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ABSTRACT

Artificial intelligence (AI) tools are being developed widely within society to improve decision-
making, especially in resource-constrained settings like public health. However, developing effective
Al tools for public health is complicated by scale, the time-varying and intervention-dependent na-
ture of individuals’ behavior, and scarcity — of intervention resources, historical data, and real-time
observations. Many of these challenges are unaddressed in literature and can lead to poor outcomes
if ignored in real-world Al support systems for public health. For example, previous works have
modeled the problem of delivering interventions to improve engagement with health programs as
a restless bandit, a widely-studied framework in which a set of stochastic arms are controlled by a
planner with a limited intervention budget. However, these works do not account for the uncer-
tainty that results from estimating the dynamics of stochastic arms from noisy observations and his-
torical data. To address this, I introduce the first methods for computing uncertainty-robust restless
bandit policies, across a range of assumptions on prior information and observability. I achieve this
by designing novel approaches to efficiently search large policy and uncertainty spaces, e.g., a new
multi-agent deep reinforcement learning paradigm in which a centralized budger-network commu-
nicates with per-arm policy-networks to learn globally optimal policies in an environment controlled
by a regret-maximizing adversary-network. In union with this work, I advance art within the more
computationally intensive generalization of restless bandits that finds policies which balance many
types of interventions with unique costs and effects, e.g., a phone call vs. in-person visit; my works
identify and exploit functional structures to design new algorithms that scale. This dissertation
tackles several such challenges driven by identifying the key missing capabilities of interdisciplinary
collaborators, especially tuberculosis healthcare workers and workers within a maternal health non-
profit in India.
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Introduction

The goal of my research is to enable robust and equitable health decision-making in real-world
multi-agent systems. Moreover, the specific research questions I tackle are driven by identifying the
key missing capabilities of interdisciplinary health organizations with whom I collaborate. My body
of work is evidence that such a research model is a fruitful means to jointly produce disciplinary
advances and tools with potential for real-world impact.

In this dissertation, I tackle methodological challenges focused on one key goal: developing ar-



tificial intelligence (AI) to improve the delivery of public health programs in low-resource settings.
Previously, this has been in varied contexts, e.g., training Al to detect disease from low-cost sensors
like chest x-rays'*" or voice recordings'7?, training Al to predict key health markers from satellite
imagery *°, and training Al to forecast the progression of pandemics”. Each of these studies produce
Al tools which may provide public health workers with additional intelligence at a moment in time.
However, they leave unanswered how to convert that intelligence into sustained improvements in
decision-making. This forms the core view of this dissertation, which aims to develop AI tools that
translate limited information into effective sequential decision recommendations for public health
workers whom are placed at the center of a challenging, ongoing, resource-constrained decision-
making problem to manage their patients’ evolving health behavior.

I believe that working closely with domain experts and stakeholders is critical to developing re-
sponsible Al tools that respond to the actual needs of on-ground practitioners. In pursuit of this, in
developing this dissertation, I collaborated with two public health organizations in India, the first
focused on eliminating tuberculosis (TB) and the second on improving maternal and child health.
Our primary partner in combating TB was the Mumbai office of the National TB Elimination Pro-
gram (NTEP) in India.” The NTEP provides free antibiotic medication to patients diagnosed with
TB throughout their 6-month to 2-year treatment courses. Health workers with the NTEP help
patients navigate treatment, refill their medications, and remain adherent to their 2-5 pill daily reg-
imens, complicated by many factors, e.g., medication side-effects that make it challenging to work.
Each NTEP health worker in Mumbai may manage hundreds of patients.

Our partner in improving maternal health was the non-profit, ARMMAN '°. They provide a
range of free services to democratize access to evidence-based, life-saving health information for new

and expecting mothers across India. Specifically, we partnered in support of their program, mMitra,

"Previously, the NTEP was named the Revised National Tuberculosis Control Programme (RNTCP).
The name was changed in 2020.
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Figure 1: (a) A restless multi-armed bandit (RMAB). One planner (e.g., health worker), acts on a set of arms (e.g., pa-
tients), each with their own state (e.g., green=adherent, red=non-adherent), subject to a per-timestep budget constraint
(e.g., two calls per day). In an RMAB, there are only two types of actions, i.e., “no action” and “action” (e.g., “call” in

the figure). (b) The multi-action generalization of RMABs (MARMABS), in which the planner has many types of actions
to choose from, each with varied costs/effects, subject to one per-timestep budget constraint. In both RMABs and
MARMABS, there is always at least one action type that has zero cost so that the budget constraint is always satisfiable.

which provides free twice-weekly automated voice recordings to new and expecting mothers with
information tailored to their gestational age or the newborn’s age. At any given time, tens of thou-
sands of mothers are enrolled in the program, but the program faces waning engagement over time
for 30-40% of mothers. To address this disengagement, ARMMAN employs a team of workers who
deliver targeted service calls to mothers, e.g., explaining the value of the calls or correcting technical
issues for the mother. The team has capacity to contact hundreds of mothers per week.

For both of our partners, health workers share an arduous task in common: deciding how to
allocate their limited time and resources each week across large cohorts of patients such that engage-
ment with their evidence-based programs is maximized. Specifically, I study these problems through
the lens of restless multi-armed bandits (RMABs) '3, a sequential decision-making framework in

which a centralized planner (e.g., health worker) manages a set of N arms (e.g., patients), each with



a state following a stochastic process (e.g., adhering or not adhering to medication each day). The
planner manages the arms by selecting a subset for intervention each time period. This process is
visualized in Figure 1(a). The restricted budget on interventions couples the evolution of the arms’
states, making the setting a complex combinatorial problem. As I applied ideas from these model-
ing frameworks across the TB and maternal health domains — through in-person workshops with
stakeholders, presentations at interdisciplinary conferences, and regular virtual meetings with collab-
orators across continents — I identified two major recurring methodological challenges that form

the basis of this dissertation work, and they are concretized in the following problem statement.

0.1 PROBLEM STATEMENT AND CONTRIBUTIONS

In this dissertation I address the question:
How can we jointly incorporate (1) resource beterogeneity and (ii) uncertainty in restless bandits for
improving public bealth program engagement?

In addressing this question, my key contributions are (1) optimization algorithms for scaling
the joint planning of heterogeneous intervention resources (2) machine learning algorithms for
learning arm dynamic models from confounded data and with combinatorial budget constraints
(3) a formal model for a new collapsing type of partial observability common across public health
engagement problems, with a scalable algorithm for computing optimal policies and (4) algorithms
for computing minimax regret-robust policies over interval model uncertainties that derive from

noisy historical data, including a new multi-agent reinforcement learning paradigm.



0.2 SUMMARY

0.2.1 SCALING HETEROGENEOUS ACTION PLANNING

Especially in the TB care setting, health workers have more than one option for how they intervene
on patients, e.g., texting, calling, traveling to visit a person in their home, or even escalating their case
to a supervisor. However, the majority of RMAB works are restricted to planning binary actions,
i.e., “to act or not to act”. There is limited previous work studying the generalization which handles
heterogeneous intervention resources, and these previous works have only been specialized to certain
sub-problems. To address this, I derive multiple algorithms for use on general Multi-action RMABs
(MARMABES, visualized in Figure 1(b)) using Lagrangian relaxation techniques, leading to several
contributions. First, I develop algorithm which adapts to the inherent complexity of a problem’s
data via bound optimization, achieving excellent scale-up by leveraging a key insight that often only
a subset of arms are involved in the optimal policies of real-world planning problems. The bounds
leverage underlying problem convexity to quickly and provably converge to the well-performing
Lagrange policy. I also develop SampleLam, a fast sampling technique for estimating the Lagrange
policy, and derive a concentration bound to investigate its convergence properties. I then derive
best and worst case computational complexities for our algorithms as well as our main competitor,
showing improvements in the best case. Finally, I provide experimental results comparing the al-
gorithms to baselines on simulated distributions, including one motivated by the TB intervention
task, where a worker decides between texts, calls or an expensive “escalation” action. Our approach
achieves significant, up to ten-fold speedups over more general methods without sacrificing perfor-
mance. This demonstrates the importance of multi-action planning, as well as its potential for use
in real-world-scale problems. Chapter 1 lays the groundwork for the multi-action setting studied in
this dissertation. Chapters 2 and 5 build off these principles to enable online learning and planning

under model uncertainty in the challenging multi-action generalization of RMABs.



0.2.2 LEARNING FROM CONFOUNDED HISTORY AND CONSTRAINED EXPLORATION

In the above work, I establish principles for solving MARMABs assuming arm dynamics are known,
which itself is PSPACE-Hard '**. However, in the real-world, arm dynamics must be estimated
from data (i) via real-time exploration and/or (ii) via estimation from observational data.

For (i) I develop two approaches, both of which reason carefully about restricted budgets while
learning in order to converge to effective policies. The first tackles this problem by learning per-
arm and per-action indexes that capture resource efficiency, using a two-timescale Q-learning and
convex parameter estimation procedure. This builds from a method for learning similar indexes in
the binary-action setting — I derive a generalized update rule and convergence proof for the multi-
action case. However, this approach requires restrictive assumptions on problem structure and is
slow to converge. By contrast, my second approach directly learns the well-performing and more
general Lagrange policy for MARMABs by learning to minimize the Lagrange bound through a
variant of Q-learning. The approach involves an approximation step that offers planners a tradeoff
between accuracy and efficiency, backed by guarantees. Both methods (1) take an epsilon-greedy
exploration approach, where I establish a good heuristic for selecting random feasible combinatorial
actions and (2) utilize a replay buffer that weights observed samples by the inverse of their action
cost which improves learning efficiency.

For (ii) I study an observational dataset on daily TB adherence data, enabled by Digital Adher-
ence Technologies (DATs), an increasingly popular method for verifying patient medication ad-
herence. I analyze a dataset from Mumbai with 17,000 patients and 2.1M dose records. I lay the
groundwork for learning from this real-world data, giving a method for avoiding the effects of un-
observed interventions in training data used for machine learning. Specifically, the data is missing
records of health worker interventions which, if ignored when training a classifier, can produce

antithetical recommendations. I develop a screening procedure that levereges domain knowledge



from our NTEP partners to carefully split the training dataset where intervention signal may be
present, to train classifier that avoids this antithetical behavior. I then construct a deep learning
model, demonstrate its interpretability, and show how it can be adapted and trained in three differ-

ent clinical scenarios to better target and improve patient care.

0.2.3 PLANNING UNDER MODEL AND OBSERVATION UNCERTAINTY

In the above works I give methods for handling uncertainty in the presence of uninformative priors,
or under specific structures in which confounders can be screened out. I now give more general
methods for incorporating prior information when planning, which is especially important when
planning horizons are short, i.e., there are fewer opportunities for learning in real-time.

I first handle uncertainty due to partial observability. In many cases, health workers can observe
the engagement of patients when they act, but otherwise the patient engagement is unknown, e.g.,
when DATs are unavailable. However, using historical information, we can help workers reason
about probabilities of engagement between observations that can improve policies. In a co-first au-
thor capacity, I propose and study Collapsing Bandits, a new RMAB setting which follows the
above structure. I give conditions under which the new model admits the asymptotically optimal
Whittle index policy, then build fast algorithms for computing the policy in a closed form. The
proofs and algorithm hinge on the monotonic evolution of the planner’s “belief” about the patient’s
engagement state, i.c., the key structure that captures the planner’s uncertainty between observa-
tions.

I then give the first methods for handling model uncertainty in RMABs and MARMABs. Nearly
all restless bandit techniques assume stochastic dynamics are precisely known. However, in many
real-world settings, dynamics are estimated with significant uncertainty, e.g., via historical data,
which can lead to bad outcomes if ignored. To address this, I develop an algorithm to compute

minimax regret—robust policies for the MARMAB setting. The approach uses a double oracle



framework (oracles for agent and nature), which is often used for single-process robust planning
but requires significant new techniques to accommodate the combinatorial nature of MARMABs.
Specifically, I design a deep reinforcement learning (RL) algorithm, DDLPO, which tackles the
combinatorial challenge by learning an auxiliary “A-network” in tandem with per-arm policy net-
works, greatly reducing sample complexity, with guarantees on convergence. DDLPO, of general
interest, implements our reward-maximizing agent oracle. I then tackle the challenging regret-
maximizing nature oracle, a non-stationary RL challenge, by formulating it as a multi-agent RL
problem between a policy optimizer and adversarial nature who selects worst-case environments
from the continuous uncertainty set over all arm dynamics models. I demonstrate through simu-
lated experiments,that the approach could improve outcomes in the 100-arm problems sizes of the
scale encountered by our TB partners.

However, we also wish to implement this system for our maternal health partner organization,
which has 100,000s of arms. This requires significant new techniques to search the massive pol-
icy and uncertainty spaces. In a co-first author capacity, to jointly handle the realities of /arge scale
and model uncertainty, I first instantiate a grouping abstraction, which combines arms with similar
behavior into a single planning unit. I then derive a new per-arm notion of regret (Whittle index
regret) to further decouple the problem and give a computable guide for searching the massive un-
certainty and policy spaces. Using this notion, I establish a new weighted index heuristic for the
planner oracle and a binary quadratic program for optimizing Whittle indices over uncertain transi-
tion probability intervals for the adversary oracle. I then prove a key theoretical result that planning
over grouped arms achieves the same minimax regret—optimal strategy as planning over individual
arms, under a technical condition. Finally, using real-world data from ARMMAN, I show that the
approach produces robust policies that reduce minimax regret by up to 50%, halving the number of
preventable missed voice messages to connect more mothers with life-saving maternal health infor-

mation.



0.3 DISSERTATION OUTLINE

This dissertation is organized as follows: Chapter 1 introduces RMABs and the heterogeneous ac-
tion setting with techniques for scaling and adapting to real-world data. Then, chapters 2 and 3 in-
troduce methods for learning from real-world data to improve planning. Next, chapters 4-6 discuss
planning under various forms of uncertainty. Finally, chapter 7 contains a conclusion and future

directions. Background and related works are given in each chapter.

0.4 A NoTE oN THE USE oF Al TooLs FROM THIS DISSERTATION

As has been noted countless times, all models are wrong, but some are useful **. The tools in this
dissertation are best seen not as prescriptive, but as descriptive; a way to transform large, messy
datasets into some specific view of the world paired with helpful insights about how to positively
influence that world. While we take great care in these chapters to find evidence that our models
are useful, they are inevitably imperfect, since they cannot capture all the rich complexities of the
real world. For example, they do not capture the tone of voice of a TB patient during intake, nor
the possibility that two patients may be friends supporting each other’s adherence habits. Thus it
is important to view the tools’ recommendations not as inherently authoritative, but rather as an
output from an additional tool in a larger toolbox to support decision making. Workers interacting
with the recommendations should have the opportunity to contextually calibrate their trust in the
recommendations *>'#: when are the recommendations useful and when do they fail? How do the
recommendations interact with insights only captured by human interaction?

Additionally, at a higher level, viewing our Al tools as descriptive can help take a critical view
of the systems they model. Our tools may recommend intervention to a certain patient, but what
are the characteristics of the underlying model that led to that? What are the characteristics that

led to another patient ot being recommended for intervention? If we ignore resource constraints



and simulate providing interventions to «// patients, which groups would be left behind, based on
our models? Then, what data led to our models reaching that conclusion and, critically, what are
the realities of the real-world system that generated that data? We can advocate for changes in real-
world systems as they exist today using our tools to generate evidence regarding the answers to such
questions; e.g., to set research and policy agendas that seek justice in healthcare systems, where all

patients affirmatively receive what they need to achieve the highest level of health "*.
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Beyond “To Act or Not to Act”: Fast

Lagrangian Approaches to General

Multi-Action Restless Bandits

1.1 INTRODUCTION

RMAB, the state-based generalization of classic Multi-Armed Bandits *>*, have been studied exten-
sively for solving a diverse set of problems including machine replacement*+'37, sensing and wireless
network scheduling *3'77>53% 12 job schedulirlgm’(”’172 anti-poaching patrol scheduling *>°, and
healthcare?*'°>'7. In classic Multi-Armed Bandits, a planner must select £ out of /N arms on which
to act for each of L rounds in a way that maximizes reward produced by the arms. In RMABs, ad-
ditional complexity is introduced in that the reward on each arm depends on the action as well as
an internal state that evolves according to an independent two-action Markov Decision Process
(MDP). It has been shown that this problem is, in general, PSPACE-hard to solve exactly '**, but
highly effective heuristics are known to exist'®>'°.

However, a critical limitation of RMAB frameworks is they only allow for 2 actions: act or not
act. This is restrictive for many real-world cases where planners have various actions at their dis-
posal with varying degrees of cost and effect. For example, a system manager may need to balance

preventative maintenance, full repair, and job scheduling each with different costs and eftects on

throughput**. In anti-poaching, the planner could allocate different levels of patrol effort to differ-
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ent targets, where more effort has higher cost and higher deterrent eftect on poachers**?. In public
health, a community health worker could have several options for intervening with a patient, such as
calling, visiting in person, or escalating patients to a more intense treatment 109 Traditional RMABs
simply cannot model these complexities, restricting planners to a world where their only choices are
to, e.g., call or not call. Rather, the planner needs to simultaneously optimize the use of all of the
tools in their toolbelt each day, subject to a per-day time or cost budget B. This process is visualized
in Fig. 1.

To model such problems, we consider an under-examined generalization of RMABs that allow
for multiple action types per arm, which we call Multi-Action RMABs (MARMABs). Previous
work has considered extending the classical RMAB notion of indexability and corresponding index
policies to MARMABs5*. In both traditional and Multi-action RMABs, index policies are desirable
because: (1) they decompose the problem in a manner that scales well and (2) when indexability

116163 However, both deriving index policies and verifying

holds, they are asymptotically optima
indexability is notoriously difficult, and largely requires special problem structure’#5*. Our goal is
thus to develop fast, well-performing policies for a broader class of MARMABs where no structure
is assumed and indexability cannot be readily verified. We bypass the task of deriving index policies
by taking a more general Lagrangian relaxation approach that leads to an auxiliary problem of com-
puting a policy that minimizes the Lagrange bound. Computing this “Lagrange policy” is desirable
because it recovers the performance of the index policies when they exist, but is readily computable
regardless of problem structure (see appendix A for additional discussion).

The Weakly Coupled MDP (WCMDDP) literature offers a method to compute the Lagrange pol-
icy for WCMDPs. Here, we recognize WCMDPs as a generalization of MARMABs and identify
that this approach can be used to compute the Lagrange policy for MARMABs. However, the ap-

proach relies on solving a large linear program (LP) that scales quadratically in the number of arms

and states. Setting up and solving this LP quickly becomes infeasible for large problem sizes as we
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show later in experiments. To address this issue, we investigate and utilize basic structural proper-
ties of general MARMAB: to create scalable algorithms for computing the Lagrange policy on any
MARMARB problem, leading to the following contributions:

(i) Bound optimization algorithm: We develop BLam, an iterative bound optimization method
for computing the Lagrange policy. BLam leverages problem convexity to derive progressively
tighter upper and lower bounds on the Lagrange policy via a series of small LPs. We provide key
technical results that prove this method converges to the policy that minimizes the Lagrange bound
and provide experimental evaluation of its runtime on various distributions.

(ii) Sampling algorithm: We develop a sampling-based algorithm, SampleLam, which trades off
the guarantees of BLam for speed. SampleLam chooses a random subset of arms, rapidly computes
a statistic about the desirability of allocating budget to each arm, then combines the statistics to
construct an estimated Lagrange policy for the full problem. We derive a concentration bound to
prove the method converges, then use insights from the bound to inform how the algorithm carries
out sampling.

(iii) Complexity Results: We derive best and worst case computational complexities for our meth-
ods as well as our main competitor. Our exact algorithm, BLam, achieves ~ VN improvement and
SampleLam achieves a factor of N improvement in the best case;

(iv) Experimental evaluation: We compare our algorithms to baselines on synthetic distributions
with different underlying structure, including one motivated by a real-world public health chal-
lenge. Our algorithms scale up to ten times better than a more general baseline without sacrificing
performance, and readily adapt to each problem with minimal tuning. Thus our work newly makes
available multiple avenues for computing well-performing policies on new MARMABs at scale,

without the need for the user to first arduously derive a problem-specific index policy.
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1.2 RELATED WORK

Previous work extends the traditional RMAB notion of indexability to MARMABs 5203 However,
their analysis is restricted to a subclass of MARMABs with special monotonic structure, whereas we
build algorithms for general MARMABs. “Superprocesses” are an alternative multi-action exten-
sion where a primary planner distributes a limited set of sub-planners who act on arms without con-
straint'°"'7%"54_ This structure does not generally apply to MARMABs since they do not constrain
the number of agents that can be acted on each round. Very recent work 108 designs a Monte-Carlo
rollout approach for estimating traditional and multi-action RMAB policies when a restricted set of
“threshold” policies are optimal, but our algorithms do not assume this structure.

Also related are WCMDDPs in which a planner operates N independent MDPs subject to a set
of arbitrary constraints over actions. ' '® derive methods for handling “global” resource constraints

over all rounds, whereas we address round-by-round constraints. *

, the main baseline we compare
against, derive a Lagrangian relaxation on the general form of a WCMDDP and give an LP for mini-
mizing the Lagrange bound. In contrast, we leverage the single constraint nature of MARMABs to
greatly speed up the computation of the Lagrange bound compared to . * give an approximate dy-
namic programming method that achieves a tighter bound and better performing policies than the
Lagrange approach to WCMDDPs. However, it scales exponentially, restricting it to small problem
sizes.>® develop a Lagrange approach for solving WCMDPs with MDPs that grow exponentially
in problem parameters, restricting them to approximation techniques. In contrast, we develop a
method that exactly computes the Lagrange policy.

Finally, our work is related to a large body of work developing Lagrangian methods for solving
traditional RMABs 1035412116 We generalize these settings to allow for multiple actions. Moreover,

the methods we develop here reduce in the binary action case to the widely-used, well-performing,

Whittle index policy 163,54
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1.3 PRELIMINARIES

A MARMAB consists of a set of N arms, each associated with a Markov Decision Process (MDP) '*?.
AnMDP {S, A, r, T, B} consists of a set of states S, a set of actions A, a state-dependent bounded
reward function 7 : § — R, a transition function 7} where 775, 4, s) gives the probability of tran-
sitioning to state s’ when action 4 is taken from state 5, and a discount factor 8 € [0,1). An MDP

policy w : S — A maps states to actions. The long-term discounted reward starting from state so = s

is defined as

RE(s) = E | Y Br(serr ~ Tl 2(s2), )|y 50 = 5 (1.1)

=0

Each arm 7in a MARMAB is an MDP with an action set A’ of size A" and corresponding action
cost vector C* € RM' . We assume all action sets and costs are the same for all arms (and henceforth
drop the subscript 7), but all techniques in this chapter extend in a straightforward manner to gen-
eral action sets and costs. Without loss of generality, we assume that the elements ¢ of C are ordered
ascending. Also, to align with the standard bandit assumption that an arm can be “not played” at no
cost, we set o = 0. Each round, the planner must select one action for each of the N arms such that
the sum cost of all actions do not exceed a budget B. Formally, the planner must choose a decision

matrix X € {0, 1}?"*¥ with elements denoted x;, such that

M—1 N—1M-1
inJZIVz'EO...N—l ZZ&QJ[]SB (1.2)
/=0 i=0 j=0

where the first constraint enforces one action per arm and the second enforces the budget. The
planner’s goal is to maximize their discounted reward across the arms over time, subject to these

constraints. Lets = [, 5!, ..., s'71] represent the vector of all arm states. The planner’s goal can be
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represented by the following constrained Bellman equation

N—1 o N—1M-1
5) = m)';lx{z )+ BEU s, XD xiyg < BY (1.3)
=0 =0 ;=0

While Eq. 1.3 could be solved directly via value iteration, /(s) € S, and the number of feasible
actions over which to take the max for each /(s) is also exponential in /N, making this approach
intractable for non-trivial problem sizes. The key insight, though, is that the value functions and
actions are only coupled due to the shared budget constraint over all arms. Therefore to simplify
the problem, we relax the budget constraint and add it as a penalty to the objective with a Lagrange

multiplier A as follows:

Jis.2) =

N-1o N—-1M—1 (1.4)
max{y () + 2B =D D i) + B )]s X}

=0 =0 j:()

The value functions then decouple as desired, giving:

1B N—1
J(s,2) = —— + Z V(s 2), where Vi, (1.5)

1- ﬂ =0

Vi) = ;neafl{/ — ¢ —|—ﬂz 5, éll V) } (1.6)

7
See* for a complete proof. Notice that for a given value of 1, Eq. 1.5 can be solved using a fast
method like value iteration to solve for the individual 7s, where 77 and its corresponding actions
are now in § and A, respectively. However, the choice of A will be critical when using the resulting
value functions to derive policies for our bandits. For instance, A = 0 would correspond to ignoring

the budget constraint while planning which clearly will not be optimal in general. Alternatively, as
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A — 00, the optimal policy in each value function is to never act since all actions will have effec-
tively infinite cost except for ¢y = 0. To gain insight about how to set the value of A we recast the

problem as an LP, rewriting Eq. 1.5 by leveraging the known LP solution to the value function **?

AB

N—1
J(s,2) = :11)11 =3 Z#l'(Sl')Vz'(ﬂ"l)

st V(S 2) 2 A) = dg+ 8T a5 V(2 (1.7)

st 7

vi€{0,..,N—1}, Vs €S, Va;€ A, and 1 >0

Where /(s) = 1if s is the start state for arm 7 and is 0 otherwise. That we minimize over 1 and
that 1 > 0isa classic Lagrangian result, motivated by making /(s, 1) a tight-as-possible upper
bound on /(). Intuitively, and matching how problem-specific index policies have been derived in
previous work ®*52, we want to derive a policy from the Vs that provide the tightest bound on /(s).
So that our algorithms can generally apply to any MARMAB, our approaches will solve Eq. 1.7 in
its general form.

The above derivation was first given by % for WCMDDPs, and as suggested therein, clearly one can
directly solve Eq. 1.7 using any LP solver. However, Eq. 1.7 has N|S| + 1 variables and N|S]||.A|
constraints. Further, the current lowest known computational complexity for solving an LP is
(’)(;12JFé ), where 7 is the number of variables ®, implying that directly solving Eq. 1.7 has computa-
tional complexity &~ O(N?|S|?) (derived in section 1.4). The key to our approach will be separating
the computation of the A that minimizes Eq. 1.7, henceforth 1,,,,, and the corresponding ¥”s that
solve Eq. 1.7 in a way that provides vast speedups. Herein we derive exact and heuristic methods
for computing 1,,;,, each of which has an improved best case complexity in /N by a factor of V/Nor

better.
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1.4 BounDp OrtiMmizaTiON WiTH BLAM

BLam is our exact approach to computing the Lagrange policy. We first give an overview, noting
theorems where relevant that are derived in the next section. The main idea is rooted in the form
of the functions V*(s*, 1) in Eq. 1.7, visualized in blue in Fig. 1.1. To exactly compute Eq. 1.7 re-
quires adding |S||.A| constraints and |S| variables to the LP for each of the N arms’ value functions
V'(s, 2). Instead, we will build special approximations to each V7(s’, 1) that are represented in the
LP each with just one variable and a constant number of constraints, achieving vast speedups. The
approximations are constructed by rapidly testing for the slope of V(s', ) at various test points Az
using value iteration, then creating a piecewise linear combination of the slopes. The key is we con-
struct two special types of approximations: one that upper bounds the slope of 77(s*, 1) and one
that lower bounds it, shown in Fig. 1.1 in green and red, respectively.

We then use the insight that the 77 (s, 1) in Eq. 1.7, are indeed convex decreasing functions of
A (Prop. 1.4.1), implying that Eq. 1.7 is minimized when the combined per-unit decrease to the
objective brought by the convex V7(s*, 1) functions is equal to or less than the constant per-unit 77-
crease to the objective brought by 1’1735. In other words, 4,,;, is the point where the negative sum of
slopes of V7(s*, 1) is equal to % (Prop. 1.4.2). Crucially, if we replace any V7(s*, 1) with a convex
function with strictly more negative slope (i.e., a lower bound), the value of A at which the negative
sum of slopes equals % could only increase, giving an upper bound on 4,,,;,. The converse also
holds, i.e., replacing with upper bound convex functions gives a lower bound on 1,7, (Thm. 1.4.3).
This constitutes the core tradeoff in our approach: the more V*(s, 1) are replaced with approxi-
mations in the LP, the faster it will execute, but the looser the bounds will be. We handle this by
first “bounding out”, i.e., replacing V*(s*, 1) with its approximation, all but a small number X pro-
cesses to get loose bounds on 4,,;, rapidly. We then iteratively add back V'(s', 2)s to the LP until the

bounds on 4,,,, are with a pre-specified e. With minimal tuning, the test points can be set to create
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tight enough bounds that BLam will converge after only a small number of iterations, leading to
great speed increases.

The algorithm proceeds in two parts. In BLAMPRECOMPUTE, given in Alg. 1.4.1, we compute
the upper and lower bound approximations of of the arms, passing in the MDP parameters of
the arms, along with a list G of points A, at which to approximate the slopes. VIin Alg. 1.4.1 de-
notes value iteration and U/ L will contain the pieces of the piecewise upper and lower bounds for
V' (s, A) for all arms and states. BLAMPRECOMPUTE runs once at the beginning of simulation.

BLaM, given in Alg. 1.4.2, runs on each round of the MARMAB to compute A,,, for the cur-
rent set of arm states s (line 2 of Alg. 1.4.2 selects the bounding functions for the current state of
each arm). Using the piecewise bounded versions of V"(J", 1), it constructs a special LP, BLAMLP,
given in Eq.1.8 below, that produces upper and lower bounds on A,,,,,, by replacing V7 (s, 1) with
their bounded counterparts. It loops, replacing successively more 77(s*, 1) in lieu of their bounded
forms, until the resulting bounds on 4,,;, are within e. BLAM terminates by running one final value
iteration with the appropriate 1,,,, the result of which solves Eq. 1.7 without constructing or solving
the full LD, leading to vast speed ups. The resulting value functions will be used to construct a final

policy in section 1.6.
1.4.1  BLaM: DERIVATION
To bound the slope of 7(s*, 1), we rely on it having a convex form.

Proposition 1.4.1. V'(s', 1) is convex decreasing in 2, and as ). — oo, dV};’l) —0

Proof- This follows directly from Eq. 1.6, but can be shown via induction that since V7(s', 1) is a
max over piecewise linear convex functions of 1, it is also piecewise linear convex, and since lcj >0,
it must be weakly decreasing in A. Furthermore, sincecp = 0in MARMABs,as A — o0, the

one time charge lcj of any action ajst.j > 0 becomes greater than any long-term achievable
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Algorithm 1.4.1: BLamPrecompute
Data: T,R,C,N, G,
D=1; // hold slopes at each arm test point
gy = le-3;

;3 fori=1,...,Ndo

4 forj=1,...,|G[{]| do

5

6

-

N

ltext - G[éj];
Ry, Ry, = R[d;

7 forx € 1, ..., |C| do subtract action costs
8 Ry[x] == Apewr * Clx];
5 Rove 8] == (A + £0) * Clals

10 D[Z7_]] = (VI(HZ] ) R2+£0 9 ﬁ) - VI(HZ} ) R/%ﬂ))/g()
1 U, L = BuildBounds(D);
2 return, L

reward, therefore the optimal policy must always choose not to act. At that point, V7 (s/, 1) =

E[Y"72, B'r(s)|w(a) = 0, Va] which does not depend on . O

Let A, (A¢) correspond to the 1 which solves Eq. 1.7 when F7(s*, 1) are replaced in the objective
by L (U4). Note that the lower bound functions £ will be used to derive upper bounds on the value
of 1,,;, and vice versa.

Next, we give a helpful intermediate resul.

Proposition 1.4.2. The optimal solution to Eq. 1.7 will be found at the value of A in which the nega-

tive sums of the slopes of V' (s', 1) w.r.t. A become less than or equal to %.

Proof. Assume 1™ corresponds to an optimal solution to Eq. 1.7 and the negative sums of the slopes
of convex decreasing V7 (s*, 1) are greater than %. Then A can be increased by ¢ and the objective

value would decrease, i.e., /(s, 1" + ¢) < J(s,A™) giving a contradiction. O
We now can prove our main result:
Theorem 1.4.3. Ay < Ain < A,
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Algorithm 1.4.2: BLam

Data: T,R,C,N, B, 5,5, G,U, L, ¢, kStep
1 /* Only need bounds for current arm states */
» GetCoeffsForState(U, L, s);
3 Sort(U, L, T, R);
4+ st = PickStart(L, vV N);
s fork € [st, st+kStep, ..., N] do
6 A, = BLamLP(71: k], R[: k], B, C, 5,5, L);
7 | ¢ =BLamLP(7[: k], R[: £], B, C,5,5,U);
8 if 1, — 1, < ethen break;
o V(i,s) =] // Nx|S| array to hold value functions
10 Ain = (Ay — A0)/2;
n for7=1,...,Ndo
12 Rl = R[l'];
13 forx € 1, ..., |C| do subtract action costs
|| Rali —= A Cls
s | 7 =VI(TI, R B

16 returnV

Proof. The proof is best seen by considering 4,,;, which solves /(s, 1), i.e., Eq. 1.7. We start with
Amin < Dy Let V denote the set of V7(s7, 1) in the objective of Eq. 1.7. Further, let V? denote the
set of V*(s*, 2) which will be replaced by £° C L. Now replace all V? with their corresponding £,
name this new LP /*(s, 1) and name its optimal solution ,,. By definition, at all values of 2, the
slope of V7(s*, 1) is greater than the slope of £°. Thus, at A,,,, the negative sums of the slopes of

V' € V\V? plus £ is weakly greater than the negative sums of the slopes of 77 € V. By Prop. 1.4.2,
we must have that (s, 1) < J(s, 1), and respectively 1, > 2nin-

Amin = sz The proof follows similarly. O

We now describe a quick method for computing ¢/ and L. To construct these piecewise linear
convex functions that will serve as the bounds, we make use of the insight that the slope of V7(s, 1)

can be rapidly computed at any test point Ay by calculating (V' (5,2 = Qg + £0) — V(5,1 =
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o Test point = =LB ---- UB == Actual

Va(s, 4) (\_ﬂ_*p_

V,(s, A)

Figure 1.1: Constructing bounds on the slope of ¥* (5", /1) for two different arms with three test points. Note: bounds
are with respect to the slope, not the value of the function.

diest))/ €0 where both V7(s*, 1)s can be quickly computed via value iteration and gy &~ 0. Let G
represent the set of test points for a given arm. The larger G/, the tighter the bounds will be, but the
higher the up-front computational cost. Thus the choice of both the size and the exact elements of
G’ represent a set of parameters that can be tuned to maximize performance on a given distribution
of V's. However, at minimum, G’ must include 1,,; = 0 since proposition 1.4.1 implies that the
minimum slope of any 77 occurs at 1 = 0. Once the slope at all the test points are computed, they
are used to construct I/ and £ via standard linear equations—the exact process is given in Appendix
A.1. LetU’(G,, m) and U’ (G, b) be the slopes and intercepts, respectively, for each piece £ of the
upper bounding function U’ for arm 7. Define L’( G, *) similarly.

Now, we can compute 1, and 1. To start, we choose K arms to include in Eq. 1.7 in their

V' (s, 2) form, while the other N — K arms will be replaced by their bounded counterparts. To
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compute A,, we replace the N — K arms with £ to get the following LP:

1B K N—K
N o o .
J (M)—;}g{;l_ﬂJr;#(f)V(s,lH%:z’
st V() > zcjwz (', ") V(7 2)
Vi€ {0,....,K}, Vs €S, Va; € A (1.8)

@ > (G, m) x 1+ L(G,, )
Vk € {0,..., |G|}, Vj€{0,..,N—K}

A>0

where #/ are auxiliary variables to represent the piecewise linear convex functions £/ via the |G|
constraints on 2. To compute A¢ we construct a similar LP usingU*(G,, ).

One important choice is in selecting the first K arms. Intuitively, the best 7(s*, 1) to include
in Eq. 1.8 are those with the loosest bounds. One proxy for looseness is the slope of the last seg-
ment, i.c., the steeper the slope, the looser the bound, since we know the slope of all Vi(si ,A) goto
o eventually (Prop. 1.4.1). Therefore, we first sort arms in ascending order by this criteria (line 3 in
Alg. 1.4.2). To set K, we note that Prop. 1.4.2 implies that the negative sum of slopes of V7(s", 1)
and £’ must be less than or equal to B/(1 — j) for some value of 1 to find a solution. Since £’ are
convex decreasing, if the negative sum of slopes of all the zrailing segments of L are greater than
B/(1 — ), then the LP will be unbounded. Thus, to guarantee the existence of a bounded solution,
we set K to pick the first K arms in slope sorted order, such that the negative sum of slopes of all the
trailing segments of £ is less than B/(1 — f). We then set K = max(K, v/N) (line 4 Alg. 1.4.2).

Once 4, and 14 are computed once, we iterate to include Kz, more arms in the LP such that

K += Ky then repeat until the algorithm converges to within a difference ¢. A straightforward in-
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duction argument shows that as K grows (and the set of bounded arms shrinks), the bounds become
progressively tighter and are guaranteed to be exact when K = N. Once 1,,;, is determined, we use
value iteration to rapidly solve Eq. 1.7, the result of which we will use to derive feasible policies in

Section 1.6.

1.4.2 BLaM: CoMPUTATIONAL COMPLEXITY

In BLAMPRECOMPUTE, BLam computes U’ (G}, *) and L (G, *) for all (s, 1), which requires
two runs of value iteration for each arm for each test point GZ. Assuming all arms use the same
number of test points, states and actions, this scales as O(NG' VI(|S|, |.A|)) where V() is the com-
putational complexity of value iteration. While an exact complexity of value iteration is elusive, it is
known to be much faster than the LP formulation **°. Thus, its complexity will be dominated by
the LP solves that occur in BLAM— the same applies for the value iteration that runs at the end of
BLAM each round.

To compute a policy for each round, BLAM constructs Eq. 1.8 as an LP which has K|S+ (N—K)
variables, K|S||4| constraints with | S| terms, and (N — K)G’ constraints with two terms. Although
the constraints associated with the (N — K) auxiliary variables only have two non-zero coefficients,
we conservatively assume that the matrix for this LP is dense in order to adopt the best known LP
complexity result®. In the best case, BLam would provide tight bounds on 4,,;, after just one itera-

tion. So setting K = v/Nand assuming G’ < N, the per-round complexity is
Q(VNISP 1| + NIS + N3 5| + 2) (19)

Where the first term is the LP setup time to add constraints (which dominates the time to add vari-
ables) and the last three terms are the LP solve complexity, which is approximately square in the

number of variables. Applying the same reasoning to the direct LP solve approach, which has NJ|S|
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variables and N|S||4| constraints gives the following best (and worst) case complexity
O(NIS|*|4] + N*|S|%) (1.10)

Thus, BLam has a strictly better best-case complexity in the problem size. However, in the worst case,
setting Ky = /N, BLam would require the full v/ N iterations to get a tight bound on 2.
In this case, the LP setup time would match the naive LP approach, but successive solves would

become more expensive. Using basic summation, this gives a worst-case complexity of
5
O(NIS*|4] + N=[3]?) (r.11)

Which, handily, is only v/Nworse than the naive approach. However, we will show in experiments

that the typical run time and scaling of BLam is much faster than the naive approach in practice.

1. SAMPLELAM

In some cases, especially very large problem sizes, speed can be more critical than performance.
Thus, next, we give an algorithm for quickly computing a heuristic estimate of 4,,;, based on sam-
pling. The approach is grounded in the mathematical interpretation of 1,5, i.¢., that 4,,;, captures
the willingness to violate the budget B given all 14 processes. In this algorithm, we will estimate our
willingness to violate the budget for each arm individually given equal shares of the budget, solving
a series of singleton LPs, then combine that knowledge to generate an estimate for 4,,;,

The algorithm is given in Alg. 1.5.1. It first chooses K processes at random to run through the
subroutine QuickLP, which solves Eq. 1.7 with a single arm and modified budget % giving a value
2’ that estimates the value of playing that arm. It then creates an estimate of 4,,;, by taking the sam-

ple mean of 2. Finally, it uses this estimate plus value iteration to solve for Eq. 1.7, which again we
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Algorithm 1.5.1: SampleLam

Data: T, R, C, M B, ﬂs Vmax> Cmin

lo (N)Vmﬂx
I ]\[mmplex = g[ml.n 5

> inds = RandomChoice([1, ..., N}, Nimpies);
3 T, R =T[inds], R[inds];

lzm = H’

s fori=1..., Nyups do

N

6 A= QuickLP(717], R[], %, C,B);
7 A-append(2’)
s V(i,s) =1 // Nx|S| array to hold value functions

9 Amin = Mean(2),,);

w0 fori=1,...,Ndo

1 R, = R[1];

12 forx € 1, ..., |C| do subtract action costs
13 ‘ Ry[x] —= Apin * Clx;

w | V1 =VI(T By )

1s returnV

will use to derive feasible policies in section 1.6.

Although this method is not guaranteed to converge to the value of 1,,,,, it is very fast, and works
well in practice on distributions which have an approximately normal distribution of budget across
arms under the true 4,,;, policy. An example of such a distribution and the SampleLam estimate of

Amin is given in Fig. 1.2a.

1.5.1  SAMPLELAM: CONCENTRATION BOUND AND COMPLEXITY

To understand SampleLam’s convergence properties, i.e., convergence to the sample mean of 1°, we
derive a concentration bound below. The derivation first relies on showing that the distribution of

A's is sub-Gaussian.

. 2
Theorem 1.5.1. A’ are C sub-Gaussian with & = i (M>
n Cmin (l_ﬁ)
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Figure 1.2: (a) s normally distributed about a mean equal to A,,;, (b) A,,;, is determined by a select few "important”
arms, not equal to the sample mean. BLam is better suited for this case.

The proof involves showing 0 < A" < - _”(”{‘j 7 and is given in Appendix A.2. We can now use
sub-Gaussianness to derive a concentration bound relating the number of samples to a confidence

parameter 1 — 9 on the estimate of the sample mean of A’.

Theorem 1.5.2. The number of samples n needed to estimate the sample mean of A within an error e

and with confidence 1 — 9 is lower bounded as:

L )\ (1
250 (is) () e

The proof, given in Appendix A.2, uses the Hoeffding bound and Thm. 1.5.1. This bound gives
the insight that the greater the reward to cost ratio, the more samples we need to well-estimate the
mean. We account for this by including a factor of :’Zf in the setting for K in the SampleLam algo-
rithm. The drawback of this approach is that 4,,;, is not guaranteed to be close to the sample mean
of 1 in general. An adversarial case is shown in Fig. 1.2b in which SampleLam would compute an

7

arbitrarily bad estimate for 1,,,,,,. Setting K = log(NN) i the best and worst case complexity for

SampleLam is:

min

O (1og(M) 2 1| + N+ V(1. 14) (1.3

2.8



Where the first term is the cost of setting up log(N) 224 LPs, which dominates the solve time, and

Cmin

the second term is the cost of the final value iteration.

1.6 COMPUTING A PoLIicYy

Finally, once 1,,,, is finalized, and the resulting value functions from Eq. 1.7 have been computed,
we use the value functions to compute the one-step greedy policy implied by the bound. To do
this, we expand the value functions to compute the action-value function, Q, which captures the
long term value for acting in a given state in each arm. We then choose actions by solving a modi-
fied knapsack where Qi(.fl', a, Amin) are the values subject to their respective action costs, the budget
B, and a constraint that ensures only one action is taken per arm. The knapsack LP is given in Ap-

pendix A.3, with an algorithm for computing Q(s’, @, A, ) from value functions.

1.7 EXPERIMENTS

We test our algorithms on two synthetic settings. In each, we compare the discounted sum of re-
wards, using discount factor 0.95, averaged over all arms N, over L = 40 rounds. All results are
averaged over 2.5 simulations. We compare our methods against the following baselines: Nobody:
Take 2 which has no cost on every arm; VENc: Solves Eq. 1.7 with A = 0, eftectively ignoring all
future constraints, then follows Section 1.6; Hawkins: Solves Eq. 1.7 directly using an LP solver,
then follows Section 1.6. We also include several versions of BLam using various stopping criterion
¢, noted in each plot as BLam{e}. Larger ¢ will lead to faster running times but looser bounds on
Amin> and thus worse performance in general. All algorithms were implemented in Python 3.6 and
use Gurobi version 9.0.3 to solve LPs via the gurobipy interface. All value iterations were computed
using a lightly modified version of pymdptoolbox version 4.0b3 5.

First, we explore an example distribution where VfNc¢ and Haw-kins fail arbitrarily in terms
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of performance and runtime respectively. In this distribution, there are three types of agents: (1)
Greedy: Must take increasingly expensive actions to collect increasingly high reward. Once the re-
quired action is not taken, the agent never produces reward again. This is modeled with a single
chain of states, each with unit-increasing reward, reachable only by an action with unit-increasing
cost. Failure to take the next action leads to a dead state. (2) Reliable: Must take the cheapest non-
zero action every round to achieve reward 1. If the arm is not played for any round, it never pro-
duces reward again. This is modeled with a simple 2-state chain, in which the final state recurs with
the proper action, otherwise it goes to a dead state. (3) Easy: Always gives reward of 1 regardless
of action. We make the proportion of (1) and (2) equal and set the budget so that all of (1) or (2)
could be played (or some mix), but not more. Clearly, the optimal policy is to always play the Reli-
able agents since committing to the Greedy agents will eventually leave the planner only collecting
reward from the Easy agents. However, the Greedy agents will look most attractive to VfNc since,
without accounting for cost constraints, it will wrongly assume it can always pay the future cost to
obrtain increasingly larger reward. Hawkins and BLam, using their constraint-based reasoning, will
instead commit to the Reliable agents. However, BLam will automatically detect the significant
structure within the problem, such as the existence of Easy agents as well as a simple form for the V*
of Reliable agents, to build tight bounds on the Lagrange policy using only a small subset of agents
in the coupled LP, leading to a significant speedup over Hawkins. The performance and runtimes
of the algorithms tested on a population with 0.25, 0.25, 0.5 mix across Greedy, Reliable, and Easy
agents with a budget of 0.25/N and 30 actions (subsequently, 31 states) are shown in Fig. 1.3 and 1.4
confirming these insights. For BLam, all arms used test points G' = {0}. Here, SampleLam gives
good but variable performance in exchange for running approximately twice as fast as BLam.
Finally, we test our algorithms on a more rigorous simulation motivated by a real-world public
health care challenge, namely, tuberculosis care in India. In this real-world setting, a single com-

munity health worker manages up to 200 patients throughout the course of their 6-month an-
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Figure 1.3: Ignoring future constraints leads to bad policies.
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Figure 1.4: BLam and SampleLam scale better than Hawkins.

tibiotic regimen, monitoring and encouraging patients to take their daily medications. The health
worker has a range of actions they can take on each patient aimed at improving their adherence, each
with varying cost and effectiveness: call the patient (cheap), visit the patient in their home (semi-
expensive), escalate the patient (very expensive). Because the worker’s time and resources are limited,
the number and types of actions they can take each day across all patients are also limited.

We model this problem as follows. In the simulation, each patient state is a tuple of (adherence
level, treatment phase, day of treatment). The first entry captures the patient’s previous d days of
adherence. The second entry is binary and captures the "phase” of treatment: the intensive phase

which lasts for the first /PL rounds, and the continuation phase which lasts from round /PL to the
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Figure 1.5: Rewards (top row) and runtimes (bottom row) on the health care dataset with budget 0.1/N. Columns rep-
resentd = 3, 4, S adherence levels, respectively. At all values of ¢, BLam significantly outperforms VfNc. Further, the
Hawkins LP scales quadratically in the number of states on each arm, while BLam identifies problem structure that keep
the underlying LPs small, making speedups more dramatic as the problem size increases.

end. During the intensive phase, patients tend to have better adherence and are more responsive to
intervention. During the continuation phase, both effects tend to degrade and patients may drop
out (i.e., adherence of 0). The final entry captures time and can take any of /PL + 2 values. The first
IPL values count days in the intensive phase and the next two are recurrent states that represent the
continuation phase and the dropout state.

In one relevant dataset that captured daily treatment adherence of TB patients in India over the
course of a year®, patients followed four distinct modes: (1) High adherence: adhere daily regard-
less of health worker action. This makes up the majority of the data; (2) Low adherence: Very low
adherence regardless of health worker action. (3) Receptive patients: Irregular adherence but can
benefit from intervention. On average, their adherence drops during the continuation phase, sug-
gesting that interventions become less effective. (4) Dropout patients: Like receptive patients but
have probability of dropping out during the continuation phase.

We implement each of these patient types in our simulation and include them in the follow-
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ing mix respectively: 0.64, 0.01, 0.175, 0.175. This mix matches the number of High and Low
adherence patients observed in the data, and splits the remaining portions evenly. At the start of
simulation, each patient is in the maximum adherence state since in the real world, patients begin
treatment in person. We run experiments with d = 3, 4, 5 adherence levels and set /PL = 2d. The
health worker’s action types are as follows: (1) No action: Take no action (c=0); (2) Call: Moder-
ately increased probability that patient will increase adherence state by 1 (c=1). (3) Visit: Significant
increased probability that patient will increase adherence state by 1 (c=2). (4) Escalate: Near-certain
probability that patient will return to the maximum adherence state. If a patient is in the dropout
state, there is a small probability they return to the continuation phase (c = B). Finally, rewards are
defined as (adherence level)/d, so more rewards are received for patients at higher adherence levels.

We simulate this setting for many parameter combinations. For BLam we report results using
test points G' = {0,0.1,0.2,0.5}, though we found that, in general, most sets of 3 or 4 evenly
spaced points worked well. Fig. 1.5 shows the performance and runtime for the dataset with budget
of 0.1Nford = 3,4, and 5 adherence levels. With such a small budget, the tradeoft between in-
dividual actions is important. In Fig. 1.5 we see that all versions of BLam significantly outperform
ViNc. Crucially, all versions of BLam also scale much better than Hawkins. In fact, as the number
of states in the underlying problem grows the speed ups become even more dramatic ranging from
a2 times speedup withd = 3 to a5 times speedup with d = 5. This is because the Hawkins LP
scales quadratically in the number of states of each arm, while the BLam algorithms are able to iden-
tify problem structure that keep the underlying LPs small with its bounding techniques, making
speedups more dramatic as the problem size increases.

In Appendix A.4, we run experiments varying the budget between 0.1N, 0.2N, 0.5N, withd =
4 adherence levels. As the budget increases, resources are less constrained, so all methods tend to
collapse to the same reward. However, again, BLam’s adaptivity allows it to recognize when the

problem is less constrained to automatically converge even more quickly to the optimal solution.
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These results demonstrate the exemplary ability for our approach to scale well without sacrificing
performance on a dataset whose technical structural conditions have no been established a priori.
That is, our algorithm can perform exceptionally with minimal tuning, while avoiding undertaking

the considerable effort of deriving an index policy and the existence thereof.

1.8 CONCLUSION

Our work makes available multiple avenues for computing well-performing policies on new MARMABs
at scale. We demonstrate that our algorithms offer vast speedups and can be readily adapted to new
problems without the need for the user to first arduously derive a problem-specific index policy,

as was previously the case. These advances make multi-action RMABs newly accessible, laying the

groundwork for wider study of this important framework.
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Q-Learning Lagrange Policies for

Multi-Action Restless Bandits

2.1 INTRODUCTION

Restless Multi-Armed Bandits (RMABs) are a versatile sequential decision making framework in

which, given a budget constraint, a planner decides how to allocate resources among a set of in-
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dependent processes that evolve over time. This model, diagrammed in Fig. 2.1, has wide-ranging
applications, such as in healthcare ?*'°*'7, anti-poaching patrol planning '*°, sensor monitoring
tasks ©7>%4, machine replacement **7, and many more. However, a key limitation of these approaches
is they only allow planners a binary choice—whether or not to allocate a resource to an arm at each
timestep. However, in many real world applications, a planner may choose among multiple actions,
each with varying cost and providing varying benefits. For example, in a community health setting
(e.g., Figure 2.1), a health worker who monitors patients” adherence to medication may have the
ability to provide interventions via text, call, or in-person visit. Such multi-action interventions re-
quire varying amount of effort (or cost), and cause varying effects on patients’ adherence. Given
a fixed budget, the problem for a health worker is to decide what interventions to provide to each
patient and when, with the goal of maximizing the overall positive effect (e.g., the improvement of
patients’ adherence to medication).

Owing to the improved generality of multi-action RMABs over binary-action RMABs, this set-

52,0381 However, critically, all these papers have assumed

ting has gained attention in recent years
the offline setting, in which the dynamics of all the underlying processes are assumed to be known
before planning. This assumption is restrictive since, in most cases, the planner will not have perfect
information of the underlying processes, for example, how well a patient would respond to a given
type of intervention.

To address this shortcoming in previous work, this chapter presents the first algorithms for the
online setting for multi-action RMABs. Indeed, the online setting for even binary-action RMABs
has received only limited attention, in the works of Fu et al. 46 Avrachenkov and Borkar 2, and
Biswas et al. 9. These papers adopt variants of the Q-learning update rule "5>'5¥, a well studied
reinforcement learning algorithm, for estimating the effect of each action across changing dynamics

of the systems. These methods aim to learn Whittle indexes 163 gver time and use them for choos-

ing actions. In the offline version, it has been shown that these indexes lead to an optimal selection
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policy when the RMAB instances meet the 7ndexability condition. However, these methods only
apply to binary-action RMABs. This chapter presents two new algorithms for online multi-action
RMAB: to address the shortcomings of previous work and presents an empirical comparison of the

approaches. The chapter provides three key contributions:

Planner Environment
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Figure 2.1: Schematic of a multi-action RMAB. At each timestep, ¢, the planner (e.g., health worker) takes one action on
each of N processes (e.g., patients). The sum cost of actions each timestep must not exceed a budget, B. After taking
actions at each timestep, the planner observes the rewards and state transitions of the processes, which the planner
uses to improve their action selection in the future. The goal is to maximize reward.

1. We design Multi-action Index-based Q-learning (MAIQL). We consider a multi-action no-
tion of indexability where the index for each action represents the “fair charge” for taking that
action ’*. If the dynamics of the underlying systems were known beforehand, an optimal policy
for multi-action indexable RM ABs would choose actions based on these indexes when a linear
structure on the action costs is assumed ©3. We establish that, when these dynamics are unknown
and are required to be learned over time, MAIQL provably converges to these indexes for any
multi-action RMAB instance following the assumptions on cost and indexability. However,
these assumptions can be limiting, and in addition, the algorithm requires a two-timescale learn-

ing procedure that can be slow and unstable.

2. We propose a more general algorithm, Lagrange Policy Q-learning (LPQL). This method

takes a holistic back-to-the-basics approach of analyzing the Lagrangian relaxation of the multi-
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action RMAB problem and learning to play the Lagrange policy using the estimated Q values
which are updated over time. This policy converges more quickly than MAIQL and other
benchmark algorithms, is applicable to problems with arbitrary cost structures, and does not

require the indexability condition.

3. We demonstrate the effectiveness of MAIQL and LPQL as compared to various baselines
on several experimental domains, including two synthetically generated domains and derived
from a real-world dataset on medication adherence of tuberculosis patients. Our algorithms
converge to the state-of-the-art offline policy much faster than the baselines, taking a crucial step

toward real-world deployment in online settings.*

2.2 RELATED WORK

The restless multi-armed bandit (RMAB) problem was introduced by Whittle 1> where he showed
that a relaxed version of the offline RMAB problem can be solved optimally using a heuristic called
the Whittle index policy. This policy is shown to be asymptotically optimal when the RMAB in-

stances satisfy the indexability condition 161

. Moreover, Papadimitriou and Tsitsiklis *** established
that solving RMABs is PSPACE-hard, even for the special case when the transition rules are deter-
ministic.

Since then, a vast literature have studied various subclasses of RMABs and provided algorithms
for computing the Whittle index. Lee et al. °* study the problem of selecting patients for screen-
ing with the goal of maximizing early-stage cancer detection under limited resources. Mate et al. '3
consider bandits with two states to model a health intervention problem, where the uncertainty

collapses after an active action. They showed that the model is indexable and gave a mechanism

for computing the Whittle index policy. Bhattacharya'” models the problem of maximizing the

*Code available at: https://github.com/killian-34/MAIQL_and_LPQL
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coverage and spread of health information with limited resources as an RMAB and proposes a hier-
archical policy. Similarly, several other papers 5414490 give Whittle indexability results for different
subclasses of RMABs where there are only two possible actions.

For more than two actions, Glazebrook et al. °3 extended Whittle indexability to multi-action
RMABs where the instances are assumed to have special monotonic structure. Along similar lines,
Killian et al.®" proposed a method that leverages the convexity of an approximate Lagrangian ver-
sion of the multi-action RMAB problem.

Also related to multi-action RMABs are weakly coupled Markov decision processes (WCMDP).
The goal of a WCMDP is to maximize reward subject to a set of constraints over actions, manag-
ing a finite number of independent Markov decision processes (MDPs). Hawkins ® studied a La-
grangian relaxation of WCMDPs and proposed an LP for minimizing the Lagrange bound. On the
other hand, Adelman and Mersereau* provide an approximation algorithm that achieves a tighter
bound than the Lagrange approach to WCMDPs, trading off scalability. A more scalable approxi-
mation method is provided by Gocgun and Ghate*S.

However, these papers focused only on the offline versions of the problem in which the dynamics
(transition and observation models) are known apriori. In the online setting, there has been some
recent work on binary-action RMABs. Gafni and Cohen*” propose an algorithm that learns to
play the arm with the highest expected reward. However, this is suboptimal for general RMABs

since rewards are state- and action-dependent. Addressing this, Biswas et al. 8

give a Q-learning-
based based algorithm that acts on the arms that have the largest difference between their active and
passive Q values. Fu et al. *® take a related approach that adjust the Q values by some 1, and use it to
estimate the Whittle index. Similarly, Avrachenkov and Borkar '* provide a two-timescale algorithm
that learns the Q values as well as the index values over time. However, their convergence proof

requires indexability and that all arms are homogeneous with the same underlying MDPs. We use

the two-timescale methodology and define a multi-action indexability criterion to provide a general
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framework to learn multi-action RMABs with provable convergence guarantees. Our work is the

first to address the multi-action RMAB setting online.

2.3 PRELIMINARIES AND NOTATIONS

A Multi-action RMAB instance consists of N arms and a budget B on the total cost. Eacharm 7 €
[IN] follows an MDP '*°. We define an MDP {S, A, C, r, T, 8} as a finite set of states S, a finite set
of M actions A, a finite set of action costs C := {cj}je A, areward function 7 : § — R, a transition
function 77(s, 4,s") denoting the probability of transitioning from state s to state ' when action « is
taken, and a discount factor 8 € [0,1)". An MDP policy = : S — A maps states to actions. The

long-term discounted reward of arm 7 starting from state s is defined as
Jow(s) = E|D_BAE)|F s =+ (2.1)
=0

where st ~ T(s, 7°(5;), -). For ease of exposition, we assume the action sets and costs are the same
for all arms, but our methods will apply to the general case where each arm has arbitrary (but finite)
state, action, and cost sets. Without loss of generality, we also assume that the actions are numbered
in increasing order of their costs, i.e., 0 = ¢o < ¢1 < ..., ca. Now, the planner must take decisions
for all arms jointly, subject to two constraints each round: (1) select one action for each arm and
(2) the sum of action costs over all arms must not exceed a given budget B. Formally, the planner

}N><M

must choose a decision matrix 4 € {0,1 such that:

M N M
> dy=1 Vie|N] > 4,5<B (2.2)
j=1

i=1 j=1

Bis only included under the discounted reward case, as opposed to the average reward case which we
address later.
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Let A be the set of decision matrices respecting the constraints in 2.2 and let s = (s, ..., sN) repre-
sent the initial state of each arm. The planner’s goal is to maximize the total discounted reward of all

arms over time, subject to the constraints in 2.2, as given by the constrained Bellman equation:

= max{Z/ ) + BE[J(s )|57A]} (2.3)

AcA

However, this corresponds to an optimization problem with exponentially many states and combi-

natorially many actions, making it PSPACE-Hard to solve directly '**. To circumvent this, we take

the Lagrangian relaxation of the second constraint in 2.2.%:

Js,4) =
N N M (2.4)
max Z A+ AB =D ) + BES )5, 4)
i=1 =1 j=1

Since this constraint was the only term coupling the MDDPs, relaxing this constraint decomposes the

problem except for the shared term 1. So Eq. 2.4 can be rewritten as (see*):

J(s, ) Z max{ s,aj,l)} (2.5)

; EA’

where Q' (s ,a], 1) =

(2.6)
lcj—l—ﬂz 5, oz .5 max{( (o a5, 2)}

In Eq. 2.6, each arm is eftectively decoupled, allowing us to solve for each arm independently for a
given value of 1. The choice of 4, however, affects the resulting optimal policies in each of the arms.
One intuitive interpretation of A is that of a “penalty” associated with acting — given a fixed budget

B, a planner must weigh the cost of acting A¢; against its ability to collect higher rewards. Thus, as
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A is increased, the optimal policies on each arm will tend to prefer actions that generate the largest
value for cost”.

The challenges we address are two-fold: (1) How to learn policies online that can be tuned by
varying A and (2) How to make choices for the setting of A that lead to good policies. Our two al-
gorithms in Sections 2.4 and 2.5 both build on Q-Learning to provide alternative ways of tackling
these challenges — where MAIQL builds on the rich existing literature of “index” policies, LPQL
goes “back to basics” and provides a more fundamental approach based on the Lagrangian relax-

ation discussed above.

2.4 ArLGorITHM: MAIQL

Our first algorithm will reason about A’s influence on each arm’s value function independently. In-
tuitively, this is desirable because it simplifies one size-N problem to N size-one problems that can be
solved quickly. Our goal will be to compute zndexes for each action on each arm that capture a given
action’s value, then greedily follow the indexes as our policy. Such an index policy was proposed by
Whittle °* for binary-action RMABs, in which the index is a value of 2 such that the optimal pol-
icy is indifferent between acting and not acting in the given state. This policy has been shown to be
asymptotically optimal under the indexability condition *°’.

Glazebrook et al. >* and Hodge & Glazebrook 3 extended the definition and guarantees, respec-

tively, of the Whittle index to multi-action RMABs that satisfy the following assumptions:

1. Actions have equally spaced costs, i.e., after normalization, the action costs can be expressed

as{0,1,..., M —1}.
2. The utility of acting is submodular in the cost of the action.

For such multi-action RMABs, Glazebrook et al. ’* defines multi-action indexability and the multi-

action index as follows:
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Definition 2.4.1 (Multi-action indexability). An arm is multi-action indexable if, for every given
action a; € A, the set of states in which it is optimal to take an action of cost ¢; or above decreases mono-

tonically from S — & as A increases from —o0 — 0.

Definition 2.4.2 (Multi-action index, l:ﬂj). For a given state s and action a;, the multi-action index

is the minimum ) o that is required to become indifferent between the actions a; and a;—:

"l:*,a_/ = ililf{Q(S, aj, 2) < Q(-Y? a;—1, )')} (2'7)

=4, s.t. Q(s,4;, 1) = Q(s,4;-1, 1) (2.8)

where Q(s, aj, A) is the Q-value of taking action a; in state s with current and future rewards adjusted

by A.

Given these multi-action indices, Hodge & Glazebrook ®3 suggest a way to greedily allocate units
of resources that is asymptotically optimal — assume that the arms are in some state s, then iterate
from1...Band in each round allocate a unit of resource to the arm with the highest multi-action
index associated with the next unit of resource. Specifically, if & = (6. .. ") units of resource
have been allocated to each arm so far, then we allocate the next unit of resource to the arm with the
highest l;yﬂgz" Given that the action utilities (1 o;) are submodular in 4; by assumption, this maulz-
action index policy leads to the allocation in which the sum of multi-action index values across all the
arms are maximized.

Given the policy’s theoretical guarantees, an index-based solution to the multi-action RMAB
problem is attractive. The question then is how to calculate the value of the multi-action indices
A o In the online setting (when the RMAB dynamics are unknown apriori), Avrachenkov &
Borkar '* proposes a method for estimating the Whittle indexes for binary-action RMABs and,

in addition, proves that this algorithm’s estimate converges to the Whittle index.
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In this section, we describe the Multi-Action Index Q-Learning (MAIQL) algorithm. Our algo-
rithm generalizes the update rule of the learning algorithm proposed by Avrachenkov & Borkar '*.
We consider the notion of multi-action indexability from Glazebrook et al. °* to create an update
rule that allows us to estimate the multi-action indexes (Section 2.4.1). In addition, we use the
multi-action indexability property to show that the convergence guarantees from Avrachenkov &

Borkar '* are preserved in this multi-action extension (Section 2.4.2).

2.4.1 ALGORITHM

From Equation 2.8, we observe that if we could estimate the Q values for all the possible values of 1,
we would know the value of 27 o~ This is not possible in general, but we can convert this insight into
an update rule for estimating 1; o, in which we update the current estimate in the direction such that
Eq. 2.8 is closer to being satisfied. Based on this, we propose an iterative scheme in which Q values
and 27 o, are learned together.

An important consideration is that, because the Q and ).f, " values are inter-dependent, it is not
straightforward to learn them together, since updating the estimate of one may adversely impact
our estimate of the other. To combat this, we decouple the effects of learning each component by
relegating them to separate time-scales. Concretely, this means that an adaptive learning rate (%)
for the Q values and (z) for A-values are chosen such that lim, Z(—g — 0, i.e., the Q values
are learned on a fast-time scale in which 2 values can be seen as quasi-static (details in appendix B.1
and B.3). The resultant two time-scale approach is given below.

To calculate the multi-action index, for a given state s € S and action a; € A, we store two sets
of values: (1) the Q values for all states and actions, Q(s, ;) Vs € S, 2; € A, and (2) the current
estimate of the multi-action index le. All the Q and A values are initiated to zero. Then, for a given
state s in which we take action aj, we observe the resultant reward 7 and next state s, then perform

the following updates:
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1. Q-update: Ata fast time-scale (adjusted by 2(»(s, 4;, £) ) ), update to learn the correct Q values as

in standard Q-learning:

26 4) = Q(s,4) + a(v(s,4,0)) [[7(5) — X2

~AQ)+ max Q (S, 4))] — Q) (s, 4))] (2.9)
¥
where (s, 4;, ¢) is a “local-clock” that stores how many times the specific Q; (s, 4;) value has
Z; a; Qa( i )
been updated in the past, and Q) = 2]:7? is a function whose value converges to the
554

optimal average reward*. We give the average reward case to align with the traditional derivation
of binary-action Whittle indexes, but this update (and related theory) can be extended easily to

the discounted reward case.

2. A-update: Then, at a slower time-scale (adjusted by a function y(#)), we update the value of lﬁ’ 4

according to:

Ay = X+ 7(0) - (Q(s.4)) — Qi (s,2j1)) (2.10)

Note that the updates described in the paragraph above correspond to the estimation of a single
multi-action index. To efficiently estimate A% (s, 4;) Vs, 2, we make use of the fact that our algo-
rithm, like the Q-learning algorithm on which it is based, is oft-policy — an oft-policy algorithm does
not require collecting samples using the policy that is being learned. As a result, rather than learn
each of these multi-action index values sequentially, we learn them in parallel based on the samples
drawn from a single policy.

Specifically, since learning each index value requires imposing the current estimate 1 on all cur-
rent and future action costs, and since a separate index is learned for all arms, states, and non-passive
actions, N(M — 1)|S| separate Q-functions (each a table of size |S| x A1) and A-values must be

maintained, requiring O(NM?|S|?*) memory. However, since the estimation of each index is in-
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dependent, each round, the index and its Q-function can be updated in parallel, keeping the pro-
cess efficient, but requiring O(NM|S|) time if computed in serial. To take actions, we follow an
¢-greedy version of the multi-action index policy — which, when not acting randomly, greedily se-
lects indices in increasing size order for each arm’s current state, taking O(NA/) time — and store
the resultant (5, , ,s') tuple in a replay buffer. The replay buffer is important because, in the multi-
action setting, each (s, 2) pair is not sampled equally often; specifically, especially when B is small,
itis less likely to explore more expensive actions. After every fixed number of time-steps of run-
ning the policy, we randomly pick some (s, 2, 7, s’) tuples from the replay buffer with probability
weighted inversely to the number of times the tuple has been used for training, and update the Q
values associated with each of the multi-action indexes and the 1, , estimate for the sampled (s, 2).*

The resulting algorithm is guaranteed to converge to the multi-action indexes. Pseudocode is given

in appendix B.3.

2.4.2 THEORETICAL GUARANTEES

The attractiveness of the MAIQL approach comes from the fact that, if the problem is multi-action

indexable, the indexes can always be found. Formally, we show:

Theorem 2.4.3. MAIQL converges to the optimal multi-action index 27, for a given state s and

action a under Assumptions 1, 2, 3, and the problem being multi-action indexable.

Proof Sketch. At the fast time-scale: We can assume A, , to be static. Then, for a given value of
Aig = 2, the problem reduces to a standard MDP problem, and the Q-learning algorithm con-
verges to the optimal policy.

At the slow time-scale: We can consider the fast-time scale process to have converged, and we

have the optimal Q values Q;, corresponding to the current estimate of A, ,. Then, by the multi-

fall algorithms in this chapter will be equipped with the replay bufter for fairness of comparison.
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action indexability property, we know thatif 4 < A* an action of weight « or higher is preferred. As
aresult, 0 (s5,4) — Q) (5,4 —1) > 0,andso 2> 2f When A > 2%, the opposite is true and
so X1 < ). Asaresult, we constantly improve our estimate of A such that we eventually converge

to the optimal multi-action index, i.e., lim; A l; 2 O

The detailed proof follows along the lines of Avrachenkov & Borkar **, and can be found in ap-
pendix B.1. However, while they consider convergence in the binary-action case, our approach gen-
eralizes to the multi-action setting. The crux of the proof lies in showing how the multi-action index
generalizes the properties of the Whittle index in the multi-action case, and leads to convergence in

the slow time-scale.

2.4.3 MAIQL LIMITATIONS

The main limitations of MAIQL are (1) it assumes multi-action indexability and equally-spaced ac-
tion costs to be optimal and (2) it learns on two time-scales, making convergence slow and unstable
in practice. i.e., for the convergence guarantees to hold, MAIQL must see “approximately” infinitely
many of all state-action pairs before updating A once. This can be difficult to ensure in practice for
arms with transition probabilities near 0 or 1, and for problems where the budget is small, since
many more samples of (s,a) pairs with cheap actions will be collected than ones with expensive ac-

tions.

2.5 ALGORITHM: LPQL

In this section, we provide a more fundamental approach by studying the problem of minimiz-
ing /(+, 1) (Equation 2.5) over A. By minimizing this value, we aim to compute a tight bound on
Eq. 2.3, the value function of the original, non-relaxed problem, then follow the policies implied

by the bound, i.e., the Lagrange policy. However, computing /(- -) requires the (s, 2, 1) val-
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ues which in turn require the knowledge of transition probabilities (as shown in Equation 2.6).
In absence of the knowledge of transition probabilities, we propose a method, called Lagrange
Policy Q-Learning (LPQL). This method learns a representation of ¥ (s, 4;, 1) by using samples
obtained from the environment via a mechanism similar to MAIQL. However, rather than estimat-
ing ¥ (s, 4;, 1) with the purpose of estimating some downstream value of 2 (i.c., indexes), now the
goal is to estimate the entire curve Q' (s, 4;, 1) with respect to 1. It is straightforward to show that
Q' (5,45, 2) is convex decreasing in 1°°, meaning that once we have a representation of Q'(s, 4;, 1),
minimizing (-, -) simply corresponds to a one-dimensional convex optimization problem that can
be solved extremely quickly.

In addition to its speed, this approach is desirable because it is designed for RMAB instances
without specific structures, i.e., LPQL accommodates arbitrary action costs and needs no assump-
tion on indexability. It does so by computing the Lagrange policy, which is asymptotically optimal

for binary-action RMABs regardless of indexability '

, and works extremely well in practice for
multi-action settings 81 LPQL enjoys these benefits, and further, is designed to work on a single
learning timescale, making its convergence faster and more stable than MAIQL.

In the offline setting, /(+, -) can be minimized by solving this linear program (LP), which can be

derived directly from Eq. 2.5 *°

rnlin (571):V’:‘ ll—ﬂ Z[l
st V(s 0) > — ¢ +1@Z sal, V(s Q) (2.11)

7]7

vie {0,..,.N—1}, V& €S, Va;€ A and2 >0

where ¢/ (') = 1if s’ is the start state for arm 7, else it is 0, and V7(s, 1) = max, {Q/(+*,4;,1)}.

To learn Q'(s, 47, 1) in the offline setting, we will build a piecewise- linear convex representation
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of the curve by estimating its value at various points lp. To do this, we keep a three-dimensional
vector for each arm Q(s, 47, 4) € RISXMXnian where ny,,, is the number of points 1, at which

to estimate the curve. For now, we choose the set of lp to be an equally spaced grid between o and
some value A,y Since V7 (s, 1) is convex decreasing in 2, the largest possible value of A that could be

A . aQ (s,a;,2 s . .
a minimizer of /(+, -) is the 1 where % = 0. Killian et al.®" show that this value is no greater

than %, so this will serve as A,x unless otherwise specified.
On each round, an (s, 4;, 7, s') tuple is sampled for each arm. We store estimates of Q for each

state, action, and 1, value, requiring O(N#nj,,,|S|M) memory. The update rule for Q(s, 4, 4,) is:

QH_I(.Y, aj, Ay) = (s, aj, Ap) + a(v(s,a;,n))*

[[ (5) — f]+/3maXQ[5,ﬂ],l Qz(fyﬂjalp)] (2.12)

Where 8 is the discount factor. Each round, we sample a (s, 2;, 7, s") tuple per arm, and for each
arm loop to update Q' (s, 4;, 1,) Vp. Asin MAIQL, this update can be parallelized but requires
O(Nny,,) time if computed serially. To choose a policy each round, we compute the minimum
of Eq. 2.5 by finding the point at which increasing /'lp (stepping from o, %, .oy Amay) results in
zero or positive change in objective value, as computed via our estimates Q(s, 4;, 1), taking O (77,,,)
time. As our estimates Q(s, 4, 1,) converge, we approximate points exactly on the true Q(s, 4;, 1)
curve. Even at convergence, there will be some small approximation error in the slope of the line
that will manifest as error in the objective value, but in the next subsection, we show that the ap-
proximation error can be made arbitrarily small as 7,,,, increases.

Once the minimizing value of A (1,,,) is found, we follow the knapsack from®" to select actions,
i.e., we input Q(s, aj, Amin) as values in a knapsack where the costs are the corresponding G and the
budget is B. We then use the Gurobi optimizer software 58 to solve the knapsack, then carry out the

policy in accordance with the selected actions, taking O(NAMB) time in total*'. Pseudocode for
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LPQL is given in appendix B.3.

2.5.1 THEORETICAL GUARANTEES

We establish that, given a Apay, a higher 7;,,, results in a better approximation of the upper bound
of the policy return, given in Eq. 2.5. We show that, given a state profiles = {s', ... ,sN}, the
asymptotic values of V7(s*, 1) obtained at equally spaced discrete set of 1 values (over-)approximates
Equation 2.11. The smaller the intervals are, the closer is the approximated value of /(s, 1) atall 2
points that are not at the interval points. Before stating the theorem formally, we define the Chordal
Slope Lemma. For ease of representation, we drop the notations s and s from functions ¥() and /()

and also remove the superscript 7.

Lemma 2.5.0.1 (The Chordal Slope Lemma**). Let F be a convex function on (a, b). If vy < x < x,
arein (a,b), then for points Py = (x1, F(x1)), P = (x, F(x)), and P2 = (x, F(x2)), the slope of the

straight line P\ P is less than or equal to the slope of the straight line P1P2.

Theorem 2.5.1. Let V'(+) be a convex piecewise-linear function over equally spaced intervals (A =

{0, x,2x,3x, . . .}) that approximates the convex decreasing function V(A), such that
V(2) =V'(Q) forall X € A.
If values V(-) are replaced by values V' (-), then J(-) (Equation 2.11) is better approximated when the

interval length x is small.

Proof. V() are convex functions of A which implies that the function /(1), the sum of convex func-
tions, is also a convex function of 1. Let us assume that the convex decreasing function ¥(1) is ap-

proximated by a convex continuous piecewise-linear function ¥”(1), over equally spaced values,

taken from the set A := {0,x,2x, 3x, ...}, such that V(1) = V(1) forall2 € A. Thus, using
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V'(-) values instead of V/{-) values, we obtain an approximation /' (-) of the convex function /(1).
The function /(1) is a convex function with /(1) = J(2) forall 1 € A.

Now, let us assume two different values of «, say x1 and x,, where x; < x5. The corresponding
setsare Ay = {0,x1,2x;,...}and Ay := {0,x2,2x,,...}. Considering A, and two points
Ao > 0and A = g + 11,/ (+) is over approximated by a straight line /(+) that connects (19, /(o))
and (11,/(41)). The equation for the line is given by:

A — Ao

X1

o (2) =J(o) + (J(21) =J(20)) VAo < 24 < A1 (2.13)

Similarly, considering A5, the point 1o, and point A, = g + x2 (where x; < x2),/(+) can be over
approximated by a straight line /() that connects (19, /(o)) and (22, /(12)). Thus, for any value of
A € [Ao, 2], the difference /(1) — J(2) is given by:

A —lo

Jo222(2) = J(Ao) + (J(A2) =J(20)) ¥V Ao <2 < Ao (2.14)

Foragiven A € [1o, 4], the difference between the approximation obtained by Equation 2.14

and 2.13 is:

X2 X1

(2= 2) <](12) —J(o)  J(h) —f(lo))

>0 (.- 2> Ao and Lemma 2.5.0.1) (2.15)

Thus, smaller the length of each interval, the corresponding surrogate 7”(+) values can be used to

obtain a better approximation of /(-) values. O
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2.5.2  EXTENDING LPQL UPDATE TECHNIQUE TO APPROXIMATE MAIQL

The same tactic of approximating Q(s, ;, 4,) can be used to create an approximate version of
MAIQL (MAIQL-Aprx) that learns on a single timescale and is thus more sample efficient and
stable. The algorithm follows much in the same way as LPQL, except that Q(s, 2, 4,) are not used
to minimize the LP. Instead, for each arm on each round, we compute the multi-action index for a
given (s, 4;) by finding the argmin, |Q(s, 27, 2p) — Q(s, 271, Ap)|. We then choose actions according
to the same greedy policy as MAIQL. We can show with the same logic as the LPQL approximation
proof that with a large enough 7,,,,, the indexes can be approximated to an arbitrary precision. We
investigate whether, due to its single timescale nature, this algorithm will have improved sample

efficiency and convergence behavior compared to standard MAIQL.

2.6 EXPERIMENTAL RESULTS

In this section, we compare our algorithms against both learning baselines (WIBQL (Avrachenkov
& Borkar '*) and QL-1=0), and offline baselines (Oracle LP, Oracle A=o0, and Oracle-LP-Index).
WIBQL is designed to learn Whittle indexes for binary-action RMABs, but we adapt it to the
multi-action setting by allowing it to plan using two actions, namely the passive action 2 and a non-
passive action 4; (j > 0) for the entire simulation. Clearly, this will be suboptimal in general, so we
also design a stronger, multi-action baseline, QL-1=o. This uses standard Q-learning to learn state-
action values for each individual arm without reasoning about future costs or the shared budget be-
tween arms (i.e., A = 0). At each step, the actions are chosen according to the knapsack procedure
of LPQL. Oracle A=0 is the offline version of QL-A=o (i.c., it knows the transition probabilities).
Oracle LP is the offline version of LPQL that solves Eq.2.11 using an LP solver, then follows the
same knapsack procedure as LPQL. Oracle-LP-Index is an offline version of MAIQL that com-

putes the multi-action indexes using an LP (see appendix B.3). Since the oracles are computationally
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expensive, they are run for rooo timesteps to allow their returns to converge, then are extrapolated.

All algorithms follow an ¢-greedy paradigm for exploration where ¢ decays each round according
togy/ [éw where ¢y and D are constants. All algorithms were implemented in Python 3.7.4 and LPs
were solved using Gurobi version 9.0.3 via the gurobipy interface *. All results are presented as the
average (solid line) and interquartile range (shaded region) over 20 independently seeded simulations
and were executed on a cluster running CentOS with Intel(R) Xeon(R) CPU Es5-2683 v4 @ 2.1

GHz with 4GB of RAM.

2.6.1 Two ProcEess TYPES

Process Type-A

p=1[0.25,0.63,0.99]

b\
Must Act
to maintain
[0.2, [0.75,
p=0.27, p=0.37,
K 0.3] 0.01]
Hard to
recover

N

p=1[0.8,0.73,0.7]

Process Type-B

p =1[0.75, 0.88, 0.99]

X

Easy to

maintain

[0.05, [0.25,

p=0.88, p=0.12,

R 0.99] 0.01]
Easy to
recover

p =1[0.95,0.12, 0.01]

Figure 2.2: Two Process domain. Type-A arms need constant actions to stay in the good state (reward 1), whereas Type-
B arms stay in the good state for many rounds after an action.

In the first experiment, we demonstrate how failing to account for cost and budget information
while learning (i.e., QL-1=0) can lead to poorly performing policies. The setting has two types of
processes (arms), as in Fig. 2.2. Each has 3 actions, with costs o, 1, and 2. Both arms have a good and
bad state that gather 1 and o reward, respectively. The Type-A arm must be acted on every round

while in the good state to stay there. However, in the bad state it is difficult to recover. This leads
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Figure 2.3: Results from Type-A v.s. Type-B domain with N = 16and B = 4 (top row)and B = 8 (bottom row).
Experiments in a row are the same, with different algorithms shown. Budget-agnostic learning converges to a highly
suboptimal policy. Our algorithms converge to the best oracle policy, LPQL doing so the quickest. Binary-action plan-
ning underperforms except when a small budget forces the optimal policy to only use the cheapest action.

QL-2=o to learn that Q(1,4;~0,4 = 0) — Q(1,40,4 = 0) is large, i.e., acting in the good state
is important for Type-A arms. Conversely, the Type-B arm will tend to stay in the good state even
when not acted on, and when in the bad state, it can be easily recovered with any action. This leads
QL-2=o0 to learn that Q(1,4/50,4 = 0) — Q(1,40,4 = 0) is small. Thus QL-A=0 will prefer
to act on Type-A arms. However, if the number of Type-B arms is larger than the available budget,
it is clearly better to spend the budget acting on Type-B arms since the action “goes farther”, i.c.,
they may spend several rounds in the good state following only a single action, v.s. Type-A arms
which are likely to only spend one round in the good state per action. Our budget-aware learning
algorithms learn this tradeoff to converge to well-performing policies that greatly outperform cost-
unaware planning.

We report the mean cumulative reward of each algorithm, i.e., its cumulative reward divided by
the current timestep, averaged over all seeds. Fig. 2.3 shows the results with N' = 16, with 25%
of arms as Type-A and with 75% of arms as Type-B, over 50,000 timesteps. The top and bottom

rowsuse B = 4and B = 8, respectively. For ease of visual representation, each column shows
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different combinations of algorithms — please note that the y-axis scales for each plot may be dif-
ferent. Fig. 2.4 shows results for the same arm type split and simulation length with B = 8, vary-
ing N € [16,32, 48] (top to bottom). Parameter settings for each algorithm are included in ap-
pendix B.2. We see that each of our algorithms beat the baselines and converge in the limit to the
Lagrange policy — equivalent to the multi-action index policy in this case — with the single-timescale
algorithms converging quickest. Since the rewards obtained using Oracle-LP-Index coincide with
Oracle LP, we do not plot the results for Oracle-LP-Index. Further, the plots demonstrate that the
WIBQL algorithms underperform in general, except in cases where budgets are so small that the
optimal policy effectively becomes binary-action (e.g., Fig 2.3 top right; B = 4). In the remaining
experiments, WIBQL is similarly dominated and so is omitted for visual clarity. In both figures,
interestingly, QL-1=o performs well at first while ¢ is large, suggesting that a random policy would

outperform the 4 = 0 policy. However, it eventually converges to Oracle-1=0 as expected.

2.6.2 RANDOM MATRICES

The second experimental setting demonstrates LPQL’s superior generality over index policies and

its robustness to increases in the number of actions and variations in cost structure. In this setting,
all transition probabilities, rewards, and costs are sampled uniformly at random, ensuring with high
probability that the submodular action effect structure required for MAIQL’s good performance
will not exist. What remains to investigate is whether LPQL will be able to learn better policies than
MAIQL in such a setting. Specifically, rewards for each state on each arm are sampled uniformly
from [0, 1], with |S| = 5. Action costs are sampled uniformly from [0, 1], then we apply a cu-
mulative sum to ensure that costs are increasing (but ¢ is set to o). Fig. 2.5 shows results for N = 16
and B = N|A|/2 as|A| variesin [2, 5, 10] (top to bottom) over 50,000 timesteps. Note that B
scales with | A| to ensure that optimal policies will include the additional action types, since the costs

of the additional action types also scale with | A|. Rewards are shown as a moving average with a
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Figure 2.4: Results from the Two Process domain with B = 8 and N € [16, 32, 48] (top to bottom). Budget-agnostic
converges to highly suboptimal policies, while our algorithms converge to the best oracle policy, with single-timescale
versions doing so the quickest. Binary action planning underperforms with the 2 = 2 adaptation deteriorating as the
budget becomes more constrained. Oracle 1 = 0 (not shown) is dominated by all lines.

windows size of 100, which gives a clearer view of between-seed variance than the cumulative view.
Fig. 2.5 shows that not only is LPQL able to learn much better policies than MAIQL and MAIQL-
Aprx, which themselves converge to their oracle upper bound (Oracle-LP-Index), it does so with
convergence behavior that is robust to increases in the number of actions, achieving near-optimal
average returns at around 10k steps in each setting. Parameter settings for the different algorithms

are again included in appendix B.2.

2.6.3 MEDICATION ADHERENCE

Finally, we run an experiment using data derived in-part from a real medication adherence do-

main®*. The data contains daily o-1 records of adherence from which transition probabilities can be
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Figure 2.5: Moving average rewards from the random domain, for |.A| € [2, S, 10] (top to bottom) using a window size
(ws) of 100. Oracle LP and Oracle A = 0 perform the same, as do MAIQL and MAIQL-Aprx. Oracle-LP-Index computes
the index solution offline, demonstrating that MAIQL(-Aprx) are converging correctly, but the index policy performs
poorly. LPQL converges quickly even as |.A| increases.

estimated, assuming a corresponding o-or-1 state (partial state history can also be accommodated).
However, the data contains no records of actions and so must be simulated. In this experiment, we
simulate actions that assume a natural “diminishing returns” structure in accordance with the as-
sumption in section 2.4. One drawback is this estimation procedure creates uniform action effects
across arms in expectation, i.e., a single “mode”. However, in the real world we expect there to be
multiple modes, representing patients’ diverse counseling needs and response rates to various in-
tervention types. To obtain multiple modes in a simple and interpretable way, we sample 25% of
arms as Type-A arms from section 2.6.1, since they also have a binary state structure and are easily
extended to accommodate partial state history. More details are given in appendix B.4. Note that,
similar to Section 2.6.1, Oracle LP coincides with Oracle-LP-Index and hence, we do not plot the

results for Oracle-LP-Index separately. Fig. 2.1 visualizes this domain.
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Fig. 2.6 shows the results for the medication adherence domain with history lengths of 2, 3, and
4 (top to bottom), N = 16, B = 4, and 3 actions of cost o, 1, and 2, over 100000 timesteps. Please
see appendix B.2 for parameter settings. This demonstrates concretely that learning on a single
timescale (LPQL and MAIQL-Aprx) clearly improves speed of convergence, and this becomes more
pronounced as the size of the state space increases. To understand why, we analyzed the estimated
transition matrices and found that many patients had values near o or 1. This makes it very rare to
encounter certain states, making it difficult to obtain sufficient numbers of samples across all state

action pairs for MAIQL’s assumptions to hold, impeding its learning.

2.7 CONCLUSION

To the best of our knowledge, we are the first to provide algorithms for learning MARMABs in an
online setting. We show that by following the traditional approaches to RMAB problems, i.c., seck-
ing index policies in domains with structural assumptions, MAIQL is guaranteed to converge to the
optimal solution as # — o0o. However, it is not efficient, due to its two-timescale structure, and is
limited in scope, due to its indexability assumption. We solve these challenges by going back to the
fundamentals of RMABs to develop LPQL which works well regardless of the problem structure,
and outperforms all other baselines in terms of both convergence rate and obtained reward. To-
wards a real-world RMAB deployment, our models would apply to settings that allow many repeat
interactions over a long horizon, e.g., life-long medication adherence regimens *°. However, since
our algorithms require thousands of samples to learn, more work is needed to apply to many settings
which may have short horizons. Still, this work lays a methodological and theoretical foundation for

future work in online multi-action RMABs, a crucial step toward their real-world deployment.
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Figure 2.6: Mean cumulative reward on medication adherence domain with 16 patients, B = 4 and history length of
2, 3, and 4 (top to bottom). LPQL is the fastest to converge and converges to the best policies across all history lengths.

MAIQL is slower to learn but does so eventually, where its approximate variant that learns on a single-timescale is more
stable as the state size increases.
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Learning to Recommend Interventions for

Tuberculosis Patients using Digital

Adherence Data

3.1 INTRODUCTION

The World Health Organization (WHO) reports that tuberculosis (TB) is among the top ten causes
of death worldwide "7, yet in most cases it is a curable and preventable disease. The prevalence of
TB is caused in part by non-adherence to medication, resulting in greater risk of death, reinfection
and contraction of drug-resistant TB'5". To combat non-adherence, the WHO recommends di-
rectly observed treatment (DOT), in which a health worker directly observes and confirms that a
patient is consuming the required medication daily. However, requiring patients to travel to the
DOT facility causes financial burden, and potentially social stigma due to public fear of the disease.
Such barriers contribute to patients being lost to follow up, making TB eradication difficult. Thus,
digital adherence technologies (DATs), which give patients flexible means to prove adherence, have
gained global popularity "#*.

DAT: allow patients to be “observed” consuming their medication electronically, e.g. via two-way
text messaging, video capture, electronic pillboxes, or toll-free phone calls. Health workers can then

view real-time patient adherence on a dashboard such as Figure 3.1. In addition to improving pa-

tient flexibility and privacy, the dashboard enables health workers to triage patients and focus their
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M correct B missed

Figure 3.1: 99DOTS electronic adherence dashboard seen by health workers for a given month. Missed doses are
marked in red while consumed doses are marked in green.

limited resources on the highest risk patients. Preliminary studies suggest that DATs can improve

138

adherence in multiple disease settings >**%'3°, prompting its use and evaluation for managing TB

adherence*>7. The WHO has even published a guide for the proper implementation of the tech-
nology in TB care '*%.

In this chapter, we study how the wealth of longitudinal data produced by DATs can be used to belp
health workers better triage TB patients and deliver interventions to boost overall adberence of their pa-
tient cobort. The data we analyze is from Mumbai, India and comes from a partnership with the City
TB Office of Mumbai; they have implemented a DAT by which patients prove adherence through
daily toll-free calls. The DAT system was implemented with technical support from the healthcare
technology company Everwell +5 and is known as 99DOTS?7. In fact, Everwell supports imple-

mentations of 99DOTS throughout India where there were an estimated 2.7 million cases of TB

in 2017'%7. In Mumbai, patients enrolled in 99DOTS currently receive interventions according to
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the following general guidelines. If they have not taken their medication by the afternoon, they (and
their health worker) receive a text message reminder. If the patient still does not take their medica-
tion by some time later, the worker will call the patient directly. Finally, if a patient simply does not
respond to these previous interventions after some number of days, they may be personally visited
by a health worker. Note that many of these patients live in low-resource communities where each
health worker manages tens to hundreds of patients; far more than they can possibly visit in a day.
Thus, models that can identify patients at risk of missing doses and prioritize interventions by health
workers are of paramount importance.

At first glance, the problem of predicting whom to target for an intervention appears to be
a simple supervised machine learning problem. Given data about a patient’s medication adher-
ence through their calls to the 99DOTS system, one can train a machine learning model to predict
whether they will miss medication doses in the future. However, such a model ignores the concur-
rent interventions from health workers as the data was collected, and can lead to incorrect prioriti-
zation decisions even when it is highly accurate. For instance, we might observe that missed doses
are followed by a period of medication adherence: this does not mean that people with missed doses
are more likely to take medication, but most likely that there was an intervention by a health worker
after which the patient restarted their medication.

Thus, for prescribing interventions, we need to disentangle the effect of manual interventions
from other underlying factors that result in missing a dose. However, since this data was collected
via an extensive rollout to real patients, the data contains the effects of interventions carried out
by health workers. As an additional challenge, health workers rarely record their interventions on
the 99DOTS system, making it difficult to estimate their effects. While there is a well-developed
literature on estimating heterogeneous treatment effects, standard techniques uniformly require
knowledge of which patients received an intervention"33% "4 We note that such gaps will be

common as countries eagerly adapt DAT systems in the hopes of benefiting low-income regions; to
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support the delivery of improved care, we must be able to draw lessons from this messy but plentiful
data.

In this work, therefore, we introduce a general approach for learning from adberence data with
unobserved interventions, based on domain knowledge of the intervention heuristics applied by
health workers. We construct a proxy for interventions present in the historical 99DOTS data and
develop a model to help prioritize targets of interventions for health workers in three clinical scenar-
ios:

Modeling Daily Non-Adherence Risk. We propose the prediction task: given adherence data
up to a certain time period for patients not currently considered for intervention, predict risk of
non-adherence in the next week. We then introduce machine learning models for this task, which
enable health workers to accurately identify 21% more high-risk patients and catch nearly 76% more
missed doses compared to the heuristics currently used in practice.

Predicting success of treatment. Next, we apply our framework to predict the final outcome
at the end of the six-month treatment for a patient based on their initial adherence data. Like the
previous model, this can be useful for health workers to prioritize patients who are at risk of an un-
favorable outcome, even though their adherence might be high. Additionally, since this prediction
applies over the course of several months (rather than just one week in the previous task), this model
can be useful for public health officials to better plan for TB treatment in their area, e.g. by assign-
ing or hiring additional health workers. We show that our model can be used to achieve city-wide
treatment outcome goals at nearly 40% less cost than via baselines.

Decision Focused learning. Finally, building on recent work in end-to-end decision-focused

learning 165

, we build a machine learning model which is tailored for a specific intervention planning
problem. In the planning problem, workers must balance travel costs while predicting which pa-
tients will benefit most from interventions. This example demonstrates how the modeling flexibility

enabled by our approach allows us to fine-tune and extract additional gains for particular decision
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support tasks (in this case, a 15% improvement over our earlier model).

With our proposed models, 99DOTS can leverage years of adherence data to better inform pa-
tient care and prioritize limited intervention resources. Additionally, the challenges we address are
not unique to 99DOTS or TB adherence. DATs have been implemented for disease treatment regi-
mens such as HIV and diabetes across the globe, and in each case health workers face the same chal-
lenge of prioritizing patient interventions. By enabling health workers to intervene before more
missed doses, our model will directly contribute to saving the lives of those afflicted with TB and
other diseases. That is why, though our model is not yet deployed, we are excited about our contin-
ued collaboration with the City TB Office of Mumbai and prospectively testing our model in the

field.

3.2  RELATED WoORK

Outcomes and adherence research are well studied in the medical literature for a variety of dis-
eases”®. Traditionally, studies have attempted to identify demographic or behavioral factors cor-
related with non-adherence so that health workers can focus interventions on patients who are likely
to fail. Tuberculosis in particular, given its lethality and prevalence in developing countries, has
been studied throughout the world including in Ethiopia'#*, Estonia®s, and India 3. Typically
these studies gather demographic and medical statistics on a cohort, observe their adherence and
outcomes throughout the trial, then retrospectively apply survival 14285 or logistic regression 136
analysis to determine covariates predictive of failure. Newer work has improved classification ac-
curacy via machine learning techniques such as Decision Trees, Neural Networks, Support Vector

Machines and more7+°¢:139

195, However, the conclusions connecting predictors to risk are largely
the same as in previous medical literature. While such studies have improved patient screening at

the time of diagnosis, they offer little knowledge about how risk changes during treatment. In
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this work, we show how a patient’s real-time adherence data can be used to track and predict risk
changes throughout the course of their treatment. Previous studies likely did not address this ques-
tion because accurately measuring patient adherence has historically been difficult.

However, in recent years, new technologies have made measuring daily adherence feasible in the
context of many diseases such as HIV or stroke. One such common device is an electronic pill bottle
cap that records the date/time when the cap is removed. While some previous work has used elec-
tronic cap data to determine predictors of non-adherence '*7>'*533, almost no research has used the
daily measurements made possible by the electronic cap to study changes in adherence over time.
One study used the smart pillbox data to retrospectively categorize patient adherence®#, but our fo-
cus is on prospective identification of patients at risk of missing doses before failures occur. As such
devices enter mainstream use, machine learning techniques like the ones we propose will play an
important role in the treatment of a wide spectrum of diseases.

Methodologically, our work is related to the large body of research that deals with estimating the
causal impact of interventions from observational data’'33%%"49_ Given appropriate assumptions,
such techniques allow for valid inferences about counterfactual outcomes under a different policy
for determining interventions. However, they crucially require exact knowledge of when interven-
tions were carried out. This information is entirely absent in our setting, requiring us to develop

new methods for handling #nobserved interventions in the training data.

3.3 DATA DESCRIPTION

99DOTS provides each patient with a cover for every sleeve of pills that associates a hidden un-
predictable phone number with each daily dose (note that one dose may consist of 2-5 pills). As
patients expose pills associated with each dose, they expose one phone number per day. Each patient

is instructed to place a toll-free call to the indicated number each day. 99DOTS counts a dose only
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if the patient calls the correct number for a given day. Due to the sensitivity of the health domain,
all data provided by our partners was fully anonymized before we received it. The dataset contains
over 2.1 million dose records for about 17,000 patients, served by 252 health centers across Mumbai
from Feb 2017 to Sept 2018. Table 3.1 summarizes the data. We now describe the available informa-

tion in more detail.

Table 3.1: Data Summary. *Doses per patient was calculated only on patients enrolled at least 6 months before Sept
2018.

Metric Count
Total doses recorded 2,169,976
—By patient call 1,459,908
—Manual (entered by health worker) 710,068
Registered phones 38,000
Patients 16,975
Health centers 252
Doses recorded per patient*

—Quartiles 57/149/188
—Min/Mean/Max 1/136/1409
Active patients per center per month

—Quartiles 7/18/35
—Min/Mean/Max 1/25/226

Patient Details. This is the primary record for patients who have enrolled with 99DOTS. The
table includes demographic features such as weight-band, age-band, gender and treatment center ID.
Also included are treatment start and end dates, whether treatment is completed or ongoing, and
an “adherence string” which summarizes a patient’s daily adherence. For patients who completed
treatment, a treatment outcome is also assigned according to the standard WHO definitions ' p. 5.
We label “Cured” and “Treatment Complete” to be favorable outcomes and “Died”, “Treatment

failed”, and “Lost to follow-up” to be unfavorable outcomes.
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Mapping phone numbers to patients. Patients must call from a registered phone number for
a dose to be counted by the 99DOTS system. Patients can register multiple phones, each of which
will be noted in the Phone Map table. We filtered out phones that were registered to multiple pa-
tients since they could not be uniquely mapped to patients. Also, patients who had any calls from
shared phones were filtered out to avoid analyzing incomplete call records. This removed <1% of the
patients from the data set.

Call Log. The Call Log records every call received by 99DOTS, including from patients outside
of Mumbeai. It also includes “manual doses” marked by health workers. Manual doses allow workers
to retroactively update a patient’s adherence on the dashboard. For instance, if a patient missed
a week of calls due to a cellular outage, the worker could update the record to account for those
missed doses. We filtered the Call Log to only contain entries with patients and phones registered in
Mumbai, then attached a Patient ID to each call by joining the filtered Call Log and Phone Map.

Patient Log. Each time a health worker interacts with a patient’s data in the 99DOTS dash-
board, an automatic note is generated describing the interaction. The Patient Log records each such
event, noting the type of action, Patient ID, health worker ID, the health worker’s medical unit,
what action was taken, and a timestamp. We did not calculate features from this table as they tended

to be sparse. However, this table was used for calculating our training labels as described in Section

3.4.

3.4 UNOBSERVED INTERVENTIONS

The TB treatment system operates under tight resource limitations, e.g. one health worker may be
responsible for more than 1oo patients. Thus, it is critical that workers be able to accurately rank
patient risk and prioritize interventions accordingly. Machine learning can be used to accomplish

such risk ranking with promising accuracy, but it requires taking special care to understand how
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intervention resources were allocated in the existing data.

Therefore, a key challenge is that users of the 99DOTS platform generally do not record inter-
ventions: workers may make texts, calls, or personal visits to patients to try to improve adherence,
but these interventions are not routinely logged in the data. While far from ideal, such gaps are in-
evitable as countries with differing standards of reporting adopt DATs for TB treatment. Given the
abundance of data created by DATSs and their potential to impact human lives, we emphasize the
importance of learning lessons in this challenging setting where unobserved interventions occur. We
next resolve this challenge by formulating a screening procedure which identifies patients who were
likely candidates for particular interventions. However, we first illustrate the pitfalls of training and
using a risk model in this domain without our screening procedure.

Consider a naive model trained on the data as-is. Some of the data will be influenced by the his-
torical interventions carried out by health workers. Thus, such a model will learn how to predict
patient adherence given existing worker bebaviors. Now consider the model’s intended use, namely
to recommend a new prioritization of limited resources based on risk. Then in deployment, some
patients who would have received interventions under the historical policy would be judged not to
require intervention by the new model. While such prioritization is desirable under resource con-
straints, naive models which ignore the impact of interventions in the dataset can actually worsen
patient outcomes. For instance, assume we use the naive model to make a prediction about the pa-
tient from Section 3.1 who had a week of missed doses, an intervention, then a week of good adher-
ence. By correctly predicting this patient’s good adherence the naive model would recommend no
intervention — but this patient’s good adherence is contingent on the hidden intervention in the data.
Hence, the naive model will take resources away from exactly the patients who would benefit most. To
avoid such pitfalls arising from unobserved interventions, we must train and evaluate on data that is
not influenced by such intervention effects. We now describe our general method for reshaping data

around intervention effects to build valid models.
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Intervention Proxy. Our goal is to use the available data to formulate a proxy for when an
intervention is likely to have occurred, so that we can train our models on data points which are
unaffected by interventions. The key is to identify a conservative estimate for where interventions
occur to ensure that data with intervention signals are not included. First, we draw a distinction be-
tween different types of health worker interventions. Specifically, we consider a house visit to be a
“resource-limited” intervention since workers cannot visit all of their patients in a timely manner.
Generally, this is a last resort for health workers when patients will not respond to other methods.
Alternatively, we consider calls and texts to be “non-resource-limited” interventions since they could
feasibly be made on a large number of patients at very low cost. Note that the naive model in the
previous section coxld make valid recommendations for actions 7z addition to normal health worker
behaviors. For this reason, we develop a proxy only for resource-limited interventions since non-
resource-limited interventions come virtually for “free”.

To formulate our proxy, we first searched for health worker guidelines for carrying out house
visits. The 2005 guide by India’s Revised National Tuberculosis Control Program (RNTCP) >3
required that workers deliver a house visit after a single missed dose, but updated guides are far more
vague on the subject. Both the most recent guide by the WHO **® and by the RN'TCP "3+ leave
house visits up to the discretion of the health worker. However, through discussions in Mumbai we
learned that health workers prioritize non-adherent patients for resource-limited interventions such
as house visits. Thus, we formulated our proxy based on the adherence dashboard seen by health
workers.

The 99DOTS dashboard gives a daily “Attention Required” value for each patient. Firs, if a pa-
tient has an entry in the Patient Log (i.e. provider made a note about the patient) in the last 7 days
they are automatically changed to “MEDIUM?” attention, but this rule affects <1% of the labels.
The remaining 99% of labels are as follows: If a patient misses o or 1 doses in the last 7 days, they

are changed to “MEDIUM?” attention, whereas if they miss 4 or more they are changed to “HIGH”

70



attention. Patients with 2-3 missed doses retain their attention level from the previous day. As our
conservative proxy, we assumed that only “HIGH?” attention patients were candidates for resource-
limited interventions since the attention level is a health worker’s primary summary of recent patient
adherence. This “Attention Required” system for screening resource-limited interventions is gen-
eralizable to any daily adherence setting; one need only to identify the threshold for a change to
HIGH attention.

With this screening system, we can identify sequences of days during which a patient was a can-
didate for a resource-limited intervention, and subsequently avoid using signal from those days in
our training task. We accomplish this with our formulation of the real-time risk prediction task as
follows.

Consider a given set of patients on the dashboard of a health worker at day #. Each patient will
have an “Attention Required” value in {MEDIUM, HIGH} representing their risk for that day.
Over the course of the next week up to ¢ + 7, we will observe call behavior for each patient and so
the attention for each patient may also change each day. Between 7 4 1and 7 + 7, any patient that is
at HIGH on a given day may receive a resource-limited intervention while those at MEDIUM may
not. Note that a change from MEDIUM to HIGH on day #; where# + 1 < #; < ¢ 4 7 means
that a patient missed 4 doses over days [#; — 6, #;]. Patients at HIGH attention are already known to
the health worker, so the goal for our ML system is to help prevent transitions from MEDIUM to
HIGH by predicting which patients are at greatest risk before the transition occurs and allowing a
health worker to intervene early.

We formalize our prediction task as follows. For each patient who is MEDIUM at time 7, use data
from days [# — 6, #] to predict whether or not they change to HIGH at any time #; where 7 + 1 <
t; < t+ 7. We now demonstrate that, with our intervention proxy, resource-limited intervention
effects cannot effect labels in this formulation. First, if a patient stays at MEDIUM for all ;, then

the label is o. Since the patient was at MEDIUM for all #;, our proxy states that no resource-limited
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intervention took place between our prediction time # and the time that produced the label, # + 7.
Second, if a patient changes from MEDIUM to HIGH on day ¢, then on day #; we establish that the
label is 1. By our proxy, any resource-limited intervention effect must happen in [#; + 1, £ 4 7, since
attention is established at the end of a day #,. So again, we have that no resource-limited intervention
took place between our prediction time # and the time that produced the label, z.

Since we ensure that no resource-limited interventions happen between our prediction time and
the time the label is generated, we ensure that intervention effects cannot influence our labels. Now,
if we predict that a patient will have good adherence we can safely recommend no intervention since
our combined screening and training method guarantees that their good adherence is zot contingent
on an intervention. Thus our classifier is suited to make predictions that prioritize resource-limited
interventions.

Despite messy data affected by unobserved interventions, this conservative, general proxy generates
clean data without interventions. In the next section, we show how this approach leads to significant
improvements in prediction performance and creates valid recommendations to enable interven-

tions among patients at immediate risk of becoming non-adherent.

3.5 REAL-TIME Risk PREDICTION

We now build a model for the prediction task formalized in Section 3.4 which leverages our inter-
vention screening proxy. We aimed to develop a model corresponding to the health worker’s daily
task of using their patients’ recent call history to evaluate adherence risk with the goal of scheduling
different types of interventions. Better predictions allow workers to proactively intervene with more
patients before they miss critical doses.

Sample Generation. We started with the full population of 16,975 patients and generated train-

ing samples from each patient as follows. We considered all consecutive sequences of 14 days of call
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data where the first 7 days of each sequence were non-overlapping. We excluded each patient’s first
7 days and the last day of treatment to avoid bias resulting from contact with health workers when
starting or finishing treatment. We then took two filtering steps. First, we removed samples where
the patient had more than 2 doses manually marked by a provider during the input sequence since
these patients likely had contact with their provider outside of the 99DOTS system. Second, we re-
moved samples in which the patient did not miss any doses in the input sequence. These samples
made up the majority of data but included almost no positive (HIGH risk) labels, which distorted
training. Further, positive predictions on patients who missed o doses are unlikely to be useful; no
resource-limited intervention can be deployed so widely that patients with perfect recent adherence
are targeted. The above procedure generated 16,015 samples (2,437 positive).

Features. Each sample contained a time-series of call data and static features. The time series
included two sequences of length 7 for each sample. First was a binary sequence of call data (1 for
a call or manual dose and o for a miss.) The second sequence was a cumulative total of all doses
missed up to that day, considering the patient’s full history in the program. The static features
included four demographic features from the Patient Table: weight-band, age-band, gender, and
treatment center ID. Additional features were engineered from the patient Call Logs and captured
a patient’s behavior rather than just their adherence. For example, does the patient call at the same
time every morning or sporadically each day? This was captured through the mean and variance
of the call minute and hour. Other features included number of calls, number of manual doses,
mean/max/variance of calls per day as well as days per call. We also included analogous features
which used only #nigue calls per day (i.e. calls fo unique phone numbers), or ignored manual doses.
This process resulted in 29 descriptive features.

Models. We first tested standard models which use only the static features: linear regression, a
random forest'*# (with 100 trees and a max depth of 5), and a support vector machine. The ran-

dom forest performed best, so we exclude the others for clarity. To leverage the time series data we
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Figure 3.2: ROC Curve for the weekly risk prediction task comparing the missed call baseline (blue), Random Forest
(yellow) and LEAP (green). Numbers under the blue curve give thresholds used to calculate the baseline’s ROC curve.

also built a deep network, named LEAP (Lstm rEal-time Adherence Predictor), implemented with
Keras*® which takes both the time series and static features as input. LEAP has two input layers: 1)
a LSTM with 64 hidden units for the time series input and 2) a dense layer with roo units for the
static feature input. We concatenated the outputs of these two layers to feed forward into another
dense layer with 16 units, followed by a single sigmoid activation unit. We used a batch size of 128
and trained for 20 epochs.

Model Evaluation. To evaluate models we randomized all data then separated 25% as the test
set. We used 4-fold grid search to determine the best model parameters. To deal with class imbal-
ance, we used SMOTE to over-sample the training set* implemented with the Python library im-
blearn??. We also normalized features as percentiles using SKLearn '*# which we found empirically
to work well. The baseline we compared against was the method used by the existing 99DOTS plat-
form to asses risk, namely doses missed by the patient in the last week (lw-Misses).

Figure 3.2 shows the ROC curve of our models vs. the baseline. The random forest narrowly

outperforms the baseline and LEAP clearly outperforms both. However, to evaluate the usefulness
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Table 3.2: LEAP vs. Baseline - Missed Doses Caught

Method True Positives  Doses Caught
Baseline 204 204
LEAP 248 360
Improvement 21.6% 76.5%

LEAP vs. baseline for catching missed doses with a fixed false positive rate. Our method learns behaviors indicative of
non-adherence far earlier than the baseline, allowing for more missed doses to be prevented.

Table 3.3: LEAP vs. Baseline: Additional Interventions

TPR  Baseline FPR  LEAP FPR  Improvement

75% 50% 35% 30%
80% 63% 41% 35%
90% 82% 61% 26%

LEAP vs. baseline for implementing new interventions. At any TPR LEAP improves over the baseline FPR, allowing for

more precisely targeted interventions.

of our methods over the baseline, we consider how each method might be used to plan house-visit
interventions. Since this is a very limited resource, we set the strictest baseline threshold to consider
patients for this intervention; that is 3 missed calls. Fixing the FPR of this baseline method, Table
3.2 shows how many more patients in the test set would be reached each week by our method (as a
result of its higher TPR) as well as the improvement in number of missed doses caught. To calculate
missed doses caught, we count only missed doses that occur before the patient moves to HIGH risk.
Our model catches 21.6% more patients and 76.5% more missed doses, demonstrating substantially
more precise targeting than the baseline.

Table 3.3 shows that our model also outperforms the baseline as both the true positive rate
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(TPR) and FPR increase, showcasing our model’s greater discriminatory power. This is useful for
non-resource-limited interventions such as calls or texts. Recall, that our screening procedure does
not apply to this type of intervention, so our predictions may only recommend additional inter-
ventions. It is important that additional interventions be carefully targeted since repeated contact
with a given patient reduces the efficacy of each over time?*”. This highlights the value of the greater
precision offered by our model, since simply blanketing the entire population with calls and texts is
likely counterproductive.

Interpretability. Our model has the potential to catch more missed doses than current meth-
ods. However, these gains cannot become reality without health workers on the ground delivering
interventions based on the predictions. Interpretability is thus a key factor in our model’s usefulness
because health workers need to understand why our model makes its predictions to trust the model
and integrate its reasoning with their own professional knowledge.

However, the best predictive performance was achieved with LEAP, a black-box network, rather
than a natively interpretable model like linear regression. Accordingly, we show how a visualization
tool can help users draw insights about our model’s reasoning. We used the SHapley Additive ex-
Planations (SHAP) python library, which generates visualizations for explaining machine learning
models'°°. Figure 3.3a shows how static features influence our model’s prediction, where red fea-
tures push predictions toward 1 (HIGH) and blue toward o (MEDIUM). Recall that features are
scaled as percentiles. In the blue, we see that this patient makes an above-average number of calls
each week pushing the prediction toward o. However, in the red we see that this patient has a very
low average but a bigh variability in time between calls. These features capture that this patient
missed two days of calls, then made three calls on one day in an attempt to “back log” their previous
missed calls. Our model learned that this is a high-risk behavior.

Figure 3.3b shows four different samples as input to the LSTM layer of our model. The left

shows the binary input sequence as colored pixels where black is a call and yellow is a missed call.
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Figure 3.3: Visualization of the (a) dense layer and (b) LSTM layer of our weekly risk prediction model. Red values corre-
spond to inputs that push predictions toward output of 1; blue values push toward output of 0.
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On the right are SHAP values corresponding to each day of adherence data, and grey denotes the
start of the call sequence. We see that the model learned that calls later in the week carry more weight
than calls earlier in the week. In Sample 1, the bottom two pixels (the most recent calls) have blue
SHAP values while the other pixels have SHAP value close to o. In Sample 3, a single missed call at
the beginning of the week combined with a call made at the end of the week result in essentially can-
celling SHAP values. Sample 4 also has one missed call but on the last day of the week, resulting in a
net positive SHAP value.

This visualization technique provides intuitive insights about the rules learned by our model. In
deployment, workers could generate these visualizations for any sample on the fly in order to aid

their decision-making process.

3.6 OUTCOME PREDICTION

Next we investigate how adherence data can be used to predict final treatment outcome. Traditional
TB treatment studies model outcomes only as they relate to patient covariates such as demographic
features. Exploiting daily real-time adherence data provided by DATSs, we investigate how using the
first £ days of a patient’s adherence enables more accurate, personalized outcome predictions. Note
that intervention effects are still present in this formulation. However, our screening procedure will
not apply since we predict over a period of several months, during which virtually all patients would
have had repeated in-person contact with health workers.

Sample Generation and Features. We formalize the prediction task as follows: given the first
k days of adherence data, predict the final binary treatment outcome. We considered “Cured” and
“Treatment Complete” as favorable outcomes and “Died”, “Lost to follow-up”, and “Treatment
Failure” as unfavorable outcomes. We only include patients who were assigned an outcome from

these categories. Further, since patients with the outcome “Died” or “Lost to follow-up” exit the
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program before the full 6 months of treatment, we removed those who were present for less than
k 41 days. Our final dataset contained 4167 samples with 433 unfavorable cases.

Through discussions in Mumbai, we learned that health workers often build a sense of a patient’s
risk of an unfavorable outcome within their first month of treatment. To model this process, we set
k=35 for our prediction task, capturing the first month of each patient’s adherence after enrollment
in 99DOTS. (Note that this is not a general rule for health workers, but simply served as a motiva-
tion for our choice of k in this task.) Both the static features and the sequence inputs were the same
as calculated for the weekly prediction task, but now taken over the initial 35 days. We included two
versions of the health worker baseline: missed doses in the last week (lw-Misses) and total missed
doses in 35 days (t-Misses).

Model Evaluation. We used the same models, grid search design, training process, and evalua-
tion procedure as before. For the Random Forest we used 150 trees and no max depth. For LEAP,
we used 64 hidden units for the LSTM input layer, 48 units for the dense layer input, and 4 units in
the penultimate dense layer.

Figure 3.4 shows ROC curves for each model. Even the very simple baseline of counting the
calls made in the last 7 days before the 35 day cutoft is fairly predictive of outcome suggesting that
the daily data made available by DATS is valuable in evaluating which patients will fail from TB
treatment. Our ML models display even greater predictive power, with LEAP performing the best,
followed closely by the random forest. We highlight how LEAP’s predictive power could help of-
ficials minimize the costs necessary to reach medical outcome goals for their city. For example, say
Mumbai launches a new initiative to catch 80% of unfavorable outcomes (true positives in Figure
3.4) by hiring new health staff. Over the 17,000 patients in Mumbai, where 10% have unsuccessful
outcomes as in our test set, an 80% catch rate requires saving 1360 patients. Using either baseline,
achieving the 80% TPR requires a FPR of 70%, i.e., hiring additional staft to support 70710 total

patients in this example scenario. However, using LEAP only incurs a FPR of 42%, translating to
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Figure 3.4: ROC curves for outcome prediction models.

6426 total patients. Recall that in Mumbai, the average health worker cares for about 25 patients.
Ata yearly starting salary of ¥216,864** (or $3026) our model would yield ¥37M in saved costs (or

$525,000) per year.

3.7 DEcisioN FOCcUSED LEARNING

We now explore a case study of how our LEAP model can be specialized to provide decision support
for a particular intervention. We exploit end-to-end differentiability of the model to replace our
earlier loss function (binary cross-entropy) with a performance metric tailored to the objective and
constraints of specific decision problem. To accomplish this end-to-end training, we leverage recent
advances in decision-focused learning, which embeds an optimization model in the loop of machine
learning training'®5+".

We focus on a specific optimization problem that models the allocation of health workers to in-
tervene with patients who are at risk in the near future. This prospective intervention is enabled by

our real-time risk predictions and serves as an example of how our system can enable proactive, tar-
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geted action by providers. However, we emphasize that our system can be easily modified to capture
other intervention problems. Such flexibility is one benefit to our technical approach, which allows
the ML model to auntomatically adapt to the problem specified by a domain expert.

Our optimization problem models a health worker who plans a series of interventions over the
course of a week. The health worker is responsible for a population of patients across different lo-
cations, and may visit one location each day. We use location identifiers at the level of the TB Unit
since this is the most granular identifier which is shared by the majority of patients in our dataset.
Visiting a location allows the health worker to intervene with any of the patients at that location.
The optimization problem is to select a set of locations to visit which maximizes the number of
patients who receive an intervention on or before the first day they would have missed a dose. We re-
fer to this quantity as the number of successful interventions, which we choose as our objective for
two reasons. First, it measures the extent to which the health worker can proactively engage with
patients before adherence suffers. Second, this objective only counts patients who start the week
at MEDIUM attention and receive an intervention before they could have transitioned to HIGH,
dovetailing with our earlier discussion on avoiding unobserved interventions in the data. This ex-
tends our earlier intervention proxy to handle day-by-day rewards.

We now show how this optimization problem can be formalized as a linear program. We have a
set of locations 7 = 1...L and patientsj = 1...N where patient j has location £;. Over days of the
week £ = 1...7, the objective coefficient ¢;; is 1 if an intervention on day # with patient 7 is successful

and o otherwise. Our decision variable is x;,, and takes the value 1 if the health worker visit location 7
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on day # and o otherwise. With this notation, the final LP is as follows:

7 L
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where the second constraint prevents the objective from double-counting multiple visit to a lo-
cation. We remark that the feasible region of the LP can be shown to be equivalent to a bipartite
matching polytope, implying that the optimal solution is always integral.

The machine learning task is to predict the values of the ¢;;, which are unknown at the start of the
week. We compare three models. First, we extend the Iw-Misses baseline to this setting by threshold-
ing the number of doses patient j missed in the last week, setting ¢;; = 0 for all # if this value falls
below the threshold 7and ¢;; = 1 otherwise. We used 7 = 1 since it performed best. Second, we
trained our LEAP system directly on the true ¢ as a binary prediction task using cross-entropy loss.
Third, we trained LEAP to predict ¢;; using performance on the above optimization problem as the
loss function (training via the differentiable surrogate given by Wilder et al. '®5). We refer to this
model as LEAP-Decision.

We created instances of the decision problem by randomly partitioning patients into groups of
100, modeling a health worker under severe resource constraints (as they would benefit most from
such a system). We included all patients, including those with no missed doses in the last week, since
the overall resource allocation problem over locations must still account for them.

Figure 3.5 shows results for this task. In the top row, we see that LEAP and LEAP-Decision both
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outperform lw-Misses, as expected. LEAP-Decision improves the number of successful interven-
tions by approximately 15% compared to LEAP, demonstrating the value of tailoring the learned
model to a given planning problem. LEAP-Decision actually has worse AUC than either LEAP or
Iw-Misses, indicating that typical measures of machine learning accuracy are not a perfect proxy for
utility in decision making. To investigate what specifically distinguishes the predictions made by
LEAP-Decision, the bottom row of Figure 3.5 shows scatter plots of the predicted utility at each
location according to LEAP and LEAP-Decision versus the true values. Visually, LEAP-Decision
appears better able to distinguish the high-utility outliers which are most important to making good
decisions. Quantitatively, LEAP-Decision’s predictions have worse correlation with the ground
truth overall (0.463, versus 0.5 19 for LEAP), but better correlation on locations where the true util-
ity is strictly more than 1 (0.504 versus 0.409). Hence, decision-focused training incentivizes the
model to focus on making accurate predictions specifically for locations that are likely to be good
candidates for an intervention. This demonstrates the benefit of our flexible machine learning mod-
eling approach, which can use custom-defined loss functions to automatically adapt to particular

decision problems.

3.8 DiscussioN

We present a framework for learning to make intervention recommendations from data generated
by DAT systems applied to TB care. We develop a general approach for learning from medical ad-
herence data that contains unobserved interventions and leverage this approach to build a model
for predicting risk in multiple settings. In the real-time adherence setting, we show that our model
would allow health workers to more accurately target interventions to high risk patients sooner —
catching 21% more patients and 76% more missed doses than the current heuristic baseline. Next,

we train our model for outcome prediction, showing how adherence data can more accurately de-
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Figure 3.5: Results for decision focused learning problem. Top row: successful interventions and AUC for each method.
Bottom row: visualizations of model predictions.

tect patients at risk of unfavorable treatment outcomes. We finally show that tailoring our model for
a specific intervention via decision-focused learning can improve performance by a further 15%. The
learning approaches we present here are general and could be leveraged to study data generated by
DATs as applied to any medication regimen. With the growing popularity of DAT systems for TB,
HIV, Diabetes, Heart Disease, and other medications, we hope to lay the groundwork for improved

patient outcomes in healthcare settings around the world.
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Collapsing Bandits and Their Application

to Public Health Interventions

4.1  INTRODUCTION

Motivation. This chapter considers scheduling problems in which a planner must act on £ out of

N binary-state processes each round. The planner fully observes the state of the processes on which
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she acts, then all processes undergo an action-dependent Markovian state transition; the state of the
process is unobserved until it is acted upon again, resulting in uncertainty. The planner’s goal is to
maximize the number of processes that are in some “good” state over the course of 7" rounds. This

class of problems is natural in the context of monitoring tasks which arise in many domains such as

68,54, 130

sensor/machine maintenance 155 anti-poaching patrols '*°, and especially healthcare. For ex-
ample, nurses or community health workers are employed to monitor and improve the adherence
of patient cohorts to medications for diseases like diabetes'*®, hypertension >#, tuberculosis *3>*7
and HIV 777, Their goal is to keep patients adherent (i.e., in the “good” state) but a health worker
can only intervene on (visit) a limited number of patients each day. Health workers can play a sim-
ilar role in monitoring and delivering interventions for patient mental health, e.g., in the context of
depression?®""* or Alzheimer’s Disease 5.

We adopt the solution framework of Restless Multi-Arm Bandits (RMABs), a generalization
of Multi-Arm Bandits (MABs) in which a planner may act on £ out of N arms each round that
each follow a Markov Decision Process (MDP). Solving an RMAB is PSPACE-hard in general ***.
Therefore, a common approach is to consider the Lagrangian relaxation of the problem in which
the % budget constraint is dualized. Solving the relaxed problem gives Lagrange multipliers which
act as a greedy index heuristic, known as the Whittle index, for the original problem. Specifically, the
Whittle index policy computes the Whittle index for each arm, then plays the top £ arms with the
largest indices. The Whittle index policy has been shown to be asymptotically optimal (i.e., N — 00
with fixed %) under a technical condition '®" and generally performs well empirically® making it a
common solution technique for RMABs.

Critically, using the Whittle index policy requires two key components: (i) a fast method for
computing the index and (ii) proving the problem satisfies a technical condition known as zndex-

ability. Without (i) the approach can be prohibitively slow, and without (ii) asymptotic perfor-

mance guarantees are sacrificed '°'. Neither (i) nor (ii) are known for general RMABs. Therefore,
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to capture the scheduling problems addressed in this work, we introduce a new subclass of RMABs,
Collapsing Bandits, distinguished by the following feature: when an arm is played, the agent fully
observes its state, “collapsing” any uncertainty, but when an arm is passive, no observation is made
and uncertainty evolves. We show that this RMAB subclass is more general than previous models
and leads to new theoretical results, including conditions under which the problem is indexable
and under which optimal policies follow one of two simple threshold types. We use these results to
develop algorithms for quickly computing the Whittle index. In experiments, we analyze the algo-
rithms’ performance on (i) data from a real-world healthcare scheduling task in which our approach
ties state-of-the-art performance at a fraction the runtime and (ii) various synthetic distributions,
some of which the algorithm achieves performance comparable to the state of the art even outside its
optimality conditions.

To summarize, our contributions are as follows: (i) We introduce a new subclass of RMABs, Col-
lapsing Bandits, (ii) Derive theoretical conditions for Whittle indexability and for the optimal policy
to be threshold-type, and (iii) Develop an efficient solution that achieves a 3-order-of-magnitude
speedup compared to more general state-of-the-art RMAB techniques, without sacrificing perfor-

mance.

4.2 RESTLESS MULTI-ARMED BANDITS

An RMAB consists of a set of N arms, each associated with an MDP with two actions'*°. An MDP
{8, A, r, P} consists of a set of states S, a set of actions .4, a state-dependent reward function 7 :
S — R, and a transition function P, where PZ!’ denotes the probability of transitioning from state s
to s when action « is taken. An MDP policy = : S — A represents a choice of action to take at each
state. We consider both discounted and average reward criteria. The long-term discounted reward

starting from state s) = sis defined as Rg(;) = E 3720 Br(sepr ~ T(se, w(se),s041) |7, 50 = 5]
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where 8 € [0,1) is the discount factor and actions are selected using 7. To define average reward,
letf7(s) : S — [0,1] denote the occupancy frequency induced by policy 7, i.e., the fraction of
time spent in each state of the MDP. The average reward R" of policy 7 be defined as the expected
reward computed over the occupancy frequency: R = > ¢ f7(s)7(s).

Each arm in an RMAB is an MDP with the action set A = {0, 1}. Action 1(0) is called the
active (passive) action and denotes the arm being pulled (not pulled). The agent can pull at most
k arms at each time step. The agent’s goal is to maximize either her discounted or average reward
across the arms over time. Some RMAB problems need to account for partial observability of states.
It is sufficient to let the MDP state be the belief state: the probability of being in each latent state”?.
While intractable in general due to infinite number of reachable belief states, most partially observ-
able RMABs studied (including our Collapsing Bandits) have polynomially many belief states due
to a finite time horizon or other structures.

Related work. RMABs have been an attractive framework for studying various stochastic
scheduling problems since Whittle indices were introduced '®*. Because RMABs are PSPACE-
hard '**, studies usually consider restricted classes under which some performance guarantees can
be derived. Collapsing Bandits form one such novel class that generalizes some existing results which
we note in later sections. Liu & Zhao *° develop an efficient Whittle index policy for a 2-state par-
tially observable RMAB subclass in which the state transitions are unaftected by the actions taken
and reward is accrued from the active arms only. Akbarzadeh & Mahajan © define a class of bandits
with “controlled restarts,” giving indexability results and a method for computing the Whittle in-
dex. However, “controlled restarts” define the active action as state independent, a stronger assump-
tion than Collapsing Bandits which allow state-dependent action eftects. Glazebrook et al. 5* give
Whittle indexability results for three classes of restless bandits: (1) A machine maintenance regime
with deterministic active action effect (we consider stochastic active action effect) (2) A switching

regime in which the passive action freezes state transitions (in our setting, states always change re-
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gardless of action) (3) A reward depletion/replenishment bandit which deterministically resets to

a start state on passive action (we consider stochastic passive action effect). Hsu ®* and Sombabu
etal. '*> augment the machine maintenance problem from Glazebrook et al. °* to include either
i.i.d. or Markovian evolving probabilities of an active action having no effect, a limited form of
state-dependent action. Meshram et al. ' introduce Hidden Markov Bandits which, similar to

our approach, consider binary state transitions under partial observability, but do not allow for state
dependent rewards on passive arms. In sum, our Collapsing Bandits introduce a new, more general
RMAB formulation than special subclasses previously considered. Qian et al. *° present a generic
approach for any indexable RMAB based on solving the (partially observable) MDPs on arms di-
rectly. Because we derive a closed form for the Whittle index, our algorithm is orders of magnitude

faster.

4.3 CoOLLAPSING BANDITS

We introduce Collapsing Bandits (CoB) as a specially structured RMAB with partial observability.
In CoB, eacharmz € {1,..., N} has binary latent states S = {0, 1}, representing bad and good
state, respectively. The agent acts during each of finite daysz € 1, ..., T. Leta, € {0, 1}V denote
the vector of actions taken by the agent on day z. Arm 7 is said to be active at tif a,(n) = land
passive otherwise. The agent acts on & arms per day, i.e., ||4;|| = k, where # < Nbecause resources
are limited. When acting on arm #, the true latent state of 7 is fully observed by the agent and thus
its uncertainty “collapses” to a realization of the binary latent state. We denote this observation as
w € 8. States of passive arms are completely unobservable by the agent.

Active arms transition according to the transition matrix Pi ’;,1 and passive arms transition ac-
cording to Pf, ;,1 We drop the superscript 7z when there is no ambiguity. Our scheduling problem,

like many problems in analogous domains, exhibits the following natural structure: (i) processes are
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Figure 4.1: Belief-state MDP under the policy of always being passive. There is one chain for each observation w €
{0, 1} with the head marked black. Belief states deterministically transition down the chains.

more likely to stay “good” than change from “bad” to “good”; (ii) when acted on, they tend to im-
prove. These natural structures are respectively captured by imposing the following constraints on
P and P* for each arm: (i) P&l < Pil and Pg; < Pyy;(ii) 1)8,1 < Pjpand Pil < Pf;. Toavoid
unnecessary complication through edge cases, all transition probabilities are assumed to be nonzero.
. N .
t —1°t > t .
The agent receives reward 7, = ), 5,(n) at ¢, where s,(n) is the latent state of arm 7 at #. The

agent’s goal is to maximize the long term rewards, either discounted or average, defined in Sec. 4.2.

BELIEF-STATE MDP REPRESENTATION  In limited observability settings, belief-state MDPs
have organized chain-like structures, which we will exploit. In particular, the only information that
affects our belief of an arm being in state 1 is the number of days since that arm was last pulled and
the state w observed at that time. Therefore, we can arrange these belief states into two “chains” of
length 7; each for an observation w. A sketch of the belief state chains under the passive action is
shown in Fig. 4.1. Let b,,(#) denote the belief state, z.e., the probability that the state is 1, if the agent
received observation @ € {0,1} when itacted on the process # days ago. Note that 4,,(«) is also the
expected reward associated with that belief state, and let I8 be the set of all belief states.

When the belief-state MDP is allowed to evolve under some policy, the following mechanism
arises: first, after an action, the state w is observed (uncertainty “collapses”), then one round passes
causing the agent’s belief to become P;, |, representing the head of the chain determined by w.

Subsequent passive actions cause the process to transition deterministically down the same chain
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(though, the transition in the latent state is still stochastic). Then when the process’s arm is active, it
transitions to the head of one of the chains with probability equal to the belief that the correspond-
ing observation would be emitted (see Fig. 4.2a for an illustration).

The belief associated with a belief state can be calculated in closed form with the given transition

probabilities. Formally,

P 1
b,(u) = 7,—1(P, ) Vu € [T] where 7,(b) = ; : ,

4.4 CoOLLAPSING BANDITS: THRESHOLD POLICIES AND WHITTLE INDEXABILITY

Because of the well-known intractability of solving general RMABs, the widely adopted solution
concept in the literature of RMABs is the Whittle index approach; for a comprehensive descrip-
tion, see Whittle '¢3. Intuitively, the Whittle index captures the value of acting on an arm in a
particular state by finding the minimum subsidy m the agent would accept to not act, where the
subsidy is some exogenous “donation” of reward. Formally, the modified reward function be-
comes7y, : S X A — R,wherer,(s,0) = r(s) + mand r,(s,1) = r(s). Let RZ,, (s5) =
E[32020 B m (s, w(se))| 7,50 = 5] and Ry, = 3=, 7 (5)7m(s, 7(5)) be the discounted and average
reward criteria for this new subsidy setting, respectively. The former is maximized by the discounted
value function (we give a value function for the average reward criterion in Fast Whittle Index

Computation):

m+ b+ BVu(r1(b)) assive
Vin(b) = max #Vmin P (4.2)

b +ﬂ(me(Pf,1) + 1 =8)Vu(P5y)) active

)

91



where 7 is defined in Eq. 4.1 and 4 is shorthand for 4,,(%). In a CoB, the Whittle index of a belief

state & is the smallest 7 s.t. it is equally optimal to be active or passive in the current state. Formally:
W) =inf{m: V,,(b;a=0)> V,,(b;a=1)} (4.3)

Critically, performance guarantees hold only if the problem satisfies ndexability '3, a condition
which says that for all states, the optimal action cannot switch to active as 7 increases. Let IT}, be

the set of policies that maximize a given reward criterion under subsidy 2.

Definition 4.4.1 (Indexability). An arm is indexable if B*(m) = {b : Vx € II},, =(b) = 0}
monotonically increases from ) to the entire state space as m increases from —oo to 00. An RMAB is

indexable if every arm is indexable.
The following special type of MDP policy is central to our analysis.

Definition 4.4.2 (Threshold Policies). A policy is a forward (reverse) threshold policy if there exists
a threshold by, such that 7(b) = 0 (w(b) = 1) if'b > by, and =(b) = 1(z(b) = 0) otherwise.

Theorem 4.4.3. If for each arm and any subsidy m € R, there exists an optimal policy that is a
forward or reverse threshold policy, the Collapsing Bandit is indexable under discounted and average

reward criteria.

Proof Sketch. Using linearity of the value function in subsidy 7 for any fixed policy, we first argue
that when forward (reverse) threshold policies are optimal, proving indexability reduces to showing
that the threshold monotonically decreases (increases) with 7. Unfortunately, establishing such a
monotonic relationship between the threshold and 2 is a well-known challenging task in the litera-
ture that often involves problem-specific reasoning *°. Our proof features a sophisticated induction

argument exploiting the finite size of B and relies on tools from real analysis for limit arguments.
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All formal proofs can be found in the appendix. We remark that Thm. 4.4.3 generalizes the result
in the seminal work by Liu & Zhao *® who proved the indexability for a special class of CoB. In par-
ticular, the RMAB in Liu & Zhao °° can be viewed as a CoB setting with P* = I?, i.e., transitions
are independent of actions.

Though the Whittle index is known to be challenging to compute in general 163 we are able to
design an algorithm that computes the Whittle index efficiently assuming the optimality of thresh-

old policies, which we now describe.

Fast WHITTLE INDEX COMPUTATION  The main algorithmic idea we use is the Markov chain
structure that arises from imposing a forward threshold policy on an MDP. A forward threshold
policy can be defined by a tuple of the first belief state in each chain that is less than or equal to some
belief threshold 4, € [0, 1]. In the two-observation setting we consider, this is a tuple (Xg”’ ,X‘lf’}’ )
where ij’” € 1,..., T'is the index of the first belief state in each chain where it is optimal to act
(i.e., the belief is less than or equal to 4,;,). We now drop the superscript &y, for ease of exposition.
See Fig. 4.2a for a visualization of the transitions induced by such an example policy. For a forward

threshold policy (Xo, X7), the occupancy frequencies induced for each state b,,(#) are:

,

a fo=0u<X

ﬁXO’Xl)(bw(”)) =\ 8 ifo=1Lu<X (4-4)

0 otherwise
\

_( &ibo(Xo)) o Xb(X) ' by(Xo)
o= (1_21()?1) +X0) B = (1 — Zl&l) +Xo> 1—0b1((j)(1) (4-5)

These equations are derived from standard Markov chain theory. These occupancy frequencies do

not depend on the subsidy. Let ](7,5( 1) be the average reward of policy (Xo, X;) under subsidy 2.
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Figure 4.2: (a) Visualization of forward threshold policy (X, = 4,X; = 3). Black nodes are the head of each chain
and grey nodes are the thresholds. (b) Non-increasing belief (NIB) process has non-increasing belief in both chains. A

split belief process (SB) has non-increasing belief after being observed in state 1, but non-decreasing belief after being
observed in state 0.

We decompose the average reward into the contribution of the state reward and the subsidy

J0X) = N7 50X (p) (1 — A5 (b (X7)) — [N (o (X)) (4.6)

beB

Recall that for any belief state &,,(#), the Whittle index is the smallest 72 for which the active and
passive actions are both optimal. Given forward threshold optimality, this translates to two corre-
sponding threshold policies being equally optimal. Such policies must have adjacent belief states as
thresholds, as can be concluded from Lemma C.1.0.1 in Appendix C.1. Note that for a belief state
by (Xo) the only adjacent threshold policies with active and passive as optimal actions at & (X)) are
(Xo,X1) and (Xy + 1, X7) respectively. Thus the subsidy which makes these two policies equal in
value must thus be the Whittle Index for by (Xy ), which we obtain by solving: jﬁffo X)) _ ](W)lﬂ>+1,X1)

for m. We use this idea to construct two fast Whittle index algorithms.

SEQUENTIAL INDEX COMPUTATION ALGORITHM  Alg. 4.4.1 precomputes the Whittle index
of every belief state for each process, having time complexity O(|S|>TN). Then, the per-round

complexity to retrieve the top 4 indices is O (XN min{k, Jog(N)}). This gives a great improvement
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over the more general method given by Qian et al. "*° (our main competitor) which has per-round
complexity of & O(Nlog(1)(|S| T)2+é ), where log(1) is due to a bifurcation method for approx-
imating the Whittle index to within error ¢ on each arm and (|S]| T)‘Hé is due to the best-known
complexity of solving a linear program with | S| 7 variables .

Alg. 4.4.1 is optimized for settings in which the Whittle index can be precomputed. However, for
online learning settings, we give an alternative method in Appendix C.6 that computes the Whittle

index on-demand, in a closed form.

Algorithm 4.4.1: Sequential index computation algorithm

1 Initialize counters to heads of the chains: X; =1, X, =1
» while X; < TorX, < T'do

3 Compute m; := m such that JoX) — (o, Xat1)

4 Compute 7 := m such that 04 = jdo+1.0)

5 Set 7 = argmin{my, m; } and W(X,) = min{myq, m; }
6 Increment X;

Our algorithm also requires that belief is decreasing in X and X;. Formally, we require:

Definition 4.4.4 (Non-increasing belief (NIB) processes). A process has non-increasing belief 2f; for

anyu € [T] and foranyw € S, b,(n) > b,(u +1).

All possible CoB belief trends are shown in Fig. 4.2b. We make this distinction because the com-
putation of the Whittle index in Alg. 4.4.1 is guaranteed to be exact for NIB processes that are also
forward threshold optimal, though we show empirically that our approach works surprisingly well
for most distributions. In the next section, we analyze the possible forms of optimal policies to find

conditions under which threshold policies are optimal.
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TyprEs oF OPTIMAL PoLICIES ~ Analyzing Forward Reverse

Eq. 4.2 reveals that at most three types of op-

Vin(b)
N

timal policies exist. This follows directly from

0 Belief 1 0 Belief 1 0 Belief 1
the definition of ¥,,,(%), which is a max over V03 a=1) == Vi (b; 2=0) = =

the passive action value function and the active ~ Figure 4.3: Components of V() in Eq. 4.2. Since the
passive action is convex in b, active action is linear in &, and

action value function. The former is convex value function is a max over these, at most three optimal
policy types are possible.

in b, a well-known POMDP result '4°, and the

latter is linear in 4. Thus, as shown in Fig. 4.3, there are three ways in which the value functions

of each action may intersect; this defines three optimal policy forms of forward, reverse and dual
threshold types, respectively. Forward and reverse threshold policies are defined in Def. 4.4.2; dual
threshold policies are active between two separate threshold points and passive elsewhere. Not only
do threshold policies greatly reduce the optimization search space, they often admit closed form ex-
pressions for the index as demonstrated earlier in this section. We now derive sufficient conditions

on the state transition probabilities under which each type of policy is verifiably optimal.
Theorem 4.4.5. Consider a belicf-state MDP corresponding to an arm in a Collapsing Bandit. For
any subsidy m, there is a forward threshold policy that is optimal under the condition:

(Pf1 - Pg,l)(l +{8(Pf,1 - ])3,1))(1 _[g) > Pf,l - PS,1 (4.7)

)

Proof Sketch. Forward threshold optimality requires that if the optimal action at a belief & is passive,
then it must be so forall & > 4. This can be established by requiring that the derivative of the pas-
sive action value function is greater than the derivative of the active action value function w.r.t. 4.
The main challenge is to distill this requirement down to measurable quantities so the final condi-
tion can be easily verified. We accomplish this by leveraging properties of 7(4) and using induction

to derive both upper and lower bounds on V,,,(b1) — V,,,(b2) ¥ by, by as well as a lower bound on

96



d(Vn(b
(Fal0) 0

Intuitively, the condition requires that the intervention effect on processes in the “bad” state
must be large, making P{,; — Pj; small. Note that Liu & Zhao 9 consider the case where P = Pf 1

and 75, = Pg’l, which makes Eq. 4.7 always true. Thus we generalize their result for threshold

optimality.

Theorem 4.4.6. Consider a belief-state MDP corresponding to an arm in a Collapsing Bandit. For

any subsidy m, there is a reverse threshold policy that is optimal under the condition:

AP — P,
(1{1 - me) (1 + l—ﬂ) <P, —P5, (4-8)
Intuitively, the condition requires small intervention effect on processes in the “bad” state, the
opposite of the forward threshold optimal requirement. Note that both Thm. 4.4.5 and Thm. 4.4.6

also serve as conditions for the average reward case as § — 1 (a proof based on Dutta’s Theorem** is

given in Appendix C.4).
Conjecture 1. Dual threshold policies are never optimal for Collapsing Bandits.

This conjecture is supported by extensive numerical simulations over the random space of state
transition probabilities, values of 4, and values of subsidy ; its proof remains an open problem.

Note that this would imply that all Collapsing Bandits are indexable.

4.5 EXPERIMENTAL EVALUATION

We evaluate our algorithm on several domains using both real and synthetic data distributions. We
test the following algorithms: Threshold Whittle is the algorithm developed in this chapter. Qian

et al. 13°, a slow, but precise general method for computing the Whittle index, is our main baseline
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that we improve upon. Random selects £ process to act on at random each round. Myopic acts on
the & processes that maximize the expected reward at the immediate next time step. Formally, at time
t, this policy picks the & processes with the largest values of Ab, = (b;q1|la = 1) — (bigi1la =

13° to calculate Whittle indices. We measure

0). Oracle fully observes all states and uses Qian et al.
performance in terms of intervention benefit, where 0% corresponds to the reward of a policy that is

always passive and 100% corresponds to Oracle. All results are averaged over so independent trials.

4.5.1 REAL DATA: MONITORING TUBERCULOSIS MEDICATION ADHERENCE

We first test on tuberculosis medication adherence monitoring data, which contains daily adher-
ence information recorded for each real patient in the system, as obtained from Killian et al. *>. The
“good” and “bad” states of the arm (patient) correspond to “Adhering” and “Not Adhering” to
medication, respectively. State transition probabilities are estimated from the data. Because this data
is noisy and contains only the adherence records and not the intervention (action) information (as
the authors state), we perturb the computed average transition matrix by reducing (increasing) P,
by a uniform random number between o and dy, 9, (93, d4) then renormalizing to obtain PZ;1 (1)
for the simulation. Reward is measured as the undiscounted sum of patients (arms) in the adher-
ent state over all rounds, where each trial lasts 7 = 180 days (matching the length of first-line TB
treatment) with /N patients and a budget of £ calls per day. All experiments in this section set all J to
0.05.

In Fig. 4.4a, we plot the runtime in seconds vs the number of patients N. Fig. 4.4b compares the
intervention benefit for N = 100, 200, 300, 500 patients and # = 10% of N. In the N = 200 case,
the runtimes of a single trial of Qian et al. and Threshold Whittle index policy are 3708 seconds and
3 seconds, respectively, while attaining near-identical intervention benefit. Our algorithm is thus 3
orders of magnitude faster than the previous state of the art without sacrificing performance.

We next test Threshold Whittle as the resource level £ is varied. Fig. 4.4c shows the performance
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in the # = 5S%N, k = 10%Nand # = 15%N regimes (N = 200). Threshold Whittle outperforms
Myopic and Random by a large margin in these low resource settings. We also affirm the robustness
of our algorithm to J, the perturbation parameter used to approximate real-world PZ,I and P} ; from
the data, and present the extensive sensitivity analysis in Appendix C.7. Finally, in Appendix C.6 we
couple our algorithm to a Thompson Sampling-based learning approach and show it performs well
in the real-world case where transition probabilities would need to be learned online, supporting the

deployability of our work.

—4— Threshold Whittle Qian et al . —
2 2
w = 1 Oracle ~
S 10000 £ 100 X &
S © [ Qian et al. © 100
& ] Threshold g
£ 5000 s B Whittle g
B
: g% B Myopic £
€ g BN Random g
€ 9 2, 8
£
0 1000 2000 = N=100 N=200 N=300 N=500 = k=5%N  k=10%N  k=15%N
Number of patients Number of patients Resource level (k)

(@) (b) (c)
Figure 4.4: (a) Threshold Whittle is several orders of magnitude faster than Qian et al. and scales to thousands of pa-

tients without sacrificing performance on realistic data (b). (c) Intervention benefit of Threshold Whittle is far larger than
naive baselines and nearly as large as Oracle.

4.5.2  SYNTHETIC DOMAINS

We test our algorithm on four synthetic domains, that potentially characterize other healthcare

or relevant domains, and highlight different phenomena. Specifically, we: (i) identify situations
when Myopic fails completely while Whittle remains close to optimal, (ii) analyze the effect of latent
state entropy on policy performance, (iii) identify limitations of Threshold Whittle by constructing
processes for which Threshold Whittle shows separation from Oracle, and (iv) test robustness of
our algorithm outside of the theoretically guaranteed conditions. To facilitate comparison with the
real data distribution, we simulate trials for 7 = 180 rounds where reward is the undiscounted

sum of arms in state 1 over all rounds. We consider the space of transition probabilities satisfying the
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assumed natural constraints, as outlined in Sec. 4.3.

Fig. 4.5a demonstrates a domain characterized by processes that are either self-correcting or
non-recoverable. Self-correcting processes have a high probability of transitioning from state 0
to 1 regardless of the action taken, while non-recoverable processes have a low chance of doing
so. We show that when the immediate reward is larger for the former than the latter, Myopic can
perform even worse than Random. That is because a myopic policy always prefers to act on the
self-correcting processes per their larger immediate reward, while Threshold Whittle, capable of
long-term planning, looks to avoid spending resources on these processes. In this regime, the best
long-term plan is to always act on the non-recoverable processes to keep them from failing. Ana-
lytical explanation of this phenomenon is presented in Appendix C.s5. We set the resource level,

k = 10%N in our simulation for Fig. 4.5a. Note that performance of Myopic drops as the fraction
of self-correcting processes becomes larger and reaches a minimum atx = 100% — & = 90%.
Beyond this point, Threshold Whittle can no longer completely avoid self-correcting processes and
the gap subsequently starts to decrease.

Fig. 4.5b explores the effect of uncertainty in the latent state on long-term planning. For each
point on the x-axis, we draw all transition probabilities according to PZJ, Py ~ [x,x+ 0.]. The
entropy of the state of a process is maximum near o.s making long term planning most uncertain
and as a resul, this point shows the biggest gap with Oracle, which can observe all the states in each
round. Note that Myopic and Whittle policies perform similarly, as expected for (nearly) stochasti-
cally identical arms.

Fig. 4.5c studies processes that have a large propensity to transition to state 0 when passive and
a corresponding low active action impact, but a significantly larger active action impact in state
1. This makes it attractive to exclusively act on processes in the 1 state. This simulates healthcare
domains where a fraction of patients degrade rapidly, but can recover, and indeed respond very

well to interventions if already in a good state. To simulate these, we draw transition matrices with
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me, Pil, Pgy ~ [0.3,0.32] and P{; ~ [0.7,0.72] in varying proportions and sample the rest
from the real TB adherence data. Because the best plan is to act on processes in state 1, both Myopic
and Whittle act on the processes with the largest belief giving Oracle a significant advantage as it has
perfect knowledge of states.

Although we provide theoretical guarantees on our algorithm for forward threshold optimal
processes with non-increasing belief, Fig. 4.5d reveals that Alg. 4.4.1 performs well empirically even
with these conditions relaxed. Here, we sample processes uniformly at random from the state tran-
sition probability space, and use rejection sampling to vary the proportion of threshold optimal
processes. Threshold Whittle performs well even when as few as 20% of the processes are forward

threshold optimal; we briefly analyze this phenomenon in Appendix C.8.

—— Random —4—  Threshold Whittle —e— oracle HEl Random [ Threshold Whittle [ oracle
—— Myopic Qian et al. I Myopic [ Qian et al.
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Figure 4.5: (a) Myopic can be trapped into performing even worse than Random while Threshold Whittle remains close
to optimal. (b) Long-term planning is least effective when entropy of states is maximum. (c) Myopic and Whittle planning
become similar when more processes are prone to failures. (d) Threshold Whittle is surprisingly robust to processes even
outside of theoretically guaranteed conditions.

4.6 CONCLUSION

We open a new subspace of Restless Bandits, Collapsing Bandits, which applies to a broad range of
real-world problems, especially in healthcare delivery. We give new theoretical results that cover a
large portion of real-world data as well as an algorithm that runs thousands of times faster than the

state of the art without sacrificing performance. We simultaneously also recognize limitations of our
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theoretical results, which become narrow in the average reward case. We envision several interesting
avenues for future work, including techniques to incorporate the user/health worker inputs for
planning, generalizing our inherently 2-state approach to allow for a multi-state model, and allowing

multiple actions and/or more general reward functions.

BROADER IMPACT

Our work is largely motivated by resource con-
strained health intervention delivery. This setting
is common across low, middle, and high-income

countries, in which community health workers

CHWs) are recruited to deliver basic care to a co-
( ) Figure 4.6: CHW delivering vaccine. Credit: Pippa

hort of patients or benefactors. In fact, CHWs Ranger.

have been critical in achieving global health ini-
tiatives for over five decades, and evidence shows that CHWs have had a positive impact in myriad
domains including maternal and newborn health?"#3, (non-)communicable diseases*"'#?, and sex-
ual/reproductive health '* in low-resource communities across the world #3431 Our modeling
has the potential to improve the delivery of care in these highly resource-constrained settings.
However, a deployment of our system to any setting must be done responsibly. For instance, we
designed our system with the intention of assisting human CHWs plan resource-limited interven-
tions. That said, we present results that highlight our algorithm’s ability to plan for thousands of
processes at a time, far more than for which a human could independently plan. Just making this
capability available could encourage the automation of applicable interventions via automated calls
or texts, potentially displacing CHW jobs, reducing human contact with patients, and unfairly lim-

iting care for patients with limited access to technology.
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Additionally, users of the system must be dutifully aware that its recommendations will be based
solely on the data entered in the system. In the context of medication adherence monitoring, if the
worker enters incorrect data, e.g., the patient was adhering (“good” state) but they instead mark the
patient as not adhering (“bad” state), then the algorithm could make the wrong recommendation
about the patient the next day, since its belief of the patient’s adherence would also be wrong.

Finally, our AI system is inherently a blackbox which would likely be replacing an interpretable
scheduling heuristic. This would limit any user or administrator’s ability to audit decisions around
why certain patients were recommended for intervention. As with any potential deployment of a
blackbox system to a domain that affects the allocation of resources to humans, system designers
should be acutely aware of the balance between their needs to be able to perform audits vs. their

need for optimization.
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Restless and Uncertain: Robust Policies for
Restless Bandits via Deep Multi-Agent

Reinforcement Learning

5.1 INTRODUCTION

Restless multi-armed bandits (RMABs), a model for constrained resource allocation among /N in-
dependent stochastic processes (arms), are widely studied. Traditionally a binary-action problem,
in which a planner decides whether or not to act on each of NV arms, here we consider the multi-

action generalization®"5*

which more accurately captures challenging real-world planning prob-
lems. Salient examples of RMABs include scheduling '*'7*, machine replacement®#+'37, aerial ve-
hicle routing”*, anti-poaching patrol planning **°, and healthcare **'°3. While these works have
established important theoretical foundations, they share one key limitation: assuming stochastic
dynamics are precisely known. Having exact knowledge of dynamics is impossible in many real-
world problems. For example, in healthcare intervention planning, the probability that a patient will
adhere to treatment after receiving an intervention is not perfectly known a priors; in anti-poaching
patrol planning, the probability of finding a poacher’s snare at some location is not known with
certainty.

Accordingly, methods have been developed to learn RMAB policies online, assuming no a priori

knowledge”"'57. However, these methods require tens of thousands of samples to converge to good
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policies which is prohibitive for many real-world problems, e.g., in finite-length treatment settings
such as tuberculosis "> with only a few dozen rounds. Instead, real-world planners must make the
most of noisy data at hand, estimating dynamics from historical data or consulting experts, inducing
significant uncertainty. RMAB techniques can be used to plan with point estimates, but we show
that ignoring uncertainty can lead to arbitrarily bad policies.

To address these shortcomings and push RMABs toward wider real-world applicability, we intro-
duce Robust RMABs, a generalization of RMABs which allows stochastic dynamics to be specified
as uncertainty intervals, rather than point estimates. This new problem is very computationally de-
manding, adding a combinatorial layer of complexity onto an already PSPACE-hard problem '**.
Addressing this complexity gives rise to a rich set of challenges that necessitates the design of new
techniques that not only help solve the robust objective we analyze, but also are of general interest to
RMAB research.

Concretely, we plan under a minimax regret objective, using a double oracle (DO) framework '°°
that has seen success in problems involving a single Markov decision process (MDP) '7°. The DO
approach casts the robust planning problem as a zero-sum game between an agent oracle and ad-
versarial nature oracle. However, existing techniques fail for any non-trivially sized RMABs since
the state and action spaces grow combinatorially in the number of arms /N and resource constraint
B, respectively. Specifically, given S-sized state spaces for each arm, the full combinatorial problem
has state space of size SN and action space—and thus policy-network output—of size (Zg) (for binary-
action RMAB; action space is larger with multi-action). At this size, we found that directly applying
Xu etal. '7° to solve the full combinatorial problem as a single process fails to learn good policies
for RMABs assmall as N = 5 arms, with B = 3and.S = 2. Moreover, under the minimax re-
gret objective, the nature oracle is a particularly difficult challenge as it requires jointly searching the
RMAB policy space and the continuous, uncertain space of transition probabilities. Previously, this

objective has been posed as a non-stationary RL problem and solved heuristically with a single pol-
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icy network '7°. We improve the nature oracle by formulating it as a multi-agent RL problem and

develop a novel solution method for RMABs. In summary, our contributions are:

1. We introduce the Robust RMAB problem with interval uncertainty over arm dynamics and

develop techniques to solve a minimax regret objective via double oracle.

2. To enable the DO approach, we introduce DDLPO, a novel deep RL algorithm for RMABs,
of general interest. DDLPO tackles the combinatorial complexity of RMABs by learning an
auxiliary “A-network” in tandem with individual arm policy networks, which greatly reduces
training sample complexity. The procedure implements the reward-maximizing agent oracle, has
convergence guarantees, and solves RMABs with multiple action types®"5%, the first deep RL
procedure to do so. DDLPO also easily extends to more general weakly-coupled MDPs +° and

enables computing continuous-action policies, a previously unstudied RMAB direction.

3. We formulate the non-stationary regret-maximizing nature oracle as a multi-agent RL (MARL)
problem, a framework of potential general interest in robust planning. We solve this problem in
the combinatorially hard RMAB setting by extending DDLPO to include a shared critic and a

continuous-action policy network for nature’s selection of the uncertain transition dynamics.

5.2 RELATED WORK

RMABs  The reward-maximizing, binary-action RMAB problem was introduced by Whittle '3 .

His widely used Whittle index policy "°*5%*3 is asymptotically optimal under indexability 101 Glaze-
brook et al. ** and Hodge & Glazebrook 3 extended the Whittle index to multi-action RMABs
with special monotonic structure, while Killian et al. 81 gave a more general Lagrange-based method.

Hawkins *°

studied methods for weakly coupled Markov decision processes (WCMDP), which gen-
eralize multi-action RMABs to have multiple constraints, and propose Lagrangian solutions for

small problems. Adelman & Mersereau* and Gocgun & Ghate *° followed by providing better so-
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lutions to WCMDPs but sacrifice scalability. All these works assumed precise knowledge of stochas-
tic dynamics. Some recent works have studied online RMABs with unknown dynamics but all have
prohibitively large sample complexity 477>, None consider robust planning under environment
uncertainty, which we address.

Our work also relates to learning algorithms for stochastic multi-armed bandit (MAB) prob-
lems "' "*"%¢ However, since stochastic MABs follow a stateless reward process, learning algorithms
utilize the fact that the true optimal policy simply selects the top B reward-producing arms each
round. Conversely, the arms in restless MABs have reward processes that follow MDPs, so the top
B arms to play each round is state- and action-dependent and constantly evolving, making both the

learning and the planning problems much more challenging, and which our algorithms address.

RLrorR RMABs A few recent works learn Whittle indices for indexable binary-action RMABs
using (i) deep reinforcement learning (DRL)"*7 and (ii) tabular Q-learning *®+>'*. Killian et al. *°
take tabular Q-learning to the multi-action setting. In contrast, our DRL approach provides a more
general solution to binary and multi-action RMAB domains, not requiring indexability or problem
structure, and is far more scalable than tabular methods. We are also the first to handle continuous-
action RMABEs, key to the nature oracle. Also related is the space of combinatorial RL. However,
most existing algorithms consider single-shot problems, e.g., traveling salesman 8779, which lack a
notion of future state that is critical to solving any version of RMAB, and none accommodate the

general cost/budget structure of multi-action RMAB '#7; our methods address these limitations.

RoBUST PLANNING ~ Work on robust planning in RL mainly focuses on maximin reward via
robust adversarial RL"*¢ or multi-agent RL (MARL) >4, but maximin reward leads to overly con-
servative policies '*°. The minimax regret criterion ** avoids this pitfall, but this objective is chal-

lenging with very large or continuous strategy spaces. This can be addressed with the DO approach
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RR-DPO Nature Oracle
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Agent RMAB policy Agent Oracle
(DDLPO)

Two-player zero-sum game Ajre mixed
strategy

Agent's utility = - Regret
Nature’s utility = + Regret

(MA-DDLPO)

Env. parameter
settings

Arm actions
Agent: RMAB
Policies

RMAB

Transition Model Agent mixed_
strategy 7T

Nature: Model

Param Settings Agent mixed l
strategy 77
Rewards Simulate
Nature Oracle T1y.-o5Tn Regret of ™

!
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Adversarial model params

1
Centralized Critics I/
(a) (b)

Figure 5.1: (a) Proposed framework for solving the Robust RMAB problem. The main loop follows a DO approach to
iteratively compute a minimax regret optimal RMAB policy where each oracle is a novel DRL algorithm for RMABs.
(b) The nature oracle: a novel multi-agent RL formulation of RMAB, that tackles non-stationarity with a centralized critic.
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proposed by McMahan et a which explores a small subset of strategies while still guaranteeing

optimal convergence’'. Subsequently, DO has been extended to optimize MARL problems with

170

multiple selfish agents“°. Recently, Xu et al. '7® used DO to solve a single Markov decision process
(MDP) minimax-regret planning problem and used RL to implement the oracles. However, when
applied to RMABs, the number of outputs in their policy network grows exponentially, as does the
size of the state space being learned, both of which require prohibitively long training times beyond
trivially sized RMABs. Accordingly, we found that their RL algorithms failed to scale past N = 5
arms and §' = 2 states, whereas we show in Sec. 5.5 that our algorithms solve problems that are or-
ders of magnitude larger. Additionally, their approach is designed only for continuous state/action
spaces, whereas our approach can find robust policies for any combination of discrete o7 continuous
state/action spaces. We accomplish this via our novel formulation of the nature oracle asa MARL

problem, which decomposes the causes of non-stationarity, i.e., agent and nature, and learn them

with separate networks.
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5.3 DPRELIMINARIES

We consider the multi-action RMAB setting with /N arms 81,52

, which generalizes classical binary-
action RMABs'®3." Eacharm » € [N] follows an MDP (S,,, A, C,, Ty, Ry, B), where S,, is a set of
finite, discrete states; A,, is a set of finite, discrete actions; C, : A, — R defines action costs, where
C,[0] = 0 encodes a no-cost “passive action” for allarms; 7, : S, x A, x S, — [0, 1] gives the
probability of transitioning from one state to another given an action; R,, : S, — Risareward
function; and 8 € [0, 1) is the discount factor. For ease of exposition, let S,,, A,,C,, and R,, be the
same forallz € [N], and thus drop the subscript 7, though all methods apply to the general case.
Let s be an N-length vector of states over all arms and let 4 € {0, 1}% Il be a decision matrix that
one-hot-encodes the action taken on each arm. The planner computes policies 7 which map states
s to actions 4 with the constraint that the sum cost of actions is less than a budget B in every round
tr € [H].

We extend multi-action RMABs to the robust setting in which the exact transition probabilities
are unknown. Instead, the transition dynamics 7, of each arm » € [N] are determined by a set of
parameters w, € (), each within a given interval uncertainty @, := [w,,@,]. Let w be a given
parameter setting such that w, € @, forallz € [N]. Let G(z,0) = E[>2 § > e R($Y) |
7, | be the planner’s expected discounted reward under 7 and w, where s/, is the state of arm 7 at
time #. Then, regret is defined:

L(m w) = G(r,w) — G(7,w), (5.1)

w?

where 77, is the optimal reward-maximizing policy under . In our robust setting, our objective is to

*Our approaches also easily extend to weakly-coupled MDPs, which allow multiple budget constraints ®,

as well as to continuous-action RMABs, previously unstudied.



compute a policy 7' that minimizes the maximum regret L possible for any realization of w, i.e.:

7 = minmax L(7, ») . (5-2)
T @

This problem is computationally expensive to solve since simply computing a policy 7 that maxi-
mizes the reward G(7, ) is PSPACE-hard '** even when the 7, are known, i.c.,  is given.
A more tractable approach for computing multi-action RMAB policies 7 is to utilize the La-

60,81

grangian relaxation °>*', reproduced below. For a given w, the optimal policy 7}, maximizes the

constrained Bellman equation:

Js) max{zze:n ) +BEl(s >\s,Af]} (53)

where 4° C 4
N A |A|

s.t. ZZA”JCJ <B ZA”j =1 Vn € [N]
n=1 j=1 =1

where 4,; = Lif the fh action is taken on arm 7 (else o) and ¢; € C is the fh action cost. We then

take the Lagrangian relaxation of the budget constraint to, giving:

J(s,2%) = mm < Z]réllax{Qn .fn,ﬂ,[j,l)}> (5.4)
where Q,(s,, an, 2) = R(s,) — Agi+

LE, [Qn(-‘;:éznjy)v) ‘ ”Lwﬂ(l)} . (s-5)

Here, a,; is the fh action of arm 7, Q is the state-action value function, and Wﬁ“ (2) is the optimal
policy for a given 1. The key insight is that this relaxation decouples the value functions of the arms,

except for the shared 4, i.e., for a given value of 4, all Q, could be solved via N individual value iter-



ations. However, finding and setting A := 1" is critical to finding good policies for multi-action
RMABs®"52, where 724(1*) is used to recover a policy that respects the original budget constraint
by solving a knapsack with Q,(s,,, 2, A*) as values, C as weights, and the constraints of Eq. 5.3,
then taking the actions according to the Q,, in the solved knapsack. The knapsack solution finds the
combination of actions with the largest sum of learned Q, (s, 4, A*) values which still respects the

budget. The integer program for the knapsack is given in Appendix D.2 and has time complexity

O(N|A|B)®".

5.4 SoLVING RoBusT RMABs

We now build our approach for finding robust RMAB policies, visualized in Fig. 5.1(a). We use an
iterative DO approach which achieves the minimax regret objective of Eq. 5.2 by casting the op-
timization problem as a zero-sum game between two players: an agent which learns policies 7 to
minimize regret, and an adversarial nature which selects environment parameters  to maximize re-
gret of the agent. In this two-player game, the pure strategy space for the agent is the set of all feasible
RMAB policies 7 that respect the budget constraint. The pure strategy space for nature is a contin-
uous, closed set of parameters » within the given uncertainty intervals. The algorithm maintains a
pure strategy set for the agent and nature (Fig. 5.1(a) left boxes); each iteration, these strategy sets
are used to compute a mixed strategy—i.e., a probability distribution over pure strategies—Nash
equilibrium in a regret game (Fig. 5.1(a) center). Each oracle then learns a best response against the
opponent’s mixed strategy to add to its strategy set (Fig. 5.1(a) right boxes).

The agent oracle’s goal is to find an RMAB policy 7, or pure strategy, that minimizes regret
(Eq. 5.1) given a nature mixed strategy @. That s, the agent minimizes L(7, #) w.r.t. 7, while & is
constant. Recall from Eq. 5.1 that L(7, ®) = G(7%,») — G(7,®). Since & and 75 are constant,

then the first term G(77%, @) is also constant. Thus minimizing L(7, &) is equivalent to maximizing



the second term G(7, @), which is maximal at # = 7. In other words, the agent oracle must com-
pute an optimal reward-maximizing policy w.r.t. @. Such a reward-maximizing objective aligns with
existing RL techniques, but still requires that we address the challenge of learning in the combina-
torial state and action spaces of the RMAB. To address this challenge, we propose a new RL method
which decomposes the RMAB into N per-arm learning problems and a complementary A-network
learning problem, which together learn to spend limited budget where it will give the best return,
detailed in Sec. 5.4.1.

Conversely, the nature oracle seeks to find a parameter setting w, or pure strategy, that maximizes
the agent’s regret given a mixed strategy 7, i.e., maximize L (7, @) with respect to , while 7 is fixed.
This objective is even more challenging because both G(7}, w) and G(7, w) are functions of w.
Most critically, computing G(7}, ) requires obtaining an optimal policy 7 as @ changes in the
optimization—this amounts to a planning problem in which an agent must learn an optimal policy
while the environment changes, controlled by w, making the nature oracle difficult to solve. More-
over, in the interval uncertainty setting we consider, @ is defined by a space of continuous values;
thus nature’s pure strategy space is infinite, making the problem even more complex, since it cannot
be exhaustively searched.

10 tackle this complexity we propose a novel method for implementing the regret-maximizing na-
ture oracle by casting it as an MARL problem. The approach, visualized in Fig. 5.1(b), trains one
auxiliary agent to solve for a policy 775 (7 in Fig. 5.1(b)), needed to compute G(77%, ») in the regret
term, and simultaneously trains a second agent to learn worst-case parameters @ (7% in Fig. 5.1(b))
that minimize G(7, w)—together, these will maximize the regret L(7, »). With this MARL setup,
we mitigate nonstationarity through centralized critic networks which allow each agent to include
the other’s actions in their learned state space. Solvinga MARL problem requires an RL algorithm
to optimize the underlying policy, so we first introduce our novel RL approach, DDLPO, to solve

RMAB: (Sec. 5.4.1) as a part of our agent oracle and then use the algorithm as the backbone of our
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Algorithm s.4.x DDLPO

Input: Initial state sy, nature mixed strategy o,
n_epochs, n_subepochs, n_steps

r: Init. policy networks 8, for each arm n € [N]
Init. critic networks @ _for each arm 7 € [N]
Init. A-network A

®

3:
4: Init. buff =[] and s = s

s: forepoch =1,2,...,n_epochs do

6:  Sample A = A(s)

72 Samplew ~ @

8:  forsubepoch =1, ..., n_subepochs do

9: for timestep# =1,...,n_steps do
1o: Sample actions 4, ~ 8,(s,,A) Vn € [N]
11 s’ r=simulate(s, a2, )
12: Add tuple (s, 4, 7,5, 1) to buff
13: S = .f/
14: Update each (6, g)n) pair via PPO, using trajectories in buff
15:  Update A via Prop. 5.4.1 with costs of final subepoch
16: return @y, ..., 0, @,,. .., @yand A

nature oracle (Sec. 5.4.2).

5.4.1 AGENT OracrLE: DEEP RL FoR RMAB

Existing DRL approaches can be applied to the objective in Eq. 5.3, but, as detailed in Sec. 5.2,
they fail to scale past trivially sized RMAB problems since the action and state spaces grow exponen-
tially in N. To overcome this, we develop a novel DRL algorithm that instead solves the decoupled
problem (Eq. 5.4). The key benefit of decoupling is to render policies and Q values of each arm in-
dependent, allowing us to learn N independent networks with linearly sized state and action spaces,
relieving the combinatorial burden of the learning problem. However, this decoupling approach in-

troduces a new technical challenge in solving the dual objective which maximizes over policies but
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Algorithm s5.4.2 DDLPO-Act

Input: State s, costs C, budget B, agent actor, critic, and A networks &1, ..., 0n, @, ..., @ A
A, selection method «

A= A(.f)
2: if @ == ‘GreedyProba’ then
32 pn=0,(5,,4) Vn € [N] {Action distr. of arm 7}
4 a=GreedyProba(p,C, B) {Greedily select highest probability actions until
budget B is reached}
else if @ == ‘QKnapsack’ then
duy = 9,60, 2) ¥ € [N], Y/ € [JA]
4 = QKnapsack(q, C, B) {Solve knapsack in Appendix D.2}
else if & == “Whittle’ then {Binary action only}
a4 = BINASEARCH(S, B, @, ..., @) {Appendix D.2}
10: return 4

minimizes over A, as discussed in Sec. 5.3.

To solve this, we derive a dual gradient update procedure that iteratively optimizes each objective
as follows: (1) holding A constant, learn N independent policy networks via policy gradient, aug-
menting the state space to include A as input, as in Eq. 5.4; (2) use sampled trajectories from those
learned policies as an estimate to update A towards its minimizing value via a novel gradient update
rule. Another challenge is that 1* of Eq. 5.4 depends on the current state of each arm—therefore,

a key element of our approach is to learn this function 2*(s) concurrently with our iterative op-
timization, using a neural network we call the A-network that is parameterized by A. To train the

A-network, we use the following gradient update rule.

Proposition 5.4.1. 70 learn the value A that minimizes Eq. 5.4 given a state s, the A-network, param-

eterized by I\, should be updated with the following gradient rule:
B N
At: At,1 —a <1—ﬂ +ZDn(-§n7/‘ltl(-‘))) (56)
n=1

I1§



where a is the learning rate and D, (s,, 1) is the negative of the expected B-discounted sum of action

costs for arm n starting at state s, under the optimal policy for arm n_for a given value of A.

As D, lacks a closed form, the key insight we make is that it can be estimated by sampling multi-
ple rollouts of the policy networks of all arms during training. As long as arm policies are trained for
adequate time on the given value of 1, the gradient estimate will be accurate, i.c., D, (s, A,—1(s)) ~
- Zf:_ol kc/fl where K is the number of samples collected in an epoch and ¢ is the action cost of
arm 7 in round k. Moreover, this procedure will converge to the optimal parameters A* if the arm

policies are optimal.

Proposition s.4.2. Given arm policies corresponding to optimal Q-functions, Prop. 5.4.1 will lead A

to converge to the optimal as the number of training epochs and K — oo.

Proofs are given in Appendix D.1. One interesting feature of this update rule is that to collect
samples that reflect the proper gradient, the RMAB budget must not be imposed at training time—
rather, the policy networks and 1-network must be allowed to learn to play the Lagrange policy
of Eq. 5.4, which learns to spend the correct budget in expectation, via our iterative update pro-
cedure. Therefore, at training time, we sample actions randomly according to the actor network
distributions, without imposing the budget constraint. However, at test time, we always take ac-
tions in a way that respects the budget constraint as described in Alg. 5.4.2. Alg. 5.4.2 chooses actions
either by (1) selecting greedily by the probabilities of the arm actor networks (2) using the learned
Q(A)-functions of the arm critic networks to follow the Q-value-maximizing knapsack procedure
(Appendix D.2), or (3) in binary-action settings, using the Q(A)-functions to follow a binary search
procedure such that selected actions are equivalent to the Whittle index policy (Appendix D.2).

In theory, the policy networks could be trained via any DRL procedure that ensures the above

characteristics for training the A-network. In practice, we train with proximal policy optimization

116



(PPO) *#, a state-of-the-art policy gradient approach. Importantly, PPO is also flexible enough to
handle both discrete and continuous actions which is necessary for the nature oracle.

Finally, to enable our iterative, dual-update procedure in practice, we need a mechanism to both
(1) explore new arm policy actions after an update to A, then (2) exploit learned policy actions to
develop good gradient estimates for A. We navigate this important trade-off by adding an entropy
regularization term to the policy networks losses, controlled via a cyclical temperature parameter.
We call our algorithm Deep Distributed Lagrange Policy Optimization (DDLPO), provide pseu-

docode in Algorithm 5.4.1, and include more implementation details in Appendix D.4.

5.4.2 NATURE ORACLE: MULTI-AGENT RL

Armed with a DRL procedure for learning RMAB policies, we now develop the MARL procedure,
which we call MA-DDLPO, to implement the nature oracle. Recall that the challenge of the nature
oracle is to jointly optimize a policy 7}, and environment parameters w. We propose to solve this op-
timization using MARL, designed to handle this form of non-stationarity * via centralized critics.
In our MARL setup, each of two “players” (i.e., the “multiple agents”) will aim to compute 7z and
w, respectively, with separate objectives. The procedure is visualized in Fig. 5.1(b).

To implement the MARL nature oracle, we introduce two new players 4 and B. Player 4 is an
auxiliary player whose goal is to optimize the RMAB policy 775 given a changing w, i.., the first
term of regret (Eq. 5.1). We call 4 auxiliary because its learned policy will never be used outside the
nature oracle; 4 is only used to assist the nature oracle in computing the regret associated with a
given w. Alternatively player B is an adversarial player whose goal is the same as that of the nature
oracle itself, i.e., to find parameters  that maximize regret of the current agent mixed strategy 7. We
define a shared transition function for the environment in which the playersact 7 : S x A4, X
Ap — S. Here, Ay is the action space of the underlying multi-action RMAB. At a given state s,

the action space A defines for player B actions @ which, in general, depend on s. That is, at each
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Algorithm 5.4.3 MA-DDLPO
Input: Agent mixed strategy 7, n_epochs, n_subepochs, n_steps,

n_sims
1: Init. player A: arm policy networks 6’5{4) and arm critic networks gz)ﬁlA) Vn € [N],and A-
network A
»: Init. player B: environment parameter policy network %), critic network g%
3: Init. buff =]
4: forepoch = 1,2, ..., n_epochs do
s: Sample s at random

6:  Sample A = A(s)

7. forsubepoch =1,... n_subepochs do

8: forr=1,...,n_stepsdo

9: Sample 2 ~ 8 (s,,, 2) for each n € [N]

10: Sample w®) ~ 8% (5)

1 ) ¢ = stmuLaTE(s, a) | w®))

12: 7 = SIMULATE(s, 7(s), »®) n_sims) {(mean of n_sims 1-step roll-

outs of 7)}

13: B = (Znem rf;”) — 7{(regret of 7)}

14: Add (5,4, 0B FD HB) ¢ 2) to buff

I5: s=14

16: Update each ((951’4), @ELA)) pair using trajectories in buff. ¢7(1A) get w®) as part of
state

17: Update A via Prop. 5.4.1 with costs of final subepoch

18:  Update 8, 0® using trajectories in buff. p®) gets 44) as part of state

19: return 68

step, player B selects environment parameters w, and thus transition probabilities that will influence
the outcome of player 4’s actions. We adopt the centralized critic idea from multi-agent PPO '7#

to our RMAB setting to create MA-DDLPO. A notable strength of our MARL approach is that it
allows the discrete-space policy of player 4 and the continuous-space policy of player B to be learned
by separate networks, simplifying training compared to an alternative combined-network approach.
Moreover, our choice to use PPO ofters a convenient way to learn both types of policies as separate

networks, while utilizing a single framework of update rules.
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A critical step is then to define the rewards for players 4 and B to match their objectives. Since
player A’s objective is to find 7}, it adopts the reward defined by the underlying RMAB, that is,
RA(5) = 25:1 R, (s). However, player B’s objective is to learn the regret-maximizing parameters
w. This objective is challenging because it requires computing and optimizing over the returns of
the fixed input policy 7 with respect to all possible w, which is in general non-convex. In practice,
to estimate the returns of 7,,, we execute a series of roll-outs against player B’s current action. That
is, given s at a given round, we sample an action from 7,, and the next state s’ and define the regret-
based reward of player B,as R®) = SN R (5,) — + ;,,:1 rf “, where r}? “ is the reward from each
of Y one-step Monte Carlo simulations of the mixed strategy 7 in w.

To train the policies, player 4 has the same policy network architecture as DDLPO, i.e., N dis-
crete policy networks and one A-network, and the player B actor network is a single continuous-
action policy network. Since players 4 and B have separate reward functions, they have their own
critic networks, but these critics are centralized in that they both take the actions of the other as
input. Other than the centralized critic, player 4 is trained the same way as DDLPO, and player B
is trained in a standard PPO fashion. In practice, to ensure good gradient estimates for player 4’s
A-network in MA-DDLPO, we keep player B’s network—and thus the environment—constant
between A updates, updating B’s network with the same frequency as the A-network updates. Pseu-
docode for MA-DDLPO is given in Alg. 5.4.3 and further details of its implementation are given in

Appendix D.4.

5.4.3 MiINIMAX REGRET RMAB DoUBLE ORACLE

We now have all the pieces needed to run our robust algorithm, Robust RMABs via Deep Pol-
icy Oracles (RR-DPO), visualized in Fig. 5.1(a), with pseudocode presented in Algorithm s.4.4,
adapted from the MIRROR framework '7°. We use DDLPO to instantiate the agent oracle, MA-

DDLPO for the nature oracle, and run RR-DPO until the improvement in value for each player is
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Algorithm s5.4.4 RR-DPO

Input: Environment simulator and parameter uncertainty intervals @, for all » € [N]
Parameters: Convergence threshold &
Output: Agent mixed strategy 7

1: Qo = {wo}, with wj selected at random

2: Iy = {7p,, 7p,, . . .}, where 7p, are baseline and heuristic strategies

3: forepoche =1,2,...do

4 Solve for (7,, &,), mixed Nash equilibrium of regret game with strategy sets Q,_;
and IT,_;

5 7, = DDLPO(&,)

& w = MADDLPO(%,)

7 Q. =0, ,U{w}, I, =11, U{z}

8: if L(7,,w.) — L(Zo—1,@,—1) < €and L(7,,&,) — L(Z,—1,@.—1) < € then

9: break

10: return 7,

within a tolerance € or until a set number of iterations.

We now establish conditions under which RR-DPO converges to the minimax regret—optimal
policy in finite iterations. In the binary-action setting, assuming each oracle returns true best re-
sponses, and under an analytical condition that is straightforward to achieve, i.e., finite pure strategy

SCtS:T

Proposition 5.4.3. RR-DPO converges in a finite number of steps to the minimax regret-optimal

policy.

In addition, we empirically verify that good policies are found outside of these conditions, and that
RR-DPO converges using our continuous-strategy-space nature oracle. Further, we show thata
policy that maximizes reward assuming a fixed parameter set can incur arbitrarily large regret when

the parameters are changed (proofs in Appendix D.1).

TStraightforward to achieve for nature oracle via discretization.
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Proposition s.4.4. In the Robust RMAB problem with interval uncertainty, the max regret of a

reward-maximizing policy can be arbitrarily large compared to a minimax regret-optimal policy.

5.5 EXPERIMENTAL EVALUATION

We first experimentally demonstrate the importance of robust planning in the presence of uncer-
tainty using a hand-crafted synthetic domain (inspired by Prop. 5.4.4). We then evaluate our al-
gorithm on two challenging real-world-inspired public health planning scenarios which demon-
strate the capability of our robust RMAB framework. All experiments use selection method « =
‘GreedyProba’ for DDLPO-Act (Alg. 5.4.2), which we found had the best performance.

We compare RR-DPO against five baselines. These baselines include three variations of the
reward-maximizing approach from Hawkins ®, which, given fixed environment parameters o, at
each step computes a Lagrange policy, then chooses actions following the knapsack procedure de-
scribed in Sec. 5.3. The three variations are pessimistic (HP), mean (HM), and optimistic (HO),
which assume the environment parameters are set at the lower bound, mean, and upper bound of
the given intervals for each arm. We also implement RLvMid, which Jearns (rather than computes)
a policy via DDLPO assuming mean parameters, and Rand, which acts randomly to fill the bud-
get. All results are averaged over so random seeds and were executed on a cluster running CentOS
with Intel(R) Xeon(R) CPU Es-2683 v4 @ 2.1 GHz with 8GB of RAM using Python 3.7.10. Our
DDLPO implementation builds on OpenAl Spinning Up* and RR-DPO builds on the MIR-
ROR implementation '7°, computing Nash equilibria using Nashpy 0.0.21*¢. Code is available at

https://github.com/killian-34/RobustRMAB and hyperparameter settings are in Appendix D.4.
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5.5.1 EXPERIMENTAL DOMAINS

Synthetic demonstrates that reward-maximizing policies (RLvMid, HP, HM, HO) may incur large
regret in the presence of uncertainty. There are three binary-action arm types {U, V, W}, each with
C = {0,1},S = {0,1}, R(s) = s, and the following transition matrix, with rows and columns

corresponding to actions and next states, respectively:

0.5 0.5 1.0 0.0

0.5 0.5 1—py  pa
pu € [0.00,1.00], py € [0.05,0.90], pr € [0.10,0.95]

When an arm is ats = 0, each action has equal impact on the state transition. When the arms are at
s = 1, selecting arms with high p, is optimal. This implies that policies can be specified by the order
in which arms would be acted on, when they are in state s = 1. Accordingly, zzp = [W, V, U],
mam = (W, U, V],and 7o = [U, W, V']. However, observe that there exist values of p,, that
can make each of the reward-maximizing policies incur large regret, e.g., for 70 puy = 0.0, py =
0.9, piw = 0.1 would induce an optimal policy [V, I, U], which is the reverse of 7z0.
ARMMAN is a real-world maternal healthcare intervention problem modeled as a binary-action
RMAB 8. The goal is to select a subset of mothers each week to intervene on to encourage engage-
ment with automated maternal health messaging. The behavior of enrolled women is modeled by
an MDP with three states: Self-motivated, Persuadable, and Lost Cause. We use the summary statis-
tics given in their paper and assume uncertainty intervals of 0.5 centered around the transition pa-
rameters, resulting in 6 uncertain parameters per arm (details in Appendix D.3.1). Similar to the
setup by Biswas et al. 18 Wwe assume 1:1:3 split of arms with high, medium, and low probability of

increasing their engagement upon intervention. In our experiments, we scale the value of Nin mul-
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Figure 5.2: (a-f) Maximum policy regret of RR-DPO in robust setting for Synthetic (a,b), ARMMAN (c,d) and SIS (e,f) do-
mains. Lower is better. Synthetic is scaled by 3 and ARMMAN by 5 to maintain the distributions of arm types specified
in Sec. 5.5. (e) uses S = 50 and (f) uses N = 5, B = 4. RR-DPO beats all baselines by a large margin across various

settings. (g-1) Returns of DDLPO for reward-maximizing setting (agent oracle) for synthetic (g,h), ARMMAN (i,j), and SIS
(k,l) domains. Higher is better. (k) uses S = 50 and (I) uses N = 5, B = 4. DDLPO is competitive across parameter

settings.
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Figure 5.3: The poor scaling of query time of the Hawkins baseline compared to DDLPO, as discussed in Sec. 5.5, even
for relatively small problem sizes (N = 10, B = 2).

tiples of 5 to keep the same split of arm categories of 1:1:3.

SIS Epidemic Model is a discrete-state model in which arms represent distinct geographic re-
gions and each member of an arm’s population of size IV, is either (S)usceptible to or (I)nfected
with an infectious disease. Such models have been the subject of increased interest following the
COVID-19 pandemic(’z’ﬁ, and will represent a large-state and multi-action experimental domain.
In our model, the count of S members of the population is the state of each arm. Each arm’s SIS
model is defined by parameters «, the average number of contacts per round, and 7;, 4., the proba-
bility of infection given contact with an I member. Details on computing discrete state transition

I

probabilities from these parameters are derived from Yaesoubi & Cohen '7" and given in Appendix

D.3.2. We introduce three intervention actions {a¢, 1, 4, } with costsc = {0,1,2}. Action a9
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represents no action, 41 represents messaging about physical distancing (divides x by ﬂfﬁ ), and 2,
. . . .« e € . . . .
represents distributing face masks (divides 7,z by @ﬁ ). We impose the following uncertainty inter-

vals: x € [1,10], e € [0.5,0.99],4?{2} € [1,10].

5.5.2 PERFORMANCE OoF RR-DPO

First, we evaluate the performance of the algorithms in uncertain environments. We compute the
regret of an agent’s pure strategy 7 against a nature pure strategy » as the difference in the average
reward obtained by 7 against @ and the average reward of the best strategy in the experiment against
w. The average reward is the discounted sum of rewards over all arms for a horizon of length 10,
over 25 simulations. In each setting, DO runs for 6 epochs, using 100 rollout steps and 100 training
epochs for each oracle. After completion, each baseline strategy is evaluated by querying the nature
oracle for the best response against that strategy, then computing max regret against all @. The regret
of RR-DPO is computed as the utility of the agent mixed strategy returned by the DO over the two-
player regret game.

Fig. 5.2(a—f) shows RR-DPO incurs the lowest regret, beating the baselines in all domains. (a,b)
shows results on the synthetic domain, demonstrating our approach can reduce regret by ~50%
against the benchmarks, across various values of NV'and B. Moreover, as B increases, the regret in-
curred may increase, since higher budget implies better reward potential for the optimal policy;
however, the regret for RR-DPO remains small even as B grows. Similarly, for the ARMMAN do-
main (c,d), a challenging domain adapted from a real-world problem, our algorithm performs con-
sistently better than the baselines, achieving regret that is around 50% lower than the best baselines.
In the SIS domain (e—f), another real-world planning setting with a larger state space and multiple
actions, our results are robust across parameter settings. Importantly, this holds even as we increase
the state space from .S = 100 to 500 (f), in which running the Hawkins baseline becomes pro-

hibitively expensive.
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Finally, we run sensitivity analyses of the algorithms against H and the size of the uncertainty sets
(Appendix Fig. D.1). When H varies from 10 to 100, RR-DPO maintains very low regret, while
competitor regret as much as doubles, increasing RR-DPO’s relative improvement as high as ~60%.
Similar results are obtained when varying the uncertainty intervals between 0.2, 0.5 and 1.0 times

their widths from the experiments in Fig. 5.2, with RR-DPO always dominating.

5.5.3 PERFORMANCE oF DDLPO

We also evaluate the performance of DDLPO, our novel DRL approach to find reward-maximizing
policies for multi-action RMABs, which implements our agent oracle. We compare against No Ac-
tion and Random baselines as well as the computationally intensive solution by Hawkins which
computes the Lagrange policy, but which requires exact environment parameters and discrete
states/actions. Hawkins upper bounds DDLPO for small discrete problems since it is exact whereas
DDLPO learns the Lagrange policy from samples. Each experiment is a traditional reward-maximizing
RMAB instantiated with a random sample of valid parameter settings for each seed.

Fig. 5.2(g-1) shows DDLPO achieves reward comparable to the Hawkins algorithm and signif-
icantly better than random, providing insight into the success of our RR-DPO approach which
DDLPO enables, and showing promise for DDLPO as an algorithm of general interest. In the syn-
thetic domain (g,h), DDLPO learns to act on the 33% of arms who belong to category . The
mean reward of DDLPO almost matches that of Hawkins algorithm as /N scales with a commensu-
rate budget (g). As we fix N 'and vary the budget (h), the optimal policy accumulates more reward,
and DDLPO almost equals the optimal. We observe similar results on the ARMMAN domain
(i,j), a challenging real-world health problem. On the SIS domain (k,l), the strong performance of
DDLPO holds in a multi-action setting even as we increase the number of states from 5o to soo (1).

Moreover, DDLPO beats Hawkins computationally: in Fig. 5.3, a single rollout (10 rounds)

of Hawkins takes ~100 seconds when there are S00 states, scaling quadratically in general. This
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demonstrates that it would be prohibitive to run Hawkins in the loop of RR-DPO, since agent
policies are evaluated thousands of times to compute the regret matrices. For just 25 simulations,
computation would take ~42 minutes to evaluate a single cell in the regret matrix, which has [IT| x

| Q| total cells.

5.6 CONCLUSION

We address a key limitation blocking RMABs from many real-world settings: that arm dynamics
are not known precisely. To plan safe, effective policies, robust approaches accounting for uncer-
tainty are essential, which we give in RR-DPO, enabled by DDLPO, a novel deep-RL algorithm for
RMAB: of general interest. We hope our contributions bring us closer to deploying RMABs for

real-world impact.
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Robust Planning over Restless Groups:
Engagement Interventions for a Large—Scale

Maternal Telehealth Program

6.1 INTRODUCTION

Maternal mortality, the death of a mother” during pregnancy or within 42 days after childbirth, is
an ongoing global health crisis. In India, the maternal mortality rate is particularly stark, estimated

between 99 and 130 deaths per 100K births in 2020 '75°

, significantly higher than Sustainable
Development Goal 3.1 target of 70 per 100K births '>*. Tragically, most maternal deaths are pre-
ventable "4, but lack of finances and awareness prevent mothers from seeking care, particularly in
low-income communities *5.

To improve maternal health outcomes, we work with ARMMAN, an India-based non-profit
that provides free preventive care to millions of mothers by sending automated health voice mes-
sages, specifically targeted towards low-income communities (similar to MAMA7°). Mothers en-
rolled in the program receive weekly automated voice messages during pregnancy and up to one year

after childbirth. Randomized control trials showed that ARMMAN’s messaging program signif-

icantly improves key indicators including treatment-seeking during complications, infant breast-

"We recognize that the term “mother” is imperfect, most notably by not reflecting transgender and non-
binary identities. We highlight alternative language with discussion in Appendix E.1.
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Figure 6.1: Mothers enrolled with ARMMAN receive life-saving preventative care information via voice messages
throughout their pregnancy, childbirth, and neonatal period. Photo courtesy of ARMMAN.

feeding, and post-infancy weight''S. However, ARMMAN found that nearly 38% of mothers
disengage, missing critical health information. To improve engagement, ARMMAN employs health
workers to provide service calls, but there are only tens of health workers compared to hundreds of
thousands of mothers in a given service area — so interventions must be carefully targeted to maxi-
mize engagement.

Working with ARMMAN, we model this resource-limited intervention planning problem as a
restless multi-armed bandit (RMAB), where each mother (arm) changes their weekly engagement
(state) according to a stochastic Markov decision process. RMABs are PSPACE-hard to solve ex-

I22

actly "** and even the more tractable, asymptotically optimal “Whittle index policy” 103 g challeng-
ing to compute at scale.

To improve the scalability of real-world RMAB planning, Mate et al. *°* proposed to organize
arms into a small number of groups, infer transition dynamics from each group’s data, then compute
the Whittle index policy per group. While the scalability of their method is desirable for ARM-
MAN’s problem setting, it ignores a key reality of model uncertainty: learning transition probabili-
ties from historical data leads to imprecise and imperfect estimates which must be accounted for in
planning. Computing RMAB policies that are robust to model uncertainty has only recently been
studied. Existing methods achieve robustness to znterval uncertainty over model dynamics by plan-

ning against a model-controlling “nature” adversary to yield policies that minimize max regret83’17°.
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Robustness is desirable for ARMMAN’s setting, but these methods require training deep reinforce-
ment learning (RL) agents for each arm, so unfortunately do not scale past hundreds of arms.

To enable large-scale, robust intervention planning for ARMMAN, we bridge the gaps in previ-
ous works by introducing robust grouped RMAB. Our model achieves scalability by considering a
grouped-arm paradigm and optimizing for minimax regret over the uncertain model dynamics per
group. Unfortunately, the grouping abstraction breaks key assumptions used in previous robust
RMAB work: that (1) policies improve by collecting samples of regret by evolving a joint state of all
arms, and (2) the nature adversary controls the transitions of each arm individually. We overcome
(1) by decomposing regret per arm, freeing the planner from relying on a cumbersome joint state to
enable efficient group-abstracted planning. For (2), we prove that restricting the adversary to control
dynamics only over groups does not change the equilibrium strategy, allowing us to leverage the scal-
able robust grouped model to find policies over hundreds of thousands of arms without sacrificing
quality.

Our contributions are as follows. First, we introduce robust grouped RMABs with a minimax re-
gret objective and propose a solution that employs the double oracle framework "°°. The approach
we propose is GROUPS: Group RMAB Oracles for Uncertainty-robust Planning at Scale. Second,
we develop novel methods designed for robust grouped RMABs to implement the two oracles, the
planner and adversary. Planning over groups of arms allows large scale-up but presents several new
algorithmic challenges as we detail above. Thzrd, we prove that the minimax regret—optimal strategy
is the same whether the planner and adversary play at the individual or group level. Our proof en-
ables massive scale-up as it is now sufficient to compute robust strategies over groups, instead of over in-
dividual arms. Finally, we demonstrate empirically on real data that GROUPS reduces worst-case
regret up to 50% compared to baselines, representing potentially thousands of additional en-
gagements with life-saving information. We are working with ARMMAN to deploy GROUPS

to positively impact maternal health.
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6.2 RELATED WORK

Mobile-based maternal health services are effective and affordable in low- and middle-income com-

munities '°*'5°

. Successful programs include MatHealth in Uganda'*®, Aponjon in Bangladesh®,
ARMMAN in India''s, and text4baby in the United States**. Our work is designed to support
such programs.

Whittle % introduced RMABs and proposed the Whittle index policy, which computes indices
estimating each arm’s “return on investment” then acts on arms with the top K. Weber & Weiss '®!
showed this policy is asymptotically optimal under a technical condition. Many RMAB studies
assume known transition dynamics, although some recent works design methods to learn policies

online 157,117,18,80,156

. However, these online approaches require collecting a prohibitively large
number of samples, limiting their real-world applicability in scenarios where the time horizon is
short.

126,90,94

Most robust planning papers consider single-MDP (one arm) settings , rather than the

budget-coupled N-MDDP setting of RMAB. Even for single MDDPs, optimizing criteria such as min-

imax regret** requires searching massive strategy spaces; double oracle 106

is one approach to do so
efficiently. Recent work combines double oracle with deep RL to solve for minimax regret—optimal
robust policies for single MDPs '7°. Killian et al. %3 extended the idea to solve larger RMABs. Both
Xu et al. '7° and Killian et al. ®3 use deep RL which, if applied to a group setting, would need to ex-
plicitly account for the size of each group and state of each arm within each group, limiting their
methods’ ability to scale beyond hundreds of arms. For the large problem size that ARMMAN
faces, our methods must scale to hundreds of thousands of arms.

Finally, robust planning for stochastic bandits is well studied '°*®5 However, stochastic bandits are

stateless and lack passive rewards, and so are not expressive enough to model ARMMAN’s setting.
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6.3 MODEL

We consider grouped RMABs where N arms (enrolled mothers) comprise M groups. Each arm n €
[N] follows an MDP (S, A, P, ,y) wheres € S := {0,1} is the state space indicating whether a
mother is engaging (s, = 1) or not engaging (s, = 0) with automated voice messages; 7(s) = sis
the reward function; 2 € A := {0, 1} is the action space, i.e., {not intervene, intervene}; (s, a, ')
is the probability that arm 7 transitions from state s to s’ given action 4; € [0, 1] is the discount
factor. Lets € SNanda € AN be the combined state and action vectors of all arms. At each
timestep ¢, the task is to choose K mothers to intervene on (deliver service calls to) given the state s,
at time z.

Formally, we compute RMAB policies 7 : SN — A that respect a budget constraint || 7(s,)||; =
K for all z. For a given policy 7 and a fixed environment P := {P"},¢|x| representing a matrix of
transition probabilities of all arms, the average discounted reward is G(z, P) := E[Y_ 72, 7(s;) |
7, P|. Given P, the optimal policy which maximizes reward is 75 := max, G(7, P). An asymp-
totically optimal RMAB policy is the Whittle index policy (WIP), which computes the Whittle
index J77%(s) for each arm 7 and state s, then intervenes on the arms with the greatest K indices.
The Whittle index represents “return on investment,” interpreted as a charge for acting that makes
no intervention equally valuable as 7ntervention in the long term. Let Q}(s,a,4) = r(s) — da +
VEycs[max, e 4 Qp(s',a’, A)] be the long-term expected value of action 4 on arm 7 in state s. Then,

for a given P, the Whittle index for arm z at state s is W7(s) = min{1 : Q%(s,1,1) = Q%(s,0,4)}.

GroUPED RMAB  For scalability, we organize arms into groups, extending the concept from
Mate et al. '°* to our more challenging robust setting, e.g., by clustering based on historical en-
gagement patterns. We then estimate uncertainty intervals over transition probabilities per group.

However, note that our robust policy computation steps in Section 6.4 are agnostic to the par-
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ticular grouping and interval estimation methods. Let @ : [N] — [M] be a surjective map-
ping of arms to groups and @ ! () be the set of arms in group 7. The uncertainty intervals are
r’

L5,

=/
T [BZ; s P s,a,s'

| forallm,s,a,s. Thenlet P := {Z)f;’;, }s.0,¢ be the interval uncertainty
matrix for group 7 across all states and actions. Importantly, though arms in the same group have
the same uncertainty intervals, they may not have the same instantiated probabilities within those

intervals.

MiNIMAX REGRET ~ We define regret for grouped RMAB as:
R(”7P) = G(”}(%P) - G(W,P), (61)

where Pinstantiates P € P for all groups m € [M)]. Our objective is to learn a policy 7 that
minimizes max regret:

min m;th(ﬁ, P). (6.2)

We choose minimax regret as our robust objective since it does not require probability distributions
over the uncertainty intervals*>. Such distributional information is scarce in our setting where K <

N, giving us few samples of transitions for action 2 = 1.

6.4 METHODOLOGY

We introduce GROUPS (Group RMAB Oracles for Uncertainty-robust Planning at Scale), a four-
step approach visualized end-to-end in Fig. 6.2. Step (3) is our key algorithmic contribution. In
step (1), similar arms (mothers) are mapped into groups. In step (2), we combine data from arms in
each group with historical engagement data, using bootstrapping to estimate uncertainty intervals
D" for each group '#°. In step (3), we compute a minimax regret—optimal policy over groups, where

arms in a given group are treated as having the same transition probabilities, greatly improving com-
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Figure 6.2: GROUPS pipeline for robust grouped RMABs. (1) Assign enrolled mothers (arms) to groups. (2) Estimate un-
certainty intervals over transition probabilities. (3) Novelty of this work: Compute robust minimax regret-optimal policy

via double oracle, where each oracle efficiently searches the large-scale strategy spaces by using the group abstraction.
(4) To execute policies, translate group-level indices 7:” to arm-level intervention policy.

putational efficiency. Critically, we show in Section 6.5 that this group-level planning is lossless —
i.e., the policies we compute are the same minimax regret—optimal policies as would be computed if
grouped arms were allowed different transition probabilities (within the same uncertainty intervals).
In step (4), we map group-level policies back to individual-level policies by computing Whittle in-
dices for each group m € [M], then assigning an index to each arm 7 within that group based on its

current state 5,. Our policy is to intervene on mothers with the top K indices.

DOUBLE ORACLE  Instep (3), we adopt a double oracle (DO) framework '°®, solving Eq. 6.2 by
formulating the problem as a two-player zero-sum game between the RMAB planner and nature
adversary, where the players aim to minimize and maximize regret respectively. The planner’s pure
strategy space is the finite set of all feasible RMAB policies 7; the adversary has the continuous space
of transition probabilities P within the uncertainty intervals 2 forall m € [M]. The algorithm
maintains a finite pure strategy set for each player. For each iteration, we compute a mixed strategy
Nash equilibrium (MSNE) on the game over the finite strategy sets. A mixed strategy is a probability
distribution over pure strategies. In each iteration, the planner oracle computes a best response pure

strategy 7 against the adversary’s mixed strategy; 7 is added to the planner’s finite strategy set. We
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follow a symmetric approach to compute a best response P for the adversary. Upon termination,
we return the final planner mixed strategy, which is guaranteed, under mild conditions, to be an

170

g-optimal minimax solution *7°. In practice, we terminate after 7 iterations”°. The key technical

challenge of using the double oracle approach is designing planner and adversary oracles for group

RMAB:s.

6.4.1 PLANNER ORACLE: WI FOR MIXED STRATEGY

An adversary mixed strategy £ contains tuples (P, 8,) where 3, is the probability of playing pure
strategy P;. Similarly, a planner mixed strategy « contains tuples (7;, a;) where a; is the probability
of playing pure strategy 7;.

The planner oracle must compute an intervention policy 7 that minimizes regret with respect
to a given adversary mixed strategy £ over environment settings ;. Since 4 and thus all P; are fixed,
and only the second term of regret in Eq. 6.1 depends on 7, minimizing regret is equivalent to max-
imizing reward, to ensure that mothers engage with as many voice messages as possible. However,
existing reward-maximizing RMAB algorithms assume a single environment P, versus a mixed strat-
egy B over multiple ;. To address this combinatorially hard problem, we develop a new heuristic
approach that computes well-performing policies 7z based on strategically weighted combinations of
Whittle indices.

Unfortunately, optimizing exact regret is at least PSPACE-hard '**. Previous work optimized
regret of the Lagrange relaxation 83 but relied on joint arm states which does not scale. We introduce
a decomposed notion of regret, allowing us to optimize regret of the full RMAB in a far more scalable
way. We call this Whittle index regret: the sum of Whittle indices played by a policy 7z compared to
the optimal WIP. The key is that the Whittle index is a measure of “reward if played” — so agents
who play arms with low Whittle indexes in lieu of arms with high Whittle indexes will incur large

regret. As a further advantage, this regret notion naturally extends to groups — since the Whittle
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index is a function only of transition probabilities and rewards, all of which are shared in a group
under P; — improving scaling.
Given states s, denote the set of arms pulled by policy 7as ®7(s) = {n € [N] : 7,(s) = 1}

. . . . /. .
where 7,(s) is the action on arm . The planner’s Whittle index regret Ry () is:

Z@[ max {Z(Wg(;ﬂ))} —ZW’@(;”)]. (6.3)
ey LI00 e r®)

The first term in Eq. 6.3 corresponds to a planner’s optimal mixed strategy which plays the WIP
corresponding to each setting of transition probabilities 2; in 8. To minimize regret RPVZ;””W, we seek
a policy 7 that plays Whittle indices as close as possible to the WIPs in the first term, which equiva-
lently maximizes the second term. How to produce a pure strategy  that closely follows the mixed
WIP policies of the first term is the key challenge. We start by making the first term more closely com-
putable as a pure strategy with a relaxation that leads to relaxed regret, by moving the expectation

over f8 inside the max over indices:

max o> B ¢ (6.4)

=k \n€x (P)es

We replace the first term of RPI/I;MW (s) (from Eq. 6.3) with Eq. 6.4 to get kppl;m”(.f). This illu-
minates a heuristic for the planner oracle. Specifically, Eq. 6.4 can be computed exactly by a single
policy 7, meaning we can make ﬁplf;w”(.r) = 0 by finding a 7 equivalent to Eq. 6.4. To do so,
we compute Whittle indices for each pure strategy P;, compute the 3,~weighted average index I7*
for each group 7 and state s, then follow the greedy strategy of a WIP. Since the expectation over
£, is pushed through the max (Eq. 6.4) we have ﬁpl/l;”mr(s) < Rpl/l;nmr, but we show in appendix
Fig. E.1 that this weighted index policy performs well, despite this relaxation. We call this approach

Whittle Index for Mixed Strategy (WI4MS), given in Alg. 6.4.1. Whittle indices are computed via
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Algorithm 6.4.x WI4MS (Planner Oracle)
Input Adversary mixed strategy 3

r: for (P, f,) € £do {environment and probability 7}
2. for{m =1toM}and {s € S} do

3: I[m,s] += B, x CompuTEWI(m, s, P}")

4w = WIP(J) {implements Whittle index policy}
s: return 7 {planner pure strategy}

ComruTEWI described in Alg. E.7.2 in the appendix.

6.4.2 ADVERSARY ORACLE: REGRETMAX WHITTLE INDEX

The adversary oracle must find one environment 2 that maximizes regret for the planner’s current
mixed strategy « over policies 7; to maximize the number of missed calls. To guide the search, we
must address challenges both in maximizing regret of RMAB policies and in searching over a con-
tinuous strategy space P”. Our insight is to maximize regret by manipulating the optimal RMAB
policy (a Whittle index policy) to simultaneously minimize the values of Whittle indices acted on by
the planner and maximize indices that are not.

We utilize again the notion of Whittle index regret, re-defined for the adversary oracle:

Rif™ =B | 3 W) |

nE®™P (5)
- > %-(E > W) | =2 ) (6:5)
(i) Ea ! nedDi(s)

Given an environment, P;, Eq. 6.5 captures the difference in the Whittle indices collected by the
optimal policy 7r}31_ versus the Whittle indices collected by the policies of the agent mixed strategies
7;. The WIP is a proxy for finding the most effective arms on which to intervene; intuitively, this

means the adversary oracle should find P; which maximizes the Whittle indices of arms played by
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Algorithm 6.4.2 RegretMaxWI (Adversary Oracle)

Input: Mixed strategies (,3), intervals P, group-mean budget K, P =

[
I: {Lj”}fé%[M] = MoNTECARLO(«, #) {simulation}
2: Ky = FINDTHRESH(L, K) {returns action count of [Kj,|™ group-state}
3: for{m = 1toM}and {s € S} do
4 objlm,s| = minif (L > Kyy) else max
s: form =1toMdo
6 P" = MiINMaxWaITTLEBQP (0bj[m], P")
7: return P {Adversary pure strategy}

the optimal policy but not played by the planner, and simultaneously minimizes the Whittle indices
of arms played on/y by the planner policies.

The first challenge is to determine which arms the planner will act on in expectation. We pro-
pose a simple but effective solution which counts the number of times the arm-state pairs are acted
on during Monte Carlo simulation of the planner’s mixed strategy. Since the adversary operates at
the group level, we then aggregate arm-state counts into group-state counts, denoted L7” for each
group 7 and state s. The next question is which group-state indices to minimize or maximize. Intu-
itively, if we reduced all indices an equal amount, we would reduce reward but not regret since the
optimal policy, i.e., the first term of Eq. 6.5, would reduce the same as the second. Thus, we need
to strategically minimize some indices, but maximize others to induce an optimal policy that plays
different arms. Specifically, we choose to minimize the indices of the top Kpr = %/I —i.e., the
budget normalized by average group size — entries of L, approximating the top K choices of the
agent mixed strategy in expectation. Then we maximize the Whittle indices of all group-state pairs
below that threshold.

The second challenge is to find transition probabilities 2 that minimize or maximize the Whittle
indices of a group over its transition probability intervals. This problem has general implications,

e.g., for optimistic or pessimistic search over uncertainty sets in online learning. We derive a novel
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binary-quadratic program that, given a group and objective for each state (min, max, or null), com-
putes a P that optimizes the indices for all states simultaneously, detailed in the appendix as MIN-
MaxWaITTLEBQP (Eq. E.13). We give the full adversary oracle algorithm, REGRETMAXWI, in

Alg. 6.4.2 and empirically demonstrate its good performance in the appendix Fig. E.2.

6.5 THEORETICAL REGRET GUARANTEE

In Section 6.4, we proposed an approach to compute a minimax regret—optimal strategy against an
adversary choosing the same transition probabilities for all arms in the same group from their corre-
sponding intervals. However, arms within the same group may not have identical transition prob-
abilities. Also, it is not intuitive that a minimax regret—optimal policy, when the adversary chooses
the same transition probabilities for all the arms in a group, also minimizes max regret when the ad-
versary chooses different transition probabilities for the arms in a group from their corresponding
intervals. In this section, we show this is true under mild assumptions. In particular, the minimax
regret—optimal strategy of the planner is the same against an adversary choosing transition proba-
bilities at the group level as against an adversary choosing transition probabilities at the individual
level.

Let IT be the planner’s pure strategy space of all individual-level policies, i.e., all choices of subsets
of arms with cardinality K. Then we define mixed strategy sets for the planner at individual-level,
A(I1), and group-level, A pr(IT), where Apr(IT) C Af(IT) is a restricted set of mixed strategies
in which the planner is indifferent between arms in the same group and state (see Appendix E.4.2
for definition). Next, let & be the adversary’s pure strategy space, containing all individual-level
policies, i.e., choices of transition probabilities { P* } ,¢[n) respecting the given uncertainty inter-
vals Z’¢(n). Similarly, we define mixed strategy sets for the adversary at individual-level, A;(£?), and

group-level, Ap( ), where Ay () C Ar(Z?) is arestricted space that assigns same transition
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probabilities to all arms within a group.

For X, Y € {I(individual), M(group)}, the regret game with X-level planner and Y-level adver-
sary is noted as X/ Y. The X/ Yregret of a planner’s mixed strategy € Ax(IT) against an adversary’s
mixed strategy 8 € Ay(P) is:

R(d”@) = Z Z ”Z[EJR(WZ) P]) ,
ieflax(I] jellar(2)l]
where a; is the /" pure strategy of the X-level planner and ﬂ] is the /™ pure strategy of the Y-level

adversary. Let & y be the planner’s mixed strategy of a X/ Y game, defined:

min max R(a,8) = max R(a%yy,
weAx(IT) fEAy(2) (#6) seA( ) (@, 6)

which holds since the regret game is a two-player zero sum game, making minimax regret equal to
maximin reward. We call this the worst-case regret for a} -
We first show in Theorem 6.5.1" that, when all arms within the same group have the same transi-

tion intervals, the minimax 7/ regret is equal to the minimax A/ regret.

Theorem 6.5.1. The worst-case regrets of af r and iy ; against an adversary operating at the individ-

ual level is equal:

R(a®,,B) = R, 1, f) -
e (27 1,8) et (.1, 8)

Similarly, in Theorem 6.5.2, we show that, when all arms within the same group have the same tran-

sition intervals, the minimax 7/ regret is equal to the minimax A/ M regret.

Theorem 6.5.2. The worst-case regrets of af 5 and &y yp against an adversary operating at the group

"Proofs of Theorem 6.5.1, 6.5.2, and 6.5.3 are given in Appendix E.s.
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level are equal:

R(af 1, 8) = Ry 17, 8) -
ﬂeﬁlj&) (“J,M ﬂ) ﬁeglﬂj(xy) (“M,M /5)

Finally, we use these results to establish our main result in Theorem 6.5.3 that the worst-case regret
of zx}*w, r is equal to the worst-case regret of 7 ; when (1) all arms in the same group have the same
intervals and (2) there exists a surjective function ¥ that maps A7(Z?) to A () that preserves
the regret ordering of planner and adversary strategies (formal definition and example ¢ given in

Appendix E.5.1).

Theorem 6.5.3. If there exists an order-preserving map, then the worst-case regret of &y is equal to
that of aj , against an individual-level adversary, that is,

max R(ay;1,8) = max R(aF,f).
se A,%Xﬁ) (“M,M ﬂ) se AIQ(-XQ) (“1,1 /3)

Theorems 6.5.1, 6.5.2, and 6.5.3 together establish that the minimax regret—optimal strategy is the
same whether the planner and adversary play at individual or group level. In particular, this result
ensures that, under some conditions, the minimax regret—optimal strategy obtained by our algo-
rithm GROUPS, which implements group-level planner and adversary, is also minimax regret—

optimal against an individual-level adversary.

6.6 EXPERIMENTS

6.6.1 EXPERIMENT SETUP

ARMMAN MATERNAL HEALTH DOMAIN  Every week, ARMMAN’s automated system deliv-
ers prerecorded health messages to each enrolled mother with information tailored to the mother’s
gestational age. If mothers stop listening to the messages, healthcare workers can deliver interven-

tions to try to improve mothers’ engagement. We evaluate the increase in number of health messages
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mothers listen to using GROUPS to target interventions compared to existing baselines. To construct
a simulation environment, we use a real anonymized dataset from ARMMAN’s records of weekly
program engagement data for 15,336 mothers (though we note that ARMMAN’s larger service ar-
eas operate on the scale of hundreds of thousands). A mother is “engaged” if they listen to at least
30 seconds of a message that week. Thus, states are {not engaged, engaged} with rewards o and

1, respectively. To create an arm—group mapping, we run K-means clustering on the engagement
data and compute uncertainty intervals via bootstrapping followed by multiple imputation to com-

pute standard deviations of the means '#°

. Statistics on the uncertainty intervals and group sizes
are shown in appendix Figs. E.6 and E.7. For details on the dataset and consent for collection, see
appendix E.11.

In the experiments, the default parameters match the intervention setup used by ARMMAN,
ie,,budget K = 100, N = 15,320 mothers, and M = 40 groups. For sensitivity analysis, we

vary the budget, horizon, and number of mothers. Additional analysis varying uncertainty interval

width, number of groups, and distribution of group sizes are included in appendix Fig. E.4.

ADDITIONAL DOMAINS  To demonstrate wider applicability, we include results from two ad-
ditional domains. The TB domain is constructed from an anonymized dataset of daily adherence

to tuberculosis medication?. States, rewards, and groups were derived analogously to the ma-
ternal health setting; complete details are in appendix E.12, including group statistics in Figs. E.8
and E.9. In our experiments, the default setting has N' = 8,350 arms, M = 60 groups, budget

K = N/10,and 4, = 3, i, interval width of 3 standard deviations. We vary the budget, number
of groups, and 4,,.. Finally, we use the Synthetic benchmark domain from recent robust RMAB
work®?. This domain considers three “arm types” (U, V, W] with different intervals, designed so
that non-robust policies incur greater regret than robust ones. We augment the domain to allow ho-

mogeneous groups of each arm type, where the size and proportion of groups of each type may vary.
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In our experiments, the default setting has N' = 18,000 arms, M = 36 groups, where 1/3 of groups
are composed of each of the arm types, and budget K = 100. We run sensitivity analysis on K, the
proportion of groups made up of each arm type, and a “block group” setting which joins all arms of

a given type into a single group.

EvaruaTioN To evaluate performance, we plan at the group level but simulate individuals
within groups independently, where each individual undergoes state transitions based on their own
state, action, and transition probabilities. All experiments use horizon £ = 10 and report the av-
erage of 30 seeds. We measure total reward with discount factor y = 0.9. In Fig. 6.3, we evaluate
each approach in terms of regret (Eq. 6.1), computed by simulating each planner strategy against the
full set of adversary pure strategies and selecting one that maximizes regret. Note, there is no actual

deployment of the proposed algorithm; all results are simulated.

BASELINEs  First, we compare against the state-of-the-art robust RMAB method, DDLPO, for
small settings in which DDLPO can complete*. For larger-scale experiments with tens of thou-
sands of arms, no other robust methods are tractable, so we compare against several scalable non-
robust baselines. The non-robust baseline from Mate et al. '°* assumes all environment parameters
take the median of their uncertainty intervals then computes a reward-maximizing WIP; this strat-
egy was employed in a recent real-world pilot *°*. We consider two additional non-robust variants
which assume that all parameters take the lower bound of the uncertainty interval (pessimist) or the
upper bound (optimist), then compute a WIP strategy. Finally, random plans a WIP strategy against

an environment that is uniformly randomly sampled from the uncertainty intervals.
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Figure 6.3: Max regret (lower is better) incurred by GROUPS, our robust solution approach, compared to non-robust
baselines across various settings. (a-c) Maternal health. For (c), the number of arms is increased by multiplying each
group size by a constant factor, i.e., 1, 10, and 20, but M is constant. (d-f) TB. For (d), budgets are 5%, 10%, and 15% of
N. (g-i) Synthetic. For (h), the x-axis is the fraction of groups of arm type U — the fraction of type V is always 0.33, and
the remaining fraction are type W. For (i) the x-axis denotes the arm type that has been combined into a single group

of 6000 arms, where the other two types are split across 12 groups each of size 500. In the maternal health and TB
settings, regret can be interpreted, in real-world terms, as the maximum preventable missed health messages and doses,

respectively, across the uncertainty space.

6.6.2 RESULTS

Fig. 6.3 shows GROUPS outperforms baselines in terms of max regret across several settings. Fig. 6.3(a—
c) shows results for the maternal health setting of ARMMAN. In particular, Fig. 6.3(c) shows

that GROUPS scales past 300,000 arms, representing more than a 1000 X increase over the robust
state-of-the-art to meet a key need of real-world deployment settings. Moreover, across experiments,

the max regret of GROUPS is nearly half that of the non-robust strategy used in Mate et al. *°*. In
other words, our simulations demonstrate that compared to the best non-robust strategy GROUPS
could prevent mothers from missing thousands of pregnancy-related health messages, each
containing potentially life-saving care information.

On the TB domain (Fig. 6.3(d-f)), we see again that GROUPS performs well across various
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strategies for grouping and computing uncertainty, even with very imbalanced group sizes. On the
synthetic domain (Fig. 6.3(g—1i)), across various budgets and grouping strategies, the non-robust
baselines vary in performance and are sometimes worse than random, demonstrating the need for
reliable robust policies. Moreover, Table 6.1 shows that GROUPS even outperforms the state-of-
the-art DDLPO in terms of regret on the synthetic benchmark dataset for problems sizes small
enough for DDLPO to complete (i.e., N < 100). The superior performance of GROUPS is due
to our Whittle-based policies which specialize to two-action settings, in contrast to the more general

but highly stochastic deep learning—based policies of DDLPO.

GROUPS DDLPO

N=6 0.64x£0.05 1.00=x0.06
N=9 047+0.06 0.98=£0.05
N=12 0.45=£0.06 0.88=+0.05

Table 6.1: Regret of GROUPS vs. robust method DDLPO on Synthetic. We set M = Nand K = 1 to match the
evaluation in Killian et al. 8. GROUPS incurs less regret.

Supported by Theorem 6.5.3, GROUPS scales significantly without incurring additional regret. In
Appendix E.9, we demonstrate the significant runtime improvement of GROUPS as M decreases,
holding N constant. The scalability of our approach is critical for robust RMAB solutions to actu-

ally be deployed in real-world, low-resource settings.

6.7 CONCLUSION

The GROUPS algorithm we introduce presents several key advances to make RMABs more useful
in practice, enabling simultaneous scalenp and robustness to uncertainty. We are working with AR-
MMAN to deploy GROUPS to positively impact maternal health, demonstrating the real-world
capabilities this work enables. Most notably, our simulation experiments demonstrate that our

robust planning method could help ARMMAN prevent mothers from missing thousands of
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health messages, a promising result that we hope to translate into practice to help deliver life-saving

health information to otherwise under-served mothers.



Conclusion

To conclude, this thesis makes key advances in Al to help enable effective resource allocation in
public health. In working closely with collaborators, I identified key thematic challenges of resource
heterogeneity and planning under model and observational uncertainty. I developed state of the

art algorithms for addressing these challenges using multi-agent planning, optimization, machine
learning, and deep reinforcement learning. Moving forward, I aim to continue to collaborate with

interdisciplinary teams to research and develop eftective Al tools with the goal of improving health
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equitably for all. From a technical viewpoint, there are many areas in which I would like to continue
to advance this agenda.

Learning from real-world data. When learning from historical trajectories, some decisions
may be generated based on variables that are impartially recorded (e.g., ambiguous active medication
lists or adherence rates) or not recorded (e.g., patient preferences or decision-maker bias.) Training
naively on such data can lead to spurious policies with ambiguous support. To address this, I will
work with healthcare partners to develop latent variable models that can account for specific struc-
tures of unobserved confounders, to maximize our ability to learn from existing historical data. Also
of key interest is the complementary problem of designing closed-loop learning systems whose deci-
sions, when deployed, will impact the data distributions that the system will later (1) learn from and
(2) be evaluated on by decision makers. A key unanswered question in Al planning is how to design
policies that are jointly useful for learning (e.g., requiring some exploration) and allow for statisti-
cally rigorous evaluation (e.g., requiring minimal exploration to allow for post hoc construction of
synthetic cohorts).

Safety and Reliability. Especially in high-stakes real-time settings (like the intensive care unit),
there are certain policy choices that are unacceptable e.g., unintentionally forcing vital signs into an
unsafe range. I will build on my experience in constrained RL to develop methods for giving prob-
abilistic guarantees that policies will avoid pre-specified unsafe state space regions. Moreover, I will
develop methods for statistically evaluating these guarantees on real-world offline data. Of course,
sometimes guarantees may be challenging to satisty, especially in more volatile regions of the state
space. So it will also be important to build on the constrained policy methods to incorporate ”learn-
ing to defer” to human experts when they enter regions of the state space where safety guarantees
may be violated.

In sum, I believe that AI will have a positive impact on the world, especially in the domain of

health. Developed as complementary components of holistic systems, conceived, developed and
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analyzed by diverse interdisciplinary teams, AI may achieve its promise.
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Appendix to Chapter 1

A.1 CONSTRUCTING UPPER AND LOWER BOUNDS

The algorithm for constructing ¢ and £, the bounded representations of V7(s’, 1), is given in

Alg. A.1.1.
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A.2 PRrROOF OF THEOREMS I1.5.1 AND 1.5.2

‘ 2
Theorem 1.5.1. A’ are %—mb-@zmyz’an where > = % ( Lo )
Cmin(1—6)

Proof. By Hoeftding’s Lemma, if the values of a random variable can be bounded almost surely by

(b—a)®

alower bound 4 and upper bound 4, and its expected value is o, then the random variable is 4

sub-Gaussian. Note that shifting the expected value to be centered around the true mean introduces
the factor 7 in the denominator, the number of samples used to estimate the mean. It remains to
show that A’ is bounded. The lower bound of A* is o due to the nature of the budget constraint,

i.e., the budget constraint is <. To upper bound )7, we consider the Lagrange LP (i.e., Eq. 1.7) fora
single arm. We assume there always exists a o cost action (bandit assumption) which achieves at least

o zero reward. Then if any single action charge Ac,,;, is greater than any possible long term future

reward '{’fé , the optimal policy will always choose the no-cost action, since the difference of the

future reward and the charge will always be negative otherwise. Thus lambda cannot be increased

further in the objective of the LP than [mi:’(fj oL and is thus the upper bound on 2’. ]

Theorem 1.5.2. The number of samples n needed to estimate the sample mean of X’ within an error ¢

and with confidence 1 — 9 is lower bounded as:

L rmae (1
250 (i) ) <“>

Proof.
- , ne*
PP > 2 +¢) <exp (—22> <9 Hoeffding bound (A.2)
%
257 1

1 s \o_ (1
=350 (i) () o
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A.3 MopbiriEp KNaPsAck

The integer program used to compute policies in section 1.6 is as follows:

N—-1M-1
m)?x Z Z xl}jQ (5 y 4fs lmz‘n) (AS)
=0 ;=0
N—-12M-1
s.t. Z Z x;j¢ < B (A.6)
=0 j=0
M—1
Z ;=1 Vi€ 0..N—1 (A7)
7=0

where Q/(, aj, Amin) is the action value function associated with arm 7. Note that (s, ajy Amin)
can be readily computed using the value functions returned by BLam and SampleLam via algo-
rithm A.3.1.

Note that this integer program is a generalization of the {o,1} knapsack problem, in which mul-
tiple “actions” can be taken on each item to achieve different values at the corresponding action
costs. In practice we use Gurobi to solve the integer program, but we also give a dynamic program
solution in Alg. A.3.2 to prove the worst-case computational complexity. The idea is to compute a
table z[7, 7] where z is the maximum achievable value considering to the first 7 items and respecting a
budget j. The table entries are computed iteratively using using a standard dynamic programming
approach. Once the table is computed, the optimal value can be retrieved from the entry 2[N—1, B],
and the corresponding optimal actions can be recovered via a backtrace. Both computing the table

and running the backtrace take O(N|.A|B) time, as well as O(NNB) and O(N) memory respectively.
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Note that all algorithms in this chapter employ this same knapsack procedure to select policies using

their respective estimates of Q.

A.4 ADDITIONAL EXPERIMENTAL RESULTS

BLam’s superior runtime emerges when there is existing problem structure of which its bounding
technique can take advantage. In the medication adherence experiment, the primary structure it
identifies is that both high and low adherence patients have small responses to interventions. In
terms of V(s, 1), the term in the LP that BLam “bounds” with a cheaper representation, such small-
response patients have a V(s, 1) curve whose derivative quickly goes to zero. Such curves can be
closely approximated with “bounded” curves made up of only a few test points (see Fig. 1.1) — and
the closer the approximation of the bounds, the faster BLam will converge.

In Fig. A.1, we investigate a second mode by which BLam can achieve speedups, as the budget B
is varied. As the budget increases, resources are less constrained which intuitively makes planning
easier, since there are more resources available to take each arm’s individually optimal action (i.e., the
action one would take on an arm if planning for that arm in isolation). This allows all methods to
tend toward the same high reward as the budget is increased. However, BLam’s adaptivity allows it
to recognize when the problem is less constrained to automatically converge even more quickly to
the optimal solution, as demonstrated by the increasing runtime gap between Hawkins and BLam as
the budget is increased. These gains will be most drastic when the true 1,,,;, is o, since (1) this can be
quickly verified in a single step of BLam if its upper bound returns o and (2) the larger the budget 5B,
the more likely BLam will return an upper bound of o, since the larger the slope of the term % will
become. Figs. A.2 and A.3 replicate the results from Figures 1.5 and 1.4, respectively, with log-scale
runtimes included.

Finally, in Fig. A.4, we give a sensitivity analysis of SampleLam that demonstrates the change in
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its performance as the underlying distribution of arms shifts. We simulate a shifting distribution of
arms by sampling an « fraction of arms from a fu/ly random distribution, which has uniform ran-
dom transition probabilities and rewards (with 7(s) € [0,1]) and al — « fraction of arms from the
adherence simulation data. The arms from the adherence simulation data have 4 = 4 and the arms
from the fully random distribution have a corresponding 40 states. Arms from both distributions
have four actions with costs in [0, 1, 2, B], as in the adherence simulation in section 1.7. We compare
the discounted sum of rewards, using discount factor 0.95, averaged over all arms N and 20 simu-
lations, over L = 40 rounds. We also subtract the mean reward collected from the nobody policy

to make the differences between SampleLam and the best policy Hawkins more clear. Results are
shown for a budget of B = 0.1 and N = 250 arms.

Note that Fig. 1.2a was generated using arms from the fully random distribution — this suggests
that SampleLam should be good at estimating 4,,,, as@ — 1and should correspondingly achieve
performance comparable to Hawkins. Also note that SampleLam performed suboptimally on the
adherence simulation data in section 1.7, suggesting that 4,,;, was not equal to the sample mean of
A;s in that distribution in general. We see that when « is near o, SampleLam’s poor performance on
the adherence simulation data is shown as expected, but as « increases, and more arms are sampled
from the fully random distribution, SampleLam’s estimates of 1,,;, become progressively closer to

the true value, making the policies it computes progressively closer to the well-performing Lagrange

policy.

A.s LAGRANGE PoLicy vs. INDEX PoLicy

Here we expand on the relationship between the Lagrange policy and the Whittle index policy for

binary-action RMABs, by giving the following Lemma:

Lemma A.s. The Lagrange policy always produces equal or greater rewards than the Whittle index
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policy in binary-action RMABs as N, B — oo with B/ N fixed.

Proof. This can be seen via the results from Weber & Weiss *®* which prove the asymptotic opti-
mality of the Whittle index policy under indexability (see Whittle’s definition of indexability '°?).
To prove their result, they first give Theorem 1 which shows that, in the binary-action case, as

N, B — oo with B/N fixed, the optimal return from the constrained problem (Eq. 1.3) converges
to the optimal return of the Lagrangian relaxation of the problem (Eq. 1.7). This implies that if
one could compute and follow the policy that minimizes the Lagrange bound (i.e., the Lagrange
policy), one could achieve the asymptotically optimal reward. They then go on to show that un-
der indexability, index policies replicate the Lagrange policy. However, since we are computing the
Lagrange policy directly, we bypass the step of computing indices, but we maintain the asymptotic
performance guarantees that they enjoy. This holds true regardless of whether the problem is index-

able. O
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Algorithm A.1.1: BuildBounds

Data: D,G,N
r U=]; // list of dicts for upper bound pieces
» L=]]; // list of dicts for lower bound pieces
3 fori€0,....,N—1do
4 /* Computing upper bounds, start from back */
s | =161l -1
6 Ui, jl['m’] = 0; // last slope always 0 for UB
7 Uz, j]['b’] = 0; // last intercept is arbitrary
8 }ltext = G[l}]‘]i
9 /* set up the next line: y=mx+b */
o |y = Uil * D+ UL D
11 forj € |G[{]| —2,...,0do
2 Uli,jl['m’] = D[z,j + 1];
13 /* b=y-mx */
1 Uli, [0 = y = Ul ][] Ay
15 lmt = G[Aj];
16 /* set up the next line: y=mx+b */
o ||y = UG * A + UL
18 /* Computing lower bounds, start from front */
19 Y =0
20 forj€0,....|G[{]| —1do
21 ltext - G[éj];
22 ['[Z.’]‘] ['m’] = D[Z.7].]3
23 /* b=y-mx */
o LEID) =y — LA * A
25 /* set up the next line: y=mx+b */
26 y = LI ']+ Glaj+ 1] + L[2 AP
27 returnu,ﬁ




Algorithm A.3.1: Compute Action Value Function

Data: V, T R, C, 1,58
r Q=1[]; // hold the action value function
» fors € Sdo
3 fora € Ado
| Qls,al = R[s] = 2% Cla] + B x> c5 V] * Tls, 4,5

s return Q

N

Algorithm A.3.2: ActionKnapsackDP

Data: Q,C, B

1 // Q filtered to current state of each arm 7
2 z2={]; // N X B Table for solving DP
3 forj€0,...,Bdo

4 /* Initialize top row to O */
5 Z[O,_]] = 0;

6 fori €0,....N—1do

7 forj € 0,...,Bdo

8 z[l.vj] = Z[Z‘ - 17j] + Q[ﬁ 0]5

9 forkel, .. |Al —1do

10 if Clk] < jthen

. | il = max{eli,f). <li — 1,7 — ClE)] + Qli. Kl };

2 returnz
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Figure A.1: Rewards (top row), linear-scale runtimes (middle row) and log-scale runtimes (bottom row) on the health

care dataset with = 4 adherence levels. Columns represent a budget of 0.1V, 0.2N, and 0.5\, respectively. At all
values of ¢, BLam significantly outperforms VfNc when the budget is small and the tradeoff between individual actions is
important. BLam also scales much better than Hawkins, achieving a 5 times speedup in the 0.1 budget case and 6 times
speedup in the 0.2 and 0.5 budget cases. BLam, at all values of ¢, scales similarly to SampleLam on this dataset.
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Figure A.2: Rewards (top row), linear-scale runtimes (middle row) and log-scale runtimes (bottom row) on the health care
dataset with budget 0.1/N. Columns representd = 3, 4, 5 adherence levels, respectively. At all values of ¢, BLam
significantly outperforms VfNc. Further, the Hawkins LP scales quadratically in the number of states on each arm, while
BLam identifies problem structure that keep the underlying LPs small, making speedups more dramatic as the problem
size increases. BLam, at all values of ¢, scales similarly to SampleLam on this dataset. (Same as Fig. 1.5, but with log-
scale runtime included.)
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Figure A.3: Linear-(left) and log-scale (right) runtimes on the Greedy/Reliable/Easy simulation domain. BLam again
scales extremely well, but SampleLam’s scaling advantage is more evident on this dataset. (Left plot is the same as
Fig. 1.4.)
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Figure A.4: Sensitivity analysis of SampleLam, where « fraction of arms are sampled from a fully random distribution
and 1 — « arms are sampled from the adherence simulation data. As more arms are sampled from the fully random
distribution, SampleLam’s estimates become closer to 1,,;,, making the policies it computes progressively closer to the

well-performing Lagrange policy.
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Appendix to Chapter 2

B.1 PROOF OF CONVERGENCE FOR MAIQL

In this section, we provide a detailed proof of the convergence for MAIQL. We begin by stating
2 standard assumptions for establishing the convergence guarantee of Q-learning in the average-

reward setting, and then add a third that’s required for two time-scale convergence.

Assumption 1 (Uni-chain Property). There exists a state sy that is reachable from any other state
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s € Swith a positive probability under any policy.

This property formalizes the notion that there aren’t any ‘forks’ in the MDD, in each of which very
different outcomes could occur. This is important because, if there were a fork, the notion of ‘aver-

age’ reward would be ill-defined as it would depend on which ‘fork’ gets taken.

Assumption 2 (Asynchronous Update Step-Size). The sequence of step-sizes {a(t) } satisfy the follow-

ing properties for any x € (0,1):
)
Ll

Sy a(m)

Z;:O a(m)

This is a condition that is required to show that updating Q(s, 2;) values one at a time with an &-

< 00

sup -1 =0

Y€1

greedy policy is equivalent to updating all the Q(s, 4;) values together, in expectation.

Assumption 3 (Relative Step-Size). The two sequences of step-sizes, {a(t) } and {y(r)}, satisfy the

Sfollowing properties:
(A) Fast Time-Scale: Za(t) — 09, Zaz(t) < o0
=0 =0
(B) Slow Time-Scale: Z;/(t) — 00, Z ¥ (£) < o0
t=0 t=0
(C) lim 1) —0
t—00 a(t)
An example of possible step sizes for which this condition is true is () = 1 and y(z) = ig .. In
. _C _ d
our experiments we use «(¢) = B and y(¢) = o

We then detail the proof for Theorem 2.4.3 below. This proof involves mapping the discrete Q

and A updates from the MAIQL algorithm (Section 2.4) to updates in an equivalent continuous-
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time Ordinary Differential Equation (ODE). This conversion then allows us to use the analysis tools
created to analyse the evolution of two-timescale ODEs to show that our coupled updates converge.
The proof detailed below broadly follows along the lines of Avrachenkov & Borkar '*, but where
they discuss convergence in the binary action case, we generalize their proof to the multi-action

scenario by using the notion of multi-action indexability from Glazebrook et al. >*.

Theorem 2.4.3. MAIQL converges to the optimal multi-action index l:ﬂ for a given state s and

action a under Assumptions 1, 2, 3, and the problem being multi-action indexable.

Proof. To convert these discrete updates to ODEs, we map a given time-step 7 to a point 7 = 7(¢)

t

in a continuous time, such thatany time 7(¢) = )" _,

a(t). Because we’re parameterising the time
with « (rather than ) we call 7 the fast time-scale. To make this more concrete, we define Q(7) as a
function of the Q-value with time, and set Q(71(#)) = @ to the value of the Q-function after  up-
dates . Then, for values of 7(z) < 7 < T(z+ 1), Q(7) is assumed to be linearly interpolated between

Q’ and Q! creating a continuous function of 7. Similarly, we define A(7) such that 2(7(¢)) = 2’

We can then re-arrange the terms in Equation 2.9 to create an ODE that characterizes the value of

Q(7):

Qs 4)) = Q(s.a) +a(0) [[r(s) — A, —AQ)
+ max Qt(s/,a;)] - Q(s,4))]

!
a;€{0,1}

= [r(s) = X 05 —AQ)

RE + s, QU - Qs a)

where Q(7) is the derivative of Q(7) and corresponds to the slope of the interpolated function in the

range (7(z), T(¢ +1)).



Similarly, we can re-arrange Equation 2.10 to get the ODE for A(7):

lj,—gjl = )';dj + d(t) (ZEZ§> (Qt(-f’ ﬂj) - Qt('f’ ﬂjil))

/‘lt+1 _ )’t
5,45 saj 7(f)
=7 Y <zx(t)> (Q(s,27) — Q' (s,a7-1)) (B.1)

then we see lim;_, oo 1(7) — 0 because, by Assumption 3 (c), lim,— o0 % — 0 and, by Assump-

tion 3 (A), 7(00) = > -2 a() — oo. Therefore, A(7) can be seen as quasi-static w.r.t. Q(7)
at the fast time-scale. As a result, the updates in this time-scale correspond to standard Q-Learning
for a fixed MDP defined by the value of A(7). Given Assumptions 1, 3 (A), and 2, this is known to
converge to the optimal Q-values Q; for the given value of 1(7)>.

Now, at the slow time-scale 7/, we can repeat this continuous-time re-parameterization, except

with 77(¢) = Y. _, 7(¢). Then, re-arranging Equation 2.9 in a similar way as above, we get:

QH—I(Svﬂj)_Q[(Svﬂj) _ @ o8t ¢
TR (2) 1) - X - AQ)

7(2)
Q) a;€{0,1}

+ max Q[(Sl,él]/-)] - Qt(fv ﬂj)

Now, given that lim,_, % — 00, and from the argument above about the Q-values converg-
ing in the fast time-scale, we can see the interpolated 1(7’) value as tracking the converged Q-values

Q) () (for that value of 1(7')). Then, we can write the ODE for 1(7’) as:

A7) = Q5 (5,4) — Qo (5,2j1)

where Q) () corresponds to the optimal Q-values corresponding to the given value of 1(7/).

Now, if A(7) < 27 p (the multi-action index for state s and action 4;), by the definition 2.4.2
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of the multi-action index, we know that an action of weight ¢ or higher is preferred. As a result, we

see that 1(7) > 0in thatcase. IFA(¢) > A

5,4,

the opposite is true and so A(7) < 0. Then,
because 1(0) = 0 is bounded and given the step-sizes in Assumption 3 (B), 1(7') converges to an
equilibrium in which Q3 (s, 4;) — Q;(s,2) — 0.

Given that, by definition, 2* (s, a;) is the value at which Q3 (s, a;) = Q3 (s, 4;-1), A(7) converges to

the multi-action index. O

This is a high-level proof, but the specific conditions for convergence can be seen in Lakshmi-
narayanan & Bhatnagar ®. They require 5 conditions: (1) Lipschitzness, (2) Bounded ‘noise’, (3)
Properties about the relative step-sizes, (4) Convergence of fast time-scale, and (5) Convergence of
slow time-scale.

Of these, (1)-(4) proceed in much the same way as in Avrachenkov & Borkar '* because they do
not depend on the multi-action extension of indexability. In addition, it is easy to show that the
proof of (5) from Avrachenkov & Borkar '* extends to the multi-action case which considers the
limiting value of Q(s, 4;) — Q(s, ;1) rather than Q(s,1) — Q(s, 0). As a result, we refer the reader

to Avrachenkov & Borkar '* for the complete proof.

B.2 REPRODUCIBILITY

Code is available at https: //github.com/killian-34/MAIQL_and_LPQL. All the Q and A values

are initiated to zero in all the experiments. The parameter settings used for the two process type,
random, and medication adherence data experiments are included in Tables B.1, B.2, and B.3, re-
spectively. Cis the multiplier for the size of the Q-value updates. C’ is the multiplier for the size of
the index value updates. “Rp/dream” is the number of replays per dream. “Rp T” is the replay pe-
riod (replay every T steps). 1-bound is the upper bound (and negative of the lower bound) imposed

on values of the indices for WIBQL and MAIQL during learning — placing these bounds sometimes
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WIBQL

QL-1=0

MAIQL

M-Aprx

LPQL

C

O.1

0.2

O.1

0.4

0.4

C/

0.2 - 0.2 - -
Rp/dream | NA 1000 1000 1000 NA
RpT 1E+06 100 10 100 1E+06
A-bound | 3 - 3 3 3

D 500 500 500 500 500

£o 0.99 0.99 0.99 0.99 0.99
Rlym - - - 3000 3000

Table B.1: Parameter settings for two process experiment.

helps prevent divergent behavior in early rounds when updates are large — A is the upper bound

value that an index could take, as defined by the problem parameters, i.e., — max{r}

n{C}(1-4)

81 Dis the di-

visor of the decaying ¢-greedy function as well as the divisor of «(#) and y(¢), the decaying functions

defining the size of the updates of Q-values and index values, defined in the previous section. ¢ is

the multiplier for the e-greedy function. 7;,,, is the number of points in A-space used to approxi-

mate the Q(s, a, 1)-functions in LQPL and MAIQL-Aprx. All values were determined via manual

tuning — empirically we found that most parameter settings led to similar long-term performance

between algorithms, as long as the settings did not cause the algorithms to diverge. In the tables,

M-Aprx stands for MAIQL-Aprx.

B.3 ALGORITHM PSEUDOCODES

See Algorithms B.3.1 and B.3.2 for the update and action selection steps of MAIQL and Algo-

rithms B.3.3 and B.3.4 for the update and action selection steps of LPQL. The linear program for
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MAIQL

M-Aprx

LPQL

C -

0.2

0.8

0.8

C i i

0.4 - -
Rp/dream | - - 1000 NA NA
RpT - - 100 1E+06 1E+06
A-bound | - - Amax Amax Amax
D - - 500 500 500
£o - - 0.99 0.99 0.99
Rym - - - 2000 2000

Table B.2: Parameter settings for random data experiment.

Oracle-LP-Index for a given current state s, and action 4y is given below:

2B N-1
min +
V,v@,zz'),l,.z 2 #)
st V(20 > A (s c] +182 § ,ﬂJ’,:" (s",2%)
Vi€ {0,..,.N—1}, Vs €S, Va; € A
( mr C/e + ﬂ Z cur? d/ea (51‘/, )tl) = (B'Z)
rl( mr % 1+ﬂz mwﬂk IERd l Vt(ll )'l)
vie {0,...,N—1}

2'>0 Vie{o,...,

N-1)

The LP is similar to Eq. 2.1 1, but differs in two ways. First, instead of having a single A value across

all arms, each arm has its own independent A’ value. Second, the second group of constraints is new,

and forces the 2 values to be set such that the planner would be indifferent between taking the ac-
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WIBQL | QL-1=o | MAIQL | M-Aprx | LPQL

C - 0.8 0.05 0.8 0.8
o - - 0.1 - -
Rp/dream | - 1000 1000 1000 1000

RpT - 10 5 5 5
l—bound - - /‘lmax lmax lmax

D - 1000 2000 1000 1000
£0 - 0.99 0.99 0.99 0.99
Mlm - - - 2000 2000

Table B.3: Parameter settings for adherence data experiment.

tion in question «;, or the action that is one step cheaper a;,_;, which follows exactly the definition
of the multi-action indexes. Note that although the indexes can each be computed independently,
for convenience, we compute the index for a given 4;, for each arm simultaneously to reduce over-
head, as given in the above LP.

The AcTioNKNAPSACKILP referenced in Algorithm B.3.4 is the same as the modified knapsack

given in Eq. A.8, reproduced below:

N—-1M-1

n?x Z Z Az‘jQ;,).l-nd (1’, 4]')

i=0 j=0
N—-1M-1

=0 j=0 (B.3)
M—1
» 4;=1 Vi€o0,... N-1
7=0

A,’j S {0, 1}

where Q, (7, 4;) is the Q-function for each arm filtered to the current state of the arms, s, and
»ind \7 7]
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minimizing value 4,4, as given by the penultimate line of Algorithm B.3.4.

RANDOMACTION, referenced in Algorithms B.3.2 and B.3.4, chooses random actions through
the following iterative procedure: (1) randomly choose an arm with uniform probability, (2) ran-
domly choose an action with probability inversely proportional to one plus its cost (must add one to
avoid dividing by o for no-action). The procedure iterates until the budget is exhausted.

EPSILONGREEDY(?), also referenced in Algorithms B.3.2 and B.3.4, draws a uniform random

number between o and 1 and returns true if it is less than £y / [ 4 | and false otherwise.

B.4 MEDICATION ADHERENCE SETTING DETAILS

We used the following procedure to estimate transition probabilities from the medication adher-

ence data from Killian et al. 8. First, we specify a history length of L. This gives a state space of size

Algorithm B.3.1: MAIQL Update

Data: Q € RNXISIX(AI-DXISIXIAI - /7 Need one copy of Qls, a] for each index
on each arm

1 € RNxISIx(AI-1) // multi-action index estimates
Batch, C, // Experience tuples, action costs
z, 7/(-), // iteration, state-action counter
S, AN // state space, action space, # of arms
Hyperparameters: 8, C, C', D for (n,s,a,r,s') € Barchdo

c

for;€0,...,|S|do
forjel,...,|Aldo
Qln,1,j,s,a] +=
“(V - C[ﬂ] * 1[17]] +{8 * maX{Q[n’ ivj? J/]} - Q[”? 1.7]'7 5 ﬂ])
ifa#0 & ¢(mod N) == 0 then

_ c
Y = ) e
— 7(Q[”7J7ﬂ757d])_Q[n,.f7ﬂ7,(74—1])
Als,a] += e
return Q, A




Algorithm B.3.2: MAIQL Action Select

Data: 1 € RVXISIX(AI=D) // multi-action index estimates
sERN // current state of all arms
t,N,B // current iteration, # of arms, budget

if ErsizoNGREEDY(¢) then
| return RANDOMACTION()

else
a4 = [0 for _in range(N)]
Ar = FILTERCURRENTSTATE(Z, 5) /1 dp € RV¥(AI=D
for/€0...8do
i = argmax(Ada + 1] — Aa)) // a is a vector index, argmax
ignores out of bounds indexes
ali] +=1
return 4

2% for each arm. Then, for each patient in the data, we count all of the occurrences of each state
transition across a treatment regimen of 6 months (168 days). If L was small (e.g., 1 or 2), we could
take a frequentist approach and simply normalize these counts appropriately to get valid transition
probabilities to sample for experiments. However, as the history length L gets larger, the number of
non-zero entries in the count data for state transitions become large. We take two steps to account
for this sparsity. (1) We run K-means clustering over all patients, using the count data as features,
then combine the counts for all patients within a cluster. Intuitively, the larger the X, the more
“peaks” of the distribution of patient adherence modes we will try to approximate, but the fewer
data points are available to estimate the distribution in each cluster — however, it may be desirable
to have more clusters to allow for some samples to come from uncommon but “diverse” modes that
may be challenging to plan for. We set K to 10. (2) We then take a Bayesian approach, rather than

a frequentist approach for sampling patients/processes from the clustered counts data. That is, we
treat the counts as priors of a beta distribution, then sample transition probabilities from those dis-

tributions according to the priors. Finally, to simulate action effects, since actions were not recorded
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Algorithm B.3.3: LPQL Update

Data: Q € RN*anlSIXIAI 7/ Need one copy of Qls, a] for each of the 7y,
test points on each arm

Batch, C, // Experience tuples, action costs
Amaxs /7 Max A at which to estimate Q
Rlam // # of ) points at which to estimate Q
V() // state-action counter
Hyperparameters: 8, C, D for (n,s,a,r,s') € Batch do
c
e
for; €0,...,n,,do
By = o

Qln,z,s5,a] +=a(r — Cla] x A, + B * max{Q[n, 7,5} — Qn,7,s,4])
return Q

in the available adherence data, we scale the priors multiplicatively according to the index of the ac-
tion, i.e., larger/more expensive actions increase the priors associated with moving to the adhering
state.

In summary, to get a transition function for a single simulated arm in the medication adher-
ence experimental setting, we do the following. First, randomly choose a cluster, with probability
weighted by the number of patients in the cluster. Then, build up a transition matrix by sampling
each row according to its own beta distribution with priors given by the counts data (i.e., actual
observations of s — ¢ transitions), scaled by the action effects.

This process was desirable for producing simulated arms with transition functions tailored to re-
semble that of a real world dataset, while allowing for some randomness via the sampling procedure,
as well as a straightforward way to impose simulated action effects. However, one downside of this
approach is that, since each row of the transition matrix is sampled independently, this may produce
simulated arms whose probability of adherence changes in a non-smooth manner as a function of
history. For example, in the real-world, we would expect that P(0111 — 1111) is correlated with

P(1011 — 0111) and that 2(0000 — 0000) is correlated with 2(1000 — 0000), but our procedure
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would not necessarily enforce these relationships if there were not sufficient occurrences of each
transition in the counts data.
The python code used to execute this procedure is included in the repository at https://github.

com/killian-34/MAIQL_and_LPQL.
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Algorithm B.3.4: LPQL Action Select

Data: Q € RN%manl SIXIAI Q-functions for each of the 7y, test points
on each arm

se RN // current state of all arms
Amass /7 Max A at which Q is estimated
Rlam, /1 # of A points at which Q is estimated
l‘,ﬂ // iteration, discount factor
N.C,B // # of arms, action costs, budget

if £rsizoNGREEDY(¢) then
return RANDOMACTION()

a4 = [0 for _in range (N)]

Qr = FILTERCURRENTSTATE(Q, §) 11 Qp € RN<manx|Al

Aind = —1

/* The min of Eq. 2.11 occurs at the point where the negative sum of
slopes of all V’ = max{Q;} is < B/(1—pf), so we will iterate
through our estimates of Q3 and stop our search at the first point
where that is true. */

for/€0,...,n,,do

20 = Ehma

1 Gt

lp =

Rlam

max, {Qf[ 1]} —max, {Qf[: Nl

my = o /1 my € RN
it Y {my} > —% then
lmd =1
break
a = AcT1oNKNAPSACKILP(Q/[:, Aina; 3|, C, B)
return 4
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Appendix to Chapter 4

C.1 PrOOF OF INDEXABILITY

We give the proof assuming forward threshold policies are optimal, and note where relevant how the

proof also works for reverse threshold optimal policies.

Fact 1. For two non-concurrent, increasing, linear functions fi(m) and f>(m) and two points my, mo,

such that my < mo, if fi(m1) < fa(mi) and fi(ma) > fo(m2), then % > % Additionally, if
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filmy) < fo(m1) and fi(m2) = fo(m2), then % > %,

Proof. We now start proving the theorem by assuming that forward belief threshold policies are
optimal. Let &7 (m) denote the threshold corresponding to the optimal threshold policy for a given
m. To show indexability, we must show that if a belief state & is passive, i.e., & > b}, (m1), for some
my, then it is also passive, i.e., b > b7 (m;), for all my > m;.

In our problem, we have 27 belief states which, for a forward threshold policy, can be arranged in
a descending order of their belief values: B = {by7, ba7—1,...,b;, ..., b1 }." Aforward threshold
policy is then any real value b,, which splits B into a passiveset P = {b; : b; > b,, Vb; € B}
and activesetC = {b; : by, > b; Vb, € B}. Note thatall values of b, such that b1 > b,, >
b;Vi € 1,...,2T correspond to the same threshold policy. Thus there are only 27" + 1 unique
threshold policies possible corresponding to the 27" + 1 such belief regions marked by points in
B.LetI1 = {7141, 727, - - ., m1 } denote these unique possible threshold policies arranged in
a decreasing order, where 7; > 7;implies 4}, (7;) > b7, (7;) where b}, (;) is the optimal belief
threshold associated with 7,." Thus the threshold policy 7; would follow: &, > &% (7;) > b,y
Viel,..., 2T+ 1, where by .= —o00 and by 741 = 00. Note that in a policy 7, if for a belief state
b, the optimal action is passive, then under a policy 7;, the optimal action at & is also passive V; < 7

because 67 (7;) > b7, (7;). Thus to prove indexability, it is sufficient to show that:

Vmy1, my such that my < m,,
if 7% (m1) = w;and 7* (my) = =, then (C.1)

P>

"For simplicity, this assumes the starting belief is equal to the belief at the head of one of the chains, i.e.,
Py, or P . However, we could add to the set B another 7'belief states corresponding to a chain that starts
from any arbitrary belief and evolves for T passive actions. These new states could be ordered appropriately
within BB and the rest of the proof would follow unchanged.

TFor reverse threshold optimal processes, simply arrange I3 and IT in ascending order of belief. The rest of
the proof follows similarly.
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where 7*(m) denotes the optimal threshold policy at subsidy 7.

Lemma C.1.0.1. Let m} be the infimum among all m’s for which 7*(m) = #,. Then, the infimum

is achievable (i.e., 7" (m;) = 7;) and moreover m5. | < myr < ... < mj.

Proof. We prove this using induction. Consider the base case: m3;.,; < m; Vi < 27+ 1. When
m — —00, the optimal action would clearly always be to act to avoid accruing large negative re-
ward. So 7271 would be the optimal policy for m — —o00 and clearly the base case is true.

For the inductive case, assume the hypothesis, m57., | < ... < mf; < m; Vi < ¢+ 1. Letm;
be the infimum among all m’s for which 7*(m) = 7. We must show: (1) m) < m} Vi < £(2)
7*(m}) = m, (ie., the infimum is achievable). For convenience, we denote L = {7, 7;_1, ...71 } as
the set of “lower-side” polices and U = {72141, 727, ... 741 } as the set of “upper-side” policies.

As m is increased beyond ], let ' be the infimum value among all m’s whose optimal policy
isfrom L = {z,, m;_1,...m } (note, the definition of ' is different from ' since at this point
we do not know whether the smallest 7#2’s optimal policy is 7; or some 7; with 7 < ¢ yet). That s,
either the optimal threshold policy at 7" is from L (when the infimum is achievable) or there exists
an infinite sequence {72;}7°, that converges from the right side to m' (i.e., m; > m' for all 5) and the
optimal policy for any 7 is from policy set L (when the infimum is not achievable). For notational
convenience, we will think of the former achievable case also as that there is a sequence {72;}7°,
that converges to 7’ and the optimal policy for any 7, is from L (letting all 72, = » will do). In
fact, a stronger conclusion holds. That is, we can choose an infinite-length sequence {7;}7°, such
that the optimal policy for each 72; will be the same. This simply follows from the fact that {7;}7°,
has infinite length, and their optimal policy is from a finite set L. So some policy from L must be
optimal for infinitely many of 72,’s. Therefore, we shall assume that 7; — ' from the right side
and the optimal policy for each 7, is some 7 € L.

Our main claim is that for subsidy 72/, the passive action and active action must both be optimal
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at state b;. Therefore, by definition, this implies the threshold policy 7, is optimal for ’. We thus
have m! = m/,m > m] Vi < t,and moreover 7, is indeed optimal for 7 (i.e., the infimum
is achievable). This concludes the induction proof. The remainder of this proof will be devoted to
prove this claim.

By definition of 7/, there exists a sequence {mz,, } 52, that converges to m' from the left side
(ie.,m, < m'forallz)and moreover the optimal policy for any 7, is from the policy set U =
{72141, T21, ... w41 }. Similar to the above reasoning, we shall choose the sequence {z,, } ;2 such
that their optimal policy is the same z € U.

We now prove that the passive action and active action must both be optimal at state 4, for 7.
Assume, for the sake of contradiction, that the optimal action at &, for subsidy m' is passive and that
the active action is not optimal (the other case where the optimal action is active follows a similar
contradiction argument). That means the optimal policy for 7' has a threshold 4}, (m') < &, and
thus 7*(m') € L. Moreover, since the active action is not optimal for 4;, 7 must not be optimal for
m' and thus achieves strictly less reward than 7* (). Since m,, — m', we thus have

lim V() = Vi (z) < Vo (()),

u—oo

where the last inequality uses the fact that z is sub-optimal for 7’ because the active action is strictly
sub-optimal for 4;. On the other hand,
Vo (2(m')) = lim Vim, (z(m)) < lim Vim, (7)

u— 00 u— 00

These two inequalities contradict each other. This concludes our proof of the lemma. O
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Let 7; be the optimal policy at some 72;.

= m; <my

= mj* < m; < myVj > iusing Lemma C.1.0.1

Let V;(m, b) be the discounted reward of policy 7 at arbitrary state & as defined in Eq. 4.2. Then for

any Ve, (m, b) and V7, (m, b) such thatj > 7 we have:

Vi (m},b) < Vi (m}, b) (z;is optimal at m;) (C.2)
V(i b) > Vo, (my, b) (=, is optimal at ;) (C.3)
m; < mjitj>1 (C.4)
av,, _ dVz
: Vi> i C.
dm - dm ! = (Cs)

Where Eq. C.2 is a strict inequality as implied by Lemma C.1.0.1 and Eq. C.5 follows from Fact 1
and the value function’s linear dependence on 72 (whether discounted or average reward criterion).
We now claim that Vm; > m], if 7; is optimal for 7, then we must have j < 7. Towards a contradic-

tion, assume j > 7. Then similar to the above equations, we have the following:

Vi (mj, b) < Ve (my, b) (7; is optimal at ;) (C.6)
Vs (m}, b) > Vz,(m;, b) (m; is optimal at m;) (C.7)
m; < mj (C.8)
dV,, >
i iy . . '
dm — dm V> (Coo)

Where Eq. C.9 follows from Fact 1 and the value function’s linear dependence on 7 (whether dis-
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counted or average reward criterion). which contradicts Eq. C.s. Therefore, our claim holds. From

C.1, that implies indexability. O

C.2 TecuNICAL CONDITION FOR FORWARD THRESHOLD POLICIES TO BE OPTIMAL

We restate Eq. 4.2 here:

m+ b+ BV, (7(b)) passive
Vin(b) = max

b+ B(bVn(Py) + (1 =)V, (P5,)) active

where 7(6) = 71(b) from Eq. 4.1. Simplified, 7() is simply a linear function of & given by the

expression

7(b) = 51{1 +(1— b)Pg,l
= (Pfl - Pg,1)b + 1)8,1

(C.10)

We will start by stating two facts, then proving three useful technical lemmas.

Fact 2. % = (Pf,1 - P&l) <L
Fact 3. Vb, b s.t. b > U/, 7(b) > =(¥).
Facts 2 and 3 follow from Eq C.1o0.

Lemma C.2.0.1. Vm(bl) — Vm(bz) > 171 — bz,Vbl, bz S.t. bl > bz

Proof. We will proceed via induction, where the base case will be a one-step value function. Then
we will show that the t-step value function assumption implies the t+1-step inductive value func-
tion hypothesis. In the base case the value function equals only the one-step immediate reward.

It is sufficient to compare the value functions V4, (5;) and 2, (4,) element-wise, since if the true
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optimal action for one of the value functions is passive and the other active, the bound can still be

established by flipping the action of one of the value functions as needed. This gives:

Base case V1 (b)) — V1 (by) =

m+b— (m+by) =b — by passive (C.11)

by — by = by — by active (C.12)

is clearly satisfied. Now assume V7, (b;) — V7, (b2)) > by — by. Then Vi1 (by) — V5 (b,)

Case 1 (both passive):

=m+ b+ BV, (7(b1)) — (m+ by + BV, (7(82)))

= b= by B(Vip((0)) — Vi(e(02))

(C.13)
> by — by + B(z(br) — 7(b2))
> by — by
Case 2 (both active):
= i = b+ B((0 = )V, (PL) + (b2 = W)V2, (PG
= 01— ba + (b = b2) (V3 (PL) = Vin(Pi)))
= (b1 — b)) (1 + BV, (Py) — V4 (Pay)) (Cor4)
> (b — by)(1+ 8 +0)
= (b1 — b2)
O

Corollary 1. V,(b) is an increasing function in b, i.e., V(&) > V,, (&), ¥, b s.t. b > V.
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Proof. The proof follows from Lemma C.2.0.1 by setting 4y = band b, = &/. L]

Lemma C.2.0.2. V,,(by) — V,,(by) < bi:éz,Vbl, bys.t. by > by

Proof. Proceed by induction again. The base case V,,(61) — V,,(b2) =

by —b
m+by— (m~+by) =b — by < ifﬂz both passive (C.15)
by — by ,
by—by=b— b < 1—¢ both active (C.16)

which are both clearly satisfied. Now assume V7%, (b)) — V7, (b,) < bi%gz Then, Vi (b) — V5 (b,)

Case 1 (both passive):
= (m+ b+ gV, (7(0r1))) — (m + by + BV5,(7(2)))

= (b1 = b2) + B(V,, ((r)) — V. ((£2)))

o(by) - r(@))
1-8

< (b1 — by) +ﬂ<<bl_[72)) by Fact 3

< (b= b) +ﬂ< (C.17)

1=
b—b
1-4
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Case 2 (both active):

= (b +BBVPL) + (L= )V (25) ) -
(b2 + B2V (PL) + (1= 02) V3, (5) )
= (b1 — b2) +‘5<(51 — 172) (Vtm(Jyll,l) - Vtm(])fl),l)))

( V%)
< (by —by) + B (b — by).———+—

1-5
< (by—by) +ﬁ<(bi:b2)> by Fact 2
b —b
=14

Lemma C.2.0.3. ”Z(V;# > 1+ fa

where, @ = min{l{l - Pg,p Pl =Py}

Proof. Using Eq. 4.2, we get:

1 4 AU ) d(0)

d(Vn(b)) _ A=) db passive

db
1+(8(VM(P1471) - VM(])?),I)) active

182

(C.18)



Case 1 (passive):

d(Vu(z(b
=1 +6W<Pﬁl —P) (C20)
m(7(b) +9) — Vin(z(b
B P PR
>1+ [3(1{1 - P&l) by Lemma C.2.0.1 (C.22)
> 1+ Lo (C.23)
Case 2 (active):

=1 +(E( Vm(Pf,l) —Vn (PEZ)I)) (C.24)

> 1+ B(P{; — Pg;) by Lemma C.2.0.1 (C.25)

> 14 fa (C.26)

O

Now we derive the technical condition for Theorem 4.4.5. In this case, proving that threshold
policies are optimal is equivalent to proving that, if it is optimal to act now, then it is optimal to act
for all later beliefs. Formally, if for a belief 4, the optimal action is to act, then we must show that for
alower ¥ < b, the optimal action is also to act. To do this, we show that Theorem 4.4.5 implies
that the derivative wrt & of the passive action value function is greater than the derivative wrt & of

the active action value function:



Note thatsince (P{, — P§;) <1, = (1+8(P{, — P§;))(1 —B) <1,Eq.C.27 itself implies that

) ) ) )

a = P} — P§,. Thus, it becomes:

(P = Py )L+ Ga) (1= f) = Py — PG,y (C.28)

= (P}, — Py )(1+f2) > Viu(Pty) — Vin(P§ ) by Lemma C.2.0.2 (C.29)
= (P, - PSﬁQ‘W > Vu(Pfy) = Viu(P5,) by Lemma. C.2.0.3 (C.30)
=1+ ,@d( ?(i;()b))) d(z(;)) >1 +ﬂ(Vm(Pf71) — Vm(])(“)l)) by Fact 2 (C.31)
d( Vmiilz): 0) 5 4 Vmilb(lba)z 1) (C32)
(C33)

C.3 TecHNICAL CONDITION FOR REVERSE THRESHOLD POLICIES TO BE OPTIMAL

Now we derive a technical condition for a reverse threshold policy. That is, a threshold policy in
which if it is optimal to be passive in the current state, then it must also be optimal to act in all later

states in the order. First we prove one more technical Lemma.

Lemma C.3.0.1. ”Z(VZ;# <1+ %

where, y = maX{Pf,l - Pg,h pf,l — Py}

)

Proof. Using Equation C.2, we get:

AV (7(b))) d(z(b .
_ 1+ (@7([1(7((17())))) (d(b)) passive (C3)

1+(8(VM(P1471) — Vu(P§ 1)) active

)

d(Vn (b))



Case 1 (passive):

AV (z(b

= 1—}-{8 (Z('Z'((Z())))) (Pf,l _Pg,l) (C.35)

a  Vn(#(b) +9) — Vin(2(0))
=1 +((2;E>I}) T(b) 10— T(b) (1)117,1 - Pg,l) (C36)
<1+ 158(1{1 - Pg’l) by Lemma C.2.0.2 (C37)
<1+ 1/3_—7 (C.38)

Case 2 (active):

=1+ B(Vn(Piy) — Vin(P5))) (C39)
<1+ I f[@(])f’l — P;,;) by Lemma C.2.0.2 (C.40)
<1+ 1/’7_7/3 (C.41)
O

Now to give a condition under which reverse threshold policies are optimal. Formally, if for a be-
lief b, the optimal action is to be passive, then we must show that for alower & < b, the optimal
action is also to be passive. We do this by showing that the Theorem 4.4.6 statement implies that
the derivative wrt & of the passive value function is less than the derivative wrt & of the active action

value function:



Note that the Eq. C.42 itself implies that y = Piy— PGy thus giving:

(P = P+ {25 < = (C43)
= (= 20+ {2) < V(B = VB by LemmaCaos (Cay)
— A ) <y ) v (B byLemmaCor  (Cas)
L V;’;((;()b))) d(;(:)) <1+ B(V(PEy) — Viu(PLy)) by Fact 2 (C.46)

Walle=0) _ Vnlte=1) o

(C.48)

C.4 THRESHOLD CONDITIONS FOR AVERAGE REWARD CASE

First we define the concept of value boundedness**:

Definition C.4.1 (Value Boundedness). Fora given MDP, consider a value function Vy(b), states
b € B and some index state z € B. Then an MDZP is value bounded if for a constant M and function

M(b):

M(B) < Vb) ~ Vele) < M (C.49)

We now prove that Thm. 4.4.5 and Thm. 4.4.6 hold respectively under the average reward cri-
terionas 4 — 1using Dutta’s Theorem as follows**. Consider an MDP that is value bounded.
Let 7p(+) be a stationary optimal policy for the discounted MDP. (1) Suppose 7g(-) — # point-
wise, as 8 — 1. Then 7 is a stationary optimal policy for the average reward criterion. (2) Further-
more, given state ordering O, if for all discounted optimal policies 75(5), O(4') > O(b) implies

mp(b') > mp(b) (ie., threshold policies are optimal), then any sequence of discounted optimal
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policies converge to an average optimal policy as # — 1.

(2) and (1) together imply that any MDP that admits threshold optimal policies under dis-
counted reward criteria also admits threshold optimal policies under average reward criteria. By
construction, any MDP that satisfies Thm. 4.4.5 or Thm. 4.4.6 admits threshold optimal policies
under the discounted reward criterion. Therefore, to prove that those conditions hold under the

average reward criterion as 8 — 1, we need only prove that any CoB is value bounded.

Theorem C.4.2. Any Collapsing Bandit is value bounded.

C.s ExamprrLE WHEN THE Myopric PoLicy FaiLs

We present an example in which the myopic baseline is barely better than No Calls, while Threshold

Whittle is optimal. Consider the system with N = 2and # = 1and the transition probabilities

shown in Fig. C.1a.

100
ppi _ [097 0.03] o, _ [0.96 0.04] 55
0.03 0.97 0.01 099 g«
pr2_ [025 0.75] oo _ [0.23 0.77] 23
0.03 0.97 0.01 0.99
(@) (b)
Figure C.1: For the example transition matrices, Myopic performs worse than random, while Threshold Whittle is nearly

optimal.

Fig. C.1b shows how various policies perform on these two processes. The myopic policy is worse
than random and threshold Whittle is nearly optimal. The myopic policy always acts on process 2
because the immediate reward it considers, (6,41l = 1) — (b;41|@ = 0) is marginally higher for

process 2 than process 1. However, process 1 is better to pull in the long run because process 2 has a
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large P&l, making it self-correcting, meaning the process is likely to become adhering quickly even
without an intervention. However, process 1 has a very small 7 ; and Pf),1 and is thus difficult to
revive from the bad state even with an intervention, making it important to keep intervening to stop
the process from ever entering the bad state.

The following analysis shows that the myopic policy always prefers to pull arm 2:

For process 1:

(bela = 0) = 0.97.6, + 0.03.(1 — &,) = 0.94.5, + 0.03
(beprla = 1) = 0.99.5, + 0.01.(1 — &,) = 0.95.b, + 0.04
Thus, Abt — (bt+1|ﬂ — 1) - (bt+1|ﬂ — 0) — 0'01 + 0.0I.b[ < 0.02

Similarly, for process 2:

Ab, = 0.02

The myopic policy chooses the arm with the greater Ab,.

C.6 LEARNING ONLINE

So far we assumed that all transition probabilities are known. However, in a real deployment, the
transition probabilities of processes would be unknown at the start, and it would be desirable to
learn the transition probabilities online in tandem with planning. To develop an online planning
regime for our algorithm, we use the tuberculosis medication adherence monitoring domain as a
case study and motivating example.

We implement a Thompson sampling-based learning method 5%, which is a heuristic which has

been shown to work well in practice and has been frequently used in the bandit literature”*. In
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Thompson sampling, we sample from a posterior distribution over the estimated parameters and
use the samples for planning. This allows for “sub-optimal” actions to be taken periodically, build-
ing exploration implicitly into planning. Then, as arms are pulled we use the observations to update
our posterior distribution. We maintain a Beta distribution posterior over the parameters of each
row of a patient’s transition matrix and sample from it each day to generate a matrix with which the
system can plan for that round.

Additionally, we consider two specific features of the TB medication adherence monitoring do-
main that can be used to accelerate learning with Thompson sampling. First, it is reasonable to as-
sume that patients (processes) might remember some number of previous days of their medication
adherence behavior. Thus, when the agent pulls an arm, the arm may reveal state observations for
some number of previous days which we call buffer length. The larger the bufter length, the faster
learning will converge since more observations are obtained for updating the posterior. We param-
eterize buffer length and evaluate its effect on learning and planning in experiments. Second, we
verify with real data that virtually all patients adhere to the natural constraints on the transition
probabilities given in Section 4.3. We exploit this known structure on the transition probabilities —
i.e., that processes tend to degrade when passive and that interventions must have positive effect —
to identify a constrained probability space from which we would like to sample when learning on-
line. We implement a version of Thompson sampling called constrained Thompson sampling which

samples from this joint, constrained probability space via rejection sampling.

ON-DEMAND INDEX COMPUTATION ALGORITHM. When we learn online, the transition matri-
ces for a process change every day, and thus pre-computing the Whittle indices for every belief state
as in Alg. 4.4.1 is inefficient. We can address this by identifying and solving only the indifference
equation that is relevant to the current state of the process. We use the insight that for a threshold

of X; on the current chain 7, the corresponding threshold X; on chain j would be the state with the
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largest belief lower than b(X;), i.e, X; = min{x : b;(x) < b(X;)}. The Whittle index for X; is then

obtained by solving for  : ]ﬁft ) ](,i(’ 1)

. These computations are repeated every day yielding

overall complexity of O(|Q|7?%) per process.

Il Random I TW4 [ TW_.co
Il TW.1 B TW7 [ Oracle

100

Intervention benefit (%)

0
Unconstrained Constrained 5 10 25
k/N (%)

Figure C.2: (left) Constrained Thompson sampling improves learning. (right) buffer lengths of 4-7 perform well for

various values of /e/]\[, using constrained Thompson sampling. TW_Xis the on-demand index algorithm run in tandem
with Thompson sampling and a buffer length of X.

Fig. C.2 (right) evaluates the impact of varying buffer lengths for various ratios of £/N. Note
that in these experiments, Oracle fully observes states, but must still learn transition probabilities
online. Critically, we see that even when simulated patients report 4-7 observations per arm-pull,
the performance is close to that of the non-Oracle learning upper bound (buffer length=00) for any
k/N. This is a key consideration for deployment in a medication adherence context: patients need
only remember their last 4-7 doses on average for our approach to be nearly effective as possible in
the TB context.

Fig. C.2 (left) compares the performance of learning policies with and without constrained
Thompson sampling for #/N = 25%. All policies benefit from the constrained sampling approach,
suggesting that imposing our knowledge of the transition probability constraints was beneficial to

learning.
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C.7 SENSITIVITY ANALYSIS

In Fig. C.3, we investigate Threshold Whittle’s performance relative to the choice of parameters
used to perturb the real data from the TB medication adherence domain. All the plots show that

Threshold Whittle’s performance is robust to the choice of parameters.

—#—  Threshold Whittle ——  Myopic —— Random

5100— 100 { ————2—42———] 100 100 { ——t—2—2—a—a
‘§ " 807‘—-—.—-—-—&———‘ 757._\/\___‘ 807.—‘\‘,4‘/""‘/‘
8 504 601 501 601

5]

§ Bl IO R e e s c— 257 / 407‘/‘___‘,‘——-‘—,‘/‘
= 00 0.2 04 00 02 04 00 0.2 04 00 02 04

Perturbation, 4, Perturbation, 0 Perturbation, 03 Perturbation, 0,

Figure C.3: Performance of Threshold Whittle is robust to perturbation of the transition matrix parameters. Note that
100% corresponds to the performance of Threshold Whittle for this plot only.

C.8 PERFORMANCE ON REVERSE THRESHOLD OPTIMAL PROCESSES

Here we investigate why Threshold Whittle demonstrates near-optimal performance even on reverse-
threshold-optimal processes. We randomly sample forward and reverse threshold optimal processes,
checked with Thm. 4.4.5 and Thm. 4.4.6, respectively, using 8 = 0.95, then compute their in-
dices with the Threshold Whittle algorithm. Figures. C.4a and C.4b show a few samples of these
trajectories for reverse and forward threshold optimal processes, respectively. Via similar arguments
from the proof in Appendix C.1, it can be shown that the true Whittle indices for reverse (forward)
threshold optimal processes should always be increasing (decreasing) in belief. Fig. C.4a shows that
for such reverse threshold optimal processes, the indices computed by Threshold Whittle do tend

to increase in belief as expected, which may lead to Threshold Whittle’s good performance even

though it is not guaranteed to be optimal on those processes. (And for completeness, Fig. C.4b
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Figure C.4: (a) Threshold Whittle-computed indices vs. reachable beliefs for 10 randomly sampled reverse threshold
optimal processes (one line per process). These indices tend to increase in belief, as expected for reverse threshold
optimal processes according to the proof in Appendix C.1. (b) Threshold Whittle-computed indices vs. reachable beliefs
for 10 randomly sampled forward threshold optimal processes (one line per process). These indices always decrease in
belief, as expected for forward threshold optimal processes according to the proof in Appendix C.1.

shows that for forward threshold optimal policies, the indices computed by Threshold Whittle al-

ways decrease in belief as expected.)
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Appendix to Chapter s

D.1 Proors

D.1.1 PROOF OF PROPOSITION §.4.1

Proposition D.x1.1. 70 learn the value A that minimizes Eq. 5.4 given a state s, the A-network, pa-

rameterized by N\, should be updated with the following gradient rule:

N
A =AN_j—u <1_B{8 + ZDn(Sn,)»tl(-‘))> (D.1)
n=1

where a is the learning rate and D, (s,, 1) is the negative of the expected B-discounted sum of action

costs for arm n starting at state s, under the optimal policy for arm n for a given value of .

Proof. The gradient update rule is derived by taking the gradient of Eq. 5.4 with respect to A, which
has two main terms, AB/(1 — 8), and the sum over Q,,, the Q-functions with respect to 1. Looking
more closely at Q,, the only terms which are a function of 4 are the costs of actions taken by the

policy that Q, implies, i.e., terms —lcj. Thus, the gradient of Q, is the negative expected discounted

sum of costs taken by the optimal policy at the given value of 4, i.e., dﬁ” = —E[Efio B¢y, where

¢n, 1s the cost of the action taken on arm 7 in round z. O

D.1.2 PROOF OF PROPOSITION §.4.2

Proposition D.x1.2. Given arm policies corresponding to optimal Q-functions, Prop. 5.4.1 will lead A\

to converge to the optimal as the number of training epochs and K — oo.
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Proof. Eq. 5.4 is convex in A, which follows from definition of Q,, i.c., the max over piece-wise lin-
ear functions of 1 is also a convex function in A. Thus the learning task of A is also convex. There-
fore, all that is required for asymptotic convergence of A is that (1) the gradients we estimate via
Prop. 5.4.1 are accurate, and that (2) all inputs, i.e., all states s, are seen infinitely often in the limit.
(1) is achieved by the assumption that optimal Q-functions are given, an analytic condition that is
achieved in practice by allowing the arm-networks to train for a reasonable number of rounds un-
der a given output of the A-network, before updating A. Specifically, given optimal Q-functions
and their corresponding optimal policies, the sampled sums of spent budget from those optimal
policies represent an unbiased estimator of each D,,. Note, though that to be an unbiased estima-
tor, this relies on not imposing the budget constraint a¢ training time, a procedure we carry out in
practice.” Thus (1) is achieved. (2) is achieved by following a training procedure that uniformly ran-
domly samples start states s for each round of training until convergence. Thus the proposition is

established. O

D.1.3 PROOF OF PROPOSITION 5.4.3

Proposition D.1.3. RR-DPO converges in a finite number of steps to the minimax regret-optimal

policy.

Proof. A common strategy for establishing optimal convergence of the double oracle is to show
that the pure strategy sets of both players can be exhausted. We can achieve this in our setting un-
der the conditions (1) that each player has a finite strategy set, i.e., is possible to be exhausted and
(2) that each oracle gives an optimal best response. Since the agent pure strategy set is already fi-

nite, we can achieve (1) by discretizing the nature oracle—in effect by rounding the outputs of the

"It is critical to note that at test time, we always impose the budget constraint — i.e., all of our methods
solve the original constrained RMAB problem — they only use the Lagrangian relaxation as a tool to find
good policies to the original constrained problem.
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policy network. For (2), for analytical purposes, we make the common assumption that our ora-
cles internally converge to their optimal values, i.c., in our case, the arm-networks and A-network
converge optimally. However, since our networks learn the Lagrange-relaxed version of the prob-
lem, some additional tools are needed. Speficially, we must identify conditions in which DDLPO-
Act gives policies which approach 7. This can be achieved in the binary-action setting with 2 =
‘Whittle’, which uses a binary search procedure to identify a value of A such that exactly B arms have
Qu(a = 1,4) > Q,(a = 0,2), then acting on those arms. This procedure is equivalent to the

Whittle index policy, which is asymptotically optimal for binary-action RMABs 161, [

D.1.4 PROOF OF PROPOSITION 5.4.4

Proposition D.x1.4. In the Robust RMAB problem with interval uncertainty, the max regret of a

reward-maximizing policy can be arbitrarily large compared to a minimax regret-optimal policy.

Proof. Consider a binary-action RMAB problem with two arms A and B. Let the reward from
each arm be R when the arm is in a good state and 0 in a bad state. Our problem is to plan the best

action with a budget of 1 and horizon of 1. Supposing the initial state is bad for each arm, the tran-

1 0
sition probabilities for the transition matrix for each arm 7 is where the uncertain

l_pn Pn

variable p,, is constrained to be within p4, pp € [0, 1]. Each value in the matrix corresponds to the
probability of an arm at state bad transitioning to bad (column 1) or good (column 2) if we take the
passive (tow 1) or active action (row 2).

To compute a reward-maximizing policy that does not consider robustness to uncertainty, we
must optimize for one instantiation of the uncertainty set, which requires making one of three as-

sumptions.

* Case 1: If we assume p4 = pp, then an optimal policy is to act with probability 24 on arm A

andaponarm Baslongasay + ap = 1. W.lo.g., suppose 24 > ap; then nature would set
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p4 = 0and pp = 1, imposing regret at least R /2.

* Case z: If py > pp, then the optimal policy would be to always act on arm A with probability
a4 = land never acton B (¢p = 0). Nature would thensetp4 = 0and pp = 1to impose

regret R.

* Case3: If py < pp, the case is symmetric to Case 2 and result in regret R. Clearly, max regret
is minimized when our action is such that 4 + 25 = 1; in this setting, we learn this optimal
policy only under Case 1. Following Case 2 or 3, the difference between our regret and the

minimax regret is R /2, which grows arbitrarily higher as R — oo.

A slight modification to this problem renders Case 1 non-optimal. Let the reward be R when
arm A is in a good state and R — 1 for arm B, so the optimal policy learned under the assumption
from Case 1 leadstoay = landap = 0. Then nature could respond with p4 = Oandpp = 1,
yielding reward 0 and regret R — 1, while the minimax regret—optimal policy achieves a minimum
reward of (R — 1) /2 (by playinga4 = 0.5 and 2z = 0.5 where nature responds with p4 = 0 and
pp = 1). Thus, the gap again can grow arbitrarily high as R — oo provided that R > 1. We there-
fore have that in all cases, any reward-maximizing policy can achieve arbitrarily bad performance in

terms of regret. O

D.2 DDLPO-AcCT SUBROUTINES

Here we provide the integer program which implements QKnapsack, one of the action-selection
procedures used in Alg. 5.4.2 to take actions at test time. QKnapsack takes A and Q, (s, 4, 1) from
the learned A-network and arm networks, respectively, and returns the combination of actions that
maximizes the sum of Q-values over all arms, subject to the costs of each action C and the budget

constraint B.
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N |A|

max Z Z %0jQn (S5 Anjy A) (D.2)

n=1 j=1
N |A]

s.t. Z anjcj <B (D.3)
i=n j=1

lA|

Y wy=1 Vnel.N (D.4)

j=1

Xnj € {051} (DS)

In Alg. D.2.1, we give the procedure BinaSearch which implements a binary search over the
learned Q(A)-values to find a charge A for which exactly B arms prefer to act rather than not act.

This mimics the Whittle index policy in binary-action settings.

D.3 EXPERIMENTAL DoMAIN DETAILS

D.3.i  ARMMAN

The MDPs in the ARMMAN domain *® have three ordered states representing the level of engage-
ment of the beneficiaries in the previous week. Rewards are better for lower states, i.e., R(0) =
1,R(1) = 0.5,R(2) = 0. Ateach step, the beneficiary may only change by one level, e.g., low-to-
medium or high-to-medium but not low-to-high. They also assume that beneficiaries follow one of
three typical patterns, A, B, and C, resulting in three MDPs with different transition probabilities.
There are two patterns of effects present that differentiate the beneficiary types. (1) For each of the
above types, the planner can only make a difference when the patient is in state 1. Type A responds
very positively to interventions, but regresses to low reward states in absence. Type B has a similar

but less amplified effect, and type C is likely to stay in state 1, but can be prevented from regressing
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Algorithm D.2.1 BinaSearch (for the Whittle Index Policy)

Input: State 5, arm critic networks @, . .., @, budget B, tolerance
€.

v Gy = @, (Snan, A =0) Vn € [N],Vj€ [|A]]
Ib=0

L4

3 b = max,en el {9}
4. while #b — [b > ¢do
. ) = ubtlb

St 2 ‘

6 Gy = @, (5n an, ) Y € [N], V€ [| Al

7. if fewer than Barms have g,, ;-1 > ¢, j— then
8: ub = A {Charging too much, decrease}

9: elseif more than Barms have g, ;-1 > g, ;-0 then
10: lb = A {Can charge more, increase}
i elseif exactly Barms have g, ;-1 > ¢, j— then
12 break
13: 4 = 0

14 a, = lwhereg, =1 > g, =0

15: if b — [b < ¢ then

16:  break ties randomly s.t. ||2||; = B
17: return a4

to state 2 when an action is taken. (2) Further, types A and C have only a 10% chance of staying in
the high reward state, while type B has a 90% chance of staying there.

We converted these patient types to robust versions where the transition probabilities are uncer-
tain as follows:

) A 1—pt 0.0
T, = Pooo Pooo ,

oo 1—Poo 0.0

, 0.0 1=l Pz
7?:1 = )

Pho 1—7h 0.0
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T, - 0.0 1 _Péoz Pl%oz 7
0.0 1—=p5 Pona
where 7 indexes the type (i.e., A, B or C). We then set eachpfm, to be in a range of width o.5 cen-
tered on the entries from each of the A, B, C beneficiary types fors € {1,2}. To add additional
heterogeneity to the experiments, for s = 0, we set the range to 1.0 so that any beneficiary type can

be made to have some non-negligible chance of staying in the good state, rather than only type B

beneficiaries. The full set of parameter ranges are given in the Table D.r below.

| Param | L | U || L |U| L |U|
|

| Type A | | TypeB | || Type€ |
Pooo | 00 | I .00 I .00 1
Phio .00 | I .00 I .00 I
Ploo |so| 1| 35 |85 35 |.8s
p‘uo 50 | 1 .15 .65 .00 .50
Pra | 35|85 || 35 | 85| 35 |85
Po | 35|85 35 | 85| 35 | .85

Table D.1: Upper (U) and lower (L) parameter ranges for the robust ARMMAN environment.

In all experiments, 20% of arms were sampled from type A, 20% from type B and 60% for type C.
To add additional heterogeneity, for each of the so random seeds we uniformly sample a sub-range
contained within the ranges given in Table D.1. In the agent oracle experiments, for each of the 5o
random seeds, since these require fully instantiated transition matrices, we uniformly sample each
parameter value for each arm according to its type such that the values are contained in the ranges

given in Table D.1.
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D.3.2 SIS EripEMIiCc MODEL

In this domain, each arm follows its own compartmental SIS epidemic model. Each arm’s SIS model
tracks whether each of /N, members of a population is in a susceptible (S) or infectious (I) state.
This can be tracked with N, states, since it can be computed how many people are in state I if only
the number of people in state S and the population size N, is known.

To define a discrete SIS model, we instantiate the model given in Yaesoubi & Cohen 7" section
4.1 with a Az of 1. We also augment the model to include action effects and rewards. Specifically,
R(Ns) = Ng/Ny, where Ny is the number of susceptible (non-infected) people. Further, there
are three actions {40, 41, 42 } with costsc = {0,1,2}. Action 4 represents no action, #; divides
the contacts per day x (4 in Yaesoubi & Cohen '7") by ﬂfﬁ ,and a; divides the infectiousness 7;,..;
(7(2) in Yaesoubi & Cohen '7") by ézgﬁ[. That is, taking action 4; will reduce the average number of
contacts per day in a given arm, and taking action 4, will reduce the probability of infection given
contact in a given arm, thus reducing the expected number of people that will become infected in
the next round. However, to make this a robust problem, the relative effect sizes of each action for
each arm will not be known to the planner, nor will the « or 7;,.;. We impose the following uncer-
tainty intervals for all arms: x € [1,10], 755 € [0.5,0.99], &7 € [1,10],and &% € [1,10].

In the robust double oracle experiments, to add additional heterogeneity, for each of the so ran-
dom seeds we uniformly sample a sub-range contained within the ranges given above for each arm.
In the agent oracle experiments, for each of the 5o random seeds, since these require fully instan-
tiated transition matrices, we uniformly sample each parameter value for each arm such that the

values are contained in the ranges given above.
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D.4 HYPERPARAMETER SETTINGS AND IMPLEMENTATION DETAILS

Neural networks: All neural networks in experiments are implemented using PyTorch 1.3.1'*?
with 2 fully connected layers each with 16 units and tanh activation functions, and a final layer of
appropriate size for the relevant output dimension with an identity activation function. The output
of discrete actor networks (i.e., the policy network from the agent oracle, and the policy network

of agent A in the nature oracle) pass through a categorical distribution from which actions are ran-
domly sampled at training time, without a budget imposed. It is critical not to impose the budget at
training time, so that the budget spent by the optimal policy under a given 1 will result in a mean-
ingful gradient for updating the A-network. The output of continuous actor networks (i.c., agent B
in the nature oracle which selects environment parameter settings) instead are passed as the means
of Gaussian distributions — with the log standard deviations learned as individual parameters sepa-
rate from the network — from which continuous actions are sampled at training time. At test time,
actions are sampled from both types of networks deterministically. For categorical distributions, we
greedily select the highest probability actions. For Gaussian distributions, we act according to the
means. All discount factors were set to 0.9. The remaining hyperparameters that were constant for
all experiments for the agent and nature oracles are indicated in Table D.2. For Robust Double Or-
acle experiments, all agent and nature oracles were run for oo training epochs. For Agent Oracle
experiments, DDLPO was run for 100 training epochs for the synthetic and ARMMAN domains
and 200 epochs for the SIS domain.

A-network: Critical to training the A-network is cyclical control of the temperature parameter
that weights the entropy term in the actor loss functions. Recall that the A-network is only updated
every n_subepochs. In general, after each update to the A-network, we want to encourage explo-
ration so that actor networks explore the new part of the state space defined by updated predictions

of 4. However, after n_subepochs rounds, we will use the cost of the sampled actor policies as a
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gradient for updating the A-network, and that gradient will only be accurate if the actor policy has
converged to the optimal policies for the given A predictions. Therefore, we also want to have lit-
tle or no exploration in the round before we update the A-network. In general, we would also like
the entropy of the policy network to reduce over time so that the actor networks and A-networks
eventually both converge.

To accomplish both of these tasks, the weight (temperature) of the entropy regularization term in
the loss function of the actor network will decay/reset according to two processes. The first process
will linearly decay the temperature from some positive, but time-decaying starting value (see next
process) 7, immediately after each A-network update, down to o after n_subepochs. The second
process will linearly decay the temperature from a maximum 7 (start entropy coeff in Table D.2)
down to Tiin (end entropy coeff in Table D.2) by the end of training.

We found that it also helps to train the actor network with no entropy and with the A-network
frozen for some number of rounds before training is stopped (lambda freeze epochs in Table D.2).

Double Oracle: In all experiments in Sec. 5.5, we initialize the agent strategy list with HO, HM,
and HP, and the nature strategy list with pessimistic, mean, and optimistic nature strategies, then
run RR-DPO for 6 iterations. This produces a set of 8 agent strategies, 8 nature strategies, a table
where each entry represents the regret of each agent pure strategy (row) against each nature pure
strategy (column), and an optimal mixed strategy over each set that represents a Nash equilibrium
of the minimax regret game given in the table. The regret table is computed by first computing the
returns of each agent/nature pure strategy combination, then subtracting the max value of each col-
umn from all entries in that column (i.e., the best agent strategy for a given nature strategy gets o
regret). The regret of RR-DPO is reported as the expected utility corresponding to the Nash equi-
librium of the regret game given by the table, once that regret table is normalized to account for the
returns of baselines (see next paragraph).

After this main loop completes, we then compute the regret of the baselines by evaluating each
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baseline policy against each pure strategy in the nature strategy list. Then, we also run the nature
oracle against each baseline policy to find a nature strategy that should maximize the regret of that
baseline. The regret for each baseline is reported as the max regret against this new nature strategy, as
well as all pure nature strategies from the main RR-DPO loop.

Hawkins Baselines: The Hawkins policies are implemented with gurobipy 9.1.2, a Python
wrapper for Gurobi (9.0.3) 5 following the LP given in Hawkins ® equation 2.5 to compute 1 and
Q(s,a, A) for each arm and the integer program in equation 2.12 to select actions.

RLvMid Baseline: We found that RLvMid found eftective policies for the nature strategy it was
trained against (as evidenced in Figure 5.2)(a-f), but that that learned policy could be brittle against
other nature strategies. This is likely because different nature strategies produce different distribu-
tions of states, meaning RLvMid would fit policies well to states seen when planning against the
mean nature strategy, but underfit its policies for states seen more often in different distributions.
However, the lone RLvMid baseline policy can somewhat correct for this effect by training an en-
semble of policies against slight perturbations of the mean nature strategy that adjust the parameter
values output by nature by a small e. In all experiments we train 3 RLvMid policies against 3 ran-
dom perturbations of the mean nature strategy, then report the regret of RLvMid as the minimum

of the max regrets returned by any of the 3.
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Figure D.1: (Left column) varies the uncertainty intervals to be 0.25, 0.5 and 1.0 times their widths (UM = uncertainty
multiplier). The gap between our robust RR-DPO method and non-robust methods becomes larger as the uncertainty
interval increases, and our robust algorithm RR-DPO always provides the lowest regret policies. (Right column) varies
the horizon H in 10, 25, 50, 100. As expected, the gap between RR-DPO and the baselines either stays the same, or
increases as H is increased, further demonstrating the robustness of our algorithm to various parameters.
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| parameter | value |

agent

clip ratio 2.0e+00
lambda freeze epochs | 2.0e+or
start entropy coeft 5.0€-01
end entropy coeft 0.0e+00
actor learning rate 2.0€-03
critic learning rate 2.0€-03
lambda learning rate | 2.0e-03
trains per epoch 2.0e+01
n_subepochs 4.0e+00
nature

clip ratio 2.0e+00
lambda freeze epochs | 2.0e+or
start entropy coeft 5.0e-01
end entropy coeft 0.0e+00
actorA learning rate 1.0€-03
criticA learning rate 1.0€-03
actorB learning rate 5.0€-03
criticB learning rate 5.0€-03
lambda learning rate | 2.0e-03
trains per epoch 2.0e+01
n_subepochs 4.0e+00
n_sims 2.5€e+01I

Table D.2: Hyperparameter settings for agent and nature oracles for all experiments.
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Appendix to Chapter 6

E.1 ANOTE ON LANGUAGE

Throughout chapter 6, we use the term “mother” to refer to pregnant women and people, birthing
women and people, or postnatal women and people. We note that “mother” is gendered language
that also typically refers to someone who has already given birth, which may not be the case for

newly pregnant women and people who are enrolled in maternal health programs but have not yet
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Table E.1: Notation table

Notation Description
[N] Set of N natural numbers {1, ..., N}
a,2] A real interval denoting all values of 2 such thatg <4 <72
N Number of women (arms)
K Number of interventions (service calls) that can be made each round
M Number of groups

Set of states (engagement status) of arm # € [N];
S, = {0,1} (non-engaging state and engaging state)
Combinatorial set of states over all arms
s Vector of states of all arms
Set of actions (intervention decisions) on arm 7z € [N];

5 o

= A, = {0,1} (no-intervention and intervention)
AN Combinatorial set of actions over all arms
Probability of transitioning from state s to s/
P, ) s
545 on action « for an individual »
P Uncertainty intervals for all transition probabilities for group
T Planner’s -th pure strategy (Whittle index policy)
P; Adversary’s -th pure strategy (instantiation of P for all m)
a Planner’s mixed strategy
Adversary’s mixed strategy
Expected reward when planner plays a pure strategy 7
G(=, P)
and adversary plays a pure strategy P
Expected regret when planner plays a pure strategy 7
R(7, P)
and adversary plays a pure strategy P
given birth.

We stand by the need to provide compassionate medical care for trans and non-binary patients,
and recognize that the word “mother” may not reflect the identity of all people. Some recent calls
advocate the language “birthing person” or “birthing women and people” over “mother” '335¢.
Others point out that language such as “birthing person” may be dehumanizing and go against best

practices in health communication of making communication easy to understand for patients with

low literacy or education or are communicating in their non-native language 5.
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For the above reasons and to keep our writing concise, in chapter 6 we use “mother” while recog-
nizing that the term is imperfect. We hope to move to healthcare language that is inclusive of all who
are in need of those services. We also highlight the need to reevaluate other related terminology such

as “maternal health” to move towards more inclusive language, and thus more inclusive care.

E.2 EtHICAL CONSIDERATIONS

As our system aims to improve engagement with maternal health information, this deployment
must be carefully trialed with guardrails developed before a large-scale deployment. We are collab-
orating with ARMMAN to carry out these trials and develop such guardrails. We recognize the
system’s recommendations are influenced by historical data, a potential source of bias, especially
when data is scarce. A benefit of our method is to be robust to such scarcity-induced bias, a key step
forward toward responsible deployment.

Thus, some of the key ethical considerations are in how GROUPS may be used to optimize re-
source allocation in real world settings. We discussed how we, specifically, will work toward respon-
sible deployment with our partners, as well as how GROUPS represents a new capability in RMAB
planning, by allowing one to encode uncertainty due to, e.g., data scarcity. However, we must also
consider the impact of a system like GROUPS on society more broadly. For instance, with such a
scalable and inherently black box optimization tool such as GROUPS, there may be a temptation to
allow the scheduling and delivery of interventions to become fully automated. This could negatively
impact, e.g., the availability of work for humans who may have previously scheduled or delivered
the interventions, or negatively impact intervention recipients who perhaps could receive unwanted
interventions with little option for human-mediated recourse. To avoid these negative impacts, we
stress that our system should be seen as a supplemental tool on the toolbelt of intervention sched-

ulers, to be considered among a range of existing criteria and expertise, rather than a replacement
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solution.

E.3 LIMITATIONS

Our work takes a major step forward in scaling up RMAB solutions to perform robustly under un-
certainty. However, it accomplishes this, in part, by taking advantage of the decomposable nature
of the Whittle index and Whittle index regret, which both require the binary-action setting typi-
cally considered for RMABs. This could be limiting in domains where planners need to optimize
over a suite of different #ypes of interventions, rather than deciding between only {act, not act} for
each arm. We note though, that our methods could be extended to the multi-action setting with,
e.g., multi-action notions of the Whittle index *?, and corresponding notions of multi-action index
regret.

The scalability of our method also relies on the existence of a reasonable number of groups
within data. We validate that our method runs hundreds of times faster than the state of the art
when there are ~ 10 arms and groups (Fig. E.s5). We also show that our method runs in about 15
minutes for the real maternal health dataset which has ~ 15K arms and 40 groups (Fig. E.3). How-
ever, even our method may have difficulty scaling if there were, ¢.g., tens of thousands of groups
in the data. Yet, in that case, the planner could create a smaller number of groups, each with more
arms per group. Then uncertainty of each group might increase, but the planner could still use
GROUPS to plan and achieve good performance. We demonstrate an example of such a tradeoft
between number of groups and performance in Fig. 6.3(e). GROUPS performs better than the

baselines across all cases.



E.4 ADDITIONAL NOTATION AND PRELIMINARIES

The number of mothers in group 7 € [M] is equal to y, . The total number of mothers is equal
toN = ZME[M] 7, Further, 8™ = X1, 15} (resp. A" = Xne[},m].A,’?) denotes the set of

different state-profiles (resp. action-profiles) of the mothers in group 7. An element of S (resp.

m

Z7)is denoted as 8” = (.r;")neb,j] (resp. @™ = (a}),e, ))- Finally, S = x,,c(nS™ (resp.
A = X,,ca1A™) denotes the different state-profile (action-profile) of all the N mothers, and s
denotes an element of S.

A policy 7 is a map from S to A, such that for each s € S, 7(s) has at most K actions as 1 (inter-
vention) and the remaining are 0 (no-intervention). In particular, 7 maps a strategy profile of the NV
mothers to an action profile with at most £ intervention actions. We use IT to denote the set of all
such policies. We note that IT is equal to the set of pure strategies of the planner. Letaz € A(IT)
(respectively 8 € A;(Z?)) be a mixed strategy. Then we use P,(7) ( resp. Pg(P)) to denote the
probability of choosing 7z € I, (resp. P € &) under « (resp. B).

Finally, we often use () y, £y y) to denote the minimax maximin regret strategies of the planner
and adversary respectively, when the planner plays mixed strategies from Ax(IT) and the adversary
plays mixed strategies from A y(Z?) (see Section 6.5 for the definitions of Ax(IT) and Ay(#?)), and

X, Y € {M,I}. Note that &} y is the planner’s minimax strategy and 8} , is the adversary’s maximin

S trategy.

E.4.1 PERMUTATIONS ON IT AND &

Let &,, be the set of all permutations of [y, ], where a permutation is a bijective map from [y, ] to

[7,,)- We use 7,,, to denote the elements of &,,,. Further, let & = &; x --- x &, Weuses =
(01, . ..,0u) to denote an element of &; note that here 7, € &,,.
Leta = (4})uefy, |,me[m be anaction profile. Thenforac = (a1,...,0n) € ®,define



o(a) = (. (n)) nely, |,me[m)- In particular & permutes the actions corresponding to the mothers
in group m according to 7,,. Now we show how a o € & defines bijective maps on & and IT. For
every o € & define themap @ : IT — I (respectively ¥ : & — &) as follows: denote ¢ _(7)

as 7 (resp. ¥, (P) as P), then 7’ (s) = o(#(s)) (resp. (7))} = P ). We make the following

observation which will be helpful later on.
Observation 1. Forall w € I1, P € P, and o € & the following bolds R(7, P) = R(p (%), ¥,(P)).

The following observation follows from the fact that for every 7 € &, ¢_and ¢, define bijective

maps on ITand P respectively.

Observation 2. Leta € A[(I1) and B € A[(D) be mixed strategies of the planner and adversary

respectively. Then for any o € & the following holds:

R(2,8) =Y Pulp,(m)) - Po(¥,(P)) - R, (7). ¥,(P)) -

Next, we define permutations which are transpositions. We say 7, € &, is a transposition if
there exists 2, 7' € [y, | such thata,,(n) = n' and 0,,(n') = n,and forall ¢ ¢ {n,n'}, 0, (€) = L.
Wesay o = (a1,...,00) € ®isatransposition if forall m € [M], 7, is a transposition. We note
thatevery o € & can be expressed as a composition of finitely many transpositions. We note the

following observation.

Observation 3. Let o € & be a transposition. Then foreverymw € Aand P € P, ¢ (o (7)) = 7

and ¥, (Y (2)) = P,



E.4.2 MixED STRATEGIES THAT Do NOT DISTINGUISH BETWEEN MOTHERS IN THE SAME

GROUP

We say a mixed strategy « of the planner is indifferent towards mothers from the same group if for all
7,7’ € Ilsuch thatthereisac € & satisfying 7’ = @ (%), P(7) = Pu(7’). We use Apy(IT) to
denote such mixed strategies.

If we define the probability of intervening on mother 7 under a mixed strategy « as follows

P,(intervene n) = Z P, (7) Z Hag, =1}

7€ll sSES

then it is easy to see that foran « € A /(I1) and mothers 7, #’ in the same group P, (intervene z) =

P,(intervene 7).

E.s PROOFs OF THEOREM 1, 2, AND 3

We refer the reader to Section E.4 for additional notations and missing definitions used in the proof.

Additionally, we now define order-preserving maps, that we will use in the proof of Theorem 6.5.3.

E.s.1  ORDER-PRESERVING MAPS

To prove Theorem 6.5.3 from Section 6.5.3, we require the assumption that there is a map ¢ :

A(P) — Ap( D) such that

1. Foreveryai,ay € Ay(Il)andf € Af(P), R(a1,8) > R(az,p)iff R(ar, ¥(8)) >
R(az, ¥(§)), and

2. Foreverya € Apy(IT)and B8, € Af(P) R(a, ) > R(a,B,) iff R(a, v(8,)) >
R(“Zﬂy(ﬁl))
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While (1) and (2) may not hold for general mixed strategies in A7(IT), it is likely to be true for mixed
strategies in A 7(IT), since these strategies do not distinguish between mothers from the same
group. Next, we describe a possible candidate map.

First wedefineamap g : & — . LetP € & beapure strategy of the adversary which
assigns different transition probabilities to the mothers in the same group, and for pure strategy
p let Pff ﬂ’z, be the probability of the mother 7 in group 7 transitioning from state s to s’ under ac-
tion 2. We define p(P) = Pas follows, Passigns the same transition probability to all the moth-

ers in a group by averaging the transition probabilities of the mothers in that group. In particular,

j’fn = Py = ng[y ] P:y:’i, Notice that the pure strategy @(P) of the adversary is indifferent
to mothers in the same group. Further, fora P € 2, let ga_l(P) ={P e€P| o(P) = p}
Now let 8 € Af(2?). Then ¢(B) = £ is defined as follows: Py(P) = ZP’€¢_I(])) Pg(P). Since,

@ 1(P) # () only if p assigns the same transition probability to all the mothers in a group. Hence,

we have ¥(8) € Ap( ).

E.s.2 PROOF OF THEOREM 6.5.1

We require the following proposition to prove the theorem.

Proposition E.s.1. Suppose the minimax maximin regret strategies (e 1, 8] ;) s such that there exists
a permutation ¢ € & satisfying Py(P) = P(y,(P)) for every P € P1. Then there exists a planner
mixed strategy o' € A[(I1) such that P,(¢ (7)) = Pu(7) foreverym € 11, and (', 8} ;) are

minimax maximin regret strategies of the planner and adversary respectively at the individual level.

Proof. Suppose there exists 7,,, 7y € Iy such that ¢ _(7,,) = 7y but P,(mp) < Py(m,,). First, we
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show in this case that R(7,, £} ;) = R(7¢, 8 ;)

R(m,67)®) ) Pa: (P) - R(me. P)
pEeP

@ Y P, (¥,(P) - R(me, ()

pEP

(1) Zpﬁ;,(f’) - R(7, P)

pEP

= R(zm,ﬂzl)

In the above equations: (i) follows from the definition of regret of a pure strategy 7y on the adver-
sary’s mixed strategy A , (ii) follows as o' is a permutation (also see Observation 2) and from Obser-
vation 1 we have R(7,, P) = R(m¢, ¥,(P)) forall P € &7, and (iii) follows by using Pp+ (P) =
P[gzj(%(P)) forall P € &. Now construct a mixed strategy &’ such that P, (7,,) = Py (7)) =
w, and forall 7 € Il such that 7 # 7, and 7 # 7y we have Py (7) = P,(7). Since

R(7m, 87 ;) = R(we, £ ), itis easy to see that (&, §) is a minimax maximin regret strategies at the

individual level, and from construction P,/ (7,,) = Py (7).

Proof of Theorem 6.5.1. Ifay; € Ap(II) then the Theorem follows. Hence, assume there are
Tm, 7y € Iland apermutations € & such that g (7,,) = =y but Py(7,,) > P,(m;). Here,
we use the subscript 7 and £ to denote more and less. Observe that we may assume without loss
of generality that & is a transposition (see App. E.4). This is because any permutationins € &
can be expressed as a composition of transpositions. Hence, assuming ¢ is a transposition, we have
@a(ﬂf) = Tm-

* * .. .. . . * . e .
Let (a7 ;, £7 ;) be a minimax maximin regret strategies, that is, 5 , is a regret maximizing mixed
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strategy of adversary against &7 ;, that is

B € argmax R(a7,f) -
| en)

Construct £ such that Py (P) = Ppr (¢,(P)) forall P € &. Note that since 7 is a transposition, we
also have Py (v, (P)) = PﬁZz(P) forall P € . Hence, as [8}" ; is regret maximizing for the adversary
against the planner’s mixed strategy &7 ;, we have R(«] 1, £') < R(a7 1,87 ).

First, we argue that R(«} ;, 8') = R(a} 1, 8] ;). Suppose R (e 1, f') < R(a ;8] ;). Then writing

the regret expressions for R(«7 ;, 8') and R(] 1, B} ;) we have

ZZP(@ ﬂ11(7f> - R(m, P) (E.1)
< Zzpﬁu “11 ) R(ﬁ’P)

Substituting R(7, P) = R(p_(7), ¢,(P)) for all z, P (see Observation 1) we have

ZZ 5, (Vo (P) - Puz (7)R(p,(7), ¥,(P)) (E.2)
< ZZP@, Py (7)R(7, P)

Let ' be the mixed strategy of planner such that P,/ (¢, (7)) = P,z (7). Substituting this in the

above equation we have

SN B (1,(P) - Pu(p ()R (p,(7), ¥,(P) ()
< ZZP/?H “11 )R(W,P)
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From Observation 2 we have,

SN P (1,(P)Pu(p,(7) - R(p, (%), ¥,(P)) (E.4)
P 7

= R(“,ugj',])

Hence R(«', £} ;) < R(a7 1,7 ;)- This contradicts the minimax theorem which states that a7 ; is the

regret minimizing mixed strategy of the planner against the adversary’s mixed strategy 47 ;. Hence,

we have R(«7 1, £') = R(aj 1,6} ). We note that the above equations also show that & is the regret
e .. . . 5 . /

minimizing mixed strategy for the planner in response to adversary’s mixed strategy 4.

Now construct 8 such that

Py (P)+ Py(P) Py (P) + B (¥,(P))
(=T LA

We now argue that (#7 , 4) is a minimax maximin regret strategies at the individual level, that s,

o] [ is regret minimizing against 2, and ZZ is regret maximizing against a7 ;. Since o'is a transposition,
this implies PB(P) = PB(%(P)) forallp € P. Further,as R(a};,8) = R(aj 1,67 ;)> we have
R(etp,67,) = R(a]y, f), and hence, £ is a regret maximizing mixed strategy of the adversary against
o p» that s,

f € argmax R(a7,f).
/ZGAI((@)

Also, a similar argument, as from Equations E.1 to E.4, shows that R(az nB) = R(,E),and
hence ”‘Z 1 is a regret minimizing mixed strategy for the planner in response to adversary’s mixed
strategy ﬂ’. This follows from the minimax theorem and that &’ is the regret minimizing mixed
strategy for the planner in response to adversary’s mixed strategy 4". This together implies 27 ; is

the regret minimizing mixed strategy for the planner in response to adversary’s mixed strategy 4. In
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particular, («,)

Now we use Proposition E.s.1, which shows that there exists a 2 such that P;(7,,) = Pz(7¢),

f € argmax R(z,B)
gen ()

and R(2,) = R(aj ;) = R(aj ] ;)- We can repeat this process finitely many times to show
to construct a mixed strategy « such that for any two policies 7, 7/ € A, if there exists a & such that
¢,(m) = 7' then Py(m) = Po(7’), and maxgen () (R(a,8)) = R(aj;, 67 ))- Sincea € Ap (1),

we have, without loss of generality 2 = ), . O

E.s.3 PROOF OF THEOREM 6.5.2

Let (2 a1, ‘EZ/L ) be a minmax-maximin regret strategies at the group level. Further, let 7, 7/ € II

be such that Py | (7) > P“/*M,M(”j ), and there existsao € & such that 7/ = ¢ (7). Leta be an
(M), ()
2

P
MM . First observe that since

planner mixed strategy such that P,(7) = P,(7/) =
B € Aym(2),R(7,B) = R(7, B). It follows from this that («, ) is also a minmax regret solution
at the group level. We can repeat this process finitely many times to show that for any two policies

w, 7’ € I1, if there exists a osuch that ¢_(7) = #’ then P,(7) = P,(’).

E.s.4 PROOF OF THEOREM 6.5.3

Let (@} 11> B34 20) e @ minimax-maximin regret strategies at the group level. Also, let 8* be the re-
gret maximizing strategy of the adversary at the individual level against the planner’s mixed strategy
g ap thatis

£* = argmax R(az}‘MM,(@)
BeA(P)
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* % .. .. . . .. .
Further, let (a7 1, 8 T ;) be a minimax-maximin regret strategies at the individual level. In particular,

from the minimax theorem

* — R *
ﬂLI /EEIEI%),(@) (“1,[7 8)

Hence, we wish to show R(a} 5r, £°) = R(27 1,87 ;)- Now let (a3 1, 83, ;) be a minimax-maximin
regret strategies, when the planner plays at group level (from A /(IT)) and the adversary plays at the

individual level (from A;(£?)). Hence, again from the minimax theorem

* — R *
ﬂMJ /EEIX;?(@) (“M,[a A)

Recall from Theorem 6.5.1, we have

R(ajp,Br ;) = R(@her By )

. . . * % _ * * .
Hence, to prove the theorem it is sufficient to show that R(a}; 41, 8%) = R(a} 1By ;) Since
(34 1> B 7)) is a minimax-maximin strategy regret strategies, when the planner plays at group level
M, EM T gy Ieg g1es, p plays at group

(from A 4(IT)) and the adversary plays at the individual level, we have

R(@h a0 87) 2 R(@ha1,8)11)

Suppose for contradiction

R(“}(\/[,Mvﬂ*) > R(a;l/[,]a(gj\/[,[) (ES)

Now we have the following two equations:

R(“;VI,M’ ﬁ*) > R(“?VI,M’ ﬁj\u) (E.6)

R(”;V[,Maﬂ;lxjj) Z R(a}(l/[,]ug;l/[,[) (E7)
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Equation E.6 follows from 8* being the regret maximizing strategy of the adversary at the individ-
ual level against the planner’s mixed strategy @} 1, and Equation E.7 follows from the minimax
theorem and zxj,[, 1B ‘8;4’ , being the minimax maximin regret strategies when the planner plays at the
group level and the adversary plays at the individual level. Now corresponding to Equations E.6 and

E.7 assuming there is an order preserving map (see App. E.5.1) ¢ : Af(Z) = Ap(Z?), we have

”‘MM? ﬂﬂ ) > R( “MMa Bk(ﬂMJ (E.8)

Ry VBirp)) = R(ahsr VBpy ) (E.9)

Equation E.8 follows from property 1 of the order preserving map, and Equation E.9 follows from

property 2. From Equations E.s, E.8 and E.9, we have

R(@h.00 VET)) > R(@hs 1, VB p)) (E.10)

Finally we use property 2 of the order preserving map to claim the following two equations,

“MMa Wﬂ “MMa{gMM) (E.11)
R(ﬂ;l/[,[a W(ﬂ;/u)) = ﬂefAna(X@) R(“Mjaﬂ) (E.12)

Both equations require property 2 of the order-preserving map. Additionally, Equation E.11, fol-
lows because 8* (resp. 83, ) is regret maximizing for adversary at the individual level (resp. at the
group level) against planner’s strategy 23, 5., and Equation E.12 follows because 8}, , is regret max-
imizing for adversary at the individual level against planner’s strategy aj/[’ ;- Hence, from Equations

E.10, E.11 and E.12, we have

R(aMMHgMM) > {gerAna(X/_)) R(“Z/[,Iaﬂ)
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The above equation contradicts the worst-case minimality of 2, ,,, when both players play at the

group level. Hence, we have R(a}/ 1, 8%) > R 1,85 1)-

E.6 MINIMIZING/MAXIMIZING WHITTLE INDICES

The binary quadratic program for simultaneously maximizing and/or minimizing the Whittle in-

dices over one or more states of a group, given a set of interval parameter ranges on the transitions

probabilities [P, , /, P; , v, named MINMaXWHITTLEBQP is given as follows:
min Z O Wy Primary objective

min Z V' (s, W) Secondary objective
I

S.t.
Q' (s,a, Wy) = R(s) — Wy Cla) + yT(s, 4, )TV (-, 1)
vV (s, Wy) > Q' (s,a, Wy)
V (s, Wo) < Q (5,2, W) + bls,a,5 )M
VseS,ae A €I(S) (B.13)

D b(s,a,8)=|A -1

acA
Vse S, €I(S)

VV:’ =y |:T(5/7 17 ')TVI('7 VVJ’) - T(-flv 07 ’)T V/(‘v va’)j|
vs' € I(S)

T(s,a,5") € [P P, , ]

Zs,a,s'

VseS,ac A eS8
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Where 1(S) is the set of all states for which the users wants to jointly optimize Whittle indices,

6y € {—1,0,1} is the “sense” for the corresponding index to optimize, i.e., 1 to minimize, —1 to
maximize, or o to not optimize the index for that state (note that ¢ corresponds to 0bj in Alg. 6.4.2),
W is the Whittle index for state s/, /" and Q are the state and state-action value functions, respec-
tively, C(2) = ais the cost of an action, & is a binary variable that serves to enforce one of the Q
constraints on V to be tight (ensuring the value function is solved, and thus Whittle index is valid),
M is a large number, e.g., 104, T are variables that hold the transition probabilities, R(s) = sis the
reward, and y is the discount factor. Note that all 7T /" terms are quadratic, since both 7'and 7 are

variables in this optimization.

E.7 DouUBLE ORACLE AND WHITTLE INDEX ALGORITHMS

The outer loop of the double oracle algorithm is given in Alg. E.7.1. We also give ComPUTEWI

in Alg. E.7.2, our binary-search based method for computing the Whittle index, given transition
probabilities for a group P” and a state 5. Note also that CoMPUTEWI could be implemented by
using MAXWHITTLEBQP, and a small wrapper function to adjust the input appropriately. That
is, MAXWHITTLEBQP expects intervals over transition parameters P” but computing the Whittle
index only requires some choice of P” in the intervals. Thus the wrapper needs to encode P as
intervals, which can be accomplished by copying each transition probability of 2 to an interval
with the same upper and lower bound, for each s, 4, s'. Then, to get the Whittle index for a certain
state of the group m, the wrapper should pass in a sezse that negative-one-hot encodes the desired
state. E.g., if one wants to compute the index for state s = 1 for an arm with two states, the wrapper
should pass in a sense @ = [0, —1]. With the above described inputs, specifically since the intervals
will have the same upper and lower bound, the quadratic terms in the MAXWaITTLEBQP will

become constant, effectively turning the binary quadratic program into a binary linear program
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Algorithm E.7.1 Double Oracle

Input: Grouped RMAB simulator and parameter uncertainty intervals 2 for all groups.
Parameters: Number of iterations 7"
Output: Agent mixed strategy «

. Py = {P}, with P, selected at random
: 1y = {7g,, 7p,, . . .}, where 7p, are baseline and heuristic strategies
: forepoche =1,2,...,Tdo
4 Solve for (a,, [86), mixed Nash equilibrium of regret game with strategy sets £,_; and
I
7. = WI4MS(8))
P, = REGRETMAXWI(«,)
P,=P_U{P} I, =11,U{z}
return 2,

»

(o)

that does not search over transition probabilities for the best Whittle index, but simply returns the
Whittle index of the given transition probabilities. This represents a new way to compute Whittle

indices that could also be of general interest.

E.8 EvaLuaTING EaAcH ORACLE

PLANNER ORACLE  We verify empirically that the planner oracle, described in Section 6.4.1, pro-
duces high quality best responses, i.e., reward-maximizing RMAB intervention policies 7, across
various problem sizes and intervals. As baselines, we compare against: No action (NA) which sim-
ulates the policy that takes action 2 = 0 on all arms at all time steps, representing a lower bound
on reward; Random which takes action 2 = 1 on K randomly chosen arms each round; and Brute
Force which enumerates the entire feasible RMAB policy space, simulates the average reward of
each policy, then returns the reward of the best-performing policy. Brute force can only be com-
puted for small problem sizes, since its computation cost is exponential in /N and K. We evaluate on

test data generated by, for each seed, randomly sampling transition intervals [P” Ve,s,a,s,

/]
57475/7 5,45

and randomly sampling a mixed nature strategy. Results, shown in Fig. E.1, are reported as the aver-
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Algorithm E.7.2 Compute Whittle Index (ComputeWI)

Input: Group m, state s;, transition probabilities P for group m, tolerance e.
Output: Whittle index W7 (s;)

: ub,lb = INITBSBoUNDs(P”) {Return upper and lower bounds on 777 (5) given P,
e.g.,1,0.}
{Now binary search for the Whittle index}
2: while #b — [b > ¢ do
)= el
4 a = VALUEITERATION(P”,s;, 1) {Run value iteration for the MDP defined by "
with A-adjusted reward function 7(s,2,1) = s — al,and return corresponding
7 (1)}
if a=o then
ub = A {Charging too much, decrease}
else if a=1 then
Ib = 2 {Can charge more, increase}
Wn(.f]) - #
ro: return W (s)

2

age reward over ten random seeds. Our approach, WI4MS performs nearly as well as brute force for
the small problem size, and outperforms all baselines as the problem size increases to the scale of the

maternal health intervention problem.

ADVERSARY ORACLE  We verify empirically that the adversary oracle, described in Section 6.4.2,
produces high quality best responses, i.c., regret-maximizing environments P, across various prob-
lem sizes and intervals. As baselines, we compare against: Random which selects an P by uniformly
randomly sampling P”* € P” Ym € [M] and Brute Force which (1) discretizes the adversary’s

pure strategy space into D = 3 uniformly spaced values for each interval [P ], (2) enu-

—j’a,j/ ? J,d,J/
merates all possible combinations of the discrete environment setting, denoted Py, (3) simulates the
average regret induced by each P, by simulating the optimal WIP against £ and simulating some

input planner mixed strategy « against P, then taking the difference, (4) then returns the regret of

the best-performing ;. Brute force can only be computed for small problem sizes, since its compu-
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tation cost is exponential in N, K, and D. For instance, even for N = 2, K = 1,and D = 3 brute
force enumerates ~60k choices of P,;. We evaluate on test data generated by randomly sample tran-
sition intervals [Ijj” s i’ ) ¥6,5,a,5 . Also, since our adversary oracle implementation requires as
input both a planner mixed strategy « and its corresponding mixed adversary 8 of some MSNE (see
Alg. 6.4.2), we generate inputs to the oracle by first randomly generating agent and adversary pure
strategy sets according to the sampled [P, P, /], then running one iteration of the double oracle
using these strategy sets to generate the required 2 and 4. Results, shown in Fig. E.2, are reported as
the average reward over ten random seeds. Our approach, REGRETMAXWI performs nearly as well

as brute force for the small problem size, and vastly outperforms the naive random baseline even as

the problem size increases to the scale of the maternal health intervention problem.

[—1No Action E=JRandom WI4MS [l Brute Force

-10% -10%

"g 10 |- 99| !,/‘ 6.5
2 2
2 a
x i R
Z é

1.8 Z 5.

2,2,1) (8K, 20, 225) (23K, 40, 500)

(N, M, K)
Figure E.1: Evaluating planner oracle best response quality (WI4MS). Objective is to maximize reward (higher is better).
No Action simulates the policy that takes action2 = 0 on all arms at all time steps, representing a lower bound on
reward. Random takes action 2 = 1 on K randomly chosen arms each round. Brute Force enumerates the entire fea-
sible RMAB policy space, simulates the average reward of each policy, then returns the reward of the best-performing

policy. Brute force can only be shown for small problem sizes, since its computation cost is exponential in N and K. Our
approach WI4MS performs well across all problem sizes.

E.9 RUNTIME ScaraBiLiTY oF GROUDPS

In Fig. E.3 we demonstrate the runtime improves achieved by our GROUPS robust planning
method as the number of groups A decreases, with number of arms N held constant. Given Thm 6.5.3,

this demonstrates that we can achieve large scaling up of our robust planning without losing perfor-

225



E=Random EZZZZRegretMaxWI [l Brute Force

S 3|
5 600 |- 2,000
E 2 400
IS 1,000 |-
S 1 200
= A
0 0
2,2, 1) (8K, 20, 225) (23K, 40, 500)
(N, M, K)

Figure E.2: Evaluating adversary oracle best response quality. Objective is to maximize regret (higher is better). Our ap-
proach, RegretMaxW], performs nearly as well as a discretized brute force algorithm for small problems, and continues
to perform far better than naive strategies for larger problems where brute force is intractable.

mance, under some mild assumptions, e.g., similarity of groups of arms.

104 4 mmm Group abstraction

Individual level planning
(1 beneficiary per group)

103 4

Double oracle runtime (log sec)

10 20 40 100 200 500
Beneficiaries per group

Figure E.3: Run time scalability of GROUPS. Holding the number of arms /N constant, the runtime of GROUPS improves
significantly as the number of groups M decreases.

E.10 EXPERIMENT SETUP DETAILS

All algorithms were implemented in Python 3.7.4 and mathematical programs were solved using
Gurobi version 9.0.3 via the gurobipy interface *. Experiments were run on a cluster running Cen-
tOS with Intel(R) Xeon(R) CPU Es5-2683 v4 @ 2.1 GHz with 8GB of RAM and four processors.
To compute regret, we simulate each planner strategy against the full set of the adversary’s pure
strategies (i.e., environment parameter settings, including both those computed by the adversary or-
acle as well as baseline responses pessimist, median, optimist, and random) to determine that which

maximizes regret.
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Figure E.4: More experimental results evaluating the regret (lower is better) incurred by GROUPS, our robust solution
approach, compared to non-robust baselines across a variety of problem settings. Regret is interpreted, in real-world
terms, as the maximum preventable missed messages across the uncertainty space. The problem setting used by ARM-
MAN, which we use as default values, are K = 100, H = 10, N = 15,320, actual group size, and M = 40 groups.
Experiment (a) uses real data obtained from *°*; (b) and (c) use randomly sampled data, as described in section E.12.
Each result is averaged over 30 random seeds.

Runtime vs Number of Arms (K =1, M = N)

104<
3
5
(U]
3
=103 —— DDLPO
[=Y0]
2 GROUPS
(D]
S
E
x 102<

6 7 8 9 10 11 12

Number of Arms N (and Clusters M)

Figure E.5: Run time scaling of DDLPO® vs GROUPS. GROUPS is hundreds of times faster than DDLPO.

E11 ARMMAN CONSENT FOR DATA COLLECTION AND ANALYSIS

In this section, we provide information about consent related to data collection, analyzing data, data
usage and sharing. We highlight that this work is part of a long-standing research collaboration with
ARMMAN, with continuous analysis of data performed in close consultation with ARMMAN

researchers.
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E.11.1  SECONDARY ANALYSIS AND DATA USAGE

This study falls into the category of secondary analysis. To evaluate the performance of the algo-
rithms, we use unlinked, anonymized data generated during the course of implementation of the
program, i.e., previously collected engagement trajectories of different beneficiaries participating
in the service call program. The proposed algorithms are evaluated via a simulation-based method
discussed in Section 6.6. This work does not involve deployment of the proposed algorithm or any

other baselines to the service call program.

E.11.2 CONSENT FOR DATA COLLECTION AND SHARING

The consent for collecting data is obtained from each of the participants of the service call program.
The data collection process is carefully explained to the participants to seek their consent before
collecting the data. The data is anonymized before sharing with us to ensure anonymity. Data ex-
change and use was regulated through clearly defined exchange protocols including anonymization,

read-access only to researchers and restricted use of the data for research purposes only.

E.r1.3 UNIVERSAL ACCESSIBILITY OF HEALTH INFORMATION

To allay further concerns: this simulation study focuses on improving quality of service calls. Even
in the intended future application, all participants will receive the same weekly health information
by automated message regardless of whether they are scheduled to receive service calls or not. The

service call program does not withhold any information from the participants nor conduct any ex-
perimentation on the health information. The health information is always available to all partici-
pants, and participants can always request service calls via a free missed call service. In the intended
tuture application our algorithm may only help schedule additional service calls to help beneficia-

ries who are likely to drop out of the program.
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E.12 DoMAIN DESCRIPTIONS

MATERNAL HEALTH  The data used in chapter 6 are anonymized, aggregated summary statistics
of engagement behavior of mothers enrolled in ARMMAN’s mMtira program, and does not contain
any demographic information.

From the full dataset of 23,008 mothers, we chose a subset of 15,336 mothers from this cohort
who have a least one record of intervention, then computed summary statistics (i.e., frequentist
transition probabilities) over that subset. To create an arm—group mapping, we run K-means clus-
tering on those probabilities, and compute uncertainty intervals via bootstrapping followed by mul-
tiple imputation to compute standard deviations of the means '#°.

We now describe how we set up the environment settings used for each simulation variant. As
mentioned, the experiments in Figure 6.3(g)—(i) use the summary engagement statistics from AR-
MMAN. To vary the simulated number of mothers in Figure 6.3(i), we begin with the groupings
from the summary data but scale up the number of mothers in each group by a factor of 10 and 20
to reach 153.2K and 306.4K mothers, respectively, with budget scaled accordingly to K" = 1000 and
K = 7000.

Statistics on the uncertainty intervals and group sizes for the summary ARMMAN dataset are

displayed in Figures E.6 and E.7, respectively.

TB Derived from data obtained from®>, which contains anonymous records of daily adherence
to tuberculosis (TB) medication. We used the 8,350 records with at least 30 days of adherence data.
Though not collected in a grouped RMAB setting, we augmented the data to have groups by run-
ning K-Means grouping on the passive transition probabilities, and simulated uncertainty intervals
for passive and active transitions as 4, standard deviations of the mean of group centers. We then

simulated uncertainty intervals: (1) for the passive transition probabilities as 4, standard deviations
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(default 4, = 3) about each group center and (2) for the active transition probabilities by adding
arandom value 7 ~ N(0.3, 0.3) to the corresponding passive transition (i.c., always preferable to
act), and creating an uncertainty interval about the mean 1.5 x width of the passive uncertainty (i.c.,
less knowledge of active transitions vs. passive). These specific values were chosen to calibrate uncer-
tainties to roughly match those of the maternal health domain, for which uncertainty statistics were
available.

Statistics on the uncertainty intervals and group sizes for the TB dataset are displayed in Figures

E.8 and E.9, respectively.

SYNTHETIC A benchmark domain from Killian et al. *> comprised of three “arm types” [U, V, W],
each with their own intervals, designed so that non-robust policies have higher regret than robust

ones. Specifically,

0.5 0.5 1.0 0.0

0.5 0.5 1—py  pn

pu € [0.00,1.00]
where  »;, € [0.05,0.90] -

pw € [0.10,0.95]

We augment the domain to allow homogeneous groups of each arm type, where the size and pro-

portion of groups of each type may vary.

RanNpoMLY sAMPLED DATA  Used in Figure 6.3(b)—(c), we randomly generate transition proba-
bilities and group sizes, drawn from normal distributions. We ensure that these transition probabil-
ities are valid, that is that the probability transitioning to (or remaining in) the good state (' = 1)

with intervention (¢ = 1) is always higher than the probability of not intervening (¢ = 0), and
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similarly that the probability when starting in the engaging state (s = 1) is always higher than the

probability of starting in the not engaging state (s = 0).

Interval width Interval mean
__P(0,0,1) 4+ 1+ e}
:. P(1,0,1) H T F+—— T }—
4¥PO1L11l)4{ —LI+— ® O — T}
“p111d T [ S —

00 02 04 06 08 10 00 02 04 06 08 1.0

Figure E.6: Statistics on the uncertainty intervals from the ARMMAN data, averaged over 40 groups. Left shows the
distribution of interval widths over all 40 groups. Right shows the distribution of interval midpoints over all 40 groups.
Some uncertainty intervals are wider than 0.8, but the majority have width below 0.4. Uncertainty intervals of most
groups are in the range [0.3, 0.7].
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Figure E.7: Distribution of group sizes for the ARMMAN data.

Interval width Interval mean

__P(0,0,1) {—3+— O — I P
:gP(l,O,l)—'—ED—| o o 00 00 +— __IH

w PO,1,1) ] —F— o — T
Q"P(l,l,l)-'—[l]—l oo O O OO0 @ HH
0.0 02 04 06 0.8

1.0 00 0.2 04 06 08 1.0

Figure E.8: Summary statistics on the uncertainty intervals from TB data obtained from®2, averaged over 60 groups.
Left shows the distribution of interval widths over all groups. Right shows the distribution of interval midpoints over all
groups. In general, transition probability medians are closer to 1 for this domain than the ARMMAN domain.
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Figure E.9: Distribution of group sizes for TB adherence data.
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