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ABSTRACT

While Al is assuming omnipresence today more than ever, its adoption is still limited in solving challenges
pertaining to socially-critical problem domains such as in public health, especially among low-resource and un-
derserved communities. Motivated by the desire to solve impactful, real-world problems that involve reasoning,
strategic decision-making, or planning in uncertain, stochastic or resource-limited settings, my thesis presents
novel solutions designed for two such real-world public health challenges: tuberculosis prevention and improv-
ing maternal and child healthcare.

Building Al systems for realizing social impact in public health, demands solving a number of fundamental
research questions. For instance, community health workers and NGOs operating with limited health resources
face the challenge of optimally utilizing these resources to maximize their impact. In doing so, such NGOs must
account for domain-specific considerations such as fairness or risk-averseness and plan the limited resources
to serve beneficiaries at scale, in an uncertain and dynamically changing world. Even with new solution tech-
niques for allocating limited resources in such socially critical domains now being built, their accurate evaluation
through Randomized Controlled Trials (RCTs) remains difficult due to high sample variance in these settings.

Towards tackling these challenges, my thesis utilizes techniques such as Restless Multi-Armed Bandits (RMAB)
to solve the sequential decision-making problem of allocating scarce health intervention resources. My thesis
builds computationally efficient solution algorithms to this problem, that can be adopted by non-profits without
needing access to heavy computing power. Next, I also propose techniques that allow the planner to accommo-
date real-world considerations such as risk-averseness or fairness in planning health interventions. Furthermore,
my thesis also builds solutions that can plan such health interventions while accounting for dynamically chang-
ing patient cohorts and the finite stay of patients in such health programs. Transcending the boundaries of tra-
ditional research, I have transitioned this work from the blackboard to a first-of-its-kind field evaluation of the
RMARB algorithm, involving 23,000 real-world mothers over a 7-week period, results of which show a ~ 30%
improvement in the performance metric of interest. Finally, my work mitigates the challenges faced in the eval-
uation of such resource allocation algorithms through RCTs. Using techniques from causal reasoning, I present
a novel concept that retrospectively reassigns participants to experimental groups in a trial. Using this concept, I
build a new estimator, that I show, can sharply reduce sample variance.
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Introduction

Public health is a grand global challenge today — with 6 out of 10 biggest causes of deaths being communicable,
neonatal or nutritional diseases. This challenge is even more critical in the limited-resource settings of the global
south, where half the world’s population lacks access to essential health services '**. This situation has only been
made worse by the COVID-19 pandemic, further impacting the underserved populations and widening existing
disparities*>. With the belief that AT holds the potential to solve some of these most pressing problems faced

by the world today, my thesis aims to unlock the power of Al to tackle such impactful real-world problems. My
thesis focuses on challenges in public health, drawing on tools from AI — specifically, techniques such as Restless
Multi-Armed Bandits, Probabilistic Modeling, Multi-agent Systems and Causal Reasoning to develop innovative

solutions for two such motivating application domains: tuberculosis prevention and improving maternal and



(a) Picture credits: CDC (b) Picture credits: WHO (c) Picture credits: Pippa ranger
SEARO

child healthcare.

My thesis describes work in partnership with ARMMAN’"*, an India-based non-profit, that endeavors to
improve maternal and child health outcomes — and has served over 26 million women in India so far. My thesis
also includes work in collaboration with the Government of Maharashtra and Al solutions designed for assisting
TB prevention in India.

One common challenge in these public health contexts is that of monitoring
and encouraging adherence to prescribed medication or ensuring engagement
of beneficiaries with health information programs. For instance, Community
Health Workers (CHWs) are often tasked with monitoring adherence of Tu-
berculosis patients to their prescribed 6-month-long treatment regimen and are
expected to deliver interventions where necessary to encourage adherence. Simi-
larly, support staft at non-profits like ARMMAN ' running health information

programs may deliver interventions to boost engagement with the goal of maxi-

mizing the positive health outcomes from the program.

Figure 1: During a field visit in

In dealing with these challenges, my research thrust examines the entire data-  \Mumpai to understand the prob-
lem first-hand and to determine

to-impact pipeline and identifies several fundamental research questions consist- = A e

ing of three key components:

* Optimization and Planning of Limited Resources: Viewed algorithmically, one central question ad-

dressed in my work, is to decide how to allocate the limited health worker intervention resources opti-



mally. The objective is to maximize adherence or engagement with the program, but with limited inter-
vention resources at hand. Thus, this intervention planning challenge entails determining a subset of &
beneficiaries from the N-strong cohort to intervene on each timestep (£ < IN), so as to maximize the

overall benefits of the interventions.

* Deployment: I have strived to actualize the impact of my technical work through deployment and real-
world evaluations in the field. Building upon these evaluations and the lessons learned along the way, my
work has culminated in a full-scale deployment of my algorithms and has served > 100, 000 expectant

and new mothers enrolled in the health program by the partner NGO so far.

* Evaluation: Finally, accurate evaluation and measurement of the performance of the developed methods
is the key last step towards achieving measurable, social impact. I have proposed new techniques that

improve the accuracy of this evaluation.

0.1 PROBLEM STATEMENT

To summarize the key research challenge addressed, in this thesis, I seck to answer the question: “How can we
use Al to maximally utilize limited resources and design solutions that deliver measurable, real-world impact in
public health?”

My key contributions towards answering this question are: (1) novel algorithms with relevant theoretical guar-
antees to solve the sequential decision-making challenges faced by stakeholders in public health settings, while
accommodating a number of real-world considerations they may care about (2) first-of-its-kind field evaluation
of these techniques in partnership with non-profits and finally (3) novel methods to improve evaluation through
RCTs, of such resource allocation algorithms being increasingly developed for addressing critical issues of societal

impact.



0.2 SUMMARY OF CONTRIBUTIONS

0.2.1 RESTLESS MULTI-ARMED BANDITS FOR OPTIMIZING HEALTHCARE INTERVENTIONS

My work is the first to cast this ‘engagement monitoring and intervention planning’ challenge as a Restless Multi-
Armed Bandits (RMAB) problem. The RMAB framework — used typically for handling resource allocation
problems'#' — models each TB patient or expectant mother as a Markov Decision Process representing one arm
of the RMAB. Solving for the optimal RMAB policy is PSPACE hard in general. Existing solutions are computa-
tionally expensive needing a computing cluster to run, rendering them inaccessible to low-resource non-profits.
My work identifies ‘Collapsing Bandits’ (CoBs) *°* as a special RMAB subclass, with useful theoretical prop-
erties. Using these, I develop a fast algorithm exploiting the special structure of CoBs to accelerate computation.
My algorithm achieves a 3-order-of-magnitude speedup while maintaining similar solution quality. This advance
enables applying the RMAB techniques in the context of applications such as adherence monitoring for TB pa-

tients, without needing access to powerful computational resources.

0.2.2 Risk-AwWARE BANDITS FOR PLANNING PUBLIC HEALTH INTERVENTIONS

While ‘Collapsing Bandits’ presents a useful tool for solving this problem, it fails to account for risk-sensitivity
considerations of the real world. It also relies on the end beneficiaries reporting their state of adherence truthfully
during each intervention.

To overcome these limitations, my thesis extends the collapsing bandits framework to allow for risk-aware
planning that can account for real-world planner considerations such as risk-averseness or equitable allocation
and can even counter imperfect observations characteristic of the real world. While these are useful solution
techniques, the existence of a solution and the accompanying optimality guarantees hinge on the validity of a
technical condition called ‘indexability’. Unfortunately, there are no known results on indexability of RMABs
in general. I also derive novel theoretical results on indexability for risk-aware bandits, that yield compact closed-

form sufficient conditions for verifying indexability simply from the problem parameters "4,



0.2.3 ‘STREAMING BANDITS’: OPTIMIZING INTERVENTIONS FOR DYNAMICALLY CHANGING COHORTS

Existing RMAB solutions (including *°* and '°*) assume all agents (such as mothers in a health program) start
and end the program synchronously. However, in reality, the beneficiary cohort can be dynamic — new bene-
ficiaries may join and existing enrolled beneficiaries may leave continually. This asynchronous and finite inter-
mediate stay, unfortunately, prevents existing scalable techniques from working well out-of-the-box. Towards
circumventing these issues in a scalable manner, I first showed that interpolating between the cheaply available
solutions for the infinite- and small-horizon problems is nearly as eftective as solving the finite-horizon problem

) 100

exactly. Using this, I proposed ‘Streaming Bandits’'°° that yields an interpolation-based algorithm that speeds up
the planning process by 2-orders-of-magnitude, while preserving the performance quality of exact methods, even

for dynamically changing cohorts.

0.2.4 FIELD STUDY IN DEPLOYING RESTLESS BANDIT ALGORITHMS IN HEALTHCARE

My work '°* is the first to evaluate RMABs through a real-world field trial for any public health application. In
partnership with ARMMAN "', I ran a first-of-its-kind large-scale trial, extending over 7 weeks and involving
23,003 real mothers in India evaluating the RMAB algorithm. Real-world numbers from the trial show, with
statistical significance, that my RMAB algorithm managed to cut engagement drops among mothers by ~ 30%

in comparison to other baselines.

0.2.5 NON-STATIONARY RESTLESS BANDIT ALGORITHMS

While previous work shows the RMAB model to be useful, its practical utility is restrained by a key underlying
model assumption: that each agent being catered to in the health program follows a Markov Decision Process
(MDP). In reality, we find evidence from real-world data collected in the above trial suggesting that such real-
world agents may not conform to the Markov behavior model.

To bridge this gap, my work casts this challenge as a non-stationary RMAB problem (RMAB-NS), that admits
time-varying transition parameters, P () instead of a fixed point P. Towards ensuring the practicability of our
approach, this work presents a technique to infer the time-dependent parameters P (%), for real-world agents — a

task exacerbated by the richer parameter space of the RMAB-NS model. The idea hinges on leveraging the small



number of unique behavior patterns displayed by agents, and pooling data by clustering agents according to these

behavior patterns.

0.2.6 SAHELI

Building on the above technical advances and learnings from field testing, we build and deploy “SAHELI”, a sys-
tem to efficiently utilize the limited availability of health workers for improving maternal and child health in
India. SAHELI is the fzrst deployed application for RMABs in public health, and is already 2% continuous use by
our partner NGO, ARMMAN. We have already reached ~ 150K beneficiaries with SAHELI, and are on track to
serve 1 million beneficiaries by the end of 2023. This scale and impact has been achieved through multiple inno-
vations in the RMAB model and its development, in preparation of real-world data, and in deployment practices;
and through careful consideration of responsible Al practices. Specifically, this chapter describes our approach

to learn from past data to improve the performance of SAHELI’s RMAB model, the real-world challenges faced

during deployment and adoption of SAHELL, and the end-to-end pipeline.

0.2.7 IMPROVED EVALUATION OF ALGORITHMIC RESOURCE ALLOCATION POLICIES

Evaluation of resource allocation policies through RCTs is significantly difficult because the individual outcomes
are interlinked through the resource constraint. My work shows how this leads to significantly large variance,
making the evaluation difficult. Despite the increasing use of algorithmic resource allocation, evaluation of such
policies is a critical gap that no prior work has tried to mitigate. My thesis addresses this gap '°® by proposing a
new estimator that reduces the sample variance.

I propose a novel concept that retrospectively reassigns participants to trial arms, thus generating additional
samples of counterfactual trials. I prove theoretically that such reassignments are “allowed” and lead to unbiased
estimate that is guaranteed to reduce sample variance. Empirically, I showed the statistical performance of my

method to be equivalent to running anywhere between 2 z0 13 independent, full-sized RCTs in parallel.



0.3 THESIS OUTLINE

The remainder of the thesis follows the outline of the summary. Chapters 1, 2, 3 pertain to the first theme (Op-
timization and Planning) and present novel algorithmic solutions and theoretical results to the resource alloca-
tion decision-making problem. Chapters 4, s, 6 pertain to the second theme and present work on deploying and
evaluating the RMAB algorithm in the field, in a maternal and child healthcare task. Chapter 7 (final theme)
describes new methods to improve the evaluation of algorithmic resource allocation policies through RCTs. Re-
lated work and background information is provided in each chapter. Finally, Chapter 8 presents a concluding

summary and directions for future research.



‘Collapsing Bandits’ for Optimizing Public

Health Intervention Resources

1.1 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 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
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which arise in many domains such as sensor/machine maintenance , anti-poaching patrols "**, and espe-

cially healthcare. For example, nurses or community health workers are employed to monitor and improve the

116 26 28

adherence of patient cohorts to medications for diseases like diabetes **®, hypertension*°, tuberculosis "*+*® and
HIV777¢. 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 similar role in monitoring and deliver-
ing interventions for patient mental health, e.g., in the context of depression 7' '? or Alzheimer’s Disease”>.

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 con-
sider 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 k arms with the largest indices. The Whittle index policy has been shown to be asymptotically optimal (i.e.,
N — oo with fixed %) under a technical condition '*® and generally performs well empirically® making it a com-
mon 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 indexability. Without (i) the ap-
proach can be prohibitively slow, and without (ii) asymptotic performance guarantees are sacrificed '®°. Neither
(i) nor (ii) are known for general RMABs. Therefore, 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 observa-
tion 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 algorithms’ 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 run-

time 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, Collapsing Ban-
dits, (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 performance.

1.2 RESTLESS MULTI-ARMED BANDITS

An RMAB consists of a set of N arms, each associated with a two-action MDP"3*. An MDP {S, A, », P} con-
sists of a set of states S, a set of actions A, a state-dependent reward function» : & — R, and a transition
function P, where P;j, denotes the probability of transitioning from state s to s’ when action « is taken. An
MDP policy # : S — Arepresents a choice of action to take at each state. We will consider both discounted
and average reward criteria. The long-term discounted reward starting from state so = s is defined as Rg (s5) =
E 32000 B'r(se41 ~ T(se, w(sz),se41) |7, 50 = 5] where 8 € [0, 1) is the discount factor and actions are selected
using 7. To define average reward, let /7 (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 = >, _ ¢ 7 (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 £ 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 prob-
lems 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 observable 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 prob-
lems since Whittle indices were introduced '°?. Because general RMABs are PSPACE-hard '*5, RMAB 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 5

develop an efficient Whittle index policy for a 2-state partially observable RMAB subclass in which the state
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transitions are unaffected 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 com-
puting the Whittle index. However, “controlled restarts” define the active action as state independent, a stronger
assumption than Collapsing Bandits which allow state-dependent action effects. Glazebrook et al. *° give Whit-
tle indexability results for three classes of restless bandits: (1) A machine maintenance regime with determin-
istic active action effect (we consider stochastic active action effect) (2) A switching regime in which the pas-

sive action freezes state transitions (in our setting, states always change regardless of action) (3) A reward deple-
tion/replenishment bandit which deterministically resets to a start state on passive action (we consider stochastic

passive action effect). Hsu °® and Sombabu et al. 4>

augment the machine maintenance problem from Glaze-
brook 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 directly. Because we derive a closed form for the Whit-

tle index, our algorithm is orders of magnitude faster.

1.3 COLLAPSING BANDITS

We introduce Collapsing Bandits (CoB)

as a specially structured RMAB with

partial observability. In CoB, each arm

n € {1,..., N} has binary latent states bi(x) L L L !

1
S = {0,1}, representing bad and good
Figure 1.1: 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.

state, respectively. The agent acts dur-
ing each of finite days# € 1,..., T. Let
a; € {0,1}" denote the vector of actions

taken by the agent on day z. Arm 7 is said to be active at ¢ if a,(n) = 1and passive otherwise. The agent acts on &
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arms per day, i.e., ||4;|| = k, where & < N 'because resources are limited. When acting on arm 7, 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 € S. States of passive arms are completely unobservable by the agent.
Active arms transition according to the transition matrix Pf ’7 and passive arms transition according to Pi i
We drop the superscript 7z when there is no ambiguity. Our scheduling problem, like many problems in analo-
gous domains, exhibits the following natural structure: (i) processes are more likely to stay “good” than change
from “bad” to “good”; (ii) when acted on, they tend to improve. These natural structures are respectively cap-
tured by imposing the following constraints on ¥ and P for each arm: (i) P&l < Pil and P, < Py
(if) Pg?l < Pjyand Pf,l < P ;. To avoid unnecessary complication through edge cases, all transition probabilities
are assumed to be nonzero. The agent receives reward 7, = 25:1 s;(n) at £, where 5,(n) is the latent state of arm

n at¢. The agent’s goal is to maximize the long term rewards, either discounted or average, defined in Sec. 1.2.

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. There-
fore, 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. 2.2. Let b, (#) denote the belief state, 7.c., the probabil-
ity that the state is 1, if the agent received observation w € {0, 1} when it acted on the process # days ago. Note
that b, (#) is also the expected reward associated with that belief state, and let 1B 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 PZJ, representing the head of the chain determined by w. Subsequent passive actions cause the process
to transition deterministically down the same chain (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 corresponding observation would be emitted (see Fig. 1.2a for an illustration).

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

I2



Formally,
B Gl BChWE R
(1+ P20, = Pry)

)

by(n) = 7,1(P,, ;) Yu € [T] where 7,(b) =

1.4 COLLAPSING 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 description, see Whittle 3. Intuitively,
the Whittle index captures the value of acting on an arm in a particular state by finding the minimum subszdy

m the agent would accept to not act, where the subsidy is some exogenous “donation” of reward. Formally, the
modified reward function becomes 7, : S X A — R, wherer,,(s,0) = r(s) + mand r,(s,1) = 7(s).
Let R{Zm(s) = E[> 0 Brm(s, w(s:))|m,50 = 5] and R}, = >, s f7(5)7m(s, 7(s)) 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 Volz(b assive
Vin(b) = max ot fr ) P (1.2)

b+ B(6Vu(Py) + (L= b)Vu(Pf;))  active

)

where 7 is defined in Eq. 1.1 and & 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(B) = inf{m : Vy(bia = 0) > Vyu(bia = 1)) (r.3)

160,163

Critically, performance guarantees hold only if the problem satisfies indexability , 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 .

Definition 1 (Indexability). An arm is indexable if B*(m) = {b : Vz € 1L}, #(b) = 0} monotonically
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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 2 (Threshold Policies). A policy is a forward (reverse) threshold policy if there exists a threshold by,
such that (b)) = 0 (w(b) = 1)if b > by, and ©(b) = 1(m(b) = 0) otherwise.

