warzone
(an online video game with over 120 million players) with an e-retailer such as Amazon.com. In
Warzone, the seller has every customer’s ownership information of every possible in-game virtual
item. Amazon, on the other hand, may never realistically know whether its customers already own
certain items that they are selling because customers could acquire these items from other channels
of retail. Moreover, an Amazon customer who purchased a perishable physical item may wish to
buy this item again, while Warzone players will never purchase virtual in-game repeatedly since
digital goods are persistent. As a result, the Warzone store is potentially capable of more accurate
personalized choice modeling. For example, the probability of a customer choosing a virtual item
they already own will always equal zero. In addition, customers’ inventory information may reveal
patterns in their preferences. For example, customers who own a particular virtual weapon in-game
are more likely to choose cosmetic items for this weapon. In this work, we explore the possibility
of incorporating inventory information in choice models, and study the extent to which inventory
information can be useful for customer choice modeling.

We propose several inventory aware choice models based on random utility. First, we evalu-
ate a classical MNL model and adjust attractions of all items already owned by customers to zero in
model estimation. To account for customer heterogeneity, we next incorporate customer segmen-
tation using a clustering algorithm based on purchase history and inventory. We also investigate
the effect of owning different items on customers’ choices by introducing an attribute-based utility
structure, where the attributes of each customer are simply his/her items in inventory. This can be
viewed as a special case of the contertual-MNL model (Chen et al) 2020, Goyal and Perivier 2021).
However the large number of virtual items can make this approach intractable for practical use.
To address this issue, we further propose a dimension reduction technique based on item grouping.
This technique is motivated by modern machine-learning based recommender systems that give a
sitmilarity score for any pair of items (see, e.g., Von Luxburg 2007); we adopt this similarity score as
a distance measure and perform item clustering, reducing the attribute dimension from the number

of items to the number of item clusters. The combination of these techniques allows us to achieve
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substantial performance improvements relative to the standard MNL model.

Our work is related to the machine learning based recommender systems in e-commerce re-
tailers. Recommender systems are a class of information filtering systems that seek to predict the
“rating” or “preference” a user would give to an item, with numerous applications such as content
recommendation for social media and product recommendation in online retail; we refer to the sur-
vey article of Bobadilla et al| (2013) for a comprehensive review. Recommender systems have seen
widespread adoption in digital platforms such as YouTube, Netflix and Alibaba. Recently, a field
experiment by Feldman et al| (2022) shows that even though machine learning based recommender
systems are often superior to discrete choice models in terms of predictive power, they can be
inferior in terms of revenue performance. In this work, we combine the strengths of both discrete
choice models and recommender systems in that we use item similarity scores of trained recom-
mender systems to group similar items which reduces attribute dimensionality in the MNL model.
In our numerical experiments, we compare our inventory aware choice models with a recommender
system and show that our approaches yield better revenue performance.

To evaluate the performance of the choice models we propose, we follow the framework in
Berbeglia et al. (2021). Specifically, we construct ground truths about customers’ choice prefer-
ences, and generate in-sample transactional data for choice model estimation. Subsequently, we
test the predictive power as well as revenue performance of trained choice models on out-of-sample
transactions, which are also generated from the ground truths. We estimate the inventory-aware
choice models using maximum likelihood estimation (MLE), and evaluate out-of-sample accuracy
using a hard root mean square error (RMSE) metric; we will provide additional details regard-
ing these approaches in Section @ We also evaluate the revenue performance of trained choice
models by calculating their respective optimal assortments using the StaticMNL algorithm in Rus-
mevichientong et al| (2010), recording purchases after offering these assortments to customers.

The remainder of this chapter is organized as follows. In Section , we review some basic
discrete choice theory regarding estimation, evaluation and assortment optimization, and describe

the concept and structure of ground truths in this study. In Section @, we present our inventory-
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aware choice models. Section @ evaluates the performance of our inventory-aware choice models

via an extensive numerical study, while Section @ concludes.

3.2. Estimation and Evaluation of Discrete Choice Models

In this section, we review some basic concepts related to discrete choice theory, including
estimation, evaluation, and optimization. Subsequently, we also describe the concept and structure

of ground truths used to evaluate our models.

3.2.1 Utility Based Discrete Choice Models

Let N = {1,..., N} denote a universe of substitutable products, and let 0 denote the outside
or no-purchase option. A discrete choice model describes the customers’ choices among this set of
alternatives. Formally, consider a situation where a set S C N is offered to the customer, a discrete
choice model is a function P : N U {0} — [0, 1] such that P(j,S) denotes the probability that a
customer would choose alternative j from S.

A key concept in discrete choice theory is random wtility. Under random utility models, the
customer would obtain a certain level of utility by choosing each of the alternatives in N’U{0}, which
we denote U, ..., Uy. The customer utility for product j can typically be expressed as U; = v; +¢j,
where v; € R represents the intrinsic value of product j, and ¢; is a random variable which captures
factors that effect utility but are unobservable to the seller. We use the vector v = (vy,...,vn) to
represent product values. Each customer in the population knows his/her own utility, which is a
random draw of the random utility vector.

Random utility based choice models rely on two key assumptions. First, these models assume
that uncertainty in the utility is due to some some aspect of an individual customer’s decision
process, which is known to the individual but not to the seller. Second, these models assume that
the customer is a rational utility-maximizer. With these assumptions, one can express the choice
probability of a customer based on the joint distribution of the random vector € = (g, ...,en).

The most widely used choice model is the multinomial logit (MNL) model, which assumes that
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the random vector € follows independent and identical extreme value type I distribution (i.e., a
Gumbel distribution) with mean zero and scale §. In the MNL model the choice probability can
be expressed in closed form

ePvi

P(]J S) — 4ZZ.€SU{O} e/BUi 9

Vj e SU{0}, (3.1)

where [ is the scale parameter of the Gumbel distribution. In standard MNL, a fundamental
property of the choice probability in equation (@) is that only differences in utilities of different
options matter (see, e.g., Train 2003). To account for this, it is customary to normalize the mean
utility without loss of generality (i.e., v = 0,5 = 1).

One major criticism of the MNL is the associated independence of irrelevant alternatives (ITA)
property, which states that the ratio of the choice probabilities for any two choices remains constant
regardless of the other available alternatives in the choice set. The ITA property often empirically
fails to hold in real applications, see Ben-Akiva et al) (1985). Many attempts to alleviate this issue
have been made, including the mixed or latent-class logit model and the nested logit model. The
mixed logit (MMNL) model is obtained by taking a mixture of MNL models, and McFadden and
Train (2000) show that any random utility model can be approximated using a mixed logit model by
appropriately defining the mixing distribution. The nested logit (NL) model is another commonly
used extension to the MNL model. Under the NL model, the universe of products is partitioned
into a finite number of subsets (nests); the customer chooses a nest first, and then chooses an
alternative within this nest conditioned on the choice of nest. There are also other extensions of
MNL, including multi-level nested logit (Kok and Xu 2011) and paired combinatorial logit (Zhang
et ali 2020). Overall, the MNL model and its extensions are widely used in pricing and assortment
planning due to their interpretability and simplicity.

In addition to the MNL and extensions, there are other utility based choice models that as-
sume a different underlying distribution for the random utilities. The exponomial model (Alptekinoglu
and Semple 2016) assumes that the negative of random utility € follows an exponential distribution,

while the probit model (Aldrich and Nelson 1984) assumes that e follows a joint normal distribution
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with mean zero and arbitrary variance-covariance structure. In location choice models, & enters
the utility function through some explicit distance function (Lancaster [1966).

The inventory aware choice models we propose can be viewed as extensions to the MNL
model. These extensions are based on the unique characteristics of marketplaces we consider. In
particular, we acknowledge customer heterogeneity and perform customer segmentation based on
inventory information, which assumes that customers within the same segment share the same
choice preferences. We also adjust €; to —M for a sufficiently large M for all products j € S
already owned by a customer, and account for this adjustment in model estimation. For each
customer segment, we further assume that the intrinsic value v; of product j is a linear function of

customer inventories, and propose a novel dimension reduction technique to achieve tractability.

3.2.2 Maximum Likelihood Estimation

Estimation is the problem of finding model descriptors that best explain a given set of ob-
served data. We focus on the maximum likelihood estimation (MLE) method, which is among the
most widely adopted methods in both academic research and industry practice.

We begin by introducing the data used for estimation. Let & = {1,...,U} be the customer
population. The training or in-sample data set consists of a sequence of T observations: T =
{(u1,j1,81,71), .., (ur, j7,Sr,Zr)}, where uy € U is the customer of transaction ¢, Sy C N is the
set of products offered in transaction ¢, j; € S; U {0} is the alternative of choice in transaction ¢,
and Z; C N is the inventory of customer wu; at the time of transaction ¢. Here, we assume that
Jt ¢ Z;. Maximum likelihood estimators are based on finding the parameters that maximize the
probability of observing the sample data, where likelihood is defined as the probability of the full set
of observations occurring independently. Under MLE, given a choice model M with parameters 6
(which can be multidimensional), the likelihood of observing the set of independent and identically

distributed observations equals
T
L =1]Pmls:0).
t=1

The MLE problem is to find a vector @ that maximizes the likelihood function. In practice, the
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MLE problem is often solved by maximizing the log-likelihood function, that is, by solving

T
mélxtz:;log P (5:)St, 0). (3.2)

In some special cases, problem (@) can be solved in closed form. Otherwise, gradient-based
iterative algorithms can be used if Pprq(j¢|St, @) is differentiable.

To illustrate this approach, we demonstrate how the log-likelihood function is constructed for
a basic MNL model. In standard MNL, we assume no customer heterogeneity, and the parameters
to be estimated are mean utilities of products. The only modification that we make to the standard
MNL is that for any ¢ € Z;, we change the utility of ¢ such that ¥ = 0. It follows that the log of
the choice probability can be expressed as

log P;(jt, St, ;) = log(e"t) —log | 1+ Z e’ |.
1€S8:\Z¢
We then have the following log-likelihood function
T T
LLV|T) = Zvjt — Zlog 1+ Z e |,
t=1 t=1 i€SA\Tt

which is a real-valued function of the mean utility vector v. The log-likelihood function LL(v|T)
is differentiable and can be optimized using an off-the-shelf optimizer, such as popular implemen-
tations of the BFGS algorithm. For a discussion of MNL estimation via the BFGS algorithm,
see Croissant et al, (2012). After the MNL model is trained using in-sample data, we obtain a
model that can be used to predict customer choices. In turn, this model can be used in assortment

planning or pricing problems. Specifically, let ¥ be the estimated utility vector, that is,
v =argmax LL(v|T).
v
Then, for any out-of-sample transaction with (S’,Z), the choice probability is estimated as

el . , )
1+ vy €08 eS _'Z’
P{'(ja S,,I/) = 1+Ziesl\11 e’ j \

0, otherwise.
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In addition, we also gain managerial insights about the mean products utilities. We implement and
test this basic MNL choice model as a benchmark in our later numerical study. Under alternative
assumptions on the structure of mean utilities, modifications of LL(v|T) need to be made. However,
the overall estimation process will remain similar to the steps outlined above.

To conclude, we mention some desirable statistical properties of the MLE method. In cases
where the underlying demand model is identifiable and some other mild conditions hold, maximum-
likelihood estimators are consistent, asymptotically normal, and asymptotically efficient; we refer
to Greene (2003) for a more detailed discussion. In practice, the MLE method is commonly used

to estimate MNL choice models and extensions, see, e.g., Berbeglia et al| (2021)), Feng et al, (2022).

3.2.3 Performance Metrics

We evaluate the performance of our choice models both in terms of predictive power and
revenue. To evaluate predictive power, we consider a version of the root mean square error (RMSE).
The RMSE is a frequently used measure of the differences between values predicted by a model
and values actually observed, providing a sense of how far from the actual ground-truth model the
estimated model is. The RMSE is a commonly measure of accuracy for choice-based models in the
literature.

To describe the RMSE metric, let Py be a trained model, and let Tout be the set of out-of-

sample transactions. Then, the RMSE can be calculated as

T_ ' 10 = i) — Pa (71502
RMSE(Tout, Py) — 2otm1 2jesiufor (L0t = J) — Pp(ilSt)) ’

> (1S + 1)

which is often referred to as the hard RMSE.

After a MNL class choice model is estimated, an optimal product recommendation can be
obtained for every customer using assortment optimization. It is well-documented that models with
better predictive power may not always be better in terms of revenue performance. For example,
Feldman et al} (2022) show that the MNL model can lead to higher revenues in a field experiment,

even though it lacks predictive accuracy when compared to ML-based models. This observation
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can be explained by the fact that different choice models require different assortment optimization
procedures, and it can be challenging to design assortment optimization procedures for choice
models that achieve higher predictive accuracy. We emphasize that the computational efficiency
of both estimating the choice model using in-sample data and assortment optimization for trained

choice models are key concerns in practice.

3.24 Assortment Optimization

In this section, we briefly discuss how to optimize assortment recommendations given trained
choice models. In retail operations, the seller must decide the assortment of products to offer to
customers that maximizes revenue given limited display capacity. This problem is called assortment
optimization, and is one of the most ubiquitous applications of discrete choice modeling. Formally,
let M be a choice model that predicts choice probabilities for any set of products S. For every
product j € N, we assume a positive revenue r;. To maximize revenue, the seller solves the

following problem

S§* = argmax erPM(j,S), (3.3)
SCN|S|IKK jes

where a positive integer K is the display capacity. The seller then proceeds to show the customer
assortment S* to achieve maximum revenue.

In the past two decades, academic research that focuses on efficient algorithm design for
assortment optimization under various choice models has expanded rapidly. Talluri and Van Ryzin
(2004) show that if customers’ choices follow the standard MNL, a revenue-ordered assortments
strategy is optimal in the absence of a capacity constraint (K = |[N]). Specifically, there exists a
revenue threshold, such that simply selecting all products whose unit revenue exceeds this threshold
leads to the optimal assortment. Clearly, this strategy can be implemented to be polynomial in
time. In the presence of capacity constraints, Rusmevichientong et al. (2010) propose the StaticMNL
algorithm, which calculates an optimal assortment in polynomial time under the MNL model.
Rusmevichientong et al| (2014) consider assortment optimization under the MMNL model, and

show that the problem is NP-complete even without capacity constraints. Davis et al| (2014) and
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Gallego and Topaloglu (2014) study assortment optimization under the NL model. They establish
conditions under which the problem is polynomially solvable, and propose approximation algorithms
when these conditions are not met.

The inventory aware choice models that we propose generate a personalized utility vector v
for each customer based on his/her inventory information. Therefore, the assortment optimization
problem we face is the capacitated assortment optimization problem under MNL, and we adopt

the StaticMNL from Rusmevichientong et al) (2010) for assortment planning.

3.2.5 Ground Truths

In this section we describe the data generation process we use. As a first step, we create
ground truths about customers’ choice preferences. Our data generation closely follows Berbeglia
et al] (2021). Each instance includes & = 10 or k = 100 distinctive preferences. We choose to use
ranked lists to represent customer preferences (also called stochastic preferences). Using ranked
lists has at least two benefits. First, it has been shown that the stochastic preference model is
indeed equivalent to the general random utility class introduced earlier, subsuming all the choice
models we consider. Second, the model has a realistic and simple interpretation. Consumers can be
clustered into k& unobservable types, and each type has a strict preference among the alternatives.

To force some consumers to select the no-purchase option in every assortment, one of the
k preference lists contains the no-purchase option as the first alternative for every instance. The
probability that a customer is assigned this list equals py € {0.8,0.2}. Each of the remaining
ranked lists is selected uniformly and at random out of all the possible permutations. In addition,
we generate a positive number between 0 and 1 to represent the weight of each ranked list in the
customer population. According to these weights, each customer is assigned a “type” and has a
specific preference list. The choices of every customer follow their associated preference list. That
is, when offered an assortment the customer iteratively goes through its list: if the alternative is
in the offered set but not in his/her inventory, he/she chooses the alternative, and the process

concludes with the chosen product added to his/her inventory.
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After a ground truth is constructed, the second stage of the data generation process consists
of generating in-sample transactional data. At the start of this process, each customer has an empty
inventory. The data consists of T' time periods, and for every customer, a random assortment set
is offered in each period. The customer reacts by following his/her associated preference list, and
if a product is chosen it is added to his/her inventory.

After in-sample transactional data is generated, various discrete choice models can be esti-
mated; in addition, similarity-based machine learning recommender systems can also be trained. In
our numerical study, we implement a basic machine learning system and investigate its performance
relative to our choice model based methods.

To evaluate the predictive power and revenue performance of different approaches, we gen-

erate out-of-sample transactions in a similar manner following the ground truths of preferences.

3.3. Inventory Aware Multinomial Logit Models

In this section, we describe the inventory-aware choice models that we propose. The baseline
approach that we consider is the MNL model outlined in the previous section, which only adjust

utilities of products owned by customers compared to standard MNL.

3.3.1 Customer Segmentation

Customer segmentation, or market segmentation, is the practice of dividing a broad customer
market into non-overlapping sub-groups of customers (segments) based on some shared character-
istics. In the context of choice models, customers in the same segment share similar product
preferences. Customer segmentation has enjoyed a long and fruitful history of academic research
in marketing, and we refer to Wedel and Kamakura (2012) for a comprehensive review.

In assortment optimization, identifying customer demand heterogeneity and creating person-
alized recommendations has received growing attention in recent years and customer segmentation
has been considered in Bernstein et al| (2015, 2019), Kallus and Udell (2020). In Bernstein et al.

(2015), customer segments are assumed to be readily available and the authors develop a dynamic
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assortment planning policy. Kallus and Udell (2020) consider a fixed and known but large number
of segments; Bernstein et al| (2019) propose a dynamic clustering algorithm which adaptively clus-
ters customers and estimate choice model parameters for each cluster. However, the demographic
information they use for customer clustering is low-dimensional.

In our models, we create customer segments based on transactional and inventory information
of each customer using the k-means algorithm. The k-means algorithm is one of the most well-known
and successful unsupervised learning algorithms, and we refer to Hastie et al. (2009) for a detailed
treatment of the method. In marketing, the k-means algorithm has been applied in numerous
research papers for market segmentation, see, e.g., Kuo et al} (2002), Chiu et al. (2009), Kansal et al.
(2018). Recently, Jagabathula et al! (2018) propose a model-based embedding technique for market
segmentation with large and unstructured data, which creates a low-dimensional representation
vector for each customer used as input for a k-means algorithm.

We briefly review the k-means algorithm and describe how transactional and inventory
data is used for model training. Let 4 = {1,...,U} be the customer population, and T =
{(u1,71,81,Z1), ..., (up, j7,Sr,Zr)} is the in-sample transactional data. Let 7, denote the sub-
set of T which include all transactional data of user u for all u € U/. We proceed by creating a
vector d,, from 7, for all u € U, which represents relevant information regarding the transactional
history and inventory information of customer u, which we use as input data of the k-means algo-
rithm. Specifically, for every u € U, d, is a N-dimensional vector, such that d, , = 1 if item n is
in customer u’s inventory and d,, = 0 if item n is offered to u at least one time but the customer
never purchased. Otherwise, item n has not been offered to u, and the value of d,,, is set to 0.5.
Our construction of the training data reflects customers’ preferences towards products, and can be
viewed as a naive embedding that maps high-dimensional 7, to the N-dimensional space.

Given training data D = {di,...,dy}, the k-means algorithm partitions customers into k
disjoint clusters, where k is a pre-specified number. Each cluster has a center called centroid, and the
k-means algorithms aims to iteratively choose centroids that minimize a within-cluster total distance

measure, where Euclidean distance is commonly used. For detailed steps of the iterative algorithm,
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we again refer to Hastie et al) (2009). In this work, we use a popular scikit-learn implementation
of the k-means algorithm, see Pedregosa et al| (2011a). After the k-means algorithm is trained,
we obtain non-overlapping segments of customers, and for each segment, we assume homogeneous
product preferences, and proceed to estimate choice model parameters using transactional data

containing only users in the segment.

3.3.2 Contextual Multinomial Logit

In addition to using transactional and inventory information for customer segmentation, we
also explore the possibility of improving MNL estimation by using it as contextual information.
This is motivated by the fact that ownership of certain products may alter customers’ preferences
over other products. Consider for example a player in Call of Duty: Warzone and suppose he/she
owns a certain weapon. Then, attachments that make this weapon more powerful in combat will
likely be more attractive than attachments of another weapon not in his/her inventory.

Formally, for a customer in a generic segment, let Z be the set of products that he/she owns.
Then, we assume that the utility of item j € A\ Z is an affine function of Z,,, that is,

Uj = V0 + Z Vji,
€L
where v; is the base utility of product j, and v;; accounts for the impact of owning product 4
on the customer’s utility of product j. With this assumption, we can express the log-likelihood
function as
T
LLV|T) = Z <v]~,0 + Z vjﬂ-) — Zlog 1+ Z eWiot2ker, vin) | (3.4)
t=1 €Ty t=1 i€S\Te

While the baseline MNL model has N parameters, equation (@) has N-(N +1) parameters. When
the number of products is large, this can lead to computational inefficiencies.

The above model can be viewed as a special case of the contextual MNL model, where product
utilities are functions of certain customer attribute information. The contextual MNL model has

been investigated in assortment optimization and pricing recently by Wang et al, (2019), Chen
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et al, (2022), among others. The log-likelihood function (@) can be constructed for each customer
segment, and optimized using an off-the-shelf optimizer; when training is complete, a customer’s
choice probabilities are obtained by simply plugging in the utilities based on his/her inventory.
Because the number of parameters in contextual MNL is often large, it is prone to overfitting.
To mitigate overfitting risks, we implement regularization in our estimation. In particular, we add
L2 regularization term —A\ Zfil Z{( vi% ;. to the log-likelihood function in equation (@), where A
is a positive regularization parameter. Alternatively, one could use other regularization techniques

such as the L1 norm or the elastic net.

3.3.3 Dimension Reduction with Item Clustering

As mentioned in the previous section, using inventory information for the contextual MNL
model can make it prohibitively expensive to train the model. Such dimensionality issue in contex-
tual MNL models are recognized in Wang et al. (2019), who propose to reduce the dimensionality
by combining LASSO regularization and random projection.

To alleviate these computational issues, we propose a dimension reduction technique based
on item clustering. The idea behind our approach is to divide items into disjoint clusters: instead
of keeping track of the impact of ownership for every item pair, we count the number of items
owned by each customer in every item cluster, reducing the number of parameters. Our approach
is related to Miao et al| (2019), where the authors perform clustering of products with similar
demand patterns to pool data of low-sale products for estimation. Before we describe how item
clustering is achieved, we demonstrate how the number of dimensions is reduced given item clusters.

Suppose items are divided into C' disjoint clusters, that is, N' = N U Na,...,UNg, and
NiNnNy=0foralli=1,..,C,j =1,..,C,i # j. As a first step we create an attribute vector
g ={g1,...,gc} for a customer in a generic customer segment, where g. is the number of items in

cluster ¢ that the customer owns at the time of the transaction. We assume that the customer’s
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utilities depend on g, i.e.,
C

v; = V0 + E eV c,

c=1

for all j € N\ Z. The corresponding log-likelihood function is then
T C T
LLV|T) = Z (Uj,o + th,cvj7c> - Zlog 1+ Z eWio+ T grevie) | (3.5)
=1 i=c t=1 €S\
The number of parameters that require estimation is reduced from N - (N + 1) to N - (C' + 1).
Similar to contextual MNL, we also employ L2 regularization when estimating the parameters. In
the numerical study, we demonstrate the effectiveness of our approach.

The item clustering method that we employ is the spectral clustering algorithm. At a high
level, spectral clustering extracts the most essential information in the features and projects it
onto a low-dimensional space where it is easier to identify the underlying cluster structure. The
application of spectral clustering to demand estimation was investigated in Keskin et al! (2022),
where the authors use spectral clustering for customer segmentation.

Given a set of data points and some notion of similarity between all pairs of data points, the
goal of clustering is to divide the data points into several groups such that points in the same group
are similar and points in different groups are dissimilar to each other. One way of representing the
data is in the form of a similarity graph, where each vertex represents one data point, and weighted
edges represent a similarity measure between vertices. Partitioning vertices in the similarity graph
into subsets such that the total weight of edges connecting subsets is minimum and sizes of subsets
are similar is NP-hard, and spectral clustering presents an approximate solution to this problem.
For a detailed analysis and discussion of the algorithm, we refer to Von Luxburg (2007).

A notion of similarity between items is required to implement the spectral clustering algo-
rithm. Motivated by research on recommender systems we adopt a collaborative filtering approach
to obtain item similarities from inventory information. We describe this approach in the next

section.
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3.3.4 Collaborative Filtering and Item Similarity

The use of recommender systems has grown significantly in recent years, partly due to the
explosion of internet-based commerce and content consumption. A common task of recommender
systems is to improve customer experience through personalized recommendations based on prior
implicit feedback. One of the most widely adopted strategies is known as collaborative filtering (CF),
which analyzes relationships between users and interdependencies among products to identify new
user-item associations. For example, certain CF systems identify pairs of items that tend to be
rated similarly or pairs of users with a similar history of rating or purchasing to deduce unknown
relationships between users and items. The only required information is the past behavior of users,
e.g., previous transactions.

The application of CF systems has been successful in various domains, including content
recommendation in Netflix (Bennett et al; 2007), item recommendation on Amazon (Linden et al,
2003), and personalized recommendation in Call of Duty: Warzone. Instead of applying the CF
method directly, we train the CF algorithm using in-sample transactions to obtain item-to-item
similarities, and subsequently use the similarities as inputs to the spectral clustering algorithm for
item clustering. We use the algorithm proposed in Hu et al. (2008), who develop a system that uses
only implicit feedback data. Specifically, purchase records can be viewed as positive feedback from
customers, though substantial evidence of customers’ negative feedback is lacking. In our setting,
the implicit CF model is trained using the in-sample transactional data, after which similarity

between any pair of items can be obtained.

3.3.5 Summary of Approach

Combining the techniques introduced earlier in this section, the inventory-aware MNL model
that we develop can be outlined as follows. First, we conduct customer segmentation using the
k-means algorithm to create disjoint customer segments. Second, for each customer segment we

obtain item similarity by training an implicit feed CF model. Using the item similarities from
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the CF model as input, we create item clusters using the spectral clustering algorithm. Third,
the segment-wise contextual MNL model is estimated by optimizing the log-likelihood function in
equation (@) After the inventory-aware MNL model is trained, customer-specific utility vector are
obtained based on each customer’s segment and inventory information, and personalized assortment
recommendations are determined using the assortment optimization model.

We conclude the section by noting that certain components of the inventory aware choice
models can be replaced by alternative methods, including the customer segmentation algorithm,
item similarity scores, item clustering algorithm and regularization techniques. Careful investi-
gation and evaluation of alternative approaches and fine-tuning model parameters could lead to

further improvements in performance.

3.4. Numerical Experiments

To assess the performance of different choice models, we create randomly generated instances
and conduct a numerical study. In this section, we first introduce the approaches we evaluate in
our experiments. Subsequently, we describe instance generation details and present our results and

findings.

3.4.1 Experimental Setup

We compare four approaches on a wide range of instances. All experiments are implemented
in Python 3.8 on a PC running Windows 10 with a Intel Core i5-12600k (10 cores@4.6 GHz)
and 32 Gb of RAM. For MLE estimations, we use the L-BFGS-B algorithm provided by the scipy
(Virtanen et al) 2020) package. The k-means algorithm for customer segmentation as well as
the spectral clustering algorithm for item grouping utilize the scikit-learn package (Pedregosa
et al) 2011b). The collaborative filtering approach with implicit feedback uses implicit package
(Frederickson 2022). When using the above open source packages, we try to use them in an off-
the-shelf state with minimum tuning. When testing revenue performance of utility based choice

models, we implement and use the StaticMNL algorithm in Rusmevichientong et al| (2010).
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MNL. The first approach that we evaluate is the basic multinomial logit model described in
Section . As mentioned, the only difference of our implementation compared to the standard
MNL model is that we explicitly set utilities of items owned by players to 0. Parameters to be
estimated of this approach are the intrinsic utilities of items, and we estimate these parameters by
optimizing the log-likelihood function directly.

MNL-Seg. The next approach that we evaluate is the multinomial logit model with customer
segmentation. We try to capture customer preference heterogeneity by learning from historical
activities and group customers with similar tastes together; details of this approach is described in
Section . In our numerical study, we cluster customers into 10 disjoint segments. Subsequently,
we estimate segment-wise utilities by building and optimizing log-likelihood functions for each
segment.

CF. We also evaluate a collaborative filtering algorithm in the numerical study. The purpose
of evaluating collaborative filtering algorithms is to investigate the performance of popular machine
learning based recommender systems relative to utility based choice models. In our experiments,
the CF approach lacks the ability to predict personalized choice probabilities given different assort-
ments, but does make personalized recommendations based on item and customer similarities. As
a result, we only test its revenue performance and not predictive power. Further details for this
approach can be found in Section .

TIA-MNL. The last approach that we test is the “inventory aware MNL” model that com-
bines all the components described in the previous section. In particular, this approach involves
customer segmentation and item clustering based contextual MNL. In our experiments, we use 10
customer segments and 5 item clusters. It is worth noting that we also implemented the contextual
MNL approach with dimension reduction, but found that the training was overly inefficient in our

experiments.
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3.4.2 Description of Instances

To create instances we closely follow the approach outlined in Berbeglia et al| (2021). We
generate instances across a variety of different settings and try to be comprehensive, even though
the instances that we evaluate are significantly larger that those in Berbeglia et al) (2021). For
each instance specification, we generation 10 instances and track the average performance of the
approaches we evaluate.

In the first stage of instance generation we create preference lists. We assume that there are
50 candidate items in the store (each with a random unit price uniformly drawn from [0, 1]) and a
population of 1000 customers. Each customer is associated with either £ = 10 or £ = 100 distinct
preference lists. Among all customers, we force certain customers to always choose the no-purchase
option with probability py € {0.2,0.8}.

The second stage of instance generation consists of creating in-sample transactions. We
assume a cold start phase of T' = 20 or T" = 40 periods. At the start, every customer has an
empty inventory. In each period, every customer is shown a random assortment of size S € {3,5}
uniformly drawn from the set of items. Each customer then proceeds to choose by following his/her
associated preference lists, and their inventory is updated accordingly. Table @ illustrates the in-

sample transaction records that we generation for an instance.

Table 3.1: Sample in-sample transactional data

customer id inventory assortment choice

1 (] 0,2, 3, 5] 2
1 2] [0, 4, 7, 8] 7
1 2, 7] [0, 5,7, 9] 0
1 2, 7] [0, 3, 6, 9] 3
1 [2,3,7 [0,4,5,09] 0

9 I

After in-sample transaction data is generated for each instance, we train the four approaches
mentioned earlier. To evaluate trained models, we generate random out-of-sample transactions,
and and calculate RMSE as a measure of predictive power. To evaluate revenue performance, we

make assortment recommendations for each customer based on the choice models and track the
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customers’ choices.

3.4.3 Results

To understand how different approaches perform relative to one another under different envi-
ronments, we create instances with different parameters. The test instances we create vary the latent
number of preference lists & € {10,100}, the percentage of no-purchase customers py € {0.2,0.8},
the assortment size K € {3,5} and the cold start periods T' € {20,40}. For each setting, we gener-
ate 10 random instances, and track the average RMSE, average revenue and average training time
of different approaches.

To facilitate the interpretation of results, we first discuss high level findings before presenting
detailed results. First, the CF approach performs worse than all utility based choice models in terms
of revenue performance, even though it is very fast to train, On a high level, the MNL-Seg model
significantly outperforms the MNL baseline. The IA-MNL model shows further improvements over
MNL-Seg, and is particularly useful when the underlying ground truths of customers is complex,

and when the training data sets are sufficiently large.

3.4.3.1 Estimation efficiency

In our numerical experiments, all the algorithms implemented by open-source packages (in-
cluding the CF approach, k-means clustering and spectral clustering) come with sophisticated
performance optimization and are very efficient for our instances. Specifically, they all require less
than 1 second for all instances.

To compare estimation efficiency of utility-based models, we optimize the log-likelihood func-
tions using the L-BFGS-B algorithm implemented by scipy without multi-threading. The MNL
model is by far the fastest to estimate. The efficiency of the MNL model for our instances is com-
parable to that of Berbeglia et al| (2021), where the authors report an average time of 4 seconds
when estimating their largest instances with 10 items and 6,000 rows of transactional records. In

our experiments, it takes 15.6 seconds when estimating instances with 50 items and 20,000 rows
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(1,000 customers with 20 cold-start periods), and 32.8 seconds when estimating instances with 50
items and 40,000 rows.

Estimation of the MNL-Seg model requires estimation of a MNL model for each customer-
segment. For our instances, estimation of MNL-Seg takes an average of 67.4 seconds for T" = 20
and 144.7 seconds for T" = 40. Since the k-means algorithm for customer segmentation uses k =
10, estimation of each segment takes 6.7 and 14.5 seconds for 7' = 20 and 1" = 40 respectively,
faster than estimation of the basic MNL due to a smaller in-sample data for each segment. With
straightforward parallelization, the MNL-Seg model could be as efficient as the MNL model.

Estimation of the IA-MNL model is significantly more demanding, due to a much larger
number of parameters. In fact, there are 300 parameters for the TA-MNL model for each customer
segment compared to 50 parameters for the MNL-Seg model. In our experiments, estimation of
TA-MNL takes 3794 seconds for T = 20 and 8845 seconds for T = 40. Still, with a parallel
implementation and further performance acceleration, the estimation time of IA-MNL could be
improved substantially.

We note that there are 2,550 parameters for the contextual-MNL model without dimension
reduction by item grouping in contrast to 300 for IA-MNL; when the number of items equals 200,

the number of parameters to be estimated is 1,200 for IA-MNL and 40,200 for contextual-MNL.

3.4.3.2 Impact of ground truth complexity

We investigate the impact of ground truth complexity when creating instances, and show
results of different models depending on the number of latent customer preferences. We refer to
the £ = 10 case as the less complex scenario, and the k = 100 case as the more complezr scenario.
Results are reported in Table @

We view MNL as the baseline approach, and values inside parentheses are performances
relative to the MNL approach. Comparing CF with MNL, we find that the basic MNL approach
outperforms CF across all instances, and the difference is especially significant for the more complex

instances. This is consistent with results in Feldman et al) (2022), where the authors find that basic
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Table 3.2: Results of instances with k£ = 10 (left) and & = 100 (right)

‘ RMSE Revenue ‘ RMSE Revenue
MNL 0.245 214.4 MNL 0.248 212.8
MNL-Seg | 0.028 (88.3) 338.3 (57.7) MNL-Seg | 0.202 (18.6) 245.0 (15.1)
IA-MNL | 0.030 (87.5) 338.5 (57.8) IA-MNL | 0.191 (22.9) 267.2 (25.5)
CF — 201.8 (-5.85) CF — 169.7 (-20.2)
(a) Results of instances with k = 10 (b) Results of instances with k& = 100

MNL can lead to higher revenue compared to sophisticated machine learning based recommender
systems. When comparing MNL-Seg and TA-MNL with the MNL baseline, we find that both
approaches remarkably outperform the MNL baseline in terms of both predictive power and revenue.
This confirms the value of the customer segmentation idea.

An important observation is that performance of different models strongly depends on the
complexity of ground truths. The performance of all models except the MNL is dramatically better
for less complex instances, with more accurate predictions and higher revenue. For less complex
instances, the RMSE values of MNL-Seg and IA-MNL are approximately an order of magnitude
smaller than the RMSE of MNL, indicating that the k-means customer segmentation algorithm
performs really well when underlying ground truths are less complex. In real world applications,
however, it is unlikely that there are only 10 distinctive customer preferences, so we expect the
results for more complex instances to be more relevant. For more complex instances, the relative
improvement of IA-MNL over MNL-Seg is more significant, and IA-MNL generates approximately
9% more revenue than MNL-Seg.

To better isolate and understand the effects of instance settings, we only report results for

more complex instances with £ = 100 in the remainder of this section.

3.4.3.3 Impact of market share

We compare the performance results of approaches under two scenarios: high market share

(po = 0.2) and low market share (pg = 0.8). For each instance, py refers to the fraction of customers
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who prefer the no purchase option over all items. We refer to 1 — pg as the market share.

We report average performance of the various approaches in Table @ We start by observing
that the relative order of performance (IA-MNL, MNL-Seg, MNL and CF) remains the same as in
the previous section. Next, we observe that the RMSE of all methods decreases when py = 0.8;
this can be explained by the fact that prediction becomes easier as more customers prefer the no

purchase option. Of course, the revenue collected for pg = 0.8 is significantly less than revenue of

Po = 0.2.
Table 3.3: Results of instances with py = 0.2 (left) and py = 0.8 (right)
‘ RMSE Revenue ‘ RMSE Revenue
MNL 0.325 340.1 MNL 0.172 85.43

MNL-Seg | 0.265 (18.4)  394.6 (16.0) MNL-Seg | 0.139 (18.9)  95.42 (11.6)
IA-MNL | 0.247 (24.0) 434.3 (27.6) IA-MNL | 0.136 (20.8) 100.1 (17.1)
CF — 279.6 (-17.7) CF — 59.79 (-30.0)

(a) Results of instances with py = 0.2 (b) Results of instances with pg = 0.8

The relative improvement of MNL-Seg over MNL is similar for high market share and low
market share, but the improvement of IA-MNL over MNL-Seg is more significant for high market
share instances. Specifically, for high market share instances, the RMSE of IA-MNL is 8% better
than that of MNL-Seg, and the revenue of TA-MNL is 10% more. Considering the popularity of

marketplaces such as multiplayer video games, this difference can be significant.

3.4.3.4 Impact of assortment size

We show results on instances with different assortment sizes in Table @ Assortment capacity
is often determined by the design of website interfaces of marketplaces, and we aim to obtain some
insights regarding the choice model estimation or assortment optimization aspects. Our main
observation is that when assortment size is larger, the benefit of adopting IA-MNL and MNL-Seg
over MNL is significantly smaller. It is known that a smaller assortment size enforces customer

substitution behavior; with a larger assortment size, substitution behavior is less emphasized, as
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customers tend to find their most preferred option even only MNL is used. For practitioners, if
the assortment capacity is constrained by interface design to be small, adopting more sophisticated

MNL-Seg or TA-MNL could be more profitable.

Table 3.4: Results of instances with K = 3 (left) and K =5 (right)

‘ RMSE Revenue ‘ RMSE Revenue
MNL 0.270 208.8 MNL 0.227 216.8
MNL-Seg | 0.215 (20.2) 258.4 (23.7) MNL-Seg | 0.189 (16.7) 231.6 (6.82)
IA-MNL | 0.207 (23.2) 285.5 (36.7) TA-MNL | 0.176 (22.6) 248.9 (14.8)
CF — 174.0 (-16.6) CF — 165.4 (-23.7)
(a) Results of instances with K = 3 (b) Results of instances with K =5
3.4.3.5 Impact of volume of training data

We report results with different volume of in-sample training data in Table @ When
generating in-sample data, we use a short T = 20 cold-start period (smaller data) and a long
T = 40 cold-start period (larger data). As is to be expected, more data gives models with more
parameters strong performances. Specifically, the relative RMSE improvement of IA-MNL over
MNL-Seg is 13% for larger training data, and the revenue improvement is 15%. It is interesting to
note that for smaller training data, even though the RMSE of IA-MNL is the same as the RMSE
of MNL-Seg, and TA-MNL leads to a revenue improvement of 5%. When there is sufficient training
data, it could be beneficial to adopt the IA-MNL model, whereas the MNL or MNL-Seg approaches

may be suitable when training data is limited.

Table 3.5: Results of instances with T' = 20 (left) and T' = 40 (right)

‘ RMSE Revenue ‘ RMSE Revenue
MNL 0.284 261.9 MNL 0.213 163.6
MNL-Seg | 0.229 (19.2) 296.9 (13.3) MNL-Seg | 0.175 (17.8)  193.1 (17.9)
IA-MNL | 0.230 (18.8) 311.3 (18.8) IA-MNL | 0.152 (28.4)  223.0 (36.2)
CF — 191.5 (-26.8) CF — 147.9 (-9.63)

(a) Results of instances with T' = 20 (b) Results of instances with T = 40
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3.5. Concluding Remarks

In this work, we study a customer choice modeling problem faced by centralized online mar-
ketplaces. Motivated by online multiplayer video games, where the store operator has a complete
history of customers’ assortments and choices, we set out to explore ways in which this information
can be exploited to understand customers’ choice behaviours. We propose an inventory aware MNL
choice model, where we first conduct customer segmentation to identify heterogeneous customer
preferences, and then estimate utilities of items based on customers’ ownership of other items. The
potential high-dimensionality of items calls for a dimension reduction method to achieve computa-
tional tractability. We propose an item clustering approach based on similarity, which is in turn
obtained by a collaborative filtering method.

We evaluate the performance of the proposed approach through a numerical study based on
randomly generated preferences. We find that utility based choice modeling can result in a substan-
tial improvement in revenue performance compared to collaborative filtering. We also observe that
MNL with customer segmentation can lead to substantial improvements in predictive power and
revenue compared to a MNL without customer segmentation, while still being efficient to estimate.
Finally, our experimental results show that the item clustering based contextual MNL can lead to
significantly better performance, although it is markedly harder to estimate.

There are a few directions to pursue future research. First, in our numerical experiments,
preferences are generated with no assumptions on structures of preferences. Under situations
when there are significant patterns of structures, e.g., substitute items or complementary goods,
contextual MNL models could be more powerful in capturing these effects, and more numerical
experiments can be designed to understand the relative order of performance of different models
in those environments. Although we briefly discuss the potential application of an inventory aware
NL model in the appendix, we do not implement and test this model in our experiments. One could
also study inventory aware versions of other choice models, including the Markov chain model and

the exponomial model, and see if they can be useful under certain operational environments.



Chapter 4

Assortment Optimization for Online Multiplayer Video Games

Abstract. Problem Definition: We consider an assortment optimization problem for a class
of online multiplayer video games, where the in-game virtual store has a unique structure with
two sections, Featured and Just For You (JFY). All customers (players) are offered the same
Featured section assortment whereas the JFY section is used for personalized recommendations.
Academic/Practical relevance: Our work is the first to study assortment optimization for the gaming
industry under discrete choice models; it is also the first to devise solution approaches for the
constrained mixture-of-nested-logit model with performance guarantees. Methodology: We model
the choice of customers under the constrained mixture-of-nested-logit model, and design a fully
polynomial time approximation scheme (FPTAS), as well as a mixed integer linear programming
(MILP) formulation. We also provide a Lagrangian upper bound and a fast heuristic algorithm.
Results: We provide theoretical performance guarantees for the FPTAS, the MILP formulation,
and the heuristic algorithm. Numerical experiments show that our approaches perform well across a
variety of settings. Managerial implications: Our work provides guidance for how online video game
stores can manage assortments for effective revenue maximization. We propose an “assortment” of

solution approaches that allows practitioners to choose a method that best suits their settings.

4.1. Introduction

Since the start of the COVID-19 pandemic, online multiplayer video games are reaching

more people as a much-needed outlet for connection in isolation. A recent market report by a
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gaming intelligence company (Newzod 2020) states that there are over two billion video game
players worldwide, and the gaming market will exceed $200 billion by the year of 2023. In recent
years, a significant and increasing portion of revenue is generated from so-called microtransactions,
where virtual items are sold through micropayments that typically involve small sums of money. In
particular, virtual items are displayed in a store interface within the game client/app, and customers
spend in-game or real-world currency to purchase these items either to gain a competitive advantage
over other players, or for cosmetic purposes. According to Newzog (2020), over 70% percent of
game revenues come from microtransactions, surpassing traditional full game sales. Two of the
biggest gaming publishers, Activision Blizzard and Electronic Arts, announced $956 million and
$789 million of revenue from microtransactions in the first quarter of 2020, respectively. The rapid
growth of such microtransactions has motivated gaming companies to find opportunities that both
enhance the customer experience and increase revenue, using the abundance of transactional and
contextual data that is available by the very nature of online video games.

When customers of the game visit the virtual store (the seller) that sells in-game items,
they are presented with a set of items simultaneously, known as an assortment, to induce them to
purchase. Due to the capacity of the store interface, only up to a limited number of items can be
displayed, and the seller has to decide which assortment to offer in order to maximize the expected
revenue; this is known as assortment optimization (Gallego et al| 2019). Although assortment
optimization in traditional online retailing is becoming increasingly pervasive and successful, its
adoption by gaming companies is still scarce.

The layout of online multiplayer video game stores often has a common structure, with a
Featured section intended for promoting new or popular items, and a Just For You (JF'Y) section
tailored to each customer’s taste. The Featured assortment is offered to all customers whereas
the JFY section can be personalized. For example, Figures @ and @ show the store interfaces
of two of the most financially successful games, Call of Duty: Warzone and Fortnite. Call of
Duty: Warzone is a free-to-play video game published by Activision Blizzard; three months after

its release in March 2020, microtransactions in the game generated almost $500 million in revenue.



66

Fortnite, on the other hand, is a free-to-play game released in 2017 by Epic Games; in 2019, Fortnite
brought in revenues of $1.8 billion, all of which came from microtransactions. The unique structure
of online multiplayer video game stores as well as the magnitude of financial implications inspire

us to investigate the assortment optimization problems that arise in this setting.

Figure 4.1: Store Interface of Call of Duty: Warzone
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In online multiplayer video game stores, it is usually the case that customers can only purchase
items offered in the assortment; there is no place to go in the store to browse and buy from a
complete list of all items, or search for a certain item. The Featured section usually includes
highly attractive and popular items, which often come with in-game content updates. A shared,
non-personalized Featured section ensures that when customers see these items (e.g., the newest
weapon) in game sessions used by friends or opponents and find them attractive, they can go to
the store and purchase them. On the other hand, a personalized JFY section can account for
heterogeneity of customer preferences, and improve revenue by offering customers items that more
accurately match their taste, see Arora et al| (2008); in addition, it attracts customer attention
and fosters customer loyalty and lock-in (Ansari and Mela 2003). It is important to note that

the Featured and the JFY section assortments usually draw from non-overlapping pools of items.
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Figure 4.2: Store Interface of Fortnite
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Currently, gaming companies mostly use Featured assortments hand picked by developers in an
ad-hoc fashion, and machine learning-based methods to determine JFY items. In this manuscript,
we propose a modeling framework to systematically select both the Featured and JFY section
assortments to maximize expected revenue.

The structure of such stores naturally motivates us to model customers’ choices using a nested
logit model. As a popular extension to the well known multinomial logit model (MNL) pioneered

by () and IMcFadden et alJ (|1973|), the nested logit model was introduced by

() Under the nested logit model, items are organized in nests; the choice process of a customer

proceed in a way such that the customer first select a nest or leave without purchase, then select
an item in the selected nest. We model the Featured section and the JFY section as two nests,
each with a display capacity limited by the store interface.

Our work complements a stream of research of assortment planning under discrete choice
models focusing on developing algorithms for the corresponding revenue maximization problems. In
particular, we develop solution algorithms for the constrained mixture-of-nested-logit model, where
customers following a nested logit model belong to multiple segments, each with different nested
logit choice model parameters, and the assortments are subject to display capacity constraints.

The constrained-mixture-of-nested-logit model provides flexibility in modeling customers’ choices,
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but is provably difficult to solve. To the best of our knowledge, our work is the first to devise
solution algorithms for the constrained mixture-of-nested-logit model with performance guarantees.
Although our approach is motivated by online multiplayer video games, our solution algorithms
are not limited to the gaming industry and can also be used in other applications.

The use of a JF'Y assortment is closely related to an emerging stream of research on assortment
personalization. This is the practice of offering items tailored to each customer’s taste based on
previously collected data. Due to a rapid growth of information technology, retailers collect an
increasingly large amount of customer data, and personalized assortment planning has received
considerable attention in recent years. Much of the research in this area assumes that the seller
has limited prior information of customers’ preferences, and proposes efficient learning algorithms
to address the exploration versus exploitation trade-off. While the segmentation of customers and
estimation of choice model parameters are interesting and important research questions in and of
itself, we restrict our attention to solving a static revenue maximization problem. Throughout
this chapter we assume that customer segmentation is readily available, and that we know the
size and choice model parameters for each segment. We base this assumption on the fact that
gaming companies often have substantial resources dedicated to analyzing customers’ preferences

and conducting behavioral segmentation.

4.1.1 Main Contributions

The contributions of this chapter are as follows.

¢ We formulate the assortment optimization problem for a class of online multiplayer video
games with a specific structure, where a Featured section contains items offered to all
customers, and where a JFY section allows for personalized item recommendations. We
model the choices of customers under a constrained mixture-of-nested-logit model, and show
that analyzing the problem through the lens of discrete choice modeling and assortment

optimization can lead to competitive revenue performance.
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o We propose a fully polynomial time approximation scheme (FPTAS) when the number of
customer segments is fixed. The high level idea of the FPTAS is to divide and conquer, that
is, creating guesses on relevant function terms and trying to find an feasible assortment for

each guess.

e We propose a MILP formulation based on approximating the nonlinear and non-convex
objective function of the revenue maximization problem with a piecewise linear function.
Our formulation has both a theoretical performance guarantee and strong computational

performance.

o We design a heuristic algorithm for finding feasible assortments, and prove an approxima-
tion bound for the heuristic. Our numerical study shows that the heuristic can be solved

efficiently across all instances and consistently achieves near optimal performance.

e We construct a Lagrangian upper bound by conducting a grid search on certain components
of the formulation. The upper bound can be used to evaluate performance of the heuristic

algorithm.

e More generally, we highlight the potential benefits of assortment optimization in the rapidly
growing gaming industry, where its unique structure and unlimited supply of data provide

a number of novel challenges.

4.1.2 Related Literature

Our work is closely related to a stream of literature that aims to solve the assortment optimiza-
tion problem under various discrete choice models. In their seminal work, Talluri and Van Ryzin
(2004) study an assortment optimization problem under MNL where the parameters are determin-
istic and known; they show that the optimal assortment includes a certain number of items with the
highest revenues, often referred to as revenue-ordered assortments. Rusmevichientong et al| (2010)

study the assortment optimization problem under MNL with a capacity constraint, and propose a



70

polynomial time algorithm. Davis et al| (2014) characterize conditions under which the assortment
optimization problem under nested logit is polynomially solvable. Gallego and Topaloglu (2014)
study a class of constrained assortment optimization problems under nested logit and propose a
polynomial time algorithm when the assortments are cardinality constrained. Rusmevichientong
et al) (2014) study the assortment optimization problem under MNL with multiple customer seg-
ments, each with different preferences for the items; this choice model is called the mixture-of-logits
model. They show that the mixture-of-logits problem is NP-complete, and give performance guar-
antees for a certain class of assortments. Feldman and Topaloglu (20154) are the first to study
assortment optimization under the mixture-of-nested-logit model, where customers who follow a
nested logit model belong to multiple segments, each with different nested logit choice model pa-
rameters. They focus on bounding the optimal expected revenue using a Lagrangian relaxation,
and use the resulting bounds to evaluate the quality of heuristic solutions. In this chapter, we ex-
tend their work and propose approximation algorithms for the mixture-of-nested-logit model with
both theoretical guarantees and strong numerical performance.

Our work is also related to assortment personalization. Bernstein et al| (2019) and Kallus and
Udell (2020) model the heterogeneity of customers by customer segmentation, and offer personalized
assortments for each segment; another stream of research takes a different approach, and models
customers’ preferences as a function of their attribute vectors; see Cheung and Simchi-Levi (2017)),
Chen et al. (20214), Miao and Chag (2019), Wang et al| (2019). While most of the assortment
personalization research focuses on dynamically learning and optimizing personalized assortments,
we study the static optimization problem assuming segmentation and parameter estimation are
known. There are two reasons that drive us toward this approach. First, the static problem is
an interesting and challenging problem with practical relevance in and of itself due to the unique
structure of the video game stores. In addition, online multiplayer video game stores are usually
updated on a daily basis, and millions of store visit records of the previous day make it possible
to update estimated parameters every day before the assortment optimization algorithms are run.

This setting is somewhat different from traditional online retailers, who may need to come up with
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personalized assortments for each arriving customer.

Our FPTAS is closely related to research on approximation algorithms for assortment op-
timization under various choice models. Due to hardness results for variants of the assortment
optimization problem, approximation algorithms and approximation schemes provide an attractive
alternative to achieve tractability. In Davis et ali (2014), the authors show that the assortment
optimization problem under certain types of the nested logit model is NP-hard, and propose ap-
proximation algorithms with instance specific guarantees; Rusmevichientong et al| (2014) show
that the mixture-of-logit model is NP-complete with only two customer segments, and derive tight
approximation results for revenue-ordered assortments; Feldman and Topaloglu (2015b) develop a
4-approximation algorithm for the nested logit model with a capacity constraint across all nests;
Aouad et al] (2018) show tight approximation bounds for assortment optimization under a general
rank-based choice model and provide approximation algorithms that attain best possible perfor-
mance; Désir et al! (2020) study a class of capacitated assortment optimization problems and
provide a framework to support the design of an FPTAS; Liu et al! (2020) propose an FPTAS for
a multistage assortment optimization problem under MNL; Désir et al) (2021) consider assortment
optimization under the so-called mixture-of-Mallows model, and propose a PTAS as well as a MIP
formulation; Lyu et al| (2021) investigate capacitated assortment optimization under a multivari-
ate MNL model where customers may buy more than one item, and propose FPTASes for several
variants of the problem. In this work, we propose a FPTAS when the number of customer segments
is constant, which extends the framework in Désir et al. (2020).

To overcome nonlinearity in the revenue maximization problem, the MILP formulation that
we develop utilizes piecewise linear functions to approximate nonlinear functions. Various methods
for constructing piecewise linear approximations of nonlinear functions have been proposed, see,
for example, Markowitz and Manng (1957), Dantzig (1960), Croxton et al| (2003), Padberg (2000).
Two well-known mixed-integer formulations for piecewise linear functions are the incremental cost
(Markowitz and Manne 1957) and the convex combination formulations (Dantzig 1960). Alterna-

tively, Beale and Tomlin (1970) suggest a formulation utilizing a class of constraints called special



72

ordered sets of type 2 (SOS2). We refer the reader to Vielma et al| (2010) for a recent review of
this topic. We use these results to develop a MILP formulation of the assortment optimization
problem, and bound the error of the resulting approximation.

We develop an upper bound based on the well known Lagrangian relaxation approach. La-
grangian relaxation originated in the 1970s, see Held and Karp (1970), Fisher (1973) and Fisher
(1981) for some early references, and has since been successfully used in numerous applications.
In particular, Lagrangian relaxation has been successfully applied to revenue management, see
Topaloglu (2009). Our Lagrangian upper bound is closely related to the one in Feldman and
Topaloglu (2015a), where the authors bound the optimal expected revenue of the mixture-of-logits
model as well as the mixture-of-nested-logit model. A key distinction of our work is that the
Lagrangian upper bound in this work can be used when the number of candidate items is large,
whereas Feldman and Topaloglu (2015a) assume a small number of candidate items; in addition,

our work also incorporates display capacity constraints.

4.1.3 Organization

The remainder of the chapter is organized as follows. In Section @, we describe our model
setup and introduce certain preliminary results. In Section @, we propose a FPTAS for a fixed
number of customer segments. In Section @, we propose a mixed integer linear programming
formulation and show its theoretical performance. In Section @, we introduce a fast heuristic
solution algorithm and show its approximation guarantee. In Section @, we develop a Lagrangian
upper bound. In Section @ we conduct an extensive numerical study. Section @ contains all
technical proofs while Section @ illustrates other examples with the Featured vs JFY structure.

In Section @ we provide concluding remarks and potential future research.

4.2, Problem Formulation and Preliminaries

Problem Statement. Consider the store of an online multiplayer video game with a Featured

section and a JFY section. Let N'F' = {1,.... INF|} be the set of all candidate items of the Featured
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Figure 4.3: Illustration of the Nested Logit Choice Model

No Purchase Just For You

section, and N/ = {1,...,|N7|} be the set of all candidate JFY items. For item i € N, let
’I"iF € R, be its unit price; for item j € N7/, let 7“3-7 € R, be its unit price. Both Featured and JFY
sections have a display capacity K € Z_; this requirement is naturally motivated by the layout of
store interfaces. Let S = {1,...,|S|} be the set of customer segments, for s € S, let mgs € Ry be
the arrival rate of segment s customers such that ) __gms = 1. We assume that customers in the
same segment are given the same JFY assortments. Throughout this chapter we reserve ¢ and j
and s for N, N/ and S and omit writing the index sets for better exposition.

For all i € N'F| define al” = 1 if item i is included in the Featured section and al’ = 0
otherwise; similarly for all j € A/, define a‘S]j = 1 if item j is included in the JFY section for
customer segment s and 0 otherwise. Let af’ = (af s s allj\fFl) be the Featured assortment vector, let

7= (al}, ..., a;f‘NJ‘) be the JFY assortment vector for segment s, and a’ = (af, ..., a|{5|) represents

a
the JFY assortments for all segments. Note that we use vector a/ to represent the JFY assortment
for segment s, and a” is a vector of vectors representing JFY assortments for all segments.

Under the nested logit model, an arriving customer decides to either make a purchase in one
of the two nests (Featured and JFY), or leave without purchase; see Figure @ for an illustration.
If the customer decides to make a purchase in one of the nests, he or she has to choose one of the
offered items, in other words the no purchase option is not available within each nest.

For customer segment s € S, let vfz be the preference weight of item ¢ in the Featured section

for customer segment s, and Us‘]j is the preference weight of item j in the JFY section for segment
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s. Under the nested logit model, given that a segment s customer decides to make a purchase in
Featured, if the Featured assortment is af’, the probability that the customer chooses product 7’ is
given by v Sl,aF /> USZ Z . We normalize preference weights such that the preference of not making
a purchase is 1 for all customer segments. For segment s customers, The Featured nest has an
associated dissimilarity parameter v, characterizing the degree of dissimilarity of the products that
can be offered in this nest; similarly let v/ be the dissimilarity parameter associated with the JFY
nest for segment s customers. If we offer (a’’,a’), then the probability that a segment s customer
decides to make a purchase in Featured is (3, v f)% / ( + (3, 0F f)% + (22 vsj ]) §]>. This
form of choice probabilities can be derived by using a random utility maximization principle; see
McFadden et al| (1973) and [Train (2003) for more details. In this work, we assume that v € (0, 1]
and v/ € (0,1] for all s.

It is worth noting that our assumptions that the no purchase option is not available within
each nest and that dissimilarities are between zero and one may seem somewhat restrictive. In Davis
et al| (2014), the authors study assortment optimization problems that allow both assumptions to
be relaxed. We do not allow the no purchase option within nests mainly because it is empirically
difficult to distinguish between the events of no purchase on the nest level and within nests; this
assumption is common in the literature, see Gallego and Topaloglu (2014) and Chen et al. (2021b).
Our assumption that dissimilarities are between zero and one is also quite commonly used in
assortment planning and is a sufficient condition to guarantee compatibility with utility maximizing
behavior, see McFadden et al| (1978), Gallego and Topaloglu (2014).

Under the mixture-of-nested-logit choice model, when the Featured assortment vector is a’

and the JFY assortment vector is a’, the total expected revenue from the store can be written as

,YF_l —1
(ZZ afvz) s safrFoll + (E asj sj> Zj a;]jrjv;]j
VF
1 (5 afvE) ™ + (X adpv SJ)

Define the set of feasible assortment by

Fat)= Y,
S

A={@"a’):a] €{0,1},¥i,al; € {0,1},¥5,5,1 <> o <K, 1<) af <K,Vs}.
i J
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Note that in the above we require each section to include at least one item to avoid numerical error

of 0 raised to a negative power. The assortment optimization problem can be written as

Z* = max II(af’ a’), (4.1)
(aF,al)eA

where Z* is the optimal total expected revenue.

Hardness Results. Observe that the mixture-of-logits model reduces to problem (@) if we fix
7&" =1 for all segments, r/ = 0 for all JFY items, and take K = max(|JN"],|N7|). As a result,
solving (@) is at least as difficult as finding an assortment to offer that maximizes the expected
revenue under mixture-of-logits, which is shown to be NP-Complete even when there are only two
customer segments in Rusmevichientong et al| (2014). Recently, Désir et al) (2020) show that
assortment optimization the mixture-of-logits model is hard to approximate within a reasonable
factor. In the rest of this section, we introduce some relevant results from literature upon which

we build our approaches.

4.2.1 Fix Featured Solve JFY

We begin introducing our approaches by making an important observation: one major com-
plicating factor of problem (@) is the Featured assortment; indeed, if the Featured section is fixed,
the problem becomes separable for each customer segment. In what follows, we introduce results
from the literature that can be used to determine optimal segment-wise JF'Y assortments given a

fixed Featured section.

Theorem 4.1. (Fiz Featured Solve JFY) Consider a variant of problem (8-1), where the Featured
section is fized at af'. Then an optimal JFY assortment a’ = (ﬁ‘{,...,é'{ﬂ) can be obtained in

polynomial time.

Proof. See Section @ [ |
Theorem @ combines results from Rusmevichientong et al, (2010) and Gallego and Topaloglu
(2014), and allows us to efficiently solve the revenue maximization problem for all segments when

given a fixed Featured section. The detailed steps of obtaining optimal JFY assortments with a
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fixed Featured section are relegated to the Section @ We will refer to the procedure in Theorem
@ as FixFeaturedSolveJFY, which takes a Featured assortment as input and returns an optimal
JFY assortment. The FixFeaturedSolveJFY procedure can be easily implemented when online
multiplayer video game stores decide to take over the Feature assortment decision, and is also

useful in developing our approaches later.

4.2.2 Reformulation and Structural Properties

The fact that problem (1) is easy to solve when the Featured section is fixed motivates us
to view the problem as a two-stage optimization problem, of which the main challenge is finding
a good Featured assortment. For ease of exposition, we introduce a reformulation of (271). For
all s € S, define as(al’) = Y, alvE and ps(af’) = 3, afvErf. We use a5 and B without the

dependency on af’ to represent our guesses on the values of a,(af’) and B4(al’) without knowing

al’. Define zy (o, Bs) as

J-1
as (Z asj 3]> E-a;,]jrj-]v;]j
zs(aus, Bs) = max . (4.2)

al:1<> ol <K
’ Y 1+ass E as] s]

In other words, zs(as, 3s) is the optimal total expected revenue from a segment s customer

when the Featured assortment a’” is chosen such that Y, af'vE = a5 and 3, alvErf = ;.

Lemma 4.2. The assortment optimization problem (B0) is equivalent to

(OPT) 7" =max 3 msz(as, By
seS

ZaF f;, Vs €S,
ZaFroz, Vs €S,

1<) af <K,
)

af € {0,1},Vi e N,
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where zs(as, Bs) is defined in (B2). Moreover, zs(as, fs) can be obtained in polynomial time.

Proof. See Section @ [
The reformulation is motivated by the fact that the optimal JFY assortments are easy to
obtain when the Featured section is determined. With the reformulation, the problem can be viewed
as finding the best o and §s values such that they correspond to a feasible Featured assortment,
and at the same time maximize the total expected revenue. This idea drives both our FPTAS and
the MILP approaches. Before we proceed to the details of the approaches, we first introduce some

important properties of zs(as, 8s) which will be useful for showing approximation results.

Lemma 4.3. For all segments s € S, let oy and B, be positive lower bounds on ), a F F
and Y, afvErE | and let agy and Bsy be upper bounds on Y, alvk and Y, alvErF.  Denote

st 1 i

As = {0 Bs) : ar, < 0 < a17, Bt < Bs < Barr}. Then for za(cvs, Bs) we have the following
(1) zs(as, Bs) is continuous on Ag,
(2) zs(as, Bs) is decreasing in Ag in o,
(3) zs(as, Bs) is increasing in Ag in s,

(4) For any c1 > 1,0 < ca <1 and (as, Bs) such that (as, Bs) € Ag and (cras, c2fs) € As, we

have CI/CQ : 25(01045, 0265) > 25(045, BS):

(5) For any (as, Bs) and (o, BL) such that as < of, < (14 €)as and 8 < B < Bs, it holds

that Zs( 576/) < Zs(asaﬂs) < ( + 6)228(05;762)‘

Proof. See Section @ [ |

It is worth noting that obtaining upper and lower bounds on o and f; is straightforward. For

_ F _ : F_F
oy = K - max; vy, B, = min; v Sl r; rF By = K - max; vEr!

instance, one could use oy, = min; v’ il

s
This helps restrain the search on parameter values on a bounded region in which desired properties

of z4(+) hold. Intuitively, property 5 in Lemma @ states that if two Featured assortments are such

that their corresponding o, and (s values are close for all segments, then their overall objective
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values are close. This property ensures that carefully chosen grid points on a and 55 can lead to

well approximated solutions. We expand on this idea and design an FPTAS in the next section.

4.3. Fully Polynomial-Time Approximation Scheme

The FPTAS is motivated by Lemma , in particular, the fact that the properties of zs(as, Bs)
ensure carefully chosen grid points on a and S5 lead to well approximated solutions. In what fol-
lows, we highlight the main ideas of the FPTAS before describing the detailed steps. In particular,
we make an connection with the multidimensional knapsack problem and use ideas from the knap-
sack literature to facilitate our approach. This type of frameworks have been adopted by Désir et al.
(2020) and Liu et al| (2020) recently. Our approach relies on reformulation (OPT) and extends
this line of work.

Note that assortment optimization of the mixture-of-logits model, which is a special case of
our problem, is shown to be hard to approximate when the number of customer segments is not
constant in Désir et al| (2020). As a result, our FPTAS assumes that the number of customer
segments is constant, and achieves (1 — €) revenue with a running time polynomial in instance
parameters and 1/e.

Parameter Grids. Let o = (asg,s = 1,...,[S],g =1, ..., G5) with as; < a1 < agp < -+ < oy <
asy,Vs € S,and B = (Bsi,s = 1,..., S|, h =1, ..., Hy) with sz, < Bs1 < Bs2 < -+ < Bsr < Bsv, Vs €
S be grid points constructed in a way such that the ratio between adjacent points does not exceed
1 + €. Note that since |S| is fixed, there is a polynomial number of parameter grids. By creating
the parameter grids, if we can find a Featured assortment for each parameter combination (or show
that none exists) in polynomial time, the solution found can achieve near optimal revenue.

Multidimensional Knapsack Subproblem. For any parameter combination, which we denote

(G, -ens Ay, B,y BIS\)’ due to the monotonicity of z(as, Bs), if we could find a Featured assortment
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a” such that

vhal <&, s, (4.3)
7
> whafrf > B, s, (4.4)
)
1<) af <K, (4.5)
7

in polynomial time, or show that none exists, we have a FPTAS. Note that this subproblem can be
viewed as finding a feasible solution to a |S|+ 1 dimensional knapsack problem defined by (@) and
(@), such that |S| distinct objective values defined by (Q) all exceeds a certain threshold. One
could use dynamic programming (DP) for multidimensional knapsack problems (see, e.g., Kellerer
et al| 2004) for this task. It should be mentioned that the subproblems are completely independent
and decomposable, making a distributed implementation straightforward.

Dynamic Programming Subroutine. It is well known that the DP approach for multidimen-
sional knapsack problems is intractable, which means applying DP directly is prohibitively expen-
sive computationally. To overcome this difficulty, we allow a small violation of the constraints,
which in turn enables a discretization of the item “weights”, yielding polynomial-sized state spaces
for the DPs, and at the same time preserving approximation of solutions. To specify this idea, we
introduce the following discretizations

Kvf / KvErf

and replace constraint (@) and (@) with
F
St < | 5|4k (46)

! _F
E WgiQ; =
i

As we will show in the next Lemma, the discretizations defined above can be used to produce

(4.7)

Vv
Rl
|
=

“approximately feasible” assortments.
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Lemma 4.4. (a) Any Featured assortment satisfying (B23) and (E4) will always satisfy (ED) and
(872), (b) any Featured assortment satisfying (B8) will violate (E3) by no more than a factor of
(14 2¢), (c¢) any Featured assortment satisfying (E24) will violate (E) by no more than a factor of

1/(1 — 2e).

Proof. See Section @ [
Note that after introducing the discretization, we are able to use DP to solve the resulting
problems with a polynomial sized state space. Combined with (a)-(c), we are able to find a feasible
Featured assortment that satisfies (@) and (Q) approximately if one exists. To conclude the
approximation scheme, the properties of zg(ay, 3s) can be used to show that a solution whose

objective value is at least i —

m times that of the true optimal solution is guaranteed.

FPTAS. We are now in position to describe detailed steps of the FPTAS.
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Algorithm 1 FPTAS for Online Multiplayer Gaming Assortment Optimization

Require: Instance data, € > 0
Ensure: Featured assortment 4, JFY assortments a7
procedure GRID POINTS CONSTRUCTION
for s € S do
Qs+ min; vfi, asu +— K - max; vfi, Bsr +— min; vfiriF, Bsu + K - max; vfirf,
Gs + (10g1+e(asU/asLﬂ +1, Hs+ {1051-9-5(550/5514” +1,
Qag ¢ s - (14697 Vg =1,..,Gs, Ben + Bor - (14 6)’L717Vh =1,..,Hs
end for
A = X {ast, o asa,}y, B X {Bs1s o Bsm, }
end procedure
procedure DYNAMIC PROGRAMMING SUBROUTINE
C+ [K/e]l+ K, D+ |K/e]—-K, F<+0
for (cu,...,qg)) € o, (1, .,.,B‘s‘) € # do
for s € S,i € NF do
wsi = [KvG/(eds)], wly < [Kvir! /(efs)]

end for

for i € N¥ c1 €40,..,C},- - ,¢is) €10,...,C},d1 € {0,..., D}, -+ ,d;s| € {0,...,D} do

1, if we < cs and why > ds, Vs,
y(1, ¢ty 05)5d1, - dis)) =30, if ¢ > 0 and ds < 0, Vs,

oo, otherwise,

y(z +1,c1, ...7C|5‘7d1, ...,d|5‘) —

. . . / /
mln{y(7’7cl7 "'7C|3|7d15 "'ad|3|)7 1 +y(7’vcl — Wiiy .-, C|S| — w|$|i7d1 - w1i7-~-7d\5| - w|$|z)}

end for

if y(NF|,C,...,C, D, ...,D) < K then

Let a” be the Featured assortment corresponding to y(JNF|,C,...,C, D, ..., D), add a” to &

end if
end for
end procedure
procedure FINDING BEST ASSORTMENT
a" « argmax,r¢ 5 I1 (a”, FixFeaturedSolveJFY(a”))
a7 « FixFeaturedSolveJFY(al)

end procedure
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Theorem 4.5. Let (af",a”) be the solution found by Algorithm 1, it holds that

1—2¢
H/‘F "J > Z*
@580 2 A a1 20

Moreover, its running time is O ((log Amax) 2! - [NF] - KT (%)‘”S'), where

A asy BSU
max := max{max ——, max
s s, s Bsi

1.

Proof. See Section @ [ |

4.4. Piecewise Linear Approximate MILP

In this section, we propose a mixed integer linear programming (MILP) formulation for the
assortment optimization problem. This approach is motivated by the numerical inefficiency of the
FPTAS when the problem size increases. In order to achieve better performances, we create fewer
grid points and represent function values by convex combinations of break point function values,
in the hope of capturing the structural properties of z(-) by doing so.

Our MILP is also based on the reformulation presented in Lemma @ We view (OPT) as
a two-stage optimization problem, with the Featured assortment being the first stage decisions,
and JFY assortments for all segments are the second stage decisions. Due to the nonlinearity of
zs(as, Bs), we proceed to approximate its value by creating breakpoints on o and (s, and represent
function values between breakpoints by convex combinations of function values of breakpoints.
In particular, we adopt the “union jack trianglation” approach (Todd [1977), and approximate
zs(as, Bs) with a piecewise linear function that is linear in each triangle; see Figure Q for a visual
illustration.

As shown in Figure @, for each triangle, we first calculate z;(-) of its breakpoints, and for any
point on this triangle, we represent its value by a convex combination of zs(:) of the breakpoints.
Then we create binary variables and impose S0S2 constraints on convex combination weights to
model this approximation; see Vielma and Nemhauser (2011) for details. We are now ready to

state the MILP formulation.
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Figure 4.4: Union Jack Triangulation ( )

Theorem 4.6. Let o = (agg,5 = 1,...,[S|,9 = 1,...,Gs) with asp, < ag1 < ap < -+ < g <
OésU,VS c S; andB = (/Bsias = 17 ceey |8’7h = 17 "'7Hs) with /BSL < le S 652 S e S Bs[ < BSU?VS S

S be grid points constructed in a way such that the ratio between adjacent points does not exceed
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1+ €. Let af" be the optimal solution of the following MILP

(pza) max stys

seS
st 1<) of <K, (4.8)
i
G, H,
Z Zusgh =1, VseS, (4.9)
g=1h=1
Hs
ngzz,usgh, Vse S,g=1,...,Gj, (4.10)
h=1
Gs
En = fisgh, Vs€S,h=1,. H, (4.11)
g=1
{Vs1, ..., vsg} S0S2, Vs¢eS, (4.12)
{651, ...,sz} S082, VseS, (4.13)
Z Z fsgh < qs, Vs €S, (4.14)
g: odd h: even
) hsgp<1—qs, Vs€S, (4.15)
g: even h: odd
Zsgh = 2s(Qsg, Bsn), Vs €S,g=1,...,Gs,h=1,..., H,, (4.16)
Gs Hs
Ys = Z Z MsghZsgh (4.17)
g=1h=1
Gs
Zasgusg = vagaf, Vs e S, (4.18)
g=1 7
Hs
Zﬂsh&sh = vai‘rfazf‘a Vs € 57 (419)
h=1 Q
tsgi = 0, qs binary, aZF binary, Vs,g,h,n. (4.20)

Let &’ be the solution returned by FizFeaturedSolveJFY(al"), then we have

1
(1+€)*

*

@t a’) >

Proof. See Section @ [ |
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On a high level, (PLA) can be viewed as a guided search for a good Featured assortment.
In the MILP, (@) is the display capacity constraint, (@)—() ensures the piecewise linear

approximation coefficients are properly constructed, (4.16) calculates values at the breakpoints,

() calculates the overall approximation, and ()-() ensures feasibility of the featured
assortment. By controlling the granularity of the parameter grid, (PLA) is able to achieve solutions
with arbitrary level of quality.

It should be noted that the approximation results of the FPTAS and the MILP are based
on the same properties of the zs(:) function. One major difference of the two approaches is that
in the FPTAS, we run a polynomially-sized DP for each parameter break point combination, and
make no attempts to exploit the structural properties between break points, whereas in the MILP,
we approximate the function value at any point by convex combinations its adjacent break points,
allowing us to better represent the function values using fewer break points, even though by doing
so we introduce binary decision variables which makes the approach non-polynomial. In our later
numerical study, it is shown that the MILP outperforms the FPTAS empirically by a large margin.
We believe this idea is a nice complement to the existing FPTAS and PTAS literature in revenue

management, especially when the function to be optimized has properties similar to those in Lemma

&
4.5. Heuristic Algorithm

The MILP approach and the FPTAS approach that we develop can be used to obtain solutions
with arbitrary performance guarantees. However both approaches struggle when the number of
customer segments |S| becomes large. In this section, we propose a fast heuristic that efficiently
finds high quality solutions even when |S| is large. In addition, we provide an approximation bound
for the heuristic.

Our heuristic follows the same idea in the FPTAS and the MILP: trying to find a good
Featured assortment a’. To achieve this result, we consider each customer segment separately,

and apply StaticMNL to produce candidate Featured assortments. According to Lemma @, these
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Featured assortments have the potential to be optimal for an independent segment. The heuristic
essentially “hopes” that one of these candidate Featured assortments is close to the optimal solution.

We detail the procedure of the heuristic in Algorithm E

Algorithm 2 Heuristic for Online Multiplayer Gaming Assortment Optimization

Require: Instance data
Ensure: Featured assortment a”, JFY assortments a”’
procedure INITIALIZATION
Candidate Featured assortments .%# < ()
end procedure
procedure CANDIDATE FEATURED ASSORTMENTS FOR INDEPENDENT SEGMENTS
for s € S do
F + F UStaticMiL(vl,r7)
end for
end procedure
procedure BEST FEATURED ASSORTMENT IN CANDIDATES
a" « argmax,r. 5 II (a¥, FixFeaturedSolveJFY(a’))
a’ « FixFeaturedSolveJFY(a")
end procedure

We now introduce a theoretical result for the heuristic algorithm.

Proposition 4.7. Let af’ and a’ be the solution returned by Algorithm @ It holds that

1
@l aly > = . z*
S|

Proof. See Section @ [
Note that the running time of the heuristic grows polynomially with the number of customer

segments, which makes it efficient for large instances.

4.6. Upper Bounding the Optimal Expected Revenue

In this section, we propose a Lagrangian relaxation based upper bound. An upper bound
is particularly useful when good quality solutions are easy to obtain, or when the problem is too
hard to solve, and the only hope is heuristics. Our approach extends the results in Feldman and
Topaloglu (2015a), where the authors develop an upper bound when there is only a small number
of candidate items, while our bound can deal with hundreds of candidate items. The next lemma

introduces a Lagrangian relaxation.
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Lemma 4.8. Let A= (\y; : s €S,i € NT), and denote Ay = (\g; : i € NT). Define n5(Xs) as the

optimal objective value of the following linear program

-1 F_F_F g —1 J
(LagSub) max ( Sl Z ) Zl /USla’L T +( Sj j )’y Z US] - Z)\siaF
i
14 (3 vkal ) +( jvg’]a;’) -

F
7,78_]

a; binary, Vi, j.

Then for any X such that ) msA\g = 0,Vi, we have Y, msms(As) > Z*.

Proof. See Section @ [ |
The above lemma enables us to separate the problem by segments, we will construct upper
bounds on m(Ag) by conducting a grid search, which in turn yields valid upper bounds on Z*.
It is worth mentioning that setting As; = 0,Vs, ¢ clearly satisfies ) msAs = 0,Vi, in which case
> msms(As) corresponds to the total expected revenue assuming that we are allowed to offer
different Featured assortments for different segments of customers. We proceed to reformulate

(LagSub) which will allow us to perform the grid search.



88

Lemma 4.9. Problem (LagSub) is equivalent to the following reformulation

Qs F F_F J,J,J F_F
(LagSub-Reform) max o o i VT a4 5 o 1o szjrja ZZ:)\L% ;

1<) af <K,
7

1<) af <K,
J

F J

a; ,a sJ

binary, Vi, j.

Proof. See Section @ [ |

Theorem 4.10. Define ns(XAs, g, @s, 0, 05) with asp, < g < a5 < agy and 85, < 3, < 05 < dgu as

the optimal objective value of (SubKnap-F), where asr, asu, dsr, and dsy are appropriately chosen

bounds.
o) 1
(SubKnap-F) max ———0r ngrfaF Z Aol
1 + ’Ys + 675 " ;
s.1. vF F < ag,
i
1<) af <K,

i

0<al <1, Vi

)
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Also define 05(ag, as,d,,05) as the optimal objective value of (SubKnap-J).

5% Jrdal,
(SubKnap-J) max v
1+a +o7 Z ot
s.t. vija‘s]j < 35,

Let ag = (51, ..y Asi) and 85 = (051, ..., 0sp) with asp, = g1 < -+ < agq = aspy and s, = 051 <

- < dsp = 0sy. Let

QZ)S(AS, Qs, 65) = H;E;;X <775()\57 Qs g, Xs g+15 55,}7’ 6s,p+1) + Qs(as,g’ Qs g+1, 6S,p) 6s,p+1))

then we have ) msps(As, ous,85) > Z*.

Proof. See Section @ [
Theorem enables us to obtain an upper bound with any A such that )  mgA\s = 0,Vi
by solving two continuous knapsack subproblems for each grid, and pick the grid with the highest
value for each segment. Note that (SubKnap-F) and (SubKnap-J) for each grid can be solve
independently and efficiently, as a result parallel or distributed implementations could speed up

the procedure significantly. Next we provide a subgradient method to iteratively obtain a good A.

Lemma 4.11. ¢4(As, as, d5) is conver in Xg. For any X such that Do Mssi = 0,4, let af be
an optimal solution of (SubKnap-F) for segment s at the grid where maximum is attained. A

subgradient dg = (dg; =1 € NF) of ¢s(5\s,a3,58) is given by dg = —aF, Vi.

S

Proof. See Section @ [ |
Theorem and Lemma allow us to run a subgradient routine to search for a good
Lagrangian upper bound. The procedure of calculating the Lagrangian upper bound is as follows.

First, initialize Ay, a5 and 5 for all segments, and a step size scheduler; then for each segment
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and each grid, solve (SubKnap-F) and (SubKnap-J); for each segment, pick the grid with the
highest ¢4(-) value, calculate an upper bound for the incumbent A, and construct a subgradient;
update A following the step size scheduler and repeat until termination criterion is met. It is worth
noting that in order to ensure ) msAy; = 0,Vi at all times, after each subgradient update, we
randomly pick a segment s’ and set \y; = —(Dses /sy MsAsi)/my for all i.

The Lagrangian upper bound allows us to evaluate the quality of solutions found by the
heuristic algorithm for large instances. It should also be noted that for small and medium sized
instances, even though the FPTAS and MILP can theoretically produce solutions with arbitrary
performance guarantee of (1 — €), choosing a larger e can often lead to high quality solutions, in
which case (1 —¢) is not a good indicator of performances; the Lagrangian bound can be very useful

in these situations as well, resulting in optimality gaps much tighter than (1 — ¢).

4.7. Numerical Study

In this section, we conduct numerical experiments on synthetic problem instances to test the

performance of our proposed approaches under various settings.

4.7.1 Instance Data

Consider an online multiplayer video game store with a Featured section and a JFY section.
Let |S| be the number of segments of its customers, |AF| is the number of candidate Featured items,
IV J | is the number of candidate JFY items, and K is the display capacity of both the Featured
and JFY sections. In the numerical study, we generate 3 sizes of instances, small, medium and

large; see Table @ for a detailed description. Given any instance size configuration, we randomly

F

generate instances in the following way. For each candidate Featured item ¢, its unit price ;" is

sampled from a uniform distribution U(2,10); for each candidate JFY item j, its unit price 7'3] is
sampled from a uniform distribution U(0.2, 1); note that here we assume that the Featured items are

more valuable than the JEY items. The arrival rate mg of each customer segment is sampled from

a uniform distribution U/(0.5,1) and then normalized. The dissimilarity parameters v/" and v/ are
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sampled from uniform distribution U(0.25,1). The preference weights of JEY items are randomly
sampled from exponential distribution Ezp(0.005). The preference weights of the Featured items

are chosen such that it is non-trivial to determine the Featured assortment.

Table 4.1: Assortment Optimization Instance Size Description

Size [|S| [ INF] N7 ] K
small 2 10 20 3
medium | 10 30 100 | 5
large | 20 | 100 200 | 10

4.7.2 Algorithms

We briefly describe the algorithms tested in the numerical study, as well as some noteworthy
implementation details.

FPTAS (FPT). The procedure of the FPTAS is described in Algorithm E] Note that
if we wish to choose an e such that the performance guarantee by Theorem @ is practically
useful, even for small instances, the procedure becomes too expensive. In our experiments, we
use € = 0.15, which allows the procedure to terminate quickly and at the same time produce high
quality assortments. For medium and large instances, the number of break point combinations
becomes astronomical, and the FPTAS in turn becomes intractable.

MILP (MIP). The motivation of the MILP approach is to approximate the objective func-
tion using fewer break points relative to the FPTAS. In the numerical experiments, for small in-
stances, we formulate (PLA) using 50 uniformly distributed break points for e and 3; for medium
instances, we formulate (PLA) using 20 breakpoints for @ and 10 breakpoints for 3; the MILP
approach becomes intractable for large instances. We use Gurobi 9.0.3 under the default setting
to solve the integer programs. During the branch and bound procedure, we implement a callback
subroutine to evaluate the true objective function value whenever a new feasible Featured assort-
ment is found, and return the solution (which may not be the optimal solution of the (PLA)) with

the highest objective value when the branch and bound procedure terminates.
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Heuristic (HEU). The heuristic described in Algorithm E is efficient across all sizes, and
easy to implement without any tuning required.

Greedy (GRD). As a benchmark, we implement an intuitive greedy algorithm which suc-
cessively add the most promising item to the Featured assortment, and update the corresponding
optimal JFY assortments when necessary. It should be noted that the objective function does not
enjoy the submodularity property, and therefore a theoretical performance guarantee of the greedy
algorithm is hard to obtain. The greedy algorithm is also efficient across all sizes and easy to
implement.

Lagrangian Upper Bound (LUB). It is well known that the subgradient procedure for
calculating the Lagrangian upper bound requires carefully chosen step sizes. In our experiments,
the step size of iteration n is of the form 1/n; more sophisticated step size schedulers may lead
to better performances. In addition to the step size scheduler, we also need to choose the number
of break points for a and § for the Lagrangian upper bound. In our implementation, the break
points are exponentially distributed, that is, the ratio of adjacent points is a constant. For small
instances, we choose 400 break points for a and 100 break points for §; for medium instances, we use
400 break points for a and 30 break points for §; for large instances, we use 300 break points for
a and 30 break points for 6. The Lagrangian upper bound scales well for all instances, since each
customer segment is treated independently. It is also well suited for a distributed implementation.

Naive Upper Bound (NUB). As a benchmark, we calculate a naive upper bound on the
total expected revenue by treating each customer segment independently, and allow the Featured
assortment to be different for different segments. This upper bound can be viewed as a Lagrangian

upper bound without penalty, and is efficient across all instances.

4.7.3 Numerical Results

All experiments are run on a MacBook Pro with an intel i9 and 16 GB of RAM. All code
is written in Python 3.7.4, and optimization models are solved using Gurobi 9.1. The average

running time of the algorithms are reported in Table @ Note that the store is usually periodically
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updated either daily or weekly, and all algorithms except for the Lagrangian upper bound are able
to terminate within a few minutes even for large instances; the Lagrangian upper bound is also able
to achieve better performance than the naive upper bound within a day on a personal computer,
and with a distributed implementation the procedure can realistically speed up significantly, making

it practically useful.

Table 4.2: Average Running Time for Assortment Optimization

Time (s) | small | medium | large
FPT 14.5 n/a n/a
MIP 3.67 193.2 n/a
HEU 0.02 3.70 118.4
GRD 0.05 3.34 134.5
LUB 3600 7200 72000
NUB 0.005 0.62 8.66

Small Instances. We generate 100 small instances. For each instance, we run all of
FPT, MIP, HEU, GRD, LUB and NUB, and summarize our results in Table @ The left half of
the table reports optimality gaps; specifically, we compare FPT, MIP and HEU solutions against
the LUB, and also the GRD solution against the NUB, and calculate the average gap, the 95th
percentile gap and the max gap for each pair. On the right half of the table, we calculate the
relative improvements of our proposed approaches against the baselines; in particular, we compare
the revenue improvement of FPT, MIP and HEU against the GRD baseline, as well the upper
bound improvement of LUB against NUB; we also include the average improvement, 95th percentile
improvement and the max improvement. From Table @, it is clear that all FPT, MIP and HEU
outperform the GRD baseline, and LUB is tighter than the NUB. The average gap between the GRD
baseline and the NUB baseline is 3.31% aross 100 instances, with the max gap as large as 15.6%,
whereas FPT, MIP and HEU all manage to achieve average gaps under 2% with the max gap being
only 6%. Moreover, the reduction in optimality gaps primarily comes from revenue improvement,
with an average improve around 1%, and the max revenue improvement as large as over 16%, which
given the magnitude of video game store microtrasactions, implies a potentially significant revenue

boost. Among FPT, MIP and HEU, we see that the MIP is the most competitive, achieving the
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best revenue performance; HEU is also very good, outperforming FPT with only a fraction of its
running time. Finally, LUB is consistently better than the NUB baseline, averaging nearly 1%
bound improvement, with the max being over 6% percent.

Medium Instances. We generate 30 medium instances, and report the results in Table
@. Note that FPT is no longer tractable for medium instances due to the increased number of
customer segments. Overall, we observe similar patterns to the results of the small instances.
The MIP continue to be the most competitive, reducing the baseline gap from 6.58% to 3.05% on
average. The revenue improvement of MIP and HEU compared to the GRD is even more significant
than that of small instances, with the an over 2% average improvement; the max improvement
is over 30%, which means GRD could perform very poorly on some instances. The LUB again
outperforms NUB, achieving a 1.53% tighter bound on average.

Large Instances. We generate 10 large instances, and report the results in Table @
Note that even the MIP struggles to terminate for large instances. From Table @ we see that
HEU achieves better performance compared to the GRD baseline, reducing the gap slightly, and
achieves a 0.72% average revenue improvement. The largest revenue improvement is 18.6%, which
suggests HEU has the potential to avoid significant revenue loss. On the other hand, LUB once
again outperforms the NUB.

Summary of Results. All of the approaches developed in this work achieve better perfor-
mance than the baseline as expected. To find high quality solutions, using MIP whenever possible
would result in the best revenue performance, while the HEU can produce good assortments when
the size becomes too large for MIP. The FPT is not as practical especially when the number of cus-
tomer segments increases, even though it comes with a nice theoretical guarantee. The Lagrangian
bound LUB is consistently better than NUB, which helps evaluate feasible assortments found by

various algorithms.
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Table 4.3: Numerical results for small assortment optimization instances

Percentage Gap (%) Relative Improvement (%)
Average 95th Max Average 95th  Max
FPT/LUB 1.82 3.40 6.00 FPT vs. GRD 0.74 5.79 16.62
MIP/LUB 1.49 3.30  6.00 MIP vs. GRD 1.08 5.79 16.62
HEU/LUB 1.66 3.39  6.00 HEU vs. GRD 0.91 5.79 16.62
GRD/NUB 3.31 8.47 15.6 LUB vs. NUB 0.84 3.41 6.31
4.8. Conclusions and Future Research

In this work, we study an assortment optimization problem for multiplayer online video
games under discrete choice models. The game stores include a Featured section and a JFY section
for marketing and operations purposes, and customer heterogeneity is characterized by customer
segments. We propose a FPTAS as well as a MILP formulation that returns high quality solutions
with arbitrary theoretical performance guarantees. We also design a heuristic algorithm for large
instances with an approximation result, and a Lagrangian upper bound for evaluating feasible
solutions. Our numerical experiments illustrate that our approaches perform well across various
settings. Methodologically, our work is the first to devise solution algorithms for the mixture-of-
nested-logit model, one of the most difficult classes of problems in assortment optimization.

Our work opens up a number of directions for future research. It would be interesting to see
if the MILP formulation can be improved by using a more advanced technique with fewer binary
variables, or apply a Benders decomposition to iteratively solve the formulation. One could also
try to characterize conditions under which submodularity holds, in which case greedy heuristics are
known to work well. It is always possible to analyze customers’ choices under alternative discrete
choice models. One unique feature of online multiplayer video game stores is that the complete
purchase history and inventory information of all customers is available to the seller, which may
lead to opportunities to better understand the resulting assortment optimization problem. We

leave this for future research.



Table 4.4: Numerical results for medium assortment optimization instances

Percentage Gap (%)

Relative Improvement (%)

Average 95th  Max
MIP/LUB 3.05 5.25 6.02
HEU/LUB 3.45 570  6.38
GRD/NUB 6.58 15.79 28.93

Average 95th  Max

MIP vs. GRD 2.53 14.21 32.74
HEU vs. GRD 2.11 14.13  32.74
LUB vs. NUB 1.53 3.06 345

Table 4.5: Numerical results for large assortment optimization instances

Percentage Gap (%)

Relative Improvement (%)

Average 95th  Max
HEU/LUB 5.68 6.78  7.77

GRD/NUB 6.26 11.25 19.62

Average 95th  Max

HEU vs. GRD 0.72 6.64 18.60
LUB vs. NUB 1.83 2.66 2.76
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Appendix A

Appendix to Chapter 2

A.l. Technical Proofs

A.l.1 Proof of Proposition @

The proof proceeds in two steps. First, we show that (RDA) is a relaxation of the approximate
LP dual (D4), that is, for any solution of (D“) we can construct a feasible solution with the same
objective value to (RDA) by aggregating variables. Second, we establish the reverse direction by
showing that (D%) can be interpreted as a Dantzig-Wolfe reformulation of (RD%).

To establish the first step, consider a feasible solution 7 to (D“) and define the following

variable aggregation:

Si= Y, sim(s,x), VteT,ieV, (A.1)
(s,x)eX

Bte = Z xem(s,x), VteT,ceC(L). (A.2)
(s,x)eX

By construction, the solution (8,%) will satisfy constraints (9) and (11) in (RD?), and have the
same objective function value. Constraint (10) is satisfied because for all t € T and i € V, we have
that

Sti— Z Tpe = Z sime(s, x) — Z Z xmi(s,X) = Z (si— Z mc>7rt(s,a)20.

ceC(L),icc (s,x)eX ceC(L): (s,x)eX (s,x)eX ceC(L):
1€V(c) icc

To show the reverse direction, we first define €); to be the set of all feasible solutions to

(CG-LP;). Observe that € is bounded and has integer extreme points for all . Let X be the
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set of extreme points of {2y, and observe that XtQ C ; by construction.
Now, consider a feasible solution {(8,%)}e7 to (RDA). For each t € T, we can express the
solution as a convex combination of all extreme points in €2,
B, %) = > (5, %)pu(s,x),
(s x)eXs
with (s, x) > 0 for all (s,x) € X and Z(s,x)extﬂ pt(s,x) = 1. Therefore, we are able to construct
a solution to the original ALP dual (D?) by defining

(s, x), if (s,x) € X2,
(s, x) = V(s,x) e X, t€T.

0, otherwise,
The resulting solution satisfies the constraints in (D“) and has the same objective value as the

corresponding solution to (RDA). This completes the proof.

A.1.2 Proof of Proposition

As a first step, we observe that cycles of length 2 in the directed graph G = (V,&) can
be interpreted as edges in a corresponding undirected graph. As a result the column generation
subproblems (CGy) define a b-matching problem, and Edmonds (1965) shows that the convex hull
of b-matchings can be expressed using the so-called blossom inequalities.

When ¢t = 1, we can therefore express the linear programming formulation (CG-LP;) as

max S B\ ree= D TVieri | fe =D (Vei = iVina + wei) si+ 3 AiVirni — 0+ 0r4
)

ceC(L i€V(c) 1% 1%
s.t. Z Te < S1,is Vi e,
ceC(L):i€c
. 1
d o g < EEW; YW CV with Y s, odd, (A.3)
ceC(L): 1EW
V(c)ew

Z. >0, Ve e C(L).
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Constraint (@) defines the blossom inequalities, which are defined over all subsets WV of agent
types such that the total number of agents (with an agent type in W) present in the system is odd.

When ¢ > 2, we can use the variable substitution g; = S — §; to express (CG-LP;) as

max Z T | Tte — Z UiVig1i | e — Z (Vii —=UiVig1,i +wei) (S — i) + Z AiVig1i — 0y + 011
)

ceC(L i€V(c) i€y ey
st Y R+ Gi=S5, Vie,
ceC(L):i€c
S—1
T < W|2, YW CV with [W|S odd, (A.4)
ceC(L)
V(c)ew
Ze >0, Ve e C(L),
g; > 0, Vie V.

We observe the blossom inequalities (@) do not involve the slack variables y;. While we can
interpret these variables as edges between node ¢ and a “dummy” node, blossom inequalities over
sets that include this dummy node would be redundant.

The proof follows by substituting constraints (8) in (RD*) by constraints (15) when t = 1,
and removing constraints (8) when ¢ > 2. The latter follows by observing that constraints (@)

are redundant if we choose S to be an sufficiently large and even integer.

A.1.3 Proof of Proposition @

Let x* € Ri(L) be a (possibly fractional) first period solution of the ALP reformulation, given
an initial state s. We assume L = 2 and therefore cycles correspond to edges {7, j} in an undirected

graph G = (V,&). Replacing cycles by the corresponding edges and using 6(7) to represents the



107

family of edges (that is, self-loops occur twice) incident on i, we therefore have:

Z zt < si, VieV, (A.5)
e€d(i
Z S; — 1
* €W . ]
dooap < = YWCV: Z s; odd, (A.6)
ecE(W) iEW
x >0

We allow £ to include self-loops. Observe that constraint (@) implies that . = 0 if s; = 1 for
any self loop at 7.
As a first step, we convert this solution to a fractional perfect b-matching instance by adding
a dummy node 0. Specifically, we let VT =V U {0}, £ =& U{{0,i} :i € V}U{0,0}, and let
S0 = Z sq, and
eV

* _ . *
Tio4) = Si g x,, and

e€d(i)

*

« S0~ diev T4y .

Li0,0p = 9 = Z Le-
ec&

We establish that this solution satisfies constraints (@) and (@) defined on the extended graph.
Constraint (@) will hold by construction, as will constraint (@) when 0 ¢ WW. Now, consider a
subset Wt = {0} UW C V* such that >,y s; is odd. Observe that this implies that Doiev\w Si
is also odd. Then, we need to show that the following constraint is satisfied:

* * * S0 + Z’L s;— 1
Y i+ ) wos tajog) < SW (A7)
ecE(W) ieEW

We first observe that

PILTEDILED DD DE

€W iew iEW e€d(i)

—281—2 Z xp — Z xy.

EW ecE(W) ecs(W)
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Plugging this into constraint (@) yields

Dieyyw Si — 1
Tlooy— 3 w- Y wr< TN

ecE(W) ecs(W)

Because 7 = x*, this reduces to
{0,0} ecf e

, s;—1
Z HT:S ZZEV\W v

2 )
eeEV\W

which hold as it is a blossom inequality present in the original constraints.

Next, we transform this fractional perfect b-matching solution into a fractional solution
for a perfect matching problem, using the construction outlined in Schrijver et al) (2003, p. 547).
Consider a graph (V;r ,5b+ ) obtained by splitting each node into s; copies. Formally, let Vgr =
{iy | Vi € VT,1 < b < s}, and & o= {{ip, i, } | V{i,i'} € ET,1 < b < 55,1 <V < spyipy # iy )
For any edge {i,j} € &, with i and j copies of i’ and j' in (V*,EY), let ¢ = {i’,;'}, define

x, = x [(siysj) when i/ # j', and z, = ¥, /(sir(sy — 1)/2) when i’ = j/. We show that x’ satisfy

> oal <1, Vie V), (A.8)
e€5b(i)
> oa < Iwly2), YW C V5 W] odd, (A.9)
eGSZr(W)
x >0,

where ;(7) denotes edges incident to ¢ on (V;, EJ), and SJ(W) is the set of edges with both nodes
in Won (V,",&") including self-loops.
To see (@), suppose 1 € Vlf is a copy of ' on (V*,ET). Then
22750 iy

Z $;:(5i’—1)m+ Z —

e€t (i) ces(iniriy 7

o %

1 * *
37(250{@'/,@'/} + Z )
ecd (v )\{¢,i'}

For any node v € VT, let B, denote the set of copies of v in Vb+ . To see (@), let W C Vgr

with [W’| odd. Note that if B, C W' for all v € W', (@) follows directly from (@) That is, we
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are only concerned with cases where W' “splits” B,. Without loss of generality, let v € V't be the
only node such that B, N W' # () and B, € W'. Denote b := |B,| and d := |B, N W|, it follows
that 0 < d < b. Also, let Uy := W'\ B, and Uy := W' U By; it follows that Us \ Uy = B, and
Ua| — |U1] = b.

Let [ be the edge weight of self-loops in By, and y := ), o, m{{v/7u},Vv’ € B, is the sum of
edge weights connecting a copy of v and nodes in ;. For notational brevity, let z1 := ) . ) al.

With the above definitions, because U; and Uz do not split v, from (@) and (@) we have the

following
y+(b-1)I1<1,
214 +b-y < ]Ul\,

z1 < [[2h]/2],

b(b — 1)

r1+b-y+ 5

I < [([th|+b)/2].

If b > 2d, we have

d(d — 1)l

Z o,=x1+d y+ 5

e€EF (W)

d(d — 1)l
2

b—2d d
=— :U1+5(2x1—|—b'y)+

< (b—2d)|th| d|th] . d—1
- 2b b 2
| +d—-1

N 2

= [W')/2].
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If b < 2d, it holds that

e€EF (W)
~2d—b b(b— 1)l b—d d(d—1)l  (2d—b)(b—1)I
_b<:c1+b-y+ 5 >+ b(2x1+b-y)+ 5 5
2d—b |U|+b b—d (b—d)(b—d—1)I
< .
< — 5 + 2 U] + 5
_|uly+d—1_b—d—1+(b—d)(b—d—1)l
N 2 2 2
| +d—1 b—d-1
= —d)l -1
5 + 5 (b—d)l —1)
<’U1’+d—1
- 2
= [W'|/2].

As a next step, we can proceed to show (@) by induction on the number of nodes “split” by W'.
Note that any points of the polytope defined by (@) and (@) are also feasible for (@) and
(@) by construction.

In Vaziranj (2020), the author show that a fractional non-bipartite perfect matching can be
written as a convex combination of perfect matchings, extending the Birkhoff-von Neumann Theo-
rem from bipartite to non-bipartite graphs. Applying the algorithm proposed in Vaziranij (2020) to
x' on (Vj , 5; ), we obtain a convex combination of perfect matchings, each with a corresponding

feasible matching on the original compatibility graph; this completes the proof.

A.2. Connection to Other Applications

A.2.1 Network Revenue Management

Consider the following network revenue management (NRM) problem, where we use airline
terminology for ease of exposition. We define a set of flight legs as Z = {1, ..., I'}, and define the
capacity of leg i as ¢;. We also define a set of products J = {1, ..., J} and define the fare for product
j as fj. We further have a consumption matrix A = (a;;) of dimension (I x J), where a;; € {0,1}

indicates whether product j uses leg i. Time periods belong to the set 7 = {1,...,T}. In period t,
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the arrivals of type j product demands follow Poisson process with rate ); ;, that is, we assume an
independent demand model

To formulate the NRM problem with batch demand as an MDP, we define the state space
as (s!,sP) where s! = {s},...,s!} represents the remaining capacity on each flight leg and s? =
{sh, ...y 53} corresponds to the number of requests for each product. Without loss of generality, we
let S be an upper bound on the number of product requests. We use S to represents the set of all
feasible states.

Given a state (si,sf ) at the start of period ¢, the planner decides which product requests
to accept. For each j € J, we introduce variable x; to represent the number of type j requests
to accept. The actions are subject to capacity constraints, and therefore the action space can be
defined as

AL, sP) ={x€Z] :x; < sh,Vj € j,Zai]mj <stViel
JjeT

In addition, we also define
X = {(sj,sp,x) (s7,8) €S,x € A(sl,sp)}

to represent the set of all state-action pairs.

The system dynamics of the NRM problem with “block” demands can be described as follows.
The arrival rates of flight legs are 0, and the departure probabilities of flight legs also equal 0. The
arrivals of product demands follow independent Poisson processes, while unmet demands are lost;
that is, the departure probabilities of demands are equal to 1. There are no match failures, no
waiting costs, and the reward for z; is f; for all j € J.

Given the above definitions, we are ready apply the framework proposed in this chapter.
Specifically, after writing down the optimality equations, applying the affine functional approxima-

tion and simplifying, we obtain the following formulation analogous to (PA):



112

min 01+ Vi + Y Vsl
i€T ieJ

s.t. 0+ Z V;l’,-sfg,,- + Z th’jst > 041 + Z th+1,i(51lt,i - Z aij,;)

i€l JjeJ i€l JjeT
Y VB G D fimg, VEET, (s, x) € X
JjeJ JjeJ
Now, consider the subproblems that arise when the dual of the above formulation is solved
with a column generation method and suppose that solving the restricted master problem yields
a dual solution (#, V! VP). For each period t € T, the column generation subproblem can be
expressed by the following integer program

max Z(fj - Z aithl+1,z‘)l‘t,j - Z ‘/tl,isili,i - Z szj + Z th-)i-l,i)‘t,j + Opp1 — O

JjET i€l €T JjeTJ JjET

s.t. Tt,j < ng, \V/_] S j,

[ .
Zaijmt,j < S, Vi€L,
J

sé,sf,xt > 0, integer.

With block demands, this column generation subproblem corresponds to a generalized packing
problem, which is difficult to solve and for which it is difficult to explicitly characterize the convex
hull constraints.
However, if we restrict arrivals such that at most request arrives in each period, the column

generation subproblem will in fact become easier to solve, given the additional constraint

Z si” j <1.

JjeJ
While we omit a formal proof of the integrality of the resulting polyhedron, we do note that the
resulting problems are easy to solve. For each j € J, suppose j is the one arriving product request.

We only need to check if accepting this demand yields a higher objective value than rejecting it,
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which takes linear time; after going through all J potential requests, we obtain the solution of the

period t subproblem.

A.2.2 Dynamic Timeshare Exchange Problems

Our approach can be applied to model timeshare exchanges, whose members can exchange
timeshare “weeks” they own according to their preferences; see Wang and Krishna (2006), Sampson
(2008). For ease of exposition, we first introduce a static version of this problem. Let V = {1,...,V'}
be the set of all types of timeshare owners. Owners of the same type not only possess week-long
vacations at the same resort in the same time of the year, but also share the same preferences
towards vacation weeks owned by members of a different type.

Following the model proposed in this chapter directly, we create a compatibility graph by
adding a node for each ¢ € V. For each type i owner, if they prefer a week owned by type j € V
over their own own week represented by the type 7, a directed edge is added to the graph from 7 to
j. For each directed edge, a positive weight is assigned to represent the relative preferences among
weeks.

To represent the action space, let C be the set of all elementary cycles (without cycle length
limit). For each ¢ € C, a decision variable x. represents the number of times a cycle ¢ is scheduled
for exchange. The size of C can be prohibitively large, and as a result the timeshare exchange
problem may appear to be intractable.

However, we can define a bipartite graph H to demonstrate that the problem is in fact
tractable. First, for each i € V, we add 7 and i’ to H to reflect the owner and her week; we also
add an edge (i,i’) to H, which means owners can always be assigned to their own week. Next,
we add an arc (i,7) to H for each owner type ¢ if the owner prefers a week owned by type j € V
over their own week. Finally, we assign appropriate positive edge weights to H where the weight of
(,7') is 0 for all 2. With this construction, the static timeshare exchange problem is converted to a
bipartite b-matching problem, where all capacity constraints are equality constrains to ensure that

every owner is assigned a week at least as good as her own. Since bipartite b-matching polytopes
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are integral, the problem can be solved efficiently. A trivial feasible solution of this problem is
obtained by assigning every owner their own weeks.

We next discuss how the bipartite formulation could model the dynamic version, where
owners of each type arrive to the timeshare exchange randomly. First, it is easy to see that waiting
costs as well as arrivals and departures of owners can be modeled directly. Next, we propose two
approaches to address failures after matching decisions are made: 1) suppose a matching decision
at the end of a period is made and one type 7 owner who is assigned to week j is unable to go,
this owner simply loses her own week and all successful matchings go as planned; 2) after one
type ¢ owner who is assigned to week j rejects the assignment, a trading cycle can be detected
through backtracking, and every owner of the cycle return to there respective weeks. With such

modifications, our approach can be applied to solve dynamic timeshare exchange problems.

A.3. Implementation Details

As discussed in Section 4.3, we obtain an upper bound by solving (RD)# for the initial state
s1. When L = 2, we use a constraint generation procedure to solve (RD)#4. To obtain a lower
bound, we use Monte Carlo simulation. Starting from an initial state, we select actions according
to the primal or dual policies described in Section 4.4 and advance the state by sampling from the

stochastic process that describes the uncertain state transitions. At each state thus visited, we

resolve the ALP and use the heuristic policies to generate an action. In Sections |A3]J and IASj

we outline the algorithms that we use to implement our policies. Sections |A331 and |A34l describe

our implementation of the benchmark policies we use.

A.3.1 ALP Primal Policy

The primal policy we use is based on a solution to the primal program (RP)A that corresponds
to (RD)A. The algorithm we use to select actions according to this policy is as follows:
The ALP primal policy can be executed with or without resolving. Without resolving, Step

1 is omitted and the initial optimal solution (V*, W* U™) is used throughout. When L > 3, we
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Algorithm 3 ALP Primal Policy

Input: A state s

Output: A matching x™ € A(s)

Step 1. Solve (RP)* to obtain an optimal solution (V*, W* U*)
Step 2. Let

™ — * —
x" = arg max E fe | m1,6 — E Va,ii | xe
xez)C(L)]

cec(L) i€V(c)

s.t. Z Te <8, Vi€V

ceC(L):
i€V (c)

use an efficient heuristic (that is, we round down the LP relaxation solution) to solve large problem

instances; initial experiments showed that this has little impact on performance.

A.3.2 ALP Dual Policy

The dual policy is based on an optimal solution to the ALP reformulation (RD)4. The

algorithm we use to select actions according to this policy is as follows:

Algorithm 4 ALP Dual (Probabilistic) Policy

Input: A state s
Output: A matching x™ € A(s)
Step 1. Solve (RD)“ to obtain an optimal solution x*
Step 2. If L = 2:
Generate py,x7 as described in Proposition 3, and let x™ = x7 with probability p,
Else:
if = |2i.), Veec(r)

When executing the ALP dual policy, it is necessary to resolve the ALP at the beginning of
each period. For instances with L > 3, we simply round down the first period solutions, and we use
a probabilistic allocation method when L = 2. In all cases, the dual policy has polynomial time

and space complexity.



A.3.3 Deterministic Linear Program

The multi-stage deterministic linear program we use equals

DLP :max > > fertefie =D 2w

teT ceC(L) teT ieV
Si if t =1;
s.t. Sti = §i§t71,i _ Z ﬂcviitfl,c + )\iv if t > 1.
ceC(L):
ieV(c)
i:t,c Z 07
Sti =0,

VteT,i eV,

Vte T,ceC(L),

VteT,ie).
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(A.10)

The DLP keeps track of state evolution in expectation while maintaining state variable feasibility,

and it is easy to show that the optimal objective value of the DLP provides an upper bound.

Based on the optimal solution of the DLP, we construct a control policy that is similar to

our primal policy. Specifically, we interpret the optimal dual solution associated with constraint

() as marginal values of agents in the system, and for every ¢ € C(L), we only make matching

c available when its reward is higher than the opportunity cost of resources (agents) consumed. To

account for failures and agent departures, we adjust the marginal values accordingly. The algorithm

we use to select actions using this DLP policy is as follows:

Algorithm 5 DLP Policy

Input: A state s
Output: A matching x™ € A(s)

Step 1. Solve DLP to obtain an optimal dual solution V* associated with ()

Step 2. Let

¢ = {ceC(L): fic (rlyc — Z Vfluz> ze > 0}

i€V (c)
Step 3. Let

x" = arg max Z fbe (rlﬁc — Z ‘/2*7,1/1) Te

C/
xezl®'l - L2g i€v(c)

s.t. Z T <s8; VieEV.

cec’:
i€V(c)
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Algorithm 6 Limited Lookahead Policy

Input: A state s, a lookahead horizon length H
Output: A matching x™ € A(s)

Step 1. Let
1+H 1+H
D S OE T o S
ST cee(n) t=1 icy
Si, ift = 1;
s.t. o= 4 Tibi1a— > BPidr1e+ N, ift>1 Vi=1,.,1+H,i€eV,
ceC(L):
i€V(c)
> de < Vi=1,.,14+ H,icV,
cec(L):
i€V (c)
Bre >0, Vt=1,..,1+ H,ceC(L),
50 >0, Vt=1,..,1+ H,ieV.

Step 2. Let 2 = |27 .], VeeC(L)

A.3.4 Limited Lookahead Policy

We also implement a limited lookahead policy by optimizing matching decisions over a pre-
specified horizon H, where random values are replaced by their respective expectations, and inte-
grality of decision variables is relaxed for tractability. Our implementation of this policy uses the

following algorithm:

A 4. Additional Numerical Experiment Details

A4.1 Dynamic Matching for Ridesharing

Recently, there has been considerable research on dynamic matching problems for ridesharing
platforms. A common approach is to greedily match customers to drivers based on distance and
create price incentives to balance supply and demand, see for example, Chen et al. (2015), Banerjee
et al] (2015), and Chen and Sheldon (2016). Only a few papers study the impact of optimizing
matching decisions. Hu and Zhou (2022) derive conditions under which a myopic matching policy is
optimal for two-sided systems where the objective is to maximize expected total profit. In Banerjee
et al| (2018) and Kanoria and Qian (2019), the authors model the two-sided, continuous-time

ridesharing system as a closed queueing network where a constant number of drivers are relocated
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subject to matching decisions, and propose algorithms to manage the geographical distribution of
supply.

Our model is closely related to a stream of work where the ridesharing system is modeled as
an open queueing network, see Ozkan and Ward (2020) and |Aouad and Saritad (2019). In these
papers, arrivals of supply and demand are independent of the matching decisions. There is support
for such an assumption in the work of Zhong et al. (2019), who use data from the ride-sharing
company Didi to show that a Markovian queueing model with exogenous customer and driver
behaviors provides good estimates for system performance measures during rush hours in China.
We first evaluate the performance of our ALP approach using an example from Ozkan and Ward
(2020). Next, we also evaluate our approach on randomly generated larger instances to assess the

scalability of our approach.

A.4.1.1 Setup for Initial Experiments.

Our initial experiments consider an example from Ozkan and Ward (2020), as shown in
Figure @ In the example instance, the ridesharing region is partitioned into 3 disjoint areas.
Area 1 only has customer arrivals while area 3 only has driver arrivals, causing an imbalance
between supply and demand in these regions. The time horizon is 10 time units. Drivers and
customers arrive to the system according to a Poisson process such that the expected number
of drivers arriving at Area 1, Area 2 and Area 3 is 0,n and n per time unit, and the expected
number of customers arriving at Area 1, Area 2 and Area 3 is n,n and 0 per time unit, respectively.
Without loss of generality, we assume the Poisson distribution is truncated after some large number
to ensure a finite state space. Here, n is a parameter that represents the thickness of the matching
market. If not matched, the probability that drivers remain in the system follows an exponential
distribution with mean 10, whereas customers leave immediately. In the continuous time setting,
decision epochs are the times at which agents arrive. There is no waiting cost, and the overall
objective is to maximize the total expected number of successful matchings.

We construct a dynamic matching instance as shown in Figure @, using an embedded
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Figure A.1: Example from Ozkan and Ward Figure A.2: Dyn@mic matching instance for
(2020) the example from Ozkan and Ward (2020)

)\Clzn,)\DI:O Aczzn,ADQ:n )\CB:U,)\DS:n
Area 1 Area 2 Area 3
iDy,cq = 0.01 Dg,Cp = 0.02

kDg,cy =1

discrete-time model such that the probability of more than one customer arriving during each
period is zero. In the compatibility graph, nodes D2 and D3 represents drivers that arrive at areas
2 and 3, and (1 and C5 represent customers that arrive at areas 1 and 2. Nodes Ds and C5 represent
drivers and customers in the same area, and therefore the probability of a successful match equals
1; similarly, the success probability of a match between D2 and C1 equals 0.99, and the success
probability of a match between D3 and C2 equals 0.98, as the distances between these areas are
relatively close. The success probability of a match between D3 and C'1 equals 0 because we assume
that areas 1 and 3 are too distant. The number of arrivals in each time unit is Poisson with rate
n for all nodes. We assume that v¢, and v¢, equal 1, that is, customers leave immediately when
not matched; in addition, vps and vp, are such that the time that drivers remain in the system
follows an exponential distribution with mean 10 time units. Since we are maximizing the number

of matchings, the expected rewards are equal to the success rates for the matchings.

A.4.1.2 Setup and Results for Large Instances.

As a first step, we randomly generate networks that correspond to ridesharing regions using
the Erdés—Rényi model (Erdos et al) 1960). Each node in the network represents an area in the
region, while edges represent connectivity between the areas; that is, we can only match drivers and
customers in areas that are connected. Furthermore, we assume that there are two driver classes,

economy and premium, and two customer classes, regular and priority. Drivers and customers
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arrive at each area following independent Poisson processes with randomly generated rates. Again,
we assume the Poisson distribution is truncated after some large number to ensure a finite state
space. Match failure probabilities are based on the distance between regions (shortest path between
nodes on the random graph): matches between areas with longer distances have higher failure
rates. Rather than maximizing the total number of matches, we consider a more sophisticated
reward structure. Specifically, matching priority customers with premium drivers yields higher
reward while matching customers with economy drivers yields lower reward; regular customers and
premium drivers are incompatible. Moreover, we also allow a short sojourn time for customers.
There is no waiting cost. By slightly increasing potential latency of matching decisions, the platform
accumulates a batch of customer requests, resulting in a more efficient assignment of the drivers.
We assume the expected sojourn time is 15 periods for drivers, and 5 periods for customers. In
each period, we assume that 20 drivers and 20 customers arrive on average. The horizon equals
100 time periods.

In our experiments, we vary the network size and randomly generate 5 instances with 5 areas,
5 instances with 10 areas, and 5 instances with 20 areas. Table @ reports the average computation
times of the ALP reformulation, solving the ALP using column generation, and the DLP. Tables

@ and @ summarize policy performance for instances with 5 and 10 areas.

Table A.1: Computation times (seconds) of larger dynamic ridesharing instances

Size | ALP ALP_CG DLP

5 0.24 1337 0.19

10 | 0.95  >3600 0.39

20 3.64  >3600 1.95




Table A.2: Upper and lower bounds for ridesharing instances with 5 areas

Instance Number 1 2 3 4 5
ALP UB 1135.1 851.5 1059.4 780.3 1008.8
DLP UB 1168.5 963.4 1090.9 840.4 1206.4

Ib(se) | 1131.3(2.5) 847.7(1.9) 1049.9(2.0) 776.3(1.7) 1007.4(2.9)

ALP Dual Policy gap 0.33 0.44 0.89 0.51 0.13

Ib(se) | 1130.0(2.5) 846.9(2.2) 1048.0(2.1) 773.2(1.7) 1006.3(2.7)
ALP Primal Policy
with resolve gap 0.44 0.54 1.07 0.91 0.24
Ib(se) | 1129.9(2.6) 840.1(2.2) 1039.4(2.2) 771.1(1.9) 1003.4(3.1)
ALP Primal Policy
no resolve gap 0.45 1.3 1.88 1.18 0.52
Ib(se) | 959.7(2.1) 738.0(1.6) 854.6(3.8) 735.0(1.9) 775.8(2.3)
DLP Policy gap 17.8 23.3 21.6 12.5 35.7
Ib(se) | 1124.5(2.6) 842.3(2.0) 1041.5(2.0) 766.0(1.8) 1001.0(2.5)
LLA Policy gap 0.93 1.07 1.68 1.83 0.76

Table A.3: Upper and lower bounds for ridesharing instances with 10 areas

Instance Number 1 2 3 4 5
ALP UB 1183.5 1137.7 1062.1 1060.6 1096.4
DLP UB 1262.4 1234.6 1147.9 1110.9 1222.9

Ib(se) | 1165.0(2.5) 1129.3(2.4) 1050.6(2.2) 1051.9(2.3) 1087.1(2.2)

ALP Dual Policy gap 1.56 0.73 1.08 0.82 0.84

Ib(se) | 1167.0(2.3) 1128.1(2.4) 1053.2(2.1) 1050.9(2.4) 1085.7(2.2)
ALP Primal Policy
with resolve gap 1.39 0.84 0.83 0.92 0.97
Ib(se) | 1158.9(2.4) 1123.2(2.1) 1040.6(2.1) 1042.3(2.3) 1079.6(2.4)
ALP Primal Policy
no resolve gap 2.07 1.27 2.02 1.72 1.52
Ib(se) | 1018.5(2.5) 1054.1(2.3)  925.8(2.6) 981.2(2.2) 947.4(2.1)
DLP Policy gap 19.3 14.6 19.3 11.6 22.5
Ib(se) | 1132.9(2.4) 1094.9(2.1) 1032.0(2.1) 1026.7(2.2) 1071.2(2.2)
LLA Policy gap 4.27 3.75 2.83 3.20 2.29
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A.4.2 Matchmaking in Online Video Games

The matchmaking system for online PvP games is a crucial service that connects players
for online game sessions. A good matchmaking system can increase the players’ experience and
engagement, which in turn improves player retention (Butchey 2008).

A key difficulty of the matchmaking decisions in the 1v1 games we consider is balancing the
quality of the match that occurs when two players are paired with the time players spend waiting for
a match to begin. While the quality of a match in this setting can depend on a number of factors, two
critical components are latency considerations and player skills. In matchmaking systems, players’
geo-location and network latency need to be taken into account. For example, pairing players across
the Pacific Ocean will inevitably result in high latency and poor player experience. To address
this issue matchmaking systems often set a threshold on the latency, and player compatibility
is determined based on this threshold. Predicting latency is considered by Agarwal and Lorch
(2009) for console games and by Manweiler et al, (2011) for mobile games. Because players desire
competitive games, and matchmaking systems aim to pair players with similar skill levels. Various
models have been proposed to establish player skill levels, including Elo (Elo [1978) and TrueSkill
(Herbrich et al! 2007). Typically, these models assume a prior distributional belief on each player’s
skill level and update the distribution’s parameters after the outcome of each game session.

We assume that matchmaking systems can evaluate the quality of a pairing using a function
of all relevant attributes of the pair that results in a “score”. Even when the quality of a pairing can
be evaluated, however, determining an optimal set of matchings presents a significant challenge.
Because players join the game at different times, the quality of the matchings has to be balanced
with the time players spend waiting for a game to begin. Waiting times in online video games are
analyzed in Véron et al| (2014) and in Xu et al] (2019), who establish that this tradeoff can have
a significant impact. This is further illustrated by the experience of Blizzard, which modified its
matchmaking system for StarCraft II in April 2012 to reduce waiting times by allowing players

with larger skill gaps to be paired. However, this led to an immediate outcry of complaints on
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social media, causing Blizzard to admit failure and introduce changes to the matchmaking system

that favored more balanced and competitive games over short wait times (StarCraftWikij 2014).

A.4.2.1 Setup for Initial Experiments.

To create our baseline instances, we generate reward parameters r; . from normal distributions
with rewards as shown in Table @; the waiting cost parameters wy; are also drawn from normal
distributions shown in Table @ We truncate to ensure that all rewards and costs are strictly
positive. The Poisson arrival rates of the player types are randomly generated such that 50% of the
arrivals are mid skill players, 30% are low skill players, and 20% are high skill players. On average,
a total of 4 players arrive to the matchmaking system every period. Again, we assume the Poisson
distribution is truncated after some large number to ensure a finite state space. Match failures due
to internet issues occur with probability 0.1% on average. The initial state for all player types is

uniformly generated from the interval [0,1,2], and the time horizon is set to be 100 periods.

A.4.2.2 Setup and Results for Further Experiments.

To understand how our ALP approach performs in different environments, we randomly
generate a number of additional instances. First, we randomly generate 5 instances where players
strongly prefer fast matchmaking over fair games, by multiplying waiting costs by a factor 2.
Similarly, generate 5 instances where players strongly prefer fair games over fast matchmaking, by
multiplying waiting costs by a factor 0.5. In addition, we also generate 5 instances that correspond
to the situation when the game is popular with a large pool of players, by multiplying the mean

arrival rate by 2. Tables @, @, and @ summarize policy performance for these instances.

Table A.4: Matching reward and waiting cost parameters of baseline matchmaking instances

Reward parameters Waiting cost parameters
location /skill same adjacent high mid low
same N(10,1.00) | N(8,0.64) N(2,0.04) | N(3,0.09) | N(4,0.16)
adjacent N(6,0.36) | N (5,0.25)
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To assess the scalability of our approach, we also generate 5 instances with a larger number
of regions and skill levels. Specifically, we randomly generate instances with 8 regions and 6 skill
levels. Connectivity between regions is randomly generated; in particular, internet connection
quality between regions are randomly sampled from good, okay and bad with probability 0.5, 0.3
and 0.2, respectively. Reward structures are generated based on the network of regions, such
that lower skill discrepancy and better connection quality yields higher reward. Arrival rates
of each type are randomly generated such that on average a total of 100 players arrive to the
system, and the departure rates are drawn such that players stay for 10 periods on average. Failure

probabilities between compatible types are uniformly drawn from 0 to 2%. Table @ summarizes

policy performance for these large size instances.

A.4.3 Kidney Exchange

We generate instances with the commonly used Saidman Generator (Saidman et al| 2006),
where each patient-donor pair is characterized by the attributes shown in Table @ This leads
to 128 types of patient-donor pairs, which represent the nodes in the compatibility graph; directed
edges representing medical compatibility are added according to patient and donor attributes.
Similar to the approach in Li et al| (2019), the compatibility graph is weighted and edge weights

are a proxy to expected quality of life after the exchange.

Table A.5: Upper and lower bounds for high waiting cost matchmaking instances

Instance Number 1 2 3 4 5
ALP UB 3133.4 3187.7 3056.7 2952.4 3146.9
DLP UB 4370.4 4336.7 4219.2 3505.3 4484.0
Ib(se) | 2560.9(15.9) 2524.9(17.0) 2275.2(15.1) 2428.5(15.8) 2397.0(14.8)
ALP Dual Policy gap 18.3 20.8 18.7 20.5 23.8
. ~ Ib(se) | 2562.8(16.5) 2554.0(16.4) 2351.6(14.9) 2464.0(15.4) 2435.9(15.3)
ALP Primal Policy
with resolve gap 18.2 19.8 15.9 194 22.6
, ~ Ib(se) | 2354.4(20.4) 1840.9(59.9) 2344.0(14.5) 2343.1(17.9) 2324.4(21.2)
ALP Primal Policy
no resolve gap 24.9 42.2 16.2 23.3 26.1
Ib(se) | 2535.0(15.7) 2514.8(15.3) 2234.5(15.8) 2432.3(15.8) 2417.8(15.4)
DLP Policy gap 42.0 42.0 45.8 42.3 46.1
Ib(se) | 2369.4(16.8) 2298.1(15.8) 2107.1(15.9) 2246.5(17.1) 2213.4(15.3)
LLA Policy gap 24.4 27.9 24.7 26.5 26.7
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The arrivals of each patient-donor type follow independent Poisson processes, with rates
determined by the attribute distributions shown in Table @ Following Dickerson et al| (2018),
we use a time horizon of 24 periods (weeks). In each period, the probability that a patient-donor
pair will leave equals 0.0035. Failure probabilities of edges are also determined by attributes, and
between certain types the failure probability can be as high as 95%; the overall failure probability

is over 60%.

A.4.3.1 Experiments with Column Generation methods.

Because solving the ALP with column generation is intractable for our original kidney ex-
change instances, we also generate smaller instances with cycle length restrictions L = 3 and
L = 4. Using these instances, we can evaluate how the ALP bounds are impacted by the removal
of constraints in our relaxed ALP (see Section 4.3 for additional discussion).

We generate random graphs with varying sizes V' (that is, the number of nodes in the compat-
ibility graph) and cycle length restrictions L. For each (V, L) combination, we create 100 instances
with random rewards, arrival and departure rates, and failure probabilities. For each instance, we
solve both the (relaxed) ALP reformulation and the ALP using column generation.

Table summarizes our results, and shows computation times and bounds obtained for

both methods. We also report the relative difference in bounds, as well as the number of instances

Table A.6: Upper and lower bounds for low waiting cost matchmaking instances

Instance Number 1 2 3 4 5
ALP UB 4028.5 3767.3 3912.0 41304 4040.9
DLP UB 4348.3 4129.9 4234.7 4498.2 4383.3

Ib(se) | 3653.3(20.7) 3521.1(20.4) 3637.9(20.4) 3736.8(20.4) 3715.9(21.0)

ALP Dual Policy gap 9.3 6.5 7.0 9.5 8.0

. . Ib(se) | 3632.2(20.8) 3507.3(21.0) 3619.6(20.7) 3732.9(20.1) 3659.0(22.6)
ALP Primal Policy
with resolve gap 9.8 6.9 7.5 9.6 9.5
. — Ib(se) | 3247.4(32.3) 3353.3(27.7) 3441.9(25.7) 2730.5(49.1) 3416.1(29.6)
ALP Primal Policy
no resolve gap 19.4 11.0 12.0 33.9 15.5
Ib(se) | 3615.1(20.4) 3509.2(20.2) 3627.5(20.3) 3718.5(20.5) 3682.2(20.8)
DLP Policy gap 16.9 15.0 14.3 17.3 16.0
Ib(se) | 3586.4(21.1) 3438.8(20.4) 3571.2(20.3) 3662.4(20.8) 3657.8(21.0)
LLA Policy gap 11.0 8.7 8.7 11.3 9.5




Table A.7: Upper and lower bounds for high arrival rate matchmaking instances

Instance Number 1 2 3 4 5
ALP UB 7450.8 6874.7 7186.8 7542.5 7435.0
DLP UB 8643.2 8241.6 8390.8 8924.2 8715.7
Ib(se) | 6822.1(27.1) 6480.8(25.9) 6702.4(29.7) 6855.5(25.6)  6869.1(31.8)
ALP Dual Policy gap 8.4 5.7 6.7 9.1 7.6
. . Ib(se) | 6811.5(27.1) 6502.8(25.8) 6688.2(30.0) 6873.1(25.4)  6800.1(34.1)
ALP Primal Policy
with resolve gap 8.6 5.4 6.9 8.9 8.5
. . Ib(se) | 5846.9(85.6) 6386.6(26.8) 6455.7(33.6) 4957.8(105.9) 6432.2(43.3)
ALP Primal Policy
no resolve gap 21.5 7.1 10.1 34.2 13.5
Ib(se) | 6796.2(26.7) 6428.3(25.8) 6689.5(29.3)  6840.4(25.5)  6840.9(31.3)
DLP Policy gap 21.4 22.0 20.3 23.3 21.5
Ib(se) | 6661.8(26.8) 6335.4(25.5) 6552.4(20.4) 6678.2(25.4) 6743.9(31.2)
LLA Policy gap 10.6 7.8 8.8 11.5 9.3

for which the column generation ALP bound is strictly tighter than the ALP reformulation bound.
We observe that omitting the convex hull constraints in our relaxed ALP has a negligible impact:
the bounds obtained by the relaxed ALP reformulation are nearly identical to those obtained by
the ALP using column generation based ALP, and are in fact identical for the majority of instances.
As for the other applications we considered, the ALP reformulation is orders of magnitudes faster.
Given these results, we do not explore the possibility of strengthening the relaxed ALP by adding

valid inequalities.



Table A.8: Upper and lower bounds for larger matchmaking instances
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Instance Number 1 2 3 4 5
ALP UB 9577.4 10078.0 9996.9 10215.8 10033.3
DLP UB 10206.3 10647.9 10630.1 10904.9 10567.4

Ib(se) | 9471.7(10.4)  9999.8(10.7)  9888.6(11.3) 10053.5(11.5) 9881.5(11.4)

ALP Dual Policy gap 1.10 0.77 1.08 1.58 1.51

. . Ib(se) | 9482.7(11.4) 10011.7(11.5) 9887.6(11.4) 10064.6(11.0) 9874.5(10.8)
ALP Primal Policy
with resolve gap 0.98 0.65 1.09 1.48 1.58
. . Ib(se) | 9444.0(12.1)  9968.6(10.8)  9845.0(10.8)  9948.1(12.6)  9835.6(10.3)
ALP Primal Policy
no resolve gap 1.39 1.08 1.51 2.62 1.97
Ib(se) | 9452.6(10.6) 9974.2(11.4)  9862.8(10.5) 10037.6(11.4) 9864.4(11.6)
DLP Policy gap 7.38 6.32 7.21 7.95 6.65
Ib(se) | 9459.6(10.6)  9980.2(10.8)  9869.8(10.3) 10032.5(10.7) 9876.2(10.4)
LLA Policy gap 1.22 0.97 1.27 1.79 1.56

Table A.9: Patient-donor pair attributes for kidney exchange instances (Li et al| 2019)

Attribute

Distribution

Patient Gender

M: 0.59, F: 0.41

Donor is Spouse

Yes: 0.49, No: 0.51

Patient Blood Type

0: 0.6, A: 0.3, B: 0.07, AB: 0.03

Donor Blood Type

0: 0.46 A: 0.39 B: 0.12 AB: 0.03

Patient PRA Type

High: 0.75, Low: 0.25

Table A.10: ALP reformulation vs. column generation for instances with L > 3

W,L) (15,3)  (20,3) (10,4)
ALP time (seconds) 0.09 0.27 0.14
CG time (seconds) 22.7 924 17.4
ALP UB 401.74 500.08 297.63
CG UB 401.73  500.07 297.62
Avg bound difference (%) 0.0018 0.0015 0.0013
# of instances with ALP UB > CG UB 24 40 17




Appendix B

Appendix to Chapter 3

B.1. Additional Numerical Results

Results for all instance specifications are presented in Table @

B.2. Extension to Nested Logit

As mentioned earlier, the MNL class of choice models are often criticized for its ITA property.
To alleviate the IIA issue, in certain applications, it is helpful to extend the MNL model. The
nested logit (NL) model is among the most widely adopted extensions, which partitions the set
of items into subsets, or “nests”; we investigate an assortment optimization problem under NL in
Chapter @ In this section, we introduce the NL model and show how it can be estimated.

For notational brevity, assume items are grouped into two nests, F' and J. Let N be the
set of all F' items and N/ be the set of all J items. Let K be the display capacity for both F' and
J nests, that is, K number of F' items and K number of J items are displayed at the same time.
An arriving customer decides to either make a purchase in one of the two nests, or leave without
purchase. For a visualization of the customer’s choice process, see Figure @ If the customer
decides to make a purchase in one of the nests, he or she has to choose one of the offered items.

After a cold-start period, transactional data can be collected for choice model estimation;
a sample of the transactional data is shown in Table . To account for customer preference
heterogeneity, one could conduct market segmentation based on transactional data using the k-

means approach. We describe nested logit model estimation for each segment after customer
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segmentation is complete. For a generic customer segment, let ’UZF be the preference weight of item
ie NP, and Vj‘] is the preference weight of item j € N/, Let S and S7 be assortments of items
shown to an arriving customer. Under NL, the probability that the customer chooses to make a

purchase in F' is given by
F

(Fiesrvi)?
1+ (ZieSF UiF)WF + (ZjeSJ Uj'])w
the probability that the customer chooses from the J assortment is
(Zjesj 1)37)’7
14+ (X jesr UZF)FYF + (Zje&’ U}‘])’YJ’

and leaves without purcahse with probability

J

1
1 + (ZiESF ’U,L'F)’YF + (ZjES‘] 'U}-])A/J '

Parameters v/, 7/ are a measure of the degree of independence of unobserved utilities among

the alternatives within nests, higher values of v, ¥/ indicate more dissimilarity for the alternatives
within nests. In order to keep the model within the umbrella of RUMS, we require that dissimilarities
are at most 1; see Davis et al| (2014) for a detailed discussion. In NL estimation, v/ and 77 are
parameters that need to be estimated.

Under NL, if a customer decides to choose from the F' assortment, the the conditional prob-
ability that he/she chooses item i € S*" is v/ /(3 ;csr vF )" Similarly, if a customer decides to
choose from the J assortment, the the conditional probability that he/she chooses item j € S” is
vf [(Cjesr vf)

Given the above, parameters of the NL model, namely utilities vZF for i € NF" and v}-] for

J

j € N7, as wells dissimilarities v and 7”7, can be estimated by optimizing the log-likelihood
function.

To construct the log-likelihood function LL(vF, v/, ¥, v7), for each row ¢ of the transactional
data, let S/, S/ and ¢; be the F assortment, J assortment and customer choice, respectively. If
¢t = 0, that is, the customers chooses the no-purchase option, we add the following term

—log [ 14 (Y- of )+ (D0 )

ieSF jesy
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to LL(vE v/ ~F 47). Alternatively, if ¢; € S}°, we add
(" = Dlog | 7 of | +log(vh) —log [ 1+ (D )" + (3 ol
ieSF ieSF JjES/
to LL(VE vI AT A7), If ¢, € S/, add
(v = Dlog [ D v | +log(v) —log [ 1+ (D" of )" + (D v/’
jeS/ ieSf jes!
to LL(VE, v/, ¥ 47). Once the log-likelihood function is constructed, standard nonlinear optimiza-
tion packages can be used for parameter estimation. Note that incorporating terms that account for
utilities based on customer inventory is straightforward, similar to approaches described in Section
and .

As noted in previous work, LL(vF, v/, ¥ 47) does not have much structure and is challenging
to optimize. To overcome this, various approaches have been proposed, we refer to the E-companion
of Berbeglia et al| (2021) for a detailed discussion. In the numerical experiments of Berbeglia
et al, (2021), estimation of the NL model is about one order of magnitude slower than their MNL
counterparts. Due to time constraints, in our numerical study, we do not implement and test the

performance of the inventory-aware NL model.



Table B.1:
RMSE Revenue
MNL 0.384 384.0

Detailed results

RMSE Revenue

MNL-Seg | 0.025 (93.3)  662.5 (72.5)
IA-MNL | 0.031 (91.8)  661.4 (72.2)
CF — 360.7 (-6.06)

(a) (k,p, K,T) = (10,0.2,3,20)

RMSE Revenue

MNL 0.390 397.5
MNL-Seg | 0.317 (18.8)  482.5 (21.3)
IA-MNL | 0.318 (18.4)  515.3 (29.6)

CF — 310.2 (-21.9)

(b) (k,p, K,T) = (100,0.2,3,20)

RMSE Revenue

MNL 0.218 115.9
MNL-Seg | 0.093 (57.1)  164.2 (41.5)
IA-MNL | 0.079 (63.6)  166.2 (43.3)

CF — 90.98 (-21.5)

(C) (kapv Kv T) = (10,08,3,20)

RMSE Revenue

MNL 0.219 100.1
MNL-Seg | 0.167 (23.9)  115.3 (15.2)
IA-MNL | 0.173 (20.9)  117.6 (17.5)

CF — 65.91 (-34.1)

(d) (k,p, K,T) = (100,0.8, 3, 20)

RMSE Revenue

MNL 0.332 1033

MNL-Seg | 0.020 (93.8)  612.7 (51.8)

IA-MNL | 0.033 (89.8)  611.3 (51.5)
CF — 349.1 (-13.4)

(e) (k,p, K7 T) = (10702,5,20)

RMSE Revenue

MNL 0.336 4383
MNL-Seg | 0.282 (15.9)  475.5 (8.48)
IA-MNL | 0.275 (18.0)  497.5 (13.4)

CF — 319.4 (-27.1)

() (k,p, K,T) = (100,0.2, 5, 20)

RMSE Revenue

MNL 0.188 1104
MNL-Seg | 0.053 (71.4)  153.6 (39.1)
IA-MNL | 0.045 (75.6)  156.1 (41.3)

CF — 89.57 (-18.9)

(g) (k,p, K,T) = (10,0.8,5,20)

RMSE Revenue

MNL 0.189 111.6
MNL-Seg | 0.151 (20.4)  114.4 (2.45)
IA-MNL | 0.154 (18.7)  114.9 (2.94)

CF — 70.73 (-36.6)

(h) (k,p, K,T) = (100,0.8, 5, 20)

RMSE Revenue

MNL 0.312 310.0
MNL-Seg | 0.007 (97.4)  520.9 (68.0)
IA-MNL | 0.013 (95.7)  520.7 (67.9)

CF — 328.2 (5.856)

(i) (k,p, K,T) = (10,0.2, 3,40)

RMSE Revenue

MNL 0.316 271.0
MNL-Seg | 0.248 (21.4)  351.5 (29.7)
IA-MNL | 0.216 (31.3)  414.8 (53.0)

CF — 265.4 (-2.07)

() (k,p, K, T) = (100,0.2, 3,40)

RMSE Revenue

MNL 0.154 76.18
MNL-Seg | 0.017 (88.6)  132.8 (74.3)
IA-MNL | 0.015 (89.7)  132.7 (74.1)

CF — 82.15 (7.828)

(k) (k,p, K,T) = (10,0.8,3,40)

RMSE Revenue

MNL 0.155 66.48
MNL-Seg | 0.130 (16.0)  84.39 (26.9)
IA-MNL | 0.120 (22.3)  94.20 (41.7)

CF — 54.70 (-17.7)

(1) (k,p, K,T) = (100,0.8, 3,40)

RMSE Revenue

MNL 0.255 251.1
MNL-Seg | 0.003 (98.4)  365.7 (45.6)
IA-MNL | 0.014 (94.3)  365.9 (45.7)

CF — 249.3 (-0.70)

(m) (k,p, K,T) = (10,0.2,5,40)

‘ RMSE Revenue

MNL 0.260 253.6
MNL-Seg | 0.214 (17.6)  268.9 (6.00)
IA-MNL | 0.178 (31.4)  309.5 (22.0)

CF — 223.6 (-11.8)

(n) (k,p, K, T) = (100,0.2, 5,40)

‘ RMSE Revenue

MNL 0.120 64.11
MNL-Seg | 0.006 (94.3)  93.67 (46.1)
IA-MNL | 0.011 (90.4)  93.58 (45.9)

CF — 64.83 (1.123)

(O) (k7p7 Ka T) = (10708,5,40)

MNL 0.123 63.46
MNL-Seg | 0.109 (11.3)  67.51 (6.36)
IA-MNL | 0.096 (22.3)  73.58 (15.9)

CF — 47.80 (-24.6)

(p) (k,p, K, T) = (100,0.8, 5, 40)
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Table B.2: Sample in-sample transactional data for nested logit

customer id  inventory  F assortment J assortment choice
1 [] [F1, F2, F3] [J1, J2, J3] F2
1 [F2] [F1, F3, F5) [J1, J3, J4] J3
1 [F2, J3] [F1, F4, F5] [J1, J2, J5] 0
1 [F2, J3] [F1, F3, F5] [J2, J5, J7] J7
1 [F2,J3,J7] [F3, F4, F5] [J4, J5, J6] 0
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Appendix C

Appendix to Chapter 4

C.1. Additional Examples with Featured vs JFY

JD.com. JD.com is a Chinese e-commerce company, and one of the largest B2C retail-
ers in the world. In Figure Ell, JD.com offers both personalized sections and non-personalized

recommendations.

o Norager sona\ zed
=g | ‘ i~ ...... =
w- =

BTy

Figure C.1: JD.com recommendations

Amazon.com. Amazon.com is the world’s largest online marketplace. As we can see in

Figure @, Amazon offer its customers non-personalized and personalized recommendations.
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Netflix. Netflix is the leading content streaming platform with over 200 million subscribers
as of July 2021. As we can see in Figure @, Netflix uses a non-personalized section for promoting

popular shows, and personalized sections to cater to customers’ individual tastes.

Figure C.2: Amazon.com recommendations

Top 10 in the U. S Today

17 - 23‘"“ nb = ﬂeﬁi

Only on Neﬂllx
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Figure C.4: Disney+ recommendations

Emmy® Award Nominee

Dlwsp  PIXAR Bt

Disney Plus. Disney+ is also a subscription based on-demand content streaming platform
operated by the Walt Disney Company. As of July 2021, it has 116 million paid subscribers. As

shown in Figure @, Disney+ also utilizes both non-personalized and personalized sections.

C.2. Technical Proofs

C.2.1 Proof of Theorem @

For the sake of completeness, we first introduce relevant results from tRusmevichientong et all

(501(1) and ballego and Topaloglu| (l2014|) using notations in this work without proof. The following

Lemma shows how we can stitch together candidate Featured and JFY assortments.

Lemma C.1. (Theorem 2, Gallego and Topaloglu 2014) For any s € S, assume we have a collection



136

of candidate Featured assortments C¥' and a collection of candidate JF'Y assortments CJ.

(1-SEG) min zg

.t zg > yf + y;],

o ,Q}J.a‘].r‘.]
J J J J "8)781°J J J
Yo > g Vg, — = —zs |, Vay€C(j.

Z vs]asg
Let z% be the optimal objective value of (1-SEG), and let (af",a”) be such that

vzafrp %
= arg max sz 7, W — 2 N

al'ecF s
X5 VT
—%ﬁxz%w (z%@‘ﬁ’
then (af",a’) provides the largest expected revenue for segment s customers among all candidate
assortments.
Consider any segment s € S independently, suppose (a’’,a;) is an optimal assortment that
maximizes the total expected revenue, if we construct Cf" and €/ such that af" € C¥' and a7 € ¢/,

we will be able to obtain the optimal solution by solving a simple linear program. The next lemma

characterizes good candidate assortments.

Lemma C.2. (Theorem 4, Gallego and Topaloglu 2014) Consider any segment s € S, assume that
CF includes an optimal solution to optimization problem ) for any uw € Ry, and C;] includes an
optimal solution to ) for any u € Ry

UiafTF
max E 'USZ i ﬁ —-ul, (Cl)
al1<3>" af <K i Vsi @i

S

Z Usj 5] ]
max szj ay; ( 5 —u), (C.2)

J. J
af:1<3>" ay; <K Us] 5]
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Féj

»Ss

then there exists an assortment (a ) with at" € CF' &l € ¢/ which mazimizes total expected

revenue from segment s.

With Lemma @ and @, if we can construct polynomially sized candidate assortments
efficiently, then we can solve the subproblems for all segments efficiently. We introduce an algorithm

in Rusmevichientong et al| (2010), called the StaticMNL algorithm, that achieves exactly that.

Lemma C.3. (Theorem 2.2, Rusmevichientong et al. 2010) The StaticMNL algorithm produces
O(K|NTF|) candidate assortments which include an optimal solution for ) for all w € Ry in
O(INF|?) time, and O(K|N"|) candidate assortments which include an optimal solution for )

for all u € Ry in O(IN7|?) time.

We now state the FixFeaturedSolveJFY algorithm.

Algorithm 7 FixFeaturedSolveJFY

Require: Instance data, fixed Featured assortment af’
Ensure: JFY assortments a’ = (a7, ..., 5‘\{5\)
for s € S do
Candidate segment s JFY assortments C; « StaticMNL(vZ,r7, K)
Formulate and solve (1-SEG) with C* = {4} and C/, let &/ denote its optimal solution
al «al
end for

Combining results from Lemma (@) to (@), it follows that the FixFeaturedSolveJFY

algorithm finds optimal segment-wise JF'Y assortments in polynomial time. [ |

C.2.2 Proof of Lemma @

For part 1, for all segments s € S, define function

vF-1 J o J ! Jod,J
P O L D Y L
fs(a87557a5) = J

P Vs
1+ad + (Z] a;]jvgj)

v -

for all a/. It follows that

Zs(a37/85) = mz}x fs(a57/BSaa;])-
aS

J

Clearly fs(as, Bs,al) is continuous on Ay for all af,

and the pointwise maximum of continuous

functions is also continuous.
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For part 2, note that g£ = equals
v {1
(4F = 1)pals (Haf% + (3, adv) -)_ (azs +(Syald)" (5, adrfod) (vFals ™ )>

(1+a; (=, aze) 3)2

which given 0 < I < 1, implies that (%Z <0, thus fs(as, Bs,a’) is decreasing for all aJ. Since the

)

point-wise maximum of decreasing functions is also decreasing, we have that zs(as, 8s) is decreasing
in as on Ag.

For part 3, note that gés = azs L 0, which indicates that f,(cs, Bs,a)) is increasing for
all a/. Because the point-wise maximum of increasing functions is also increasing, z(as,3s) is
increasing in fs.

For part 4, let a/* be an optimal solution to max,;s fs(cs, Bs,al). We have the following chain

of inequalities

c1/e - zs(cras, e2fBs) > c1/ca - fs (cr1as, c2f3s,al%)

F
e 045 ,354-01/02 (Z-vtsljaj*)% IZ-USJjaj*rf

1—1-015 al* + (3 vl )

) 1221&1"

J*
J
J. J

-1 1—F J_
T Bty B ea- (Z USJJ 3]*)% 1Zjvsjja‘].]*rjj
F
1+ ag® —I—(Zjv;]jaj*)%

F F—l
o ol 5S+C1/62 (Z v;,’J
cwg—l—c Y (

1 1

O W

1+al + (X, vlaf* )i

= fs(OCSa s a :9]*) = (asaﬁs)

where the first inequality follows from the fact that a’* is a feasible but not necessarily optimal
F
solution for max,s fs(cias, cafs,al), the second inequality holds because c;® > 1, and the last
__F
inequality follows from the assumption that 0 < 4 < 1 which means c} T 1.

To see that part 5 is true, first note that zs(a, 8) < zs(as, Bs) holds because of monotonicity.



Next, we apply part 4 by setting ¢; = 1 + € and co = 1/(1 + €), which leads to

1+ s(a B) = (14 0%, ((1 + ool o pl ) sy(as By)

reaching the desired result.

C.2.3 Proof of Lemma Q

For (a), note that for any af" that satisfy (@) and (@), it holds that

>l V<z<;+l>

s

= —l—Za
ea S’L Z

<
€Qlg

K K
—as + K < [w + K;
€

on the other hand, for any af that satisfy (Q) and (@), we have

Kvszrz F Kvszrz o F
S| et = 2 (T )

% 7

§ : F
Vg @y T5 a;
7

K . K
R H -

>

To prove (b), note that for any a” that satisfy (@), the following holds

K Kof, K K
—2 szafgzjm WF<{W+K§6+1+K,
(2 (2

€t €

which suggests

:(1+i+e)éz < (14 2€)cvs

va;afg +1+K) IR

Similarly for (c), for any af” that satisfy (@), we have

=S okl Z{KU“”J SR R LR
€5s €8s € €

7 %
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therefore

K e €

C.24 Proof of Theorem @

Let a’™ be an optimal solution to (@), and denote o := > vEal™ and B ==Y, vErFal™

for all 5. In addition, let (g, h%),Vs represent the parameter grid that corresponds to a’™, in other

words

* *
Qg g* <a; < Qs g*+1, /Bs,hg < 55 < Bs,thrly Vs.

), by (a), it is

feasible for the DP subproblem, thus the DP subroutine returns an approximately feasible Featured

Note that because al™ is feasible for parameter (O[17g’1k+]_, oo QUS| g 1 B1hgs s Bis|, hig, )

assortment, denoted af’, and let a’ = FixFeaturedSolveJFY(a!). By (b) and (c) in Lemma Q,

we have

vf;af < (1 +26)asg 41 = (14 €)(1+26)asg: < (14 €)(1+2€)ay

szz ria; 2 (1=26)Bop: = (1= 26)/(1+€)Bopzs1 = (1 —2¢)/(1+ ).
According to Lemma @, it holds that
(14 €)%(1 + 2¢) F F-F
1 — 2% ’ szz zvzvszz

- (14 €)%(1 + 2¢)
- 1—2e¢

- ((1 Lo+ 200, 1= 238:)
+e€

> 25(05:,6:)-
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Putting everything together, we have

H(F J)>H(F J)

F_F~F
:E m325<§ Vg @ 27§ UsiTy Q4 )
s

i

1—26
Z (1 1+2€ stzs 575
1-—2¢

*

T A+ e2(1+20 7

which means Algorithm m returns a 1 — O(¢€) approximate solution. Next we show that the running
time is polynomial. Note that we create G1 - Hi---G|s| - H|s| parameter combinations, which
is in the order of O ((log Amax)sS!(2)%S1); for each parameter combination, the DP subproblem
has O (JNF]| - K28l (%)2‘&) states. Therefore, the running time of Algorithm 1 is in the order of

O ((10g Amax)2IS! - [NF| - 2SI (1)4IS1), )

C.2.5 Proof of Theorem @

The true optimal solution is in some grid. The PL approximation in that grid will differ no
more than a factor of (1+¢€)2. The optimal solution of the PL integer program produces a solution

better than -5 of the true optimal solution, which in turn indicates that the true objective value

(1+ )

of the PL solution is at least (H%)Al of the true optimal. In other words (1 + €)? is guaranteed for
the worst case when (PLA) overestimates its optimal solution and underestimate the true optimal

solution. [

C.2.6 Proof of Proposition @

Denote 7¢(af’) as the optimal expected revenue for segment s customers when the Featured

F

assortment is af’, and let al’ be the Featured assortment that maximizes 74(a’). Without loss

of generality, relabel the segments such that mim(al’) > mgms(al’),Vs. Moreover, define a’/ =
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FixFeaturedSolveJFY(al"). With the above definitions, we have the following chain of inequalities

S| -11(a",a”) > |S| - 1(af , a”)
= 18] mem(af)
> |S]-msmi(af)
> mgmg(al)
> 7",

which gives the approximation result. [ |

C.2.7 Proof of Lemma @

Note that an optimal solution (af™* a/*) to ([1]) is feasible but not necessarily optimal for

(LagSub). Let (af’,a’) be an optimal solution to the (LagSub) problem for segment s. It follows

that
g msms(As)
S
F_ vs —1
F~F\7s —1 F~F F JAaJ\'® Jad
(32 viak) i Vsig T +( jvsjasj) > Usi T o
frg E ms = ’y‘] E ms E )\Sias,i
FAF\7 JAaJ)'® <
s L+ (Xvgas) " + ( j”sjasj) ’ Z
FoFs\7e -1 F Fx F TP ARC J Jx..J
S
( i Vi @ ) i Vsi@i T3 —1—( j Vs a5 ) V5505775 o
> g mg 7 _E Qg E :ms)\si
F P\ JJx\ ¢ ~
s 1+ (3 viial™) +< i Vsi%j ) ' ’
*
=7 ,
which is the desired result. ]

C.2.8 Proof of Lemma @

We again use variable o, to represent the total preference weight of Featured assortment for

segment s. We also define d5 as the total preference weight of the JFY assortment for segment
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5. The first two constraints follow from the assumption that v and 7/ are between 0 and 1,

F J
. ’Y 71 . . . . ’YS 71 . .
which means that —%—— is monotonically decreasing in a,, and % is monotonically
L+al® +53° L+ag® +65°
decreasing in Js. [ |

C.2.9 Proof of Theorem

First note that the structure of (LagSub-Reform) allows us to separate the formulation into
two knapsack subproblems, one for Featured and one for JE'Y. The monotonicity of a; ! / (l—l—aSSF +
535] ) and 535] _1/ (1+ asf + 535] ) ensures that the objective function coefficients of (SubKnap-F)
and (SubKnap-J) are larger, and the constraints are looser; combined with a relaxation of the
integrality constraints, we have that ¢s(As, as,d5) is an upper bound on ms(As), since the ¢s(-)
value of the grid corresponding to the values of a true optimal solution to (LagSub-Reform) is
ensured to be greater than or equal to 75(As). The upper bound on the overall expected revenue

follows from Lemma @ and @ [ ]

C.2.10 Proof of Lemma

First note that ns(As, s g, @s,g+1, 05 p, 05 p+1) When viewed as a function of A, corresponds to
the optimal objective value of a linear program as a function of objective function coefficients. As
a result, following standard linear programming theory, we have that ng(Xs, s g, @5 g1, Os.p, Os pt+1)
is convex in As. Since 0s(cvs g, s g+1,0sps 95 p+1) does not depend on Ay, and because the pointwise
maximum of convex functions is also convex, maxg ,(7s(As, Qs,g, As,g+1, O p, 05 p+-1) T 05 (s g, Qs g11,
ds.ps 0spt1)) is convex.

Let g* and p* be the grid where maximum is attained, and a/ is an optimal solution of

(SubKnap-J). By the definition of ¢4(-), we have
F j 1

'Ys
\ F F F
¢s(>‘87a8768) = 1+ oﬂs i 5% szz i Qs ZAS’L Qg;

Z J J J Cg)
’Ys v 8‘7] ’
1+Oé *+5sp j
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Now consider an arbitrary A, it holds that

'ys —1 ’Ygfl

6 *
bs(As, 0s, 05) > vErFal AEak 4 L vlrlal, (C.4)
1 _'_a'ys . +575 - UgiTy Qi ; silsi 1 +aZin* +5Z’§II)* ; $7°3 78]

where the inequality holds because ¢* and p* may not be the grid where maximum is attained for
Xs, and that af’ and a7 are feasible but not optimal for (SubKnap-F) and (SubKnap-J) that
correspond to Ag. Subtracting (@) from (@) yields

¢s()\87 O, 53) 2 ¢s(5\37 O, 55) - Z&Z ()\si - Asi) )

which implies the desired result. [ |
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