Theorem 1. 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 7z for any fixed policy, we first argue that when for-
ward (reverse) threshold policies are optimal, proving indexability reduces to showing that the threshold mono-
tonically decreases (increases) with 7. Unfortunately, establishing such a monotonic relationship between the
threshold and m is a well-known challenging task in the literature that often involves problem-specific reason-
ing”5. Our proof features a sophisticated induction argument exploiting the finite size of B and relies on tools

from real analysis for limit arguments.

All formal proofs can be found in the appendix. We remark that Thm. 1 generalizes the result in the seminal
work by Liu & Zhao 5 who proved the indexability for a special class of CoB. In particular, the RMAB in Liu &
Zhao?5 can be viewed as a CoB setting with P* = %, 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 algo-
rithm that computes the Whittle index efficiently assuming the optimality of threshold 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”’ , Xf”” ), where X’ € 1,..., T'is the index of the first
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belief state in each chain where it is optimal to act (i.e., the belief is less than or equal to &,,). We now drop the su-
perscript by, for ease of exposition. See Fig. 1.2a 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 ifo=0,u<X

f<XO7Xl)(17w(”)) =\f fe=1Lu<X (1.4)

0 otherwise

(X160(Xo)) -1 Xibo(Xo) 1 bo(Xo)
“= (1 —bi(X) +XO) b= (1 i by (X1) +Xo) 1— b (X1) (1)

These equations are derived from standard Markov chain theory. These occupancy frequencies do not depend
on the subsidy. Let ](W),( 0.%1) be the average reward of policy (X, X;) under subsidy 7. We decompose the average

reward into the contribution of the state reward and the subsidy

S =N 50T (b) (1 — A (by(X1)) — £ (o (X)) (x-6)

beB

Recall that for any belief state &,,(«), the Whittle index is the smallest 7 for which the active and passive actions
are both optimal. Given forward threshold optimality, this translates to two corresponding threshold policies
being equally optimal. Such policies must have adjacent belief states as thresholds, as can be concluded from
Lemma 4 in Appendix A.1. Note that for a belief state by (Xp) the only adjacent threshold policies with active
and passive as optimal actions at by(Xp) are (Xo, X;) and (X + 1,X;) respectively. Thus the subsidy which
makes these two policies equal in value must thus be the Whittle Index for & (Xj ), which we obtain by solving:

Xo, X Xo+1,X . o .
fm 0.X1) _ ](m 0+LX1) for m. We use this idea to construct two fast Whittle index algorithms.

SEQUENTIAL INDEX COMPUTATION ALGORITHM  Alg. 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 in-
dices is O(Nmin{k, log(N)}). This gives a great improvement over the more general method given by Qian et
al.3* (our main competitor) which has per-round complexity of & O(Nlog(2)(|S]| T)2+§ ), where log (1) is

1,
due to a bifurcation method for approximating the Whittle index to within error £ on each arm and (|S|7)*" i is

IS
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Figure 1.2: (a) Visualization of forward threshold policy (Xo = 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.

due to the best-known complexity of solving a linear program with |S|7 variables .
Alg. 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 A.6 that computes the Whittle index on-demand, in a closed

form.

Algorithm 1: Sequential index computation algorithm
Initialize counters to heads of the chains: X; =1, X, =1
while X; < Tor Xy < T'do
Compute 7, := m such thag J&Xo) = jo.L+1)
Compute 7, := m such that J0-4) = Jo+1.%)
Set 7 = arg min{my, m, } and W(X;) = min{my, m,}
Increment X;

end

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

Definition 3 (Non-increasing belief (NIB) processes). A process bas non-increasing belief if, forany u € [T] and
foranyw € S, b, (n) > b,y(u+1).

All possible CoB belief trends are shown in Fig. 1.2b. We make this distinction because the computation of
the Whittle index in Alg. 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 sec-

tion, we analyze the possible forms of optimal policies to find conditions under which threshold policies are opti-

mal.
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TyPES OF OPTIMAL POLICIES ~ Analyz-

Reverse

ing Eq. 1.2 reveals that at most three types

Vin(b)

of optimal policies exist. This follows di-

rectly from the definition of 7, (%), which

0 Belief 1 0 Belief 1 0 Belief 1

is a max over the passive action value func- V,(b;a=1) == V(b;a=0) = =

tion and the active action value function.
Figure 1.3: Components of Vm(b) in Eq. 1.2. Since the passive action is convex

The former is convex in &. a well-known in b, active action is linear in &, and value function is a max over these, at most
b

three optimal policy types are possible.
POMDP result'#5, and the latter is linear

in . Thus, as shown in Fig. 1.3, 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. 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 expressions 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 2. Consider a belief-state MIDP 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 - ])(';,1)(1 +8(Pfy — Poy))(1—f) > Pl — Py (1.7)

)

Proof Sketch. Forward threshold optimality requires that if the optimal action at a belief 4 is passive, then it must
be so forall &’ > b. This can be established by requiring that the derivative of the passive 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 require-
ment down to measurable quantities so the final condition can be easily verified. We accomplish this by leverag-

ing properties of 7(4) and using induction to derive both upper and lower bounds on V,,,(b1) — V,,(62) V b1, b5

as well as a lower bound on W O

Intuitively, the condition requires that the intervention effect on processes in the “bad” state must be large,

making Pf’l - ‘P?),l small. Note that Liu & Zhao ?5 consider the case where Pf’l = Pf,l and P&1 = Pg,p which
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makes Eq. 1.7 always true. Thus we generalize their result for threshold optimality.

Theorem 3. Consider a belief-state MIDP corresponding to an arm in a Collapsing Bandit. For any subsidy m,

there is a reverse threshold policy that is optimal under the condition:

(Pf1_Pg,1)<1+M)§Pf1_%1 (1.8)

) 1 — [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. 6 and Thm. 7 also serve as conditions for the

36

average reward case as  — 1 (a proof based on Dutta’s Theorem *° is given in Appendix A.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 8, and values of subsidy #z; its proof remains an open problem. Note that this would im-

ply that all Collapsing Bandits are indexable.

1.5 EXPERIMENTAL EVALUATION

We evaluate our algorithm on several domains using both real and synthetic data distributions. We test the fol-

132 "a slow, but

lowing algorithms: Threshold Whittle is the algorithm developed in this chapter. Qian et al.
precise general method for computing the Whittle index, is our main baseline that we improve upon. Random
selects & process to act on at random each round. Myopic acts on the £ processes that maximize the expected re-
ward at the immediate next time step. Formally, at time ¢, this policy picks the £ processes with the largest values
of Ab, = (big1]la = 1) — (by1]a = 0). Oracle fully observes all states and uses Qian et al. ">* to calculate Whit-

tle indices. We measure performance in terms of zntervention 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.

1.5.1 REAL DATA: MONITORING TUBERCULOSIS MEDICATION ADHERENCE

We first test on tuberculosis medication adherence monitoring data, which contains daily adherence information

recorded for each real patient in the system, as obtained from Killian et al. 7. The “good” and “bad” states of the
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arm (patient) correspond to “Adhering” and “Not Adhering” to medication, respectively. State transition prob-
abilities 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 91, 9, (93, d4) then renormalizing to
obtain P:),l (P;,1) for the simulation. Reward is measured as the undiscounted sum of patients (arms) in the ad-
herent 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 3 to 0.05.

In Fig. 1.4a, we plot the runtime in seconds vs the number of patients N. Fig. 1.4b compares the intervention
benefit for N = 100, 200, 300, S00 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 attain-
ing 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. 1.4c shows the performance in the & =
S%N, k = 10%Nand k = 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 perturba-
tion parameter used to approximate real-world PZ1 and P, | from the data, and present the extensive sensitivity
analysis in Appendix A.7. Finally, in Appendix A.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. — —
& [ Orad E\i
w < racle
S 10000 =
§ :;‘—'_; 100 Qian et al. © 100
2 g Threshold 8
B b o
£ oo . B Whittle c .
_E = 50 I Myopic = 50
E g HEl Random 4
& 8 15}
0 s 0 £ 0 o ) o
0 1000 2000 = Y N=100 N=200 N=300 N=500 E k=5%N  k=10%N  k=15%N
Number of patients Number of patients Resource level (k)

(a) (b) (c)
Figure 1.4: (a) Threshold Whittle is several orders of magnitude faster than Qian et al. and scales to thousands of patients 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.
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1.5.2 SYNTHETIC DOMAINS

We test our algorithm on four synthetic domains, that potentially characterize other healthcare or relevant do-
mains, 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 separa-
tion 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 assumed natural constraints, as outlined in Sec. 1.3.

Fig. 1.5a 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. Analytical expla-
nation of this phenomenon is presented in Appendix A.s. We set the resource level, £ = 10% /N in our simulation
for Fig. 1.5a. 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 com-
pletely avoid self-correcting processes and the gap subsequently starts to decrease.

Fig. 1.5b 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 PZ’I, P, ~ [x,x + 0.1]. The entropy of the state of
a process is maximum near o.5 making long term planning most uncertain and as a result, 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) stochastically identical arms.

Fig. 1.5c studies processes that have a large propensity to transition to state 0 when passive and a correspond-

ing low active action impact, but a significantly larger active action impact in state 1. This makes it attractive to
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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 me, Pil, Pgy ~ [0.3,0.32]and P{; ~ [0.7,0.72] in varying propor-
tions 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. 1.5d reveals that Alg. 1 performs well empirically even with these conditions relaxed.
Here, we sample processes uniformly at random from the state transition 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 A.8.

—— Random —4— Threshold Whittle —e— oracle Il Random [ Threshold Whittle [ oracle
—— Myopic Qian et al. Il Myopic [ Qian et al.
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Figure 1.5: (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.

1.6 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 per-
formance. We simultaneously also recognize limitations of our theoretical results, which become narrow in the

average reward case. We envision several interesting avenues for future work, including techniques to incorporate
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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 constrained
health intervention delivery. This setting is common
across low, middle, and high-income countries, in which
community health workers (CHWs) are recruited to de-

liver basic care to a cohort of patients or benefactors. In

fact, CHWs have been critical in achieving global health
initiatives for over five decades, and evidence shows that Figure 1.6: CHW delivering vaccine. Credit: Pippa Ranger.
CHWs have had a positive impact in myriad domains

including maternal and newborn health ?»3%, (non-)communicable diseases ***#°, and sexual/reproductive
health % in low-resource communities across the world >:3%141¢> 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 interventions. 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 limiting care for patients with limited access to technology.

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 Al system is inherently a blackbox which would likely be replacing an interpretable scheduling
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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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Risk-aware Bandits for Risk-sensitive Healthcare

Intervention Planning

2.1 INTRODUCTION

Community Health workers (CHW) play a key role in complementing the primary health facilities, and are crit-
ical to health care systems globally, and especially in low-resource countries *5>. CHWs are members of the local
community who serve as frontline health workers and form the cornerstone of the bridge between the health
resources and the local communities through building trust and a range of other activities such as outreach, pro-

viding health education, screening and basic emergency care 7', The effectiveness of CHWs in achieving de-
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Figure 2.1: Community Health Worker delivering an intervention. Image source: Pippa Ranger

sirable community health outcomes through the interventions they deliver has been recognized in the context of

162,119 " communica-

several domains such as achieving child survival goals 5%, improving child and maternal health
ble and non-communicable diseases >*'#°, sexual and reproductive health "*', etc.

A key challenge that CHW face in effective delivery of welfare activities is optimally managing their severely
limited resources. In the global south, each CHW may routinely be responsible for managing the health out-
comes of hundreds of patients. As a motivating example, we consider the real-world CHW HMIP of moni-
toring adherence for tuberculosis (TB) patients, who must complete a 6-month medication plan. Given the
resource scarcity, the CHWs can only monitor and intervene on some £ patients from their N-strong patient
cohort (£ < N) each day. In this situation, the CHWs must determine the best £ candidates to intervene on
each day, based on who would likely display the highest benefits of the intervention through improvement in
their future adherence. While doing so, the CHWs must simultaneously juggle at least three real-world considera-
tions, in addition to broadly maximizing the overall adherence of their cohort. These may include: incorporating
risk-sensitive perspectives, ensuring no patients are left ignored for too long, or accounting for patients who may
misrepresent their adherence status.

A naive planning approach typically implemented in practice is to intervene on patients in a round robin fash-
ion. However, this strategy is likely sub-optimal because some patients may need interventions less often than
others. Previous works in Al for health interventions **"3° have largely focused on building assistants that send

personalized health reminders or recommendations to patients. However, these assume resource-rich environ-
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ments in which interventions can be launched at will, and are thus irrelevant to the CHWS5’ intervention planning
problem at hand. Some recent works in AI”5*3*'°" have also explored intervention planning algorithms under
limited resources using the Restless Multi-Armed Bandits (RMAB) framework. However, these are either slow
or can only optimize for aggregate cohort-level health statistics weighing the adherence in all stages of the pro-
gram equally and do not cater to the complicated patient-specific considerations of the CHWs.

In this chapter, we tackle this issue of planning the limited CHW intervention resources in the HMIP while
accommodating more complex objectives than past work. Our theoretical analysis identifies a wider class of in-
dexable HMIPs even in the case of standard linear rewards. We leverage these results to construct tailor-made
reward functions, designed to accommodate the real-world planner objectives outlined above. Further, we also
develop additional techniques to solve the issue pertaining to patients incorrectly reporting/not reporting their
true adherences.

Thus, our contributions in this chapter are as follows: (1) We present an algorithm for the HMIP that can ad-
mit any arbitrary, monotonically increasing reward function and supports a wider class of observations. (2) We
prove theoretical guarantees on the optimality of our algorithm. Further, we show that for the specific reward
definition of average cohort adherence studied in previous work, our conditions are much wider (giving stronger
results). For example, in the average reward case, the previous optimality guarantees become vacuous, while our
theoretical guarantees hold for as much as 88% of the entire space of bandits. (3) We show the applicability of
these results for catering to three real-world CHW considerations including: (i) risk-sensitive planning, (ii) fair-
ness protection towards patients who may otherwise be completely ignored by the planning algorithms, and (iii)

accounting for patients who may misrepresent their true adherences.

2.2 BACKGROUND

2.2.1 RESTLESS MULTI-ARMED BANDITS.

An RMAB consists of /N independent arms, each consisting of an associated 2-action Markov Decision Process
(MDP)"3*. An MDP is defined by the tuple {S, A, r, P}, where S denotes the state space, A is the set of pos-
sible actions, 7 is a state-dependent reward function » : § — Rand P represents a transition function, with

P?, representing the probability of transitioning from a current state s to a next state s’ when an action « is taken.
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An MDP policy, 7 : & — A isa mapping from the state space to the action space specifying the action to be
taken at a particular state. The reward accrued by a policy 7 can be measured either using the discounted reward
or the average reward criterion. The discounted reward of a policy 7 starting from an initial state s is defined as
R; (s0) = E X2 B 7(s:)|m,50], where 8 € [0,1) is the discount factor and actions are selected according to
7. The average reward of a policy 7 can be defined (independent of the starting state) as: R* = Y ¢ /7 (5)7(s),
where 7 (s) represents the average visit frequency induced by the policy 7, or the long term fraction of time spent
in a state s when following 7. The total reward accrued by the planner is the sum of the total individual rewards
accrued by each of the arms (under either the discounted or average reward criteria). The planner’s goal is to max-
imize her total reward summed up across all arms.

We model the intervention planning problem as an RMAB with each arm representing an agent (patient) with

the planner (CHW) who must decide which arms to monitor and intervene upon.

2.2.2  WHITTLE INDEX SOLUTION TECHNIQUE

Computing the optimal policy for an RMAB has been shown to be PSPACE hard in general even when the tran-
sition dynamics are perfectly known '*>. However, Whittle proposed a heuristic 103 known today as the Whittle
Index, that was later been shown to be asymptotically optimal for the time average reward problem '°, and also
for other more general families of RMABs arising from stochastic scheduling problems .

The main idea of the Whittle Index technique is to compute an index for every arm at each time step that in-
tuitively captures the value of pulling that arm at that timestep. Such an index is calculated for each arm indepen-
dently, thus transforming the N-arm RMAB problem to N smaller problems each consisting of a single MDP.
The Whittle Index policy for the RMAB is to pull the £ arms with the highest Whittle indices.

The notion of the Whittle Index is centered around the concept of passive subsidy, 7. Intuitively, passive sub-
sidy is the amount one must pay the planner as compensation 7oz to pull an arm. Formally, this can be expressed
through a modified reward function for each arm, given as: 7, : S x A — R, where 7,,(s,a = 0) = r(s) + m
and 7,,(s,a = 1) = 7(s),wherea = 1(a = 0) for the MDP corresponds to pulling (not pulling) an
arm of the RMAB. The modified reward function induces a corresponding value function in each state, for

each of the two actions: V;,(s,a = 0)and V},,(s,4 = 1). The Whittle Index /¥ is defined as the infimum
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subsidy 2 for which the planner is indifferent between either pulling or not pulling the arm. In other words,
Wi(s) =inf, {m: V,(s,a=0)=V,(s,a=1)}

A common challenge associated with the Whittle Index solution technique is establishing a technical con-
dition, known as ‘indexability’ that guarantees the asymptotic optimality of the Whittle Index heuristic. This
condition may not be satisfied by all RMABs and previous literature has established indexability only for specific
problem instances. A second challenge is often computing the value of the Whittle Index itself, which can be

computationally expensive or may often need numerical approximations.

2.2.3 RELATED WoORK

RMAB:s have proved to be a popular framework for modeling limited resource planning problems in a myriad of
domains. Because establishing indexability for RMABs is very challenging, previous works have only explored the
same for specialized problem structures. ** prove indexability results for a family of RMABs that arise in machine
maintenance and stochastic problems with switching penalties. However, they assume a deterministic action

142

effect, whereas we do not. °® and '#* augment the machine maintenance problem by introducing either i.i.d. or

Markovian stochasticity in the reset action, and *°*

study Whittle Index for general functions of states assuming a
single, fixed, reset state. " explore Hidden Markov Bandits which consider partial observability with binary state
transitions, but don’t accommodate state dependent rewards from passive arms.

Liu & Zhao ?5 is a seminal work that builds off of the well-established 2-state Elliot-Gilbert channel model +*
and computes the Whittle Index efficiently along with a closed form. They assume that the state transitions
are unaftected by the action taken and only accrue reward from the active arms. ? is a recent work that consid-
ers RMABs with “controlled restarts” giving indexability results as well as a closed form for the Whittle Index,
but they rely on state-independent restarts, which is narrower than the model of this chapter. *3* present a more
generic approach that relies on solving the MDP on each arm for the optimal action to compute the Whittle In-
dex policy. While it can thus relax many of these constraints, this technique is very expensive computationally,
and is thus very slow. "°* is a recent work that is orders of magnitude faster while also relaxing the restrictions of

previous work. However, they fail to account for real world risk-sensitive and fairness related planning consider-

ations. Additionally, they also assume perfect observability of the patient states when acted upon, which may be

2.8



I I 1 I
(1)

Figure 2.2: Belief states are arranged in two chains, one corresponding to each observation. Belief state deterministically transitions to

the next belief state in the chain when passive. &((1) and &;(1) (shown in black) are the reset states.'*".

unrealistic. Despite these shortcomings, the performance guarantees only hold for a narrow range of RMABs.
A rich body of literature has also explored risk-sensitive and other similar learning-based perspectives to ban-

dit planning. However, most of these consider risk and the risk-attitude in the learning stage while minimizing

regret, and not in the planning stage78"7l’zo. 81 and?3 are other contemporaneous works that focus on RMAB

planning with multiple available actions or model-free approaches to learning in RMABs.

2.3 PROBLEM FORMULATION

We define the health monitoring and intervention problem (HMIP) as follows. In this problem, the planner rep-
resents the community health worker responsible for managing the health outcomes for their patient cohort. The
patient cohort is represented by a set of N agents (representing arms of the RMAB), V' = {1,2,... N}, whose
health outcomes are monitored by the planner. The planner must decide which arms to pull (which patients to
intervene on) each day of the program. The health program lasts for 7" discrete days.

On each day of the program, each agent can be in one of two latent states, a ‘good’ state (1) and a ‘bad’ state
(0)—denoted by S = {1, 0}. In the context of tuberculosis adherence monitoring, this translates to each patient
being in either the adberent or the non-adberent latent state respectively each day, for 7 = 180 days of the treat-
ment program. Each agent follows an MDP, with states defined by the belief value, i.e. the probability that the
agent is in the ‘good’ latent state at that time step. We assume such a belief-state MDP over states b € B is fixed
and known, but can be unique to every agent and have arbitrary transition dynamics.

The action space, A consists of two possible actions: passive (denoted as ‘0’) and active (denoted as ‘1’, repre-
senting an intervention). The planner can intervene on at most & agents each day (where £ < N because of scarce

resources). Leta, € {0,1}"V denote the vector of actions chosen by the planner on a particular day. Then such
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an 4, must have ||4;|| < & because of the resource constraint. In case of passive actions, no observation about the
agent is available and the belief state evolves according to the standard belief update: & — bP{,+(1—b)P},. When
an active action is taken, the patient emits an observation  from the observation set Q = {0,1,...|Q| — 1} and
as a result of the intervention, transitions to a ‘reset’ belief state. The reset state engendered by the intervention,
depends on whether precise observations are available. In case of precise observations, the planner can observe

the agent’s true latent state upon intervening, leading to Q = {0,1}. In this case, the agent’s belief state resets

to a value 2| depending on whichw € {0,1} was observed. In the context of TB however, assuming perfect,
reliable observations may be unrealistic in some cases as patients may sometimes refuse to answer the CHWS’
intervention phone calls or may not report their latent state truthfully. We cast these events as imprecise observa-
tions of the patient’s latent state. When observations are imprecise, since true state of the patient is unobserved,
the planner pre-defines a fixed reset belief state for every possible observation w € Q. These imprecise observa-

tions are assumed to be emitted according to a fixed, known emission matrix, £ 1SIx]Q

unique to every patient. In
our empirical analysis in Section 2.5, for simplicity, we assume two such possible imprecise observations—a posi-
tive shade and a negative shade of response (resetting to P{ and P respectively such that Pj < P{)—however, our
algorithm is again amenable to a multiple-observation setting.

We impose two additional natural constraints on each arm as consistent with previous literature?>*°* that
closely simulate real settings: (1) 7§, < Pf; PgJ < Pil ; (itis more likely for a patient to stay adhering than it
is to switch from being non-adhering to adhering) and (2) P* > P; P{ > 1{1§ P > P&1 (intervention effect is
positive).

The planner’s goal is to find an intervention policy that maximizes her utility measured according to her own
yardstick, defined by the utility function ¢/. For each patient in a belief state & in the MDP, we assume the plan-
ner accrues a reward p(4) for that patient at that time step, where p is chosen such that E[U/ ()] = p(b). The
planner solves for a policy that maximizes the total reward accrued, z;l Zi\]:l p(b;) summed up over all agents
over the entire time horizon, which is in effect tantamount to maximizing her expected utility.

Prior work in the context of TB such as*°* considers a planner with the goal of maximizing the overall av-

1 if patient adheres
erage adherence of the patients. For such a planner, i/ = . Thus EY] =
0 if patient does not adhere

P[patient adheres] = &. Thus setting p(b) = b for each belief state optimizes for the average adherence objec-
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tive. In this work, we allow the planner to have an arbitrary objective that translates to the goal of maximizing the

long term reward accrued, specified by an arbitrary, monotonically increasing p(4).

2.4 INDEX PorLicy COMPUTATION

BELIEF STATE MDP  Our analysis of the agents’ behavior is centered around the belief state MDP that they
follow. Let b, (x) denote a belief state, which is attained after being left passive for # time steps if the observation
last received (when the arm was last pulled) was w. Here the value 4,,(«) represents the belief, i.e., the probabil-
ity that the agent is in the ‘good’ state. Let B denote the set of all possible belief states, which we organize into

|| Q|| chains, one chain for each possible observation as shown in Fig. 2.2. In this arrangement, when passive, the
MDP transitions to the next belief state (on the right) in the same chain and when active, it jumps to one of the
‘reset’ states (shown in black). The MDP resets to the chain starting from the &,,(1) state if an observation » was
observed as a result of the intervention. The reset probability is thus simply the probability of observing w, which
in turn, directly depends on the current belief state as shown in Fig. 2.3. The belief update when starting from an
initial belief 4 and passive for # time steps, can be obtained via the standard belief update (as shown in?%)and is

given by:

ru(b) = ML b ’ (1)

We use 7(4) to denote the passive belief update when # = 1.

The Whittle Index heuristic for RMABs has been shown to display strong performance, however it involves
two challenges. First, the theoretical guarantees on the performance are valid only if a technical condition—
referred to as indexability—holds good, which we prove for our problem in subsection 2.4.1. Second, compu-
tation of the index itself is challenging and can be computationally expensive. We use the theoretical results of
subsection 2..4.1, to devise a fast algorithm to compute the Whittle Index efficiently, which we present in Subsec-

tion 2.4.2.
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Figure 2.3: State transition diagram when a threshold policy with thresholds 2y = 4 and #; = 3 is implemented. Belief stochastically
resets to one of the reset states when active.

2.4.1 INDEXABILITY AND THRESHOLD OPTIMALITY

Definition 4 (Indexability). An RMAB is indexable if each arm of the RMAB is indexable. An arm is indexable
if the set of passive-optimal states of the arm, given by B*(m) = {b : I7z* € II}, suchthatz*(b) = 0}

monotonically increases from () to the entire state space as the subsidy, m increases from —oo to co.

The optimal action is determined by comparing the passive and active value functions for a belief state & as

given in Eq. 2.2 below and picking the action with a larger value.

V. (8) = max m + p(b) + BV u(7(b))...passive (23)

o(b) +ﬂ<b. Vou(PL) + (1 - ) Vm(Pg’l))...active

A common strategy to proving indexability has been to first show that a special class of policies—‘threshold
policies’—are optimal for each arm under consideration. '®" has shown that if threshold policies are optimal (ei-
ther forward or reverse threshold, defined below) then the RMAB is indexable; the same reasoning also applies
to this work. This thus shifts the indexability heavy lifting to proving optimality of threshold policies for our

problem.

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

Consider the reward of a belief state & to be given by a non-decreasing function, p(). Note that in a standard

Collapsing Bandit '**, p(b) = b. Let A, = (Pf; — Pj;) and A, = (P, — Pb,) in all of the analysis in the rest of

the chapter. Letp/ = maxye(o,1] d(,;(:))’ andp/ = = minye o] d(f;(bb))_
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Theorem 4 (Forward Threshold Optimality). Consider a belief-state MDP corresponding to an arm in an RMAB
with some non-decreasing reward function given by p(b) and transition matrix given by P. For any subsidy m, there

is a torward threshold policy that is optimal if:

Ap(1 — fmax{Ay, As}) > Proa
A,1 —ﬂmin{A],,Aﬂ}) T A

(2.3)

Proof Sketch. Optimality of a forward threshold policy implies that if the optimal action at a belief & is passive,
then it must be so forall &’ > 4. To accomplish this, we derive conditions which, if enforced, restrict the deriva-
tive of the passive action value function to be greater than the derivative of the active action value function w.r.t.
b—thus implying forward threshold optimality. To arrive at such conditions, we first derive both upper and
lower bounds on V,,,(61) — V,,(b2) ¥ b1, by . The key challenge is to then show that these bounds themselves
imply tighter upper and lower bounds. We do this recursively for the new, tighter bounds and repeat this process
an infinite number of times, arriving at tighter bounds each time and find that the bounds converge, which then

leads us to the result. The full proof is in Appendix B.1 of the chapter. O

Theorem s (Reverse Threshold Optimality). Consider a belief-state MDP corresponding to an arm in an RMAB
with some non-decreasing reward function given by p(b) and transition matrix given by P. For any subsidy m, there

is a reverse threshold policy that is optimal if:

A,(1—pBmin{A,, A}) < Ponin
A (1—pBmax{A,,A.}) ~ 2.0

(2.4)

Proof Sketch. The proof follows similar reasoning as Thm.4. The final sufficiency condition obtained is such
that when imposed, it restricts the derivative of the active action value function to be always greater than the

derivative of the passive action value function w.r.t. b. Complete proof is given under Appendix B.2 of the chap-
ter. O

2.4.2 FAST INDEX ALGORITHM

Optimality of forward threshold policies forms the cornerstone of the fast Whittle Index computation algorithm.

Recall that the Whittle Index of a belief state & is the infimum subsidy 72 such that the active and passive actions
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are both equally optimal to take at 4. The key idea is to express the passive (active) action value function for a
belief state & in a closed form by leveraging the forward threshold optimal structure.

The natural constraints imposed on the transition matrix at each arm (as mentioned in Sec. 2.3) ensure that
7,(b) is a monotonic function of #. The fast algorithm presented below is guaranteed to be optimal for patients
(RMAB arms) whose belief monotonically decreases with time (#) and for whom forward threshold policies
are optimal. A forward threshold policy with a belief threshold of 4,;, induces a Markov chain over the belief
states as shown in Fig. 2.3. Such a b, determines a tuple of thresholds, U(b,,) = (uo,u1, . . . #||q||—1)> Where
b,,(n,) specifies the threshold state for the chain corresponding to the observation w. The threshold belief state
is the first belief state of the chain where the optimal action is active. For the two-observation case, let (o, #1)
be the thresholds corresponding to the 0 and 1 chains respectively. A forward threshold policy with thresholds
(0, 1) induces a corresponding visit frequency £ (b) over the belief states. This /A0 (b) is the eigenvector
solution for the equation fM = f, where M is the state transition matrix over the belief states. 443, denotes the

transition probability from belief state 4 to belief state 4’ and is completely determined by thresholds (g, #;) as:

1 ift) = z(b)and ¥ > b,(n,) forw € {0,1}

b ity = by(1) and b = b,(n,) forw € {0,1}
Myy = (2:5)

1—6 ifd =by(1)and b = b,(n,) forw € {0,1}

0 otherwise

The visit frequencies £“0#) (b) so determined, coupled with the known reward function p(%), determine the

overall reward of this threshold policy with a subsidy 72, under the average reward criterion, given by j(,fg,’ul) =

> sen S (5) (p(8) + ml(ps,)-

For a belief state b, the active and passive action value functions correspond to the average rewards of two

threshold policies with thresholds of & and & + £ (where e — 0) respectively. Thus, finding the Whittle Index

. . . . . . . . U(b
for which the active and passive value functions are equal is same as finding the subsidy 7 that satisfies j%go) =

_IZ(;H). Note that changing the threshold to & + ¢ affects the threshold belief state only on the current chain. We

use this idea to construct the fast Whittle Index computation algorithm (Alg.r).
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Algorithm 2: Risk-sensitive Index Computation Algorithm

1: Initialize pointers to heads of chains, #y = 1,#; = 1.
2: while #y < Toru; < Tdo

Compute 72y := m such that j(yz‘;’”l) = ](V:;er)

Compute 720 := m such that j(ni‘z‘;’”l) = Jluotlm)

2

4 s
s: Seti = arg min{my, m; } and W(b;(u;)) = m,
6:  Increment #;

7. end while

2.4.3 APPLICATION TO COLLAPSING BANDITS

I New theoretical guarantees I SOTA theoretical guarantees

100] 1%, WL 100% 99% 6%
86%

92% 88%

% of CoBs covered
%

B=01 B=02 =04 B=06 [3=08 AB=09 B=1

Figure 2.4: Forjo(b) = b, the theoretical guarantees presented in this chapter hold for a wider range of processes as compared to the

state-of-the-art conditions of Mate et al. .

Our theoretical results also generalize and improve upon the current state-of-the-art guarantees explored for
the HMIP, as we demonstrate in this section. Collapsing bandits (CoBs) '°" are a sub-case of the risk-sensitive
bandits considered in this chapter, with reward function p(4) = &. The conditions of Thms. 4 and 5 yield novel
sufficiency conditions when p(b) = b, that are wider than those presented in Mate et al. '°". For example, under
the average reward criterion (or 8 = 1), as shown in Fig. 2.4, the conditions of Mate et al. *°' become vacuous,

whereas the new conditions derived here guarantee indexability for 88% of the entire space of CoBs.

Theorem 6. Consider a belief-state MDP corresponding to an arm in a standard Collapsing Bandit. For any

subsidy m, there is a forward threshold policy that is optimal if:

1
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Intuitively, this condition requires that the action impact of both, passive and active actions in the "bad” state
must not be too low (ensuring A, and A, are not too large) and further, the active action impact must be large
(making A, small). To prove the theorem, we show using simple algebraic manipulations that the condition
of Eq. 2.6 satisfies the condition of Thm.4 when p(6) = b. Complete details of the proof are available in Ap-

pendix B.3 of the chapter.

Theorem 7. 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 if:
1
Ay < Agand Ay + A, < B (2.7)

Intuitively, this condition requires that the action impact under both, passive and active actions in the “bad”
state must not be too small (ensuring A, and A, are not too large) and further, the passive action impact must be
large (making A, smaller than A,).

Note that both Thm. 6 and Thm. 7 define conditions for the discounted reward case, however, substituting
£ = 1yields the sufficient conditions for the average reward criterion because the MDP is value-bounded (proof

using Dutta’s Theorem *° is given in Appendix B.4 in the full version of the chapter).

Corollary 1. Collapsing Bandits are indexable if:

1
Ay + A, <. (2.8)

A

From Thms. 6 and 7, we see that all CoBs satisfying the above condition have at least either a forward thresh-
old policy or a reverse threshold policy as optimal. From Thm. 1 of Mate et al. *°*, this implies that they must be

indexable.

Corollary 2. Collapsing bandits are indexable under either the average reward or the discounted reward criteria

(forany B) if
A+ A, <1 (2.9)

Remark 1. Corollary 2 proves that Conjecture 1 of '°" must be true for at least 88% instances of Collapsing Bandits.
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Remark 2. For 8 < 3, the condition of Corollary 1 reduces to being “Always True’, thus subsuming the previous

results of an indexability gnarantee for B < L established by Qian et al.'* and others.

2.5 HANDLING IMPRECISE OBSERVATIONS

Real-world patients may misrepresent their adherence state or may sometimes simply not answer the CHW’s
calls, especially when not adhering to the prescribed dosage. In such cases, the intervention cannot be fully deliv-
ered, nor can the latent state be perfectly observed. We account for these uncertainties stemming from ‘imprecise’
observations by absorbing it in our RMAB planning framework, making it more amenable to real-world deploy-

ment.

2.5.1  BELIEF DyNnAMICS

When precise binary observations of ‘good’ or ‘bad’ are unavailable, the planner may not get to directly observe
and make confident conclusions about the latent state of the patient. Instead, the planner may only receive an
observation w € Q) that she associates uniquely with a corresponding likely belief about the patient’s latent
state in the next step using her previous historical experience and field expertise. For example, in practice, for
| Q|| = 4, these may correspond to either a confident positive, hesitant positive, a negative or no response from
the patient. We remove the reliance on perfect observations from the patient, by including the human planner
in the loop and allowing her to define her own belief state MDP for the patient, including the set of possible
observations Q as well as their respective reset belief states, 2. The observation probabilities and reset dynamics
are explained further below.

We assume the planner observes an observation from the observation set Q = {0,1,...|| Q|| — 1} every time
a patient is intervened upon. We define the observation function, ®,,(&) as the probability that the planner ob-
serves the evidence w from the arm, when in a belief state & prior to the intervention. Thus, naturally the sum of
the observation functions over all possible evidences must be equal to 1, giving: Z:jm‘_l ©,(b) = 1. Suchan
observation function can be either estimated by the planner directly or obtained via an emission matrix, either of

which is specified by the planner from her historical experience. Such an emission matrix (and consequently the

observation function) may be uniquely defined for each patient. Let E denote the emission matrix of a patient, as
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Figure 2.5: Multiple observations lead to a multiple-chain organization of belief states, with each observation having its corresponding
reset state. An active action resets the belief state to 4,,(1) if observation @ is observed.

€00 ¢€o1---  €0||Q|-1

given by [ = where ¢, represents the probability of emitting the observation @ when

€10 fu---  €)Q|-1
the true state of the patient is 5. For such an emission matrix [, the corresponding observation function ©,,(5),

can then be obtained as: ©,,(6) = P(w|b) = bey, + (1 — b)ey, Note that here ®,,(4) is a linear in 4 and has a
derivative independent of 4, given by ©/,(6) = (e1,, — o) = A (say).

The planner defines a unique, fixed reset state 2, for each observation, w € . When the planner intervenes
on a patient and receives an observation w, the patient’s belief state resets to 2%, independent of the current be-
lief. Further, given that the observation w appears with a probability ©,,(4) as established eatlier, the passive and

active action value functions can now be expressed as:

m b Vu(7(6))...passive
o (b) = max +(8) + BV n(7(5))...p (2.10)

£(0) +B8(X, 0u(b). Vin(P2))...active

where ZZjQH*I 0,(6) =1

2.5.2 THRESHOLD OPTIMALITY

For the setting with two possible observations (|| Q|| = 2), we derive conditions, which, if satisfied, guarantee the
optimality of forward and reverse threshold policies as in previous sections. Let w = 1 (@ = 0) be the observation

corresponding to a positive (negative) response to the intervention and have a reset belief state of P{(Pf). The
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observation functions {©, (&) } ,—0,1 can be expressed using a single parameter and given by ©;(4) = ©(4) and

Qo (b) =1— O(b). Wealsolet A, = ©'(b) = (e11 — eo1)-

Theorem 8 (Forward Threshold Optimality). Consider a belief-state MDP corresponding to an arm in an RMAB
with some non-decreasing reward function given by p(b), transition matrix given by P and an observation function,

©(b) for a belief state b. For any subsidy m, there is a forward threshold policy that is optimal if:

Ap(l —ﬂmaX{Ap7 (Aa-Af)}) >.p;mx
A, (1— ﬂmin{Ap, (8z80)}) — Pin

(2.11)

where A, = ©'(b) for a linear O (b) such as in the example above.

Theorem 9 (Reverse Threshold Optimality). Consider a belief-state MIDP corresponding to an arm in an RMAB
with some non-decreasing reward function given by p(b), transition matrix given by P and an observation function,

O (b) for a belief state b. For any subsidy m, there is a reverse threshold policy that is optimal if:

Ap(l — ﬂmin{Ap, (Ad'Af)}) < .p/mzn
A (1 —Bmax{A,, (As-A0)}) ~ £l

(2.12)

where A, = ©'(b) for a lincar O (b) such as in the example above.

2.6 EXPERIMENTAL EVALUATION

Il Random = Threshold whittle
Il Myopic [ Risk-Aware Whittle

: 231.0 00, 950 1000

£ 2001 .

= o 64.0
5 107.0  100.0 2

2 92.0 - 5 501

£ 1001 5 50

>

= 0 0 :

= 0 1 2 3 3

(a) (b)

Figure 2.6: Risk-Aware Whittle optimizes for the objectives the planner cares about, and avhieves much higher utility than Threshold
Whittle, even while scoring lower on average adherence—a metric that previous approaches to the HMIP focus on.
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400000 A
4001
z
G g 2000001
© 200 L
0= y ¥ " 0= T T
0 50 100 150 0.0 0.5 1.0
(left) Adherent days (right) Belief value
(a) Handling Fairness Concerns
Threshold Whittle Risk-Aware Whittle
400
)
E ]
2200 2100000
| [9]
i
0+ y T T 0 T T T T
0 50 100 150 04 0.6 0.8 1.0
(left) Adherent days (right) Belief value

(b) Handling Risk-Sensitivity

Figure 2.7: (a) Threshold Whittle ignores many patients leaving them at a very low adherence (see blue spike at x = 0). Risk-Aware
Whittle removes the blue spike, redistributing these patients towards moderate belief values. (b-left:) Risk-Aware Whittle boosts the
number of patients completing treatment with high adherence rates. (b-right:) Risk-Aware Whittle better caters to risk-averse planners,
who prefer having patients in the high belief zone.
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Figure 2.8: Risk-Aware Whittle is significantly better at tackling the specific concerns of the CHW. (a) shows a sharp decrease in the
number of patients with a severely low adherence rate. (b) shows a significant jump in the number of patient finishing the treatment
with a high adherence score.

We explore several suitable reward functions p(4), tailor-made for each of the specific CHW planning consid-

erations at hand. We demonstrate the effectiveness of our approach for addressing at least three real-world objec-
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tives evaluating our algorithm on both real and simulated data. We use real tuberculosis medication adherence
monitoring data, consisting of records of patients in Mumbai, India, obtained from”° and run simulations fol-
lowing the same data imputation steps as *°* for consistency. We compare the following algorithms: Risk-Aware
Whittle is the algorithm presented in this chapter. Threshold Whittle is the SOTA fast algorithm presented
in*°', our primary baseline, which has been shown to display near-optimal performance. Random selects £ pa-
tients to call at random. Myopic calls the £ patients that maximize the expected adherence at the immediate next
time step. ‘Everybody’ is an unattainable upper baseline that simulates the effect of intervening on everybody ev-
eryday. Wherever applicable, we measure performance using ‘intervention benefit’, which scales the reward from
0% (corresponding to no interventions) to 100% (corresponding to Threshold Whittle unless indicated other-

—4LG 5 No intervention
R —R

wise) and is given by 1.B.(ALG) = R Threshold Whitdle _

where R is the average reward of the algorithm. All

ﬁN o intervention

results are measured over so independent trials.

2.6.1  RISK-SENSITIVE PLANNING

Real-world health workers may be risk-averse and prefer to consolidate the well-being of at least some of their
patients rather than being unsure about the health outcomes of the entire patient cohort. For example, in case of
the TB treatment, the medication program may be effective only if completed with a high degree of adherence.
In such a case, the CHW may want to prioritize maximizing the number of patients who complete the program
with a high adherence rate. To account for risk-averseness, we employ a convex reward function, p(b) = ¢** for
A = 20 in our algorithm and measure its impact. We run a simulation for N' = 100 patients and £ = 20 calls per
day, with patient transition matrices drawn from a fixed simulated distribution.

Fig. 2.6 shows the tradeoft between the utility to the planner and the average adherence of the patient cohort.
Algorithms studied in previous work only focus on maximizing the average patient adherence, which unfortu-
nately may not be perfectly aligned with the objectives the CHWs value the most. Our algorithm, on the other
hand directly optimizes for the CHW’s objectives, and achieves a much higher utility than the state-of-the-art,
Threshold Whittle even while yielding a lower average adherence, which is less valuable to the planner, and is thus
a bad yardstick to measure performance.

Fig. 2.7b(right) shows the histogram of time spent by patients in a belief state over the duration of the pro-
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gram. The convex reward function imposed by Risk-Aware Whittle “scoops out” patients from the moderate
belief zone, pushing part of these towards the high-belief zone, boosting the number of patients adhering with
high confidence, towards realizing the objectives the planner cares about. This effect is also manifested in the ad-
herence histogram of Fig. 2.7b(left), which shows the total days adhered to on the x-axis and the corresponding
number of patients with that score on the y-axis. Fig. 2.8(b) plots the number of patients completing the pro-
gram high degree of adherence (defined as adherent for > 90% days in the program). Risk-aware Whittle shows a

steep increase over Threshold Whittle in the number high-adherence patients.

2.6.2  FAIRNESS TOWARDS PATIENTS: REAL DATA

A specific fairness concern faced by CHW planning algorithms is that some patients may be completely ignored
by the algorithm because it deems them less valuable to intervene on. Even though it may be optimal when mea-
sured with the yardstick of average cohort outcome, such an algorithm may be socially unacceptable.

To address this issue, we use a concave reward function soliciting risk-seeking behavior through which the
planner intervenes on patients that may be sub-optimal in expectation. Such a reward function imposes a large
negative reward on lower belief values, making the algorithm intervene on these patients in a bid to bring them

A1=0)) wwith 1 = 20 as the concave reward function. We use

to moderate belief states. We employ p(b) = —el
the real TB adherence data from Mumbai to draw patient transition matrices for N = 100 patients and a budget
k = 20 calls per day to run the simulation.

Fig. 2.7a(right) shows the histogram of time spent by patients in possible belief states. The effect of the risk-
seeking reward function is to transfer patients from very low and very high belief values and to spread them over
the moderate belief values. Fig. 2.7a(left) plots the histogram of adherence of patients and shows the effectiveness
of this algorithm in nearly wiping out the spike at x = 0, representing the patients who never interact with the
CHW. This is corroborated by Fig. 2.8(a) which plots the number of patients with very low adherence (defined as

< 5% days of adherence) and shows substantial decrease under the Risk-Aware Whittle algorithm as against the

Threshold Whittle algorithm.
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2.6.3 IMPRECISE OBSERVATIONS

We next evaluate empirically, the performance of our algorithm when precise observations of their latent states
are not available from patients like in real-world. To model this, we assume patients emit two possible observa-
tions: ‘0’ (denoting a negative response such as not answering the CHW’s call at all or responding prevarica-

tively) and ‘1’ indicating a positive response to the intervention. We simulate using an emission matrix given by

€00 = 1 — Preo o1 = Plieo
= parameterized by P;(1), capturing the probability that patients mis-
ew =Lua  en=1—Pua

represent when in a true latent state of 0(1). In Fig. 2.9 we fix pj;,; = 0.01 as the small probability that the in-
tervention goes unanswered when the patient is adherent and vary py;,9, from [0, 0.7] the probability of giving a
false observation when non-adherent . We measure the performance on the y-axis, as improvement in the overall
adherence in terms of “intervention benefit” (defined previously), normalized w.r.t “Threshold Whittle’ as the
baseline fixed at y = 100%. Figure shows, our algorithm outperforms Threshold Whittle, which doesn’t account

for imprecise observations and thus grapples with incorrect belief values.

150 Rick A
I T Whittle

T T T Thr_eshold

100+ Whittle
[T T T o

. —— Random
501 1 T T 7

0.0 02 0.4 0.6
Pr(lying) when non-adherent

Intervention Benefit (%)

Figure 2.9: Risk-Aware Whittle beats Threshold Whittle when patients misrepresent their adherence states.

2.7 DiscussioN AND CONCLUSION

Mitigating bias in socio-technical systems such as ours, is an important issue* 958 We rely on the human in the
loop to ensure that more complex human objectives can be addressed, and provide flexibility to admit other
objectives, which for example, may be more ethical or fair as against the specific examples considered here. The

human-in-the-loop and other stakeholders situated in the community may be able to better assess the needs of
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the community and may collectively provide a better perspective on the objective.

To conclude, we propose a new RMAB-based planning framework that allows for planning health interven-
tions while accommodating the real-world objectives of the health workers effectively. We prove theoretical guar-
antees on the performance of our algorithm that apply to a more general class and are stronger than the guaran-
tees for the specific sub-case studied previously. Through empirical results, we demonstrate the effectiveness of
our algorithm in achieving improved health outcomes, addressing three real-world planning challenges faced by

the health workers.
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‘Streaming Bandits’: Optimizing Interventions

for Dynamically Changing Cohorts

3.1 INTRODUCTION

In community healthcare settings, adherence of patients to prescribed health programs, that may involve tak-
ing regular medication or periodic health checkups, is critical to their well-being. One way to improve patients’
health outcomes is by tracking their health or monitoring their adherence to such programs. Such health moni-
toring programs combined with suitably designed intervention schemes help patients alleviate health issues such

as diabetes''7, hypertension *7, tuberculosis ***33, depression98’I 4 etc. However, health interventions often
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require dedicated time of healthcare workers, which is a severely scarce resource, grossly inadequate to meet the
total demand. This issue is especially more severe in the global south. Moreover, planning interventions with
these limited resources is made more challenging due to the fact that the extent of adherence of patients may be
both, uncertain as well as transient. Consequently, the healthcare workers have to grapple with this sequential
decision making problem of deciding which patients to intervene on, with limited resources, in an uncertain en-
vironment. Existing literature on healthcare monitoring and intervention planning (HMIP) +10%18:105:19> cagtg
this as a restless multi-armed bandit (RMAB) planning problem. In this setup, the patients are typically repre-
sented by the arms of the bandit and the planner must decide which arms to pull (which patients to intervene on)
under a limited budget. The RMAB problem formalizes the (restless) behavioral dynamics of the patients both
in the presence and in the absence of interventions.

In addition to healthcare, RMABs have caught traction as solution techniques in a myriad of other domains
involving limited resource planning for applications such as anti-poaching patrol planning ***, multi-channel
communication systems’’, sensor monitoring tasks*5, UAV routing85 etc. For ease of presentation, we con-
sider the HMIP problem for motivation but our approach is relevant and can be extended to other real-world
domains.

The existing literature on RMABs for intervention planning, however, has mainly focused on problems in-
volving an infinite time horizon (i.e., the health programs are assumed to run forever) and, moreover, the results
are limited to settings where no new patients (or bandit arms) arrive midway during the health program. We
consider a general class of RMABs, which we call streaming restless multi-armed bandits, or SRMAB. In an
S-RMARB instance, the arms of the bandit are allowed to arrive asynchronously, that is, the planner observes an
incoming and outgoing stream of bandit arms. The classic RMAB (both with infinite and finite horizon) is a spe-
cial case of the S-RMAB where all arms appear (leave) at the same time. Additionally, each arm of an S-RMAB
is allowed to have its own transition probabilities, capturing the potentially heterogeneous nature of patient co-
horts. S-RMABs display a special structure in the presence of streaming arms and a finite horizon, which the
existing methods fail to utilize. Our approach exploits this structure to arrive at approaches that perform better in
the streaming bandit setting.

132

A fairly general approach, proposed by

may be applied even when patients arrive and leave asynchronously

after staying for a finite duration. The method allows to approximate the exact solution arbitrarily well, but it
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is computationally expensive as the number of patients or arms increases. A more recent approach, proposed

by '°", exploits the structure of the HMIP and is considerably faster, but the method relies on the assumption
of an infinite planning horizon. This algorithm suffers a severe deterioration in performance when employed on
shorter horizon settings.

Our contribution consists of proposing a new approach, designed for the finite-horizon and asynchronous
arrival settings, that achieves a combination of the advantages of existing methods, i.e. high solution quality and
low runtime, in those settings. We provide theoretical justifications for the use of Whittle indices in streaming
RMAB:s, as well as for the setup of our algorithms, designed to leverage the structure of the finite horizon and
asynchronous cases. We further show that our method also applies to S-RMAB arms exhibiting reverse thresh-
old optimality, while previous methods only applied to settings with forward threshold optimality. We perform
experimental evaluations of our algorithms using real-world data from two domains, as well as synthetic and
adversarial domains. Our algorithms provide a 2-orders-of-magnitude speed-up compared to existing accurate

methods, without loss in performance.

3.2 RELATED WORK

The RMAB problem was introduced by '*3. The paper studied the RMAB problem with the goal of maximiz-
ing the average reward in a dynamic programming framework. Whittle formulated a relaxation of the problem
and provided a heuristic called Whittle Index policy. This policy is optimal when the underlying Markov Deci-
sion Processes satisty indexability, which is computationally intensive to verify. Later, '** established that solving
RMAB is PSPACE hard, even when the transition rules are known. Since then, specific classes of RMABs have

been studied extensively. **

studied the infinite horizon RMAB problem and proposed a binary search based
algorithm to find Whittle index policy. However, the algorithm becomes computationally expensive as the num-
ber of arms grows. " models the problem of maximizing health information coverage as an RMAB problem and
proposes a hierarchical policy which leverages the structural assumptions of the RMAB model. # provide a solu-
tion for the class of bandits with “controlled restarts” and state-independent policies, possessing the indexability

°* model a health intervention problem, assuming that the uncertainty about the state collapses when

property.

an intervention is provided. They provide an algorithm called Threshold Whittle to compute the Whittle indices
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for infinite horizon RMAB. There are many other papers that provide Whittle indexability results for different
subclasses of Partially Observable Markovian bandits #5°59143:9¢ . However, these papers focus on infinite horizon,
whereas we focus on the more challenging setting when there is a fixed finite horizon.

The RMAB problem with finite horizon has been comparatively less studied. ' provided solutions to the
one-armed restless bandit problem, where only one arm is activated at each time before a time horizon 7. Their
solution do not directly extend to the scenario when multiple arms can be pulled at each time step.®” considered
finite horizon multi-armed restless bandits with identically distributed arms. They show that an index based pol-
icy based on the Lagrangian relaxation of the RMAB problem, similar to the infinite horizon setting, provides
a near-optimal solution. * study the problem of selecting patients for early-stage cancer screening, by formulat-
ing it as a very restricted subclass of RMAB. All these works consider that all the arms are available throughout
T time steps. Some other works, such as '°”53 also adopt different approaches to decomposing the bandit arms,
which may be applicable to finite horizon RMABs. These techniques to solving weakly coupled Markov Deci-
sion Processes are more general, but consequently less efficient than the Whittle Index approach in settings where
indexability assumption holds.

The S-RMAB problem has been studied in a more restricted setting by '7?. They assume that, at each time
step, arms may randomly arrive and depart due to random abandonment. However, the main limitation of their
solution is the assumption that all arms have the same state-transition dynamics. This assumption does not hold
in most of the real-world instances and thus, in this chapter, we consider heterogeneous arms—arms are allowed
to have their own transition dynamics. We show empirically that our algorithms perform well even with hetero-
geneous arms.

Another related category of work studied sleeping arms for the stochastic multi-armed bandits (SMAB) prob-
lem, where the arms are allowed to be absent at any time step7+*3*+. However, the SMAB is different from
RMAB because, in the former, when an arm is activated, a reward is drawn from a Bernoulli reward distribu-
tion (and not dependent on any state-transition process). Thus, the algorithms and analysis of SMABs do not

translate to the RMAB setting.
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3.3 STREAMING BANDITS

The streaming restless multi-armed bandit (S-RMAB) problem is a general class of RMAB problem where a
stream of arms arrive over time (both for finite and infinite-horizon problems). Similar to RMAB, at each time
step, the decision maker is allowed to take active actions on at most £ of the available arms. Each arm 7 of the S-
RMAB is a Partially Observable Markov Decision Process (POMDP)—represented by a 4-tuple (S, A, P, 7).
S = {0,1} denotes the state space of the POMDDP, representing the “bad” state (say, patient not adhering to
the health program) and “good” state (patient adhering), respectively. A is the action space, consisting of two
actions A = {4, p} where an action 4 (or, p), denotes the active (or, passive) action. The states € S of the

o . . o e . 1
arm, transitions according to a known transition function, e

”, if the arm is pulled and according to the known

function, Pi ’;, otherwise. We also assume the transition function to conform to two natural constraints often
considered in existing literature”>>'°": (i) Interventions should positively impact the likelihood of arms being in
the good state, i.e. P, > Pf’n and Pf; > Pfl and (ii) Arms are more likely to remain in the good state than to
switch from the bad state to the good state, i.e. P§; > Pj; and Pfl > Pgl. Though the transitions probabilities are
known to the planner, the actual state change is stochastic and is only partially observable—that is, when an arm
is pulled, the planner discovers the true state of the arm; however, when the arm is not pulled, uncertainty about
the true state persists. Under such uncertainties, it is customary to analyze the POMDP using its equivalent belief
state MDP representation instead '°*. The state space of this MDP is defined by a set of all possible “belief” values
that the arm can attain, denoted by B;. Each belief state & € B; represents the likelihood of the arm being in state
1 (good state). This likelihood is completely determined by the number of days passed since that arm was last
pulled and the last observed state of the arm 5. At each time step #, the planner accrues a state-dependent reward

7, from an active arm 7, defined as:

0if s;(z) = 0 (arm 7 is in the bad state at time #)
(7)) =
1if5;(7) = 1 (arm 7 is in the good state at time 7).

The total reward” of R, = .y (7:(7)) is accrued by the planner at time #, which is the sum of individual

rewards obtained from the available arms. The planner’s goal is to maximize her total reward collected, R :=

"For a natural number N, we use the notation [N] := {1,...N}.
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> sc[7) Rs- This reward criterion is motivated by our applications in the healthcare intervention domain: inter-
ventions here correspond to reminding patients to adhere to their medication schedules and the good and bad
states refer to patients either adhering or not adhering. The planner’s goal is to maximize the expected number of
times that all patients in the program adhere to their medication schedules. However, due to the limited budget,
the planner is constrained to pull at most £ arms per time step. Assuming a set of IV arms, the problem then boils
down to determining a policy, 7 : By x ... By — AN which governs the action to choose on each arm given the
belief states of arms, at each time step, maximizing the total reward accumulated across 7" time steps.

Contrary to previous approaches that typically consider arms to all arrive at the beginning of time and stay
forever, in this chapter we consider streaming multi-armed bandits—a setting in which arms are allowed to arrive
asynchronously and have finite lifetimes. We denote the number of arms arriving and leaving the system at a time
stept € [7] by X(r) and ¥(z), respectively. Each arm 7 arriving at time ¢, is associated with a fixed lifetime L,

(for example, L, can be used to represent the duration of the health program for a patient, which is known to the
planner). The arm consequently leaves the system at time ¢ 4 L;. Thus, instead of assuming a finite set of /N arms

throughout the entire time horizon, we assume that the number of arms at any time ¢ is denoted by the natural

number N(¢), and can be computed as N(¢) = Y '_,(X(s) — Y(s)). Thus, the goal of the planner is to decide,

at each time step #, which £ arms to pull (out of the N(#) > k arms, relabeled as [N(t)] each timestep for ease of

representation), in order to maximize her total reward,

R:= Z Z 7:(7). (3.1)

€[] i€[N(r)]

3.4 METHODOLOGY

The dominant paradigm for solving RMAB problems is the Whittle index approach. The central idea of the
Whittle approach is to decouple the RMAB arms and then compute indices for each arm that capture the “value”
of pulling that arm. The Whittle Index policy then proceeds by pulling the £ arms with the largest values of
Whittle Index. This greedy approach makes the time complexity linear in the number of arms, as indices can

be computed independently for each arm. The computation of the index hinges on the notion of a “passive sub-

sidy” m, which is the amount rewarded to the planner for each arm kept passive, in addition to the usual reward
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collected from the arm. The Whittle Index for an arm is defined as the infimum value of subsidy, 7 that must
be offered to the planner, so that the planner is indifferent between pulling and not pulling the arm. To formal-
ize this notion, consider an arm of the bandit in a belief state &. Its active and passive value functions, under a

discount factor of 4, and when operating under a passive subsidy 7z, can be written as:

Vo, 1 (b) = b+ m + BV, 71 (6P + (1 — b)P)) (3-2)

Vi 1(8) = b+ BoVi 11 (Phy) + E(1 = ) Vi 71 (Pp1) (3-3)

)

The value function for the belief state & is ¥, 7(b) = max{ meT(b),

Vo, (6)}. The Whittle Index for the belief state b, with a residual lifetime 7'is defined as: inf,, {2 : V:n,T(b) =
V5, 7(b)}. The Whittle Index approach is guaranteed to be asymptotically optimal when a technical condition
called zndexability holds for all the arms. Intuitively, indexability requires that if for some passive subsidy 2, the
optimal action on an arm is passive, then V7' > m, the optimal action should still remain passive. Equivalently,
indexability can be expressed as: 8% an’T([o) > 8% Vo 1(b).

In this section we first show theoretically that the Streaming Bandit setup is indexable (subsection 3.4.1).

Next, in subsection 3.4.2, we observe and formalize a useful phenomenon about the Whittle Index in the finite
horizon setting. We use this phenomenon to design fast algorithms for S-RMABs in subsection 3.4.3 and we pro-
vide runtime complexity analysis for the same in subsection 3.4.4. Finally in subsection 3.4.5 we identify cases

beyond those identified by previous work to which our efficient algorithm extends.

3.4.1 CONDITIONS FOR INDEXABILITY OF STREAMING BANDITS

'°" originally established for infinite horizon, to the

In this section, we extend the conditions for indexability that
finite horizon setting of Streaming bandits. To show indexability, we first show in Theorem 10, that S-RMABs
can be reduced to a standard RMAB with augmented belief states. We build on this result and prove another

useful Lemma, both of which combined can be used to show that indexability holds for this augmented RMAB

instance, and ultimately for S-RMABs (Theorem 20).

Definition 6 (Threshold Optimality *°*). An RMAB instance is called threshold optimal if either a forward
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threshold policy or a reverse threshold policy is optimal. A forward (or reverse) threshold policy m is optimal if there
exists a threshold b* such that it is optimal to take a passive (or active) action whenever the current belief of the arm is

greater than b*, that is, 7(b) = 0 (or w(b) = 1) whenever b > b* and 7 (b) = 1 (or w(b) = 0) whenever b < b*.

First, we show that the belief state MDP of a Streaming Bandit arm with deterministic arrival and departure
time can be formulated as an augmented belief state MDP of the same instance with infinite horizon. Using this,
we prove that, whenever the infinite horizon problem satisfies threshold optimality for a passive subsidy 7z, then
the augmented belief state MDP for finite horizon also satisfies threshold optimality. Using the result that in-
dexability holds whenever threshold optimality is satisfied '°*, we imply that the Streaming Bandits problem is

indexable whenever threshold optimality on the underlying infinite horizon problem is satisfied.

Theorem xo. The belief state transition model for a 2-state Streaming Bandit arm with deterministic arrival time
Ty and departure time T can be reduced to a belief state model for the standard restless bandit arm with T, +

(T — Tp)? states.

Proof. Consider a streaming arm, that arrives (or, becomes available to the system) at time step 77 and exits (or,
becomes unavailable) at time step 75. To capture the arm’s arrival and departure in the belief model, we con-
struct a new belief model with each state represented by a tuple ( behavior, time-step ), where behavior takes
a belief value in the interval (0,1) or is set to U (unavailable). U can be set to any constant value (such as U = 0).

The transition probabilities are constructed as follows:

* The first 77 — 1 states represent the unavailability of the arm and have deterministic transitions, i.e., for an

action 4,

>

(V1) (U = Lforallz € {2,..., 77 —1}.

* Attime 73, the arm can either be in good state or bad state, so we create two states (1, 77) and (0, 77). For

eachx € {0,1}, P ) = px where p, represents the probability that the arm starts ata good (1)

U, Ti—1),{x,T1
or bad (0) state. Note that, in our experiments, we assume that the initial state of an arm is fixed to 0 or 1,

and can be captured by using either p, = 0 or p, = 1, respectively.

* Foreach timestepr € {77 + 1, T» — 1}, we create 2(¢ — 77 + 1) states: (6,,(0),2), ..., (b,(t — T1), 1) for

eachactionw € {0,1}. Forany 7,7’ € {0,1, ..., — 71}, the probability of transitioning from the state
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(by(?),t — 1) to the state (b, ("), ¢ + 1) is same as the probability of changing from belief value &,,(¢) to

b, (¢") in one time step on taking action w.

* Fortimesteps > T, we create one sink state (U, T3). This state represents unavailability of the arm
subsequent to time step 75 — 1. Forany /' € {0,1,..., T, — Ti}, the probability of transitioning from

(bw(l‘]), T2> to <U, T2> is 1.

Thus, the number of states in the new belief network is:

= h+(L-T)(To—-Ti+1)

= T+ (- TN)?

Thus, o + (75 — Tl)2 states are required for converting a belief network representing 2-state streaming bandits

problem to a classic RMAB problem. O

Lemma 1. [fa forward (or reverse) threshold policy  is optimal for a subsidy m for the belief states MDP of the

infinite horizon problem, then w is also optimal for the angmented belief state MDP.

Proof. First, we define the value function for the modified belief states.

Vo, ((b, ) = btm+ BV, (0P} + (L= 6) P, 0+ 1)) if6#U

b+m+V,,((¢,t+1)) otherwise

b+ B (6Pl + 1)+ (1= D) Vn((Piyr 4+ 1))
V(1) = ifb# U
b+ V,((¢,t+1)) otherwise
where &' is the next belief state.

The minimum value of 72/ that makes the passive action as valuable as active action at the states (U, #) for
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T1 <t < Ty, can be obtained by equating

Vo ((U8) = V2, ((U1) (3-5)
= U+ my+ V(0,6 +1)) = U+ V,,, (¢, t+1)) (3.6)
=my = 0. (3.7)

Assuming that there exists a forward (or reverse) threshold policy, 727 = 0 implies that, even without any sub-
sidy, passive action is as valuable as active action.

Further, we show in the Appendix that the minimum subsidy at any other belief state is greater than 0. As
the belief states & # U'require a positive subsidy for the passive action to be optimal, while for the belief state
U, passive is already optimal for a subsidy of zero, a policy that maximizes value while paying minimum subsidy,

would never choose to set arms currently in the # state to active.

Theorem 11. A Streaming Bandits instance is indexable when there exists an optimal policy, for each arm and

every value of m € R, that is forward (or reverse) threshold optimal policy.

Proof. Using Theorem 1 and Lemma 1, it is straightforward to see that an optimal threshold policy for infinite
horizon problem can be translated to a threshold policy for Streaming bandits instance. Moreover, using the fact
that the existence of threshold policies for each subsidy 72 and each arm 7 € N is sufficient for indexability to hold

(Theorem 1 of *°"), we show that the Streaming bandit problem is also indexable. U

3.4.2 INDEX DECAY FOR FINITE HORIZONS

In this section we describe a phenomenon called 7zdex decay which is observed considering short horizon. Here,
the Whittle index values are low when the residual lifetime of an arm is 0 or 1. We formalize this observation in
Theorem 21. We use this phenomenon as an anchor to develop our algorithm (detailed in 3.4.3). We proceed by

stating one fact and proving one useful Lemma, building up towards the Theorem.

Fact 1. For two linear functions, f(x) and g(x) of x, such that f (x) > g (x), whenever fx1) < g(x1) and flx;) =

4(x2), the following holds: x, > x;.
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Figure 3.1: Whittle Indices for a belief state as computed by different algorithms. Both our algorithms capture index decay providing
good estimates.

Lemma 2. Consider an arm operating under a passive subsidy m. Assuming an initial belief state by, let p* (b, t)
and P (b, t) denote the probability of the arm being in the good state at time tNt < T when policies 7 (t) and
7 (t) are adopted respectively, such that *(0) = a, 7 (0) = p,and 7°(t) = o (r)Vr € {1,..., T}. Then,

P (bo,t) > pP(bo,t) Ve € {1,..., T}.

Theorem 12 (Index Decay). Ler meT(b) and V5, 1(b) be the T-step passive and active value functions for a belief
state b with passive subsidy m. Let m be the value of subsidy m, that satisfies the equation V}Zm (0) = V5, 1(b)
(i.e. mr is the Whittle Index for a residual life time of T). Assuming indexability holds, we show that: VT > 1:

mr > my > mgy = 0.

Proof. We provide our argument for a more general reward criterion than the total reward introduced in Section
3.3. Consider a discounted reward criterion with discount factor 8 € [0,1] (where 8 = 1 corresponds to total
reward). my is simply the 7 that satisfies: an,0<b> = V5, 0(b) ie, b+ m = b, thus mg = 0. Similarly, 7, can be
solved by equating me,l(b) and 7, 1(b) and obtained as: m; = SAb = ,@((b P+ (1—b)Py) — (b P4 (1—
b Py))

Using the natural constraints % > P/, fors € {0,1}, we obtain ; > 0.

Now, to show 7 > mi VT > 1, we first show that V5 ,(6) > anhT(b). Combining this with the fact
that V,(.) is a linear function of 7 and by definition, 77 is a point that satisfies anT,T(b) =V, 1(b), we use

Fact 1 and set f = meT(b),g = an,T(b), x1 = my and x, = mto obtain m; < m7, and the claim follows. To

complete the proof we now show that 1V (6) > V’ZnhT(b).
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Starting from an initial belief state by, let (&, £) be the expected belief for the arm at time ¢, if the passive
action was chosen at# = 0 and the optimal policy, 7”(¢) was adopted for 0 < # < 7. Similarly let p*(by, #) be
the expected belief at time , if the active action was chosen at # = 0 and the same policy, 77 () (which may not be
optimal now) was adopted for 0 < # < T Then, 8(p*(bo,1) — p”(b,1)) = my > 0as shown above. Note that
if we took actions according to 7 (¢) for £ € {1,..., T — 1} with active action taken at the 0” time step, the total

expected reward so obtained is upper bounded by the active action value function, V% .(b). Thus,
P pp y my, T

T

V0, p(bo) = bo + my+ B (bo, 1) + Y _ B¢ (bo, 1) (3.8)

=2

T
+ ( Zﬂtml.l{ﬁp([):pam've})
t=1

T T
= bO + [@ﬁd(boa 1)+ Z tj)p(b()a t) + ( Z(gtml'l{zf'(z‘)zpﬂm’w})
=2 t=1
T T
<bo+ Ig.pﬂ(b(b 1)+ Zﬁfpd(boj t) + ( Zﬂtml'l{ﬂp(t)zpﬂm'vf}) (3-9)
=2 t=1
(by Lemma 2.)
< Vo, 1(bo)

3.4.3 PROPOSED ALGORITHMS

The key insight driving the design of our solution is that, by accounting for the index decay phenomenon, we can
bypass the need to solve the costly finite horizon problem. We make use of the fact that we can cheaply compute
index values for arms with residual lifetime 0 and 1, where the index decay phenomenon occurs, and for infinite
horizon bandits. Our proposed solution for computing indices for arbitrary residual lifetime is to use a suitable
functional form to interpolate between those three observations. We propose an interpolation template, that

can be used to obtain two such algorithms, one using a piece-wise linear function and the other using a logistic
function.

Recall that we establish in Theorem 21 that the Whittle Index for arms with a zero residual lifetime, is always
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zero. Similarly, indices for arms with residual lifetime of 1 are simply the myopic indices, computed as:
Ab=(bP+ (1—b) P5) — (b Py + (1—b) ).

For the linear interpolation, we assume W(h), our estimated Whittle Index, to be a piece-wise-linear function
of b (with two pieces), capped at a maximum value of the Whittle Index for the infinite horizon problem, corre-
sponding to » = oco. We denote Whittle Index for infinite horizon as 7. The first piece of the piece-wise-linear
(k) must pass through the origin, given that the Whittle Index is 0 when the residual lifetime is 0. The slope
is determined by W(h = 1) which must equal the myopic index, given by Ab. The second piece is simply the
horizontal line y = 7 that caps the function to its infinite horizon value. The linear interpolation index value is

thus given by

Wb, Ab, W) = min{h Ab, W}. (3.10)

The linear interpolation algorithm performs well and has very low run time, as we will demonstrate in the later
sections. However, the linear interpolation can be improved by using a logistic interpolation instead. The logistic
interpolation algorithm yields moderately higher rewards in many cases for a small additional compute time. For

the logistic interpolation, we let

G

W(/ﬂ, Ab,W) == m + C3.

(3.11)

We now apply the three constraints on the Whittle Index established earlier and solve for the three unknowns
{Cy, Cy, C3} to arrive at the logistic interpolation model. For the residual lifetimes of 0 and 1, we have that
W(0) = 0and W(1) = Ab. As the horizon becomes infinity, /7/(.) must converge to I, giving the final

constraint #(00) = . Solving this system yields the solution:
— Ab 1\ —
C=2W, C;, = —log — + = —1],CG=-W.

We note that both interpolations start from /" = 0 for b = 0 and saturate to W = Was h — co.
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Algorithm 3: Interpolation Algorithm Template

1: Pre-compute W(b, ) Vb € B;, Vi € [N], with transition matrix P and set of belief states B;.
2: Input: by € (0,1, by € [L]Y, containing the belief values and remaining lifetimes for the NV

arms.
Initialize 7y to store estimated Whittle Indices.

3:
4: for each arm 7in N c_lo
s:  Letb = b;, h:= b,and let Pbe 7’s transition matrix.
6:  Compute the myopic index Ab as:
Ab:A (bpfl "‘E_ b)P(Zn) - (bpfl + (1 - b)Pgl)'
7 Set Wy(h, Ab, W) according to one of the interpolation functions (3.10) or (3.11).

8: end for A
9: Pull the £ arms with the largest values of 7.

We compare the index values computed by our interpolation algorithms with the exact solution by **. Figure
3.1 shows an illustrative example, plotting the index values as a function of the residual lifetime and shows that
the interpolated values agree well with the exact values.

Infinite horizon index: For transition matrices that satisfy the conditions for forward threshold policies to
be optimal, Mate et al. *°* present an algorithm that computes Wcheaply. The cornerstone of their technique is
to leverage forward threshold optimality to map the passive and active actions to two different forward threshold
policies, and find the value of subsidy 7 that makes the expected reward of the policies equal. We extend this

reasoning to reverse threshold optimal arms.

3.4.4 COMPLEXITY ANALYSIS

For the complexity analysis of the algorithms, we denote by X the expected number of arms arriving each time
step and L their average expected lifetimes. The expected number of arms at any point in time is then O(XL)**.
Our algorithms (both versions) require a per-period cost of O(X * |B;] = X * 2L) for the Threshold Whittle
pre-computations, plus O(X) computations for the myopic cost, plus O(XL # L) calculations (for XL arms,
each requiring up to L additions or multiplications) and O(XL) for determining the top £ indices. The overall
per-period complexity of our algorithm is thus O(XL?).

For comparison, Qian et al. has a per-period complexity of & O (XL Gtis) log (1)), where log(1) is due toa

—pa 1.
bifurcation method for approximating the Whittle index to within error ¢ on each arm and L>15 is due to the
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best-known complexity of solving a linear program with L variables® .

3.4.5 REVERSE THRESHOLD ARMS

Computing the infinite horizon Whittle index cheaply (77) is key to the runtime efficiency of our approach. Ex-
isting methods provide techniques to compute 77 used in the previous subsection, when the transition matrices
satisfy the forward threshold optimality conditions. In this subsection, we describe how the technique can be
extended to the case when reverse threshold optimality conditions are satisfied.

All the belief states that an arm can ever visit during its lifetime L can be enumerated and organized into two
chains — each chain corresponding to one of the two possible observations (w € {0, 1}) last observed for that
arm. These chains are shown in Figure 3.2.'°" present an algorithm to compute the index for forward threshold
arms with belief states belonging to the NIB process (i.e. whenever & > basionary = ﬁ) The algorithm
relies on mapping the active and passive actions to two different forward threshold policies (with corresponding
threshold states on the two chains indexed as Xy, X1) and equating the policies’ rewards to solve for the passive
subsidy 7, that makes the two actions equal.

We extend this reasoning to reverse threshold arms with belief chains belonging to the w = 0 chain of the SB
(split-belief) process, as shown in Figure 3.2. The belief states belonging to the increasing chain (w = 0 chain)

Py

satisty b < byationary = T We identify two different reverse threshold policies that correspond to the
10

01
active and passive actions, which can be used to set up similar indifference equations. For a given belief state on
the increasing chain with index in the chain X; the corresponding reverse threshold policies can be indexed by

(Xo0,X1) = (1,X) and (Xo,X;) = (1,X + 1) and used to solve for the whittle index using the indifference

equation outlined in Algorithm 1 of **'.

3.5 EXPERIMENTAL EVALUATION

We evaluate the performance and runtime of our proposed algorithms against several baselines, using both, real
as well as synthetic data distributions. LoGIsTic and LINEAR are our proposed algorithms. Our main baselines
are: (1) a precise, but slow algorithm by Q1AN ET AL., which accounts for the residual lifetime by solving the

expensive finite-horizon POMDP on each of the N arms and finds the £ best arms to pull and (2) Threshold-
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Figure 3.2: Belief values arranged in chains as presented in 191 For every possible last observed state of the arm, w, there is a corre-
sponding chain of belief states.

Whittle *°* (marked as TW), a much faster algorithm, that is only designed to work for infinitely long residual

time horizons. Myoric policy is a popularly used baseline *°*>*3*5 that plans interventions optimizing for the

expected reward of the immediate next time step. RANDOM is a naive baseline that pulls £ arms at random.
Performance is measured as the excess average intervention benefit over a ‘do-nothing’ policy, measuring the

sum of rewards over all arms and all timesteps minus the reward of a policy that never pulls any arms. Interven-

—No intervention )

—ALG
tion benefit is normalized to set "** equal to 100% and can be obtained for an algorithm ALG as: 100x(R_"—R

—Qianetal. —No intervention
R _R

where R is the average reward. All simulation results are measured and averaged over so independent trials and

error bars denote the standard errors.

HEl Random . TW Linear HEl Random . TW Linear
HEE Myopic Qian et al. Logistic I Myopic Qian et al. Logistic
= =
<1001 114 I dgh IId =100 114 Iihd I I1d
b ©
f c
% %
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8 ] § 901
£ £
: :
9] 9]
£ o = 0
L=5 L= 10 L= 25 - L=5 L= 10 L= 25 L= 50

Lifetime of Arms

(a) Arms arriving synchronously

Lifetime of Arms
(b) Arms arriving asynchronously as a stochastic process

Figure 3.3: (a) Performance of Threshold Whittle algorithm degrades when the lifetime of arms gets shorter, even when all arms start
synchronously (b) The performance dwindles further if arms arrive asynchronously.
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Figure 3.4: (a) Linear and Logistic interpolation algorithms are nearly 200 X faster than Qian et al. (b) & (c) The interpolation algorithms

achieve the speedup without sacrificing on performance, while other fast algorithms like Threshold Whittle deteriorate significantly for
small residual horizons.

3.5.1 REAL DOMAIN: MONITORING TUBERCULOSIS MEDICATION ADHERENCE

We first test on an anonymized real-world data set used by”?, consisting of daily adherence data of tuberculosis
patients in Mumbai, India following a prescribed treatment regimen for six months. For our study, we only ob-
tain the summary statistics capturing the transition probabilities of these patients moving between the adherent
and non-adherent states as extracted from the dataset. We then follow the same data imputation steps adopted
by '°* for arriving at the transition matrices, %, and Pfj , for each patient. We sample transition matrices from this
real-world patient distribution and run simulations over a simulation length much longer than the lifetimes of
the patients in the simulation.

In Figure 3.3a, we first demonstrate the impact of a short horizon alone on the performance of various al-
gorithms in a simple, non-streaming setting. In Figure 3.3b, we contrast this with a similar comparison for the
short horizon setting combined with a stochastic incoming stream of patients.

In Figure 3.4, we again consider the finite horizon setting with a deterministic incoming stream of patients. In
Figure 3.4a, we plot the runtimes of our algorithms and that of Qian et al., as a function of the daily arrival rate,
X of the incoming stream. Figure 3.4b measures the intervention benefits of these algorithms for these values of
X. The lifetime of each arm, L is fixed to 5 and the number of resources, # is set to 10% x (XL). Each simulation
was run for a total length 7"such that XT = 5000, which is the total number of arms involved in the simulation.
Runtime is measured as the time required to simulate L days. The runtime of Qian et al. quickly far exceeds that
of our algorithms. For the X = 200 case, a single trial of Qian et al. takes 106.69 seconds to run on an average,

while the proposed Linear and Logistic interpolation algorithms take 0.47 and 0.49 seconds respectively, while
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attaining virtually identical intervention benefit. Other competing fast algorithms like Threshold Whittle, which
assume an infinite residual horizon, suffer a severe degradation in performance for such short residual horizons.
Our algorithms thus manage to achieve a dramatic speed up over existing algorithms, without sacrificing on per-
formance.

In Figure 3.4c, we consider an S-RMAB setting, in which arms continuously arrive according to a determinis-
tic schedule, and leave after staying on for a lifetime of L, which we vary on the x-axis. The details about the other
parameters are deferred to the appendix. We also study the isolated effects of small lifetimes and asynchronous
arrivals separately as well as performance in settings with stochastic arrivals, in the appendix. Across the board,
we find that the performance of TW degrades as the lifetime becomes shorter and that this effect only exacer-

bates with asynchronous arrivals. The performance of our algorithms remains on par with Qian et al., in all of

the above.
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Figure 3.5: (a) The interpolation algorithms achieve a speedup of about 250 X over baselines.(b) The error between the actual and

estimated indices is largest for TW and lower for our interpolation algorithms (c) The good performance is maintained even for reverse
threshold optimal arms.

3.5.2 REAL DOMAIN: ARMMAN FOR IMPROVING MATERNAL HEALTHCARE

Considering an alternate real-world domain, we again only use summary statistics (transition probabilities) from
an application domain consisting of intervention planning for improving maternal healthcare®'. Individuals
(arms) are labeled to be in one of three states at any time step, of which one is the good state. *°* cast the prob-
lem as an RMAB with 2-state MDP on each arm. We also focus on maximizing the number of individuals in the

good state, merging the other two states from the data into a single bad state. The data set consists of three types
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of transition matrices for different groups, only one of which satisfies the constraints mentioned in Section 3.3
and is used in our subsequent analysis, which is otherwise analogous to Section 3.5.1. Figure 3.5a establishes
similar large runtime gains achieved by our algorithm as against other baselines, while maintaining similar per-
formance figures in this domain. In the supplementary material we also present more details and analyses of the

performance of our algorithms and baselines for this domain.

3.5.3 SYNTHETIC DOMAINS

Finally, in this section, we test our algorithms on synthetic domains. We identify corner cases where our so-
lutions do poorly and construct adversarial domains based on those. The ratio between the infinite horizon
Whittle Index 77 and the myopic index A? is an important driver of the approximation quality of our algo-
rithms. The linear interpolation takes AKZ steps to reach the finite horizon value, hence the higher this ratio is,
higher the potential for approximation errors. In figure 3.5b we sum the approximation error over this interval
£ = Zz

increases with ;. We construct an adversarial domain by simulating cohorts with varying proportions of such

:Z:Z (|| (h) — W 0ian(h)|]) and plot it for different ratios AKZ . As expected, the approximation error
patients. The results in the supplementary material show the intervention benefit of our algorithms decreases but
remains within one standard error of Qian et al.

In Figure 3.5c, we simulate a population consisting of reverse threshold optimal patients exclusively and show
similar good performance even though the previous theoretical guarantees of Threshold Whittle apply to forward
threshold optimal patients only. In the supplementary material, we test multiple synthetic domains by varying
the proportion of forward threshold optimal patients. In addition, we perform several other robustness checks
varying important problem parameters and find that the run time and strong performance of our algorithms

remains consistent across the board.

3.6 CONCLUSION

We study streaming bandits, or S-RMAB, a class of bandits where heterogeneous arms arrive and leave asyn-
chronously under possibly random streams. While efficient RMAB algorithms for computing Whittle Indices

for infinite horizon settings exist, for the finite horizon settings however, these algorithms are either compara-
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tively costly or not suitable for estimating the Whittle Indices accurately. To tackle this, we provide a new scalable
approach that allows for efficient computation of the Whittle Index values for finite horizon restless bandits
while also adapting to more general S-RMAB settings. Our approach leverages a phenomenon called 7ndex decay
to compute the indices for each arm. Through an extensive set of experiments on real-world and synthetic data,
we demonstrate that our approach provides good estimates of Whittle Indices, and yield over 200 x runtime

improvements without loss in performance.



Field Study in Deploying Restless Bandit

Algorithms for Healthcare

4.1 INTRODUCTION

The wide-spread availability of cell phones has allowed non-profits to deliver targeted health information via
voice or text messages to beneficiaries in underserved communities, often with significant demonstrated bene-
fits to those communities '*75. We focus in particular on non-profits that target improving maternal and infant
health in low-resource communities in the global south. These non-profits deliver ante- and post-natal care infor-

mation via voice and text to prevent adverse health outcomes 701256
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Unfortunately, such information delivery programs are often faced with a key shortcoming: a large fraction
of beneficiaries who enroll may drop out or reduce engagement with the information program. Yet non-profits
often have limited health-worker time available on a periodic (weekly) basis to help prevent engagement drops.
More specifically, there is limited availability of health-worker time where they can place crucial service calls
(phone calls) to a limited number of beneficiaries, to encourage beneficiaries’ participation, address complaints
and thus prevent engagement drops.

Optimizing limited health worker resources to prevent engagement drops requires that we prioritize benefi-
ciaries who would benefit most from service calls on a periodic (e.g., weekly) basis. We model this resource opti-
mization problem using Restless Multi-Armed Bandits (RMABs), with each beneficiary modeled as an RMAB
arm. RMABs have been well studied for allocation of limited resources motivated by a myriad of application do-
mains including preventive interventions for healthcare ", planning anti-poaching patrols >3, machine repair
and sensor maintenance*” and communication systems *#*. However, RMABs have rarely seen real-world de-
ployment, and to the best of our knowledge, have never been deployed in the context of large-scale public health
applications.

This chapter presents first results of an RMAB system in real-world public health settings. Based on available
health worker time, RMABs choose 7 out of N total beneficiaries on a periodic (e.g., weekly) basis for service
calls, where the 7 are chosen to optimize prevention of engagement drops. The chapter presents two main con-
tributions. First, previous work often assumes RMAB parameters as either known or easily learned over long pe-
riods of deployment. We show that both assumptions do not hold in our real-world contexts; instead, we present
clustering of offline historical data as a novel approach to infer unknown RMAB parameters.

Our second contribution is a real-world evaluation showing the benefit of our RMAB system, conducted in
partnership with ARMMAN", an NGO in India focused on maternal and child care. ARMMAN conducts a
large-scale health information program, with concrete evidence of health benefits, which has so far served over a
million mothers. As part of this program, an automated voice message is delivered to an expecting or new mother
(beneficiary) over her cell phone on a weekly basis throughout pregnancy and for a year post birth in a language
and time slot of her preference.

Unfortunately, ARMMAN’s information delivery program also suffers from engagement drops. Therefore,

“https://armman.org/
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in collaboration with ARMMAN we conducted a service quality improvement study to maximize the effective-
ness of their service calls to ensure beneficiaries do not drop off from the program or stop listening to weekly
voice messages. More specifically, the current standard of care in ARMMAN’s program is that any beneficiary
may initiate a service call by placing a so-called “missed call”. This beneficiary-initiated service call is intended to
help address beneficiaries’ complaints and requests, thus encouraging engagement. However, given the overall
decreasing engagement numbers in the current setup, key questions for our study are to investigate an approach
for effectively conducting additional ARMMAN-initiated service calls (these are limited in number) to reduce
engagement drops. To that end, our service quality improvement study comprised of 23,003 real-world beneficia-
ries spanning 7 weeks. Beneficiaries were divided into 3 groups, each adding to the current standard of care. The
first group exercised ARMMAN’s current standard of care (CSOC) without additional ARMMAN:-initiated
calls. In the second, the RMAB group, ARMMAN staff added to the CSOC by initiating service calls to 225
beneficiaries on average per week chosen by RMAB. The third was the Round-Robin group, where the exact
same number of beneficiaries as the RMAB group were called every week based on a systematic sequential basis.
Results from our study demonstrate that RMAB provides statistically significant improvement over CSOC and
round-robin groups. This improvement is also practically significant — the RMAB group achieves a ~ 30% re-
duction in engagement drops over the other groups. Moreover, the round-robin group does not achieve statisti-
cally significant improvement over the CSOC group, i.e., RMAB’s optimization of service calls is crucial. To the
best of our knowledge, this is the first large-scale empirical validation of use of RMABs in a public health context.
Based on these results, the RMAB system is currently being transitioned to ARMMAN to optimize service calls
to their ever-growing set of beneficiaries. Additionally, this methodology can be useful in assisting engagement
in many other awareness or adherence programs, e.g., Thirumurthy & Lester '*?, Chen et al.>*. Our RMAB code

would be released upon acceptance.

4.2 RELATED WORK

Patient adherence monitoring in healthcare has been shown to be an important problem?, and is closely related
to the churn prediction problem, studied extensively in the context of industries like telecom *4, finance 737,

etc. The healthcare domain has seen several studies on patient adherence for diseases like HIV 34, cardiac prob-
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82,127

lems '#+33 Tuberculosis , etc. These studies use a combination of patient background information and

past adherence data, and build machine learning models to predict future adherence to prescribed medication .
However, such models treat adherence monitoring as a single-shot problem and are unable to appropriately han-
dle the sequential resource allocation problem at hand. Additionally, the pool of beneficiaries flagged as high risk
can itself be large, and the model can’t be used to prioritize calls on a periodic basis, as required in our settings.

Campaign optimization (via phone outreach) has also been studied previously. Most existing works*73” how-
ever, rely on the availability of a customer social network based on preferences, behavior or demographics, to help
identify the set of key customers who will increase the reach of the campaign. In our domains of interest, there
is no evidence of a social network among the beneficiaries, so such campaign optimization techniques are inap-
plicable. Furthermore, campaign optimization relies on single-shot interventions for optimization, whereas, our
problem requires tracking progress of beneficiaries over multiple timesteps.

The Restless Multi-Armed Bandit (RMAB) framework has been popularly adopted to tackle such sequen-
tial resource allocation problems'®+7'. Computing the optimal solution for RMAB problems is shown to be
PSPACE-hard. Whittle proposed an index-based heuristic 164 that can be solved in polynomial time and is now
the dominant technique used for solving RMABs. It has been shown to be asymptotically optimal for the time
average reward problem '®°, and other families of RMABs arising from stochastic scheduling problems*. Sev-
eral works as listed in Section 4.1, show applicability of RMABs in different domains but these unrealistically
assume perfect knowledge of the RMAB parameters, and have not been tested in real-world contexts. Biswas
etal.**, Avrachenkov & Borkar ', present a Whittle Index-based Q-learning approach for unknown RMAB pa-
rameters. However, their techniques either assume identical arms or rely on receiving thousands of samples from
each arm, which is unrealistic in our setting, given limited overall stay of a beneficiary in an information program
— a beneficiary may drop out or stop engaging with the program few weeks post enrolment unless a service call
convinces them to do otherwise. Instead, we present a novel approach that applies clustering to the available his-
torical data to infer model parameters.

Clustering in the context of Multi-Armed Bandit and Contextual Bandits has received significant attention

IT1I

in the past* 3:99172:88 Hut these settings do not consider restless bandit problems.**" tackles a non-stationary

TSimilarly, in our previous preliminary study (anonymous 2020) published in a non-archival setting, we used demo-
graphic and message features to build models for predicting beneficiaries likely to drop-oft from ARMMAN’s information
program.
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setup with stochastic rewards, while '® infers model parameters from independent studies in absence of historic

data. In contrast, we focus on learning RMAB parameters using clustered historic beneficiary data.7**

propose
building predictive models per beneficiary in an online fashion, which is infeasible in our setup given the short

stay of the beneficiaries.

4.3 PRELIMINARIES

4.3.1 BACKGROUND: RESTLESS MULTI-ARMED BANDITS

An RMAB instance consists of /N independent 2-action Markov Decision Processes (MDP) *3°, where each
MDP is defined by the tuple {S, A, R, P}. S denotes the state space, A is the set of possible actions, R is the
reward functionR : § X A X & — Rand P represents the transition function. We use P, to denote the
probability of transitioning from state s to state s’ under the action «. The policy 7, is a mapping 7 : S — A
that selects the action to be taken at a given state. The total reward accrued can be measured using either the dis-
counted or average reward criteria to sum up the immediate rewards accrued by the MDP at each time step. Our
formulation is amenable to both, although we use the discounted reward criterion in our study.

The expected discounted reward starting from state sy is defined as VZ(JO) = E [Y 20 BR(se, w(s2), 5041|750
where the next state is drawn according to s.41 ~ P;ffffll, 8 € [0,1) is the discount factor and actions are selected
according to the policy mapping 7. The planner’s goal is to maximize the total reward.

We model the engagement behavior of each beneficiary by an MDP corresponding to an arm of the RMAB.
Pulling an arm corresponds to an active action, i.e., making a service call (denoted by @ = 4), while # = p denotes
the passive action of abstaining from a call. The state space S consists of binary valued states, s, that account for
the recent engagement behavior of the beneficiary; s € [INE, E] (or equivalently, s € [0,1]) where £and NE
denote the ‘Engaging’ and ‘Not Engaging’ states respectively. For example, in our domain, ARMMAN considers
that if a beneficiary stays on the automated voice message for more than 30 seconds (average message length is 1
minute), then the beneficiary has engaged. If a beneficiary engages at least once with the automated voice mes-
sages sent during a week, they are assigned the engaging (E) state for that time step and non-engaging (/NE) state
otherwise. For each action & € A, the beneficiary states follow a Markov chain represented by the 2-state Gilbert-

Elliot model ** with transition parameters given by 2%, as shown in Figure 5.1. With slight abuse of notation, the
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reward function R(.) of n”” MDP is simply given by R,,(s) = sfors € {0, 1}.

1- PTVE,E

Figure 4.1: The beneficiary transitions from a current state s to a next state s’ under action &, with probability Pé,.

We adopt the Whittle solution approach described previously for solving the RMAB. It hinges around the
key idea of a “passive subsidy”, which is a hypothetical reward offered to the planner, in addition to the original
reward function for choosing the passive action. The Whittle Index is then defined as the infimum subsidy that

makes the planner indifferent between the ‘active’ and the ‘passive’ actions, i.c.,:

W(s) = info{d: Qa(s,p) = Qals,2)} (4.1)

4.3.2 DaT1A COoLLECTED BY ARMMAN

Beneficiaries enroll into ARMMAN’s information program with the help of health workers, who collect the
beneficiary’s demographic data such as age, education level, income bracket, phone owner in the family, gesta-
tion age, number of children, preferred language and preferred slots for the automated voice messages during
enrolment. These features are referred to as Beneficiary Registration Features in rest of the chapter. Beneficiaries
provided both written and digital consent for receiving automated voice messages and service calls. ARMMAN
also stores listenership information regarding the automated voice messages together with the registration data in

an anonymized fashion.

4.4 PROBLEM STATEMENT

We assume the planner has access to an offline historical data set of beneficiaries, D,y,;,. Each beneficiary data
point Dy, (7] consists of a tuple, (£, £), where fis beneficiary 7’s feature vector of static features, and € is an
episode storing the trajectory of (s, &, s) pairs for that beneficiary, where s denotes the start state, « denotes the

action taken (passive v/s active), and s denotes the next state that the beneficiary lands in after executing « in state
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Figure 4.2: RMAB Training and Testing pipelines proposed

5. We assume that these (s, #,s) samples are drawn according to fixed, latent transition matrices P?,[7] and Pfj 7]
(corresponding to the active and passive actions respectively), unknown to the planner, and potentially unique to
each beneficiary.

Given Dy, we now consider a new beneficiary cohort Dy, consisting of N beneficiaries, marked {1,2, ..., N},
that the planner must plan service calls for. The MDP transition parameters corresponding to beneficiaries in
De5 are unknown to the planner, but assumed to be drawn at random from a distribution similar to the joint
distribution of features and transition parameters of beneficiaries in the historical data distribution. We assume
the planner has access to the feature vector ffor each beneficiary in Dy

We now define the service call planning problem as follows. The planner has upto 7 resources available per
round, which the planner may spend towards delivering service calls to beneficiaries. Beneficiaries are represented
by /N arms of the RMAB, of which the planner may pull upto 7 arms (i.e., 7 service calls) at each time step. We
consider a round or timestep of one week which allows planning based on the most recent engagement patterns

of the beneficiaries.

4.5 METHODOLOGY

Figure 4.2 shows our overall solution methodology. We use clustering techniques that exploit historical data
D to estimate an offline RMAB problem instance relying solely on the beneficiaries’ static features and state
transition data. This enables overcoming the challenge of limited samples (time-steps) per beneficiary. Based on

this estimation, we use the Whittle Index approach to prioritize service calls.
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4.5.1 CLUSTERING METHODS

We use historical data Dy, to learn the impact of service calls on transition probabilities. While there is limited
service call data (active transition samples) for any single beneficiary, clustering on the beneficiaries allows us to
combine their data to infer transition probabilities for the entire group. Clustering offers the added advantage
of reducing computational cost for resource limited NGOs; since all beneficiaries within a cluster share identical
transition probability values we can compute their Whittle index all at once. We present four such clustering

techniques below:

1. FEATURES-ONLY CLUSTERING (FO):  This method relies on the correlation between the beneficiary feature
vector fand their corresponding engagement behavior. We employ k-means clustering on the feature vector f

of all beneficiaries in the historic dataset Dy, and then derive the representative transition probabilities for
each cluster by pooling all the (s, 2, 5) tuples of beneficiaries assigned to that cluster. At test time, the features f
of a new, previously unseen beneficiary in D,,; map the beneficiary to their corresponding cluster and estimated

transition probabilities.

2. FEATURE + ALL PROBABILITIES (FAP)  In this 2-level hierarchical clustering technique, the first level uses
a rule-based method, using features to divide beneficiaries into a large number of pre-defined buckets, B. Tran-
sition probabilities are then computed by pooling the (s, 2, 5) samples from all the beneficiaries in each bucket.
Finally, we perform a k-means clustering on the transition probabilities of these B buckets to reduce them to £
clusters (k < B). However, this method suffers from several smaller buckets missing or having very few active

transition samples.

3. FEATURE + PASs1VE PROBABILITIES (FPP):  This method builds on the FAP method, but only considers
the passive action probabilities to preclude the issue of missing active transition samples.

4. PASSIVE TRANSITION-PROBABILITY BASED CLUSTERING (PPF):

The key motivation here is to group together beneficiaries with similar transition behaviors, irrespective of their

features. To this end, we use k-means clustering on passive transition probabilities (to avoid issues with missing
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active data) of beneficiaries in Dy, and identify cluster centers. We then learn a map ¢ from the feature vector f
to the cluster assignment of the beneficiaries that can be used to infer the cluster assignments of new beneficiaries
at test-time solely from f. We use a random forest model as ¢.

The rule-based clustering on features involved in FPP and FAP methods can be thought of as using one spe-
cific, hand-tuned mapping function @. In contrast, the PPF method learns such a map @ from data, eliminating

the need to manually define accurate and reliable feature buckets.

4.5.2 EVALUATION OF CLUSTERING METHODS

We use a historical dataset, D.,;, from ARMMAN consisting of 4238 beneficiaries in total, who enrolled into
the program between May-July 2020. We compare the clustering methods empirically, based on the criteria de-

scribed below.

. or [reyr——— 10 = e o somomee e w{ L ar P ——

FPP-20
= FPP-40

PPF-20
08 = PPF-40

FAP-20
08{ ®m FAP-40

PEE PEE PEE
(a) FO clustering (b) FPP clustering (c) FAP clustering (d) PPF clustering
Figure 4.3: Comparison of passive transition probabilities obtained from different clustering methods with cluster sizes £ = {207 40}

with the ground truth transition probabilities. Blue dots represent the true passive transition probabilities for every beneficiary while
red or green dots represent estimated cluster centres.

1. Representation: Cluster centers that are representative of the underlying data distribution better resemble
the ground truth transition probabilities. This is of prime importance to the planner, who must rely on these val-
ues to plan actions. Fig 4.3 plots the ground truth transition probabilities and the resulting cluster centers deter-
mined using the proposed methods. Visual inspection reveals that the PPF method represents the ground truth
well, as is corroborated by the quantitative metrics of Table 4.1 that compares the RMSE error across different
clustering methods.

2. Balanced cluster sizes: A low imbalance across cluster sizes is desirable to preclude the possibility of arriv-
ing at few, gigantic clusters which will assign identical whittle indices to a large groups of beneficiaries. Working

with smaller clusters also aggravates the missing data problem in estimation of active transition probabilities.
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Considering the variance in cluster sizes and RMSE error for the different clustering methods with # = {20, 40}

as shown in Table 4.1, PPF outperforms the other clustering methods and was chosen for the pilot study.

Table 4.1: Average RMSE and cluster size variance over all beneficiaries for different methods. Total Beneficiaries = 4238, Uy = 211.9,
¢y = 105.95 (1 = average beneficiaries per cluster)

Clustering Average RMSE | Standard Deviation

Method k=20 |k=40 | k=20| k=40
FO 0.229 | 0.228 | 143.30 74.2.2
FPP 0.223 | 0.222 | §96.19 295.01
FAP 0.224 | 0.223 | 318.46 | 218.37
PPF 0.041 | 0.027 | 145.59 77.50

Next we turn to choosing &, the number of clusters: as £ grows, the clusters become sparse in number of active
samples aggravating the missing data problem while a smaller £ suffers from a higher RMSE. We found £ = 40 to
be optimal and chose it for the pilot study .

Finally, we adopt the Whittle solution approach for RMABs to plan actions and pre-compute all of the pos-
sible 2 * k index values that beneficiaries can take (corresponding to combinations of & possible clusters and 2
states). The indices can then be looked up at all future time steps in constant time, making this an optimal solu-
tion for large scale deployment with limited compute resources.

As we got this RMAB system ready for real-world use, there was as an important observation for social im-
pact settings: real-world use also required us to carefully handle several domain specific challenges, which were
time consuming. For example, despite careful clustering, a few clusters may still be missing active probability
values, which required employing a data imputation heuristic . Moreover, there were other constraints specific
to ARMMAN, such as a beneficiary should receive only one service call every 7 weeks, which was addressed by

introducing “sleeping states” for beneficiaries who receive a service call .

4.6 EXPERIMENTAL STUDY

In this section, we discuss a real-world quality improvement study. We also simulate the expected outcome in

other synthetically constructed situations and demonstrate good performance of our approach across the board.
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4.6.1  SERVICE QUALITY IMPROVEMENT STUDY

SETUP

This cohort of beneficiaries registered in the program between Feb 16, 2021 and March 15, 2021 as Dy, and
started receiving automated voice messages few days post enrolment as per their gestational age. Additionally, as
per the current standard of care, any of these beneficiaries could initiate a service call by placing a “missed call”.

The 23003 beneficiaries are randomly distributed across 3 groups, each group adding to the CSOC as follows:

* Current-Standard-of-Care (CSOC) Group: The beneficiaries in this group follow the original standard
of care, where there are no ARMMAN initiated service calls. The listenership behavior of beneficiaries in

this group is used as a benchmark for the RR and RMAB groups.

* RMAB group: In this group, beneficiaries are selected for ARMMAN:-initiated service call per week
via the Whittle Index policy described in Section 4.3. Even though all beneficiaries within a cluster are
modeled by identical MDP parameters, their states may evolve independently, and so the Whittle indices

are tracked for each beneficiary separately, leading to an RMAB with 7668 arms.

* Round Robin (RR) group: By default, NGOs including ARMMAN often conduct service calls using
some systematic set order — the idea here is to have an easily executable policy, that services enough of
a cross-section of beneficiaries and can be scaled up or down per week based on available resources. To
recreate this setting, we generate service calls to beneficiaries based on the ascending order of their date
of enrollment for this RR group, as recommended by ARMMAN. If this method succeeds compared to

CSOC, then a simple manual strategy is enough; RMAB style optimization may not be needed.

Table 4.2 shows the absolute number of beneficiaries in states E or NE, where the state is computed using one
week of engagement data between April 19 - April 26, 2021.

Beneficiaries across all three groups receive the same automated voice messages regarding pregnancy and post-
birth care throughout the program, and no health related information is withheld from any beneficiary. The

study only aims to evaluate the effectiveness of ARMMAN-initiated outbound service calls with respect to im-
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Table 4.2: Beneficiary distribution in the three groups and their start states during week 0 of the study.

Group Eng(ag;)lng Non-](i;gEz;glng Total
RMAB 3571 4097 7668

RR 3647 4021 7668
CSOC 3661 4006 7667

proving engagement with the program across the three groups. No interviews or research data or feedback was
collected from the beneficiaries.

The study started on April 26, 2021, with 7 beneficiaries selected from the RMAB and RR group each
(m < N) per week for ARMMAN-initiated service calls. ARMMAN staff performing service calls were blind to
the experimental groups that the beneficiaries belonged to. Recall, the goal of the service calls is to encourage the
beneficiaries to engage with the health information message program in the future. For this study, number of ser-
vice calls 72 was on average 225 per week for each of RMAB and RR groups to reflect real-world constraints on
service calls. The study was scheduled for a total of 7 weeks, during which 20% of the RMAB (and RR) group
had received a service call, which is closer to the percentage of population that may be reached in service calls by

ARMMAN. ¥

REsuLTs

We present our key results from the study in Figure 4.4. The results are computed at the end of 7 weeks from the
start of the quality improvement study on April 26, 2021.

Figure 4.4 measures the impact of service calls by the RMAB and RR policies in comparison to the CSOC
Group. Beneficiaries’ engagement with the program typically starts to dwindle with time. In Figure 4.4, we mea-
sure the impact of a service call policy as the cumulative drop in engagement prevented compared to the CSOC
Group. We consider drop in engagement instead of the raw engagement numbers themselves, because of the

slight difference in the numbers of beneficiaries in engaging (E) state at the start of the study. The drop in en-

*Each beneficiary group also received very similar beneficiary-initiated calls, but these were less than 10% of the
ARMMAN-initiated calls in RMAB or RR groups over 7 weeks.
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Figure 4.4: Cumulative number of weekly engagement drops prevented (in comparison to the CSOC group) by RMAB far exceed those
prevented by RR.

gagement under a policy 7 at time # can be measured as the change in engagement:

Afiprene(t) = D (Ra(s0) = Rals1)) (42)

neN

where R, (s;) represents the reward for n'” beneficiary in state s; at time step # and cumulative drop in engagement
is:

cumulatwe Z Z 5{)) (4-3)

n€N (=0

The cumulative drop in engagement prevented by a policy 7, in comparison to the CSOC Group is thus simply:

csoC
Ztmulﬂtz’ve (t) - Ammulalive(t) (4'4)

and is plotted on the y-axis of Figure 4.4.

Figure 4.4 shows that the RMAB policy prevents a total 622 instances of a drop in automated health message
engagement, at the end of 7 weeks, as compared to CSOC. RR group, on the other hand, only prevents 101 en-
gagement drops by the end of week 7. Given that there are a total of 1944 engagement drops in the CSOC group,
we show in the first row of Table 4.3, that the RMAB group has 32.0% and 28.3% less cumulative engagement

drops as compared to the CSOC and RR groups respectively by the end of the study.
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STATISTICAL ANALYSIS

Table 4.3: Statistical significance for service call policy impact at week 7 is tested using a linear regression model. We use: *p <
0.05; Tp < 0.1

RMAB RR vs RMAB
vs CSOC | CSOC vs RR
% redl.lction in cu- 12.0% 2% 28.3%
mulative engagement
drops
p-value 0.044"* 0.740 0.0981
Coefficient 8 -0.0819 -0.0137 | -0.0068

To investigate the benefit from use of RMAB policy over policies in the RR and CSOC groups, we use regres-
sion analysis® °. Specifically, we fit a linear regression model to predict number of cumulative engagement drops
at week 7 while controlling for treatment assignment and covariates specified by beneficiary registration features.

The model is given by:
J

Y, =k+ BT+ ) yuytea
=1

where for the 7, beneficiary, Y; is the outcome variable defined as number of cumulative engagement drops at
week 7, k is the constant term, £ is the treatment eftect, 77 is the treatment indicator variable, x; is a vector of
length / representing the 7, beneficiary’s registration features, 7; represents the impact of the ), feature on the
outcome variable and ¢; is the error term. For evaluating the effect of RMAB service calls as compared to CSOC
group, we fit the regression model only for the subset of beneficiaries assigned to either of these two groups. 7;
is set to 1 for beneficiaries belonging to the RMAB group and 0 for those in CSOC group. We repeat the same
experiment to compare RR vs CSOC group and RMAB vs RR group.

The results are summarized in Table 4.3. We find that RMAB has a statistically significant treatment effect in
reducing cumulative engagement drop (negative &, p < 0.05) as compared to CSOC group. However, the treat-
ment effect is not statistically significant when comparing RR with CSOC group (p = 0.740). Additionally,
comparing RMAB group with RR, we find 8, the RMAB treatment effect, to be significant (p < 0.1). This

shows that RMAB policy has a statistically significant effect on reducing cumulative engagement drop as com-

SSee Appendix D.1 for erratum
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pared to both the RR policy and CSOC. RR fails to achieve statistical significance against CSOC. Together these
results illustrate the importance of RMAB’s optimization of service calls, and that without such optimization,

service calls may not yield any benefits.

RMAB STRATEGIES
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Figure 4.5: Distributions of clusters picked for service calls by RMAB and RR are significantly different. RMAB is very strategic in picking
only a few clusters with a promising probability of success, RR displays no such selection.

We analyse RMAB’s strategic selection of beneficiaries in comparison to RR using Figure 4.5, where we
group beneficiaries according to their whittle indices, equivalently their (cluster, state). Figure 4.5 plots the
frequency distribution of beneficiaries (shown via corresponding clusters) who were selected by RMAB and RR
in the first two weeks. For example, the top plot in Figure 4.5a shows that RMAB selected 60 beneficiaries from
cluster 29 (NE state).

First, we observe that RMAB was clearly more selective, choosing beneficiaries from just four (Figure 4.5a) or
seven (Figure 4.5b) clusters, rather than RR that chose from 20. Further, we assign each cluster a hue based on
their probability of transitioning to engaging state from their current state given a service call. Figure 4.5 reveals
that RMAB consistently prioritizes clusters with high probability of success (blue hues) while RR deploys no
such selection; its distribution emulates the overall distribution of beneficiaries across clusters (mixed blue and

red hues).
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Furthermore, Figure 4.6a further highlights the situation in week 1, where RMAB spent 100% of its service
calls on beneficiaries in the non-engaging state while RR spent the same on only 64%. Figure 4.6b shows that
RMAB converts 31.2% of the beneficiaries shown in Figure 4.6a from non-engaging to engaging state by week
7, while RR does so for only 13.7%. This further illustrates the need for optimizing service calls for them to be

effective, as done by RMAB.
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Figure 4.6: (a) % of week 1 service calls on non-engaging beneficiaries (b) % of non-engaging beneficiaries of week 1 receiving service
calls that converted to engaging by week 7

4.6.2  SYNTHETIC RESULTS

We run additional simulations to test other service call policies beyond those included in the quality improve-
ment study and confirm the superior performance of RMAB. Specifically, we compare to the following baselines:
(1) RANDOM is a naive baseline that selects 72 arms at random. (2) MyopIc is a greedy algorithm that pulls arms

optimizing for the reward in the immediate next time step. WHITTLE is our algorithm. We compute a normal-

—ALG 5 CSOC
. . 100x (R-R = . . . .
ized reward of an algorithm ALG as: W where R is the total discounted reward. Simulation results

are averaged over 30 independent trials and run over 40 weeks.

Figure 4.7 presents simulation of an adversarial example ***

consisting of x% of non-recoverable and 100 — x%
of self-correcting beneficiaries for different values of x. Self-correcting beneficiaries tend to miss automated voice
messages sporadically, but revert to engaging ways without needing a service call. Non-recoverable beneficiaries

are those who may drop out for good, if they stop engaging. We find that in such situations, MYOPIC proves

brittle, as it performs even worse than RANDOM while WHITTLE performs well consistently. The actual
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Figure 4.7: Performance of myopic can be arbitrarily bad and even worse than Random, unlike the Whittle policy.

quality improvement study cohort consists of 48.12% non-recoverable beneficiaries (defined by 7§, < 0.2) and

the remaining comprised of self-correcting and other types of beneficiaries.

4.7 CONCLUSIONS AND LESSONS LEARNED

The widespread use of cell-phones, particularly in the global south, has enabled non-profits to launch massive
programs delivering key health messages to a broad population of beneficiaries in a cost-effective manner. We
present an RMAB based system to assist these non-profits in optimizing their limited service resources. To the
best of our knowledge, ours is the first study to demonstrate the effectiveness of such RMAB-based resource
optimization in real-world public health contexts. These encouraging results have initiated the transition of our
RMAB software to ARMMAN for real-world deployment. We hope this work paves the way for use of RMABs
in many other health service applications.

Some key lessons learned from this research, which complement some of the lessons outlined in ***+"-'5" in-
clude the following. First, social-impact driven engagement and design iterations with the NGOs on the ground
is crucial to understanding the right AI model for use and appropriate research challenges. As discussed in foot-
note 1, our initial effort used a one-shot prediction model, and only after some design iterations we arrived at the
current RMAB model. Next, given the missing parameters in RMAB, we found that the assumptions made in
literature for learning such paramters did not apply in our domain, exposing new research challenges in RMABs.
In short, domain partnerships with NGOs to achieve real social impact antomatically revealed requirements for use
of novel application of an Al model (RMAB) and new research problems in this model.

Second, data and compute limitations of non-profits are a real world constraint, and must be seen as genuine
research challenges in A1 for social impact, rather than limitations. In our domain, one key technical contribution

in our RMAB system is deploying clustering methods on offline historical data to infer unknown RMAB param-
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eters. Data is limited as not enough samples are available for any given beneficiary, who may stay in the program
for alimited time. Non-profit partners also cannot bear the burden of massive compute requirements. Our clus-
tering approach allows efficient offline mapping to Whittle indices, addressing both data and compute limits,
enabling scale-up to service ros if not 100s of thousands of beneficiaries. Third, 7z deploying AI systems for social
impact, there are many technical challenges that may not need innovative solutions, but they are critical to deploy-
ing solutions at scale. Indeed, deploying any system in the real world is challenging, but even more so in domains
where NGOs may be interacting with low-resource communities. We hope this work serves as a useful example
of deploying an Al based system for social impact in partnership with non-profits in the real world and will pave
the way for more such solutions with real world impact.

Finally, there are also some important topics for future work in improving the RMAB system, which include

104

handling fairness '°#, changing the current RMAB model with two actions to incorporate multiple actions*°,

and improving the RMAB model from interactions with beneficiaries**.
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Non-Stationary and Restless Bandits for

Improved Intervention Planning

5.1 INTRODUCTION

In many public health contexts, monitoring patient adherence or beneficiary engagement with prescribed health
programs has been shown to be an important problem°?. The healthcare domain has seen several studies on pa-
tient adherence for diseases like HIV 5%, cardiac problems'##33, tuberculosis 82,127 "etc. In low-resource settings,
such monitoring resources may be severely limited, thereby making it critical to utilize these resources optimally.

As a motivating example, we consider a popular maternal healthcare task in which limited health workers
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strive to monitor and improve engagement of enrolled beneficiaries with the information program. Non-profits
such as7>'>5¢ deliver ante- and post-natal care information via voice and text to enrolled beneficiaries, aiming

to prevent adverse health outcomes. Unfortunately, such information programs often see dwindling rates of
engagement among enrollees, with a large fraction even dropping out completely leading to negative health out-
comes. Such non-profits have very limited health worker resources at their disposal to place crucial service calls to
beneficiaries, to encourage participation, address complaints and prevent dropouts. Viewed algorithmically, these
health workers must choose & out of the total N beneficiaries (where £ < N) on a periodic basis (eg. weekly) for
service calls, such that the chosen £ beneficiaries are likely to benefit the most from the service calls.

Several works in public health have modeled similar challenges as Restless Multi-Armed Bandit (RMAB)
problems, in contexts such as monitoring tuberculosis medication adherence "°°, screening for hepatocellular
carcinoma®®, spreading health awareness 18 delivering health services through mobile health clinics '*?, besides
existing work on improving maternal health outcomes**.

One key assumption about the RMAB setting however, is that the bandit arms in an RMAB must follow
fixed, but possibly distinct Markov Decision Processes (MDDPs) with fixed transition parameters. In context of
the maternal healthcare application (used as a running example hereafter), we find from real-world data collected
over a 3-month long study presented in '°*, involving 23,003 real-world beneficiaries that the Markov model may
not fit the data well. In fact, we find that the state transition parameters of beneficiaries, assumed to remain fixed
in the MDP model, show transient patterns.

In this chapter, in a bid to improve resource allocation for the engagement monitoring problem, our con-
tributions are as follows: (1) We cast the planning challenge as a Non-stationary Restless Multi-Armed Bandit
(RMAB-NS) that admits time-varying transition parameters, P (¢) instead of a fixed point PP and present a Whit-
tle index based solution technique. (2) We prove ‘indexability’ for the RMAB-NS problem. Indexability is a
technical condition that guarantees existence and asymptotic optimality of the Whittle index solution. Our proof
hinges on showing a reduction from the RMAB-NS problem to the standard RMAB framework via a state-space
expansion trick. (3) We propose a practical algorithm based on an index interpolation idea, useful particularly in
long-horizon planning problems when the transition function P(#) changes linearly. Our algorithm provides a
30x speed-up for a planning horizon L = 100, with a marginal sacrifice on performance. (4) From a practical

standpoint, the time-dependent transition parameter model exacerbates the challenge of predicting these values
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for real-world agents, especially in data-scare settings. We solve this challenge via a technique that identifies a few,
distinct behavior patterns among agents using clustering, and pools data by bucketing agents according to these
behavior patterns.(s) Finally, we evaluate using both synthetic as well as real data from a maternal healthcare ap-

plication, and show improved performance over existing baselines.

5.2 PRELIMINARIES

5.2.1 STATIONARY RESTLESS MULTI-ARMED BANDITS

A stationary RMAB instance consists of NV independent 2-action Markov Decision Processes (MDP) '*°, where
each MDP is defined by the tuple {S, A, R, P}. S denotes the state space, A is the set of possible actions, R is
the reward function R : § x A x & — Rand P represents the transition function. L denotes the total length
of horizon over which the MDP continues. In stationary RMABs, P is assumed to be constant (stationary in
time) throughout this time horizon. We use 27, to denote the probability of transitioning from state s to state
s" under the action «. The policy 7, is a mapping 7 : S — A that selects the action to be taken at a given state.
The total reward accrued can be measured using either the discounted or average reward criteria to sum up the
immediate rewards accrued by the MDP at each time step. Our formulation is amenable to both, although we
use the discounted reward criterion in our study.

The expected discounted reward starting from state 5 is defined as Vg(:o) = E [Y 20 BR(se w(s2), 5041|750
where the next state is drawn according to 5,41 ~ Pj,’fj,ﬁl, 8 € [0,1) is the discount factor and actions are selected
according to the policy mapping 7. The planner’s goal is to maximize the total reward.

In context of the engagement monitoring problem, the stationary RMAB formulation models the engage-
ment behavior of each beneficiary as an MDP corresponding to an arm of the RMAB. Pulling an arm corre-
sponds to an active action, i.e., making a service call (denoted by 2 = 2 ora = 1), whilea = pora = 0 denotes
the passive action of abstaining from a call. The state space S consists of binary valued states, s, that account for
the recent engagement behavior of the beneficiary; s € [NE, E] (or equivalently, s € [0,1]) where £ and NE de-
note the ‘Engaging’ and ‘Not Engaging’ states respectively. For each action @ € A, the beneficiary states follow a
Markov chain represented by the 2-state Gilbert-Elliot model ** with transition parameters given by P%,, as shown

in Figure 5.1. With slight abuse of notation, the reward function R(.) of the MDP is simply given by R(s) = s
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fors € {0,1}.

Figure 5.1: The beneficiary transitions from a current state 5 to a next state 5’ under action «, with probability Pj"j,.

5.2.2 WHITTLE INDEX SOLUTION APPROACH

Computing the optimal policy for an RMAB is PSPACE-hard in general, even when the transition functions

are stationary and perfectly known. '*5. Whittle in 164, proposed an index-based heuristic, known today as the
Whittle Index, that can be solved in polynomial time. Today, the Whittle solution approach is the predominant
technique used for solving the RMAB. It hinges around the key idea of a “passive subsidy”, which is a hypotheti-
cal reward offered to the planner, in addition to the original reward function for choosing the passive action. The
Whittle Index is then defined as the infimum subsidy that makes the planner indifferent between the ‘active’ and
the ‘passive’ actions, i.e.,:

W(s) = infa{d: Qa(5,0) = Qa(s, 1)} (s.1)

However, passive subsidy is well-defined only if a technical condition called ‘indexability’ is satisfied. Further, in-
dexability also guarantees the asymptotic optimalilty of the Whittle Index technique. The Whittle approach has
been shown to be asymptotically optimal for the time average reward problem **° and other families of RMABs

arising from stochastic scheduling problems*7.

5.2.3 RELATED WORK

HEALTHCARE INTERVENTION PLANNING  The healthcare domain has seen several studies on patient adher-
ence for diseases like HIV '54, cardiac problems’+#3?, tuberculosis *»**7, etc. These studies propose models that
operate by predicting beneficiaries at a high-risk of defaulting on the prescribed programs. However, oftentimes,
the pool of beneficiaries marked as high-risk itself can be large, and thus prioritization of beneficiaries for inter-

vention becomes a challenge.
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Optimization of limited intervention resources has been widely studied in the past, for applications such as
campaign optimization via phone outreach®”*”. Some studies also consider application to public health "*?, but
assume that access to some social network of beneficiaries is available. When such a network is unknown or when
optimization over multiple timesteps is involved, RMABs have been shown to be useful in assisting engagement

monitoring in many other adherence or awareness programs such as *#3*.

RESTLESS MULTI-ARMED BANDITS (RMABs)  This framework has been popularly adopted to tackle sequen-
tial resource allocation problems in a myriad of application domains such as anti-poaching patrol planning '*?,
multi-channel communication systems S, sensor monitoring tasks*5, UAV routingSS etc. Even in the public

104,86,18,123

health domain, several works show applicability of RMABs for the engagement monitoring and inter-

vention resource planning problem. However, most of these works assume agents to follow the Markov property.
In addition, most of these works also unrealistically assume perfect knowledge of the RMAB parameters.*>'5>''5,
present Whittle Index-based Q-learning or Deep RL approaches for handling unknown RMAB parameters.
However, their techniques either assume identical arms or rely on receiving large number of samples from each
arm. This may be an unrealistic requirement in setting such as the maternal healthcare program, where the over-
all stay may be limited — a beneficiary may drop out or stop engaging with the program few weeks post enrol-
ment unless an intervention convinces them to do otherwise. '°* reports results from a real-world experiment
with 23003 beneficiaries demonstrating the utility of RMABs for optimizing use of limited service calls for maxi-
mizing beneficiary engagement in the program.

Clustering in the context of Multi-Armed Bandit and Contextual Bandits has received significant attention

I11

previously #9%17%8 'but these studies do not consider the restless bandit setup. """ tackles a non-stationary setup

with stochastic rewards, while '® infers model parameters from independent studies in absence of historic data.

NON-STATIONARY BANDITS  Several other works consider non-stationary bandits 7537 in which the re-
wards from bandit arms are allowed to change with time, but are not dependent on arms chosen or satisty other

simplifying assumptions and thus do not capture the complexities of the RMAB setting.
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5.3 ENGAGEMENT MONITORING PROBLEM

We formalize the engagement monitoring and intervention planning problem as follows. The setup consists of a
cohort of N agents in a health program, each with 2-states (‘Engaging (E)’ denoted by s = 1 and ‘Not Engaging
(NE)’ denoted ass = 0) participating for a duration of L timesteps. At a each timestep, there are  intervention
resources available to encourage agents to engage with the program. Depending on whether an agent received
such an intervention or not, and depending on the time-step in the program, each agent may transition from a
state s; at time # to a state s, at timestep # + 1, with some probability 77 " (¢). The states and state transition
matrix may be unique for each agent7 € [IN] and may be formally represented as s,[¢] and P} (#)[], but we
drop 7 from the notation (as above) when the agents index 7 is irrelevant. Note that this setup is different from a
stationary RMAB in that the transition function P is not stationary, but is a function of time ¢. In this problem,

the planner represents the health worker responsible for managing the engagement outcomes for the set of agents

being catered to.

Data  We assume that the planner has access to a bunch of historical data D from previous agents enrolled in
the program. D consists of two parts: For the first part, each agent in D has an associated static feature vector
f. In the context of maternal healthcare, these may be demographic features such as age, income, location, etc.
The second part consists of state and action trajectories over the L timesteps recording the engagement status of
agents each timestep. In our problem, both the state and action are assumed to be binary variables. In the ma-
ternal healthcare example, the state represents the engagement status of enrolled mothers and the action variable

denotes whether or not the mother was screened for receiving service calls that timestep.

ProBLEM DEFINITION  The planner’s goal is to maximize the total engagement across the agent cohort over
the duration of the program. Formally, the planner wishes to maximize the total reward (either discounted or

average):

R := Z Z R,(7). (5.2)

te[L] /€[N]
In doing so, the planner has access to a limited budget £ of intervention resources (such as manual service calls

to mothers) to nudge agents to the engaging state. The goal of the planner is to decide which £ agents to select
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for delivery of intervention (out of the N agents in total) at each time step #, to maximize the overall engagement.
Note that the state transition matrix %, _(#)[7], governing the agent behavior is unknown to the planner for all

StSt+41

agents.

5.4 METHODOLOGY: PLANNING IN RMAB-NS

5.4.1 WHITTLE INDEX APPROACH

We adopt the Whittle Index technique as our solution approach. Typical approaches entail adopting value iter-
ation to estimate the value functions Q; (s, 0) and Q) (s, 1). This method however fails, given the time-varying
transition matrices. We circumvent this issue in two stages. First, for small residual horizon values, we modify the
Bellman equation by appropriately supplying the applicable P (#) at time-step ¢, to compute the finite-horizon

value functions, Q% (s, 1)instead. These can be computed as shown below:

Qi (5,2) = R(s,a) + Al ey +£.( D P0).V5())

where P(¢) = P?,(¢). Finally, we modify Equation 5.1 and apply a binary search based algorithm of ** to search
for the index A satistying: Q (s, 0) = Q5 (s,1). This method provides apparatus to compute the index for any size
of planning horizon L. However, the second stage of our solution consists of leveraging the structure of P(z) to

compute the index for larger horizons inexpensively. We present this technique in Section 5.4.3.

5.4.2 CONDITIONS FOR INDEXABILITY IN RMAB-NS

In this subsection, we show results on indexability from the RMAB-NS setup. Indexability is crucial to guaran-

teeing existence of the Whittle index in the first place, and also to prove its optimality.

Theorem 13. The RMAB-NS problem instance with time-varying transition parameters P (t) is indexable under

the same sufficient conditions of indexability for the standard RMAB problem.

Proof Sketch. We prove the theorem by showing a reduction of the RMAB-NS problem to a standard RMAB

setup, using a state space expansion technique that incorporates the time-step # within the state definition. We
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also add a dummy sink state that the MDP transitions to almost surely at the end of the horizon length L. This
expands the state space to size | S||Z + 1. We then show that the passive and active Q-values in the original
RMAB-NS problem match the corresponding Q-values in the reduced problem (differing by upto constant).
Thus if the reduced problem with augmented state space satisfies the indexability condition in difference of the
Q-values, it also implies indexability for the RMAB-NS problem. Existing results on conditions for indexability

of observable MDDPs* thus also extend to our setup. [

5.4.3 FAST ALGORITHM

In this section we propose a fast algorithm for computing the intervention policy when the transition parameters
change as a linear function of residual horizon. Our algorithm is particularly useful if the planning horizon is
large. The central idea powering our algorithm is based on the following proposition:

For an agent with transition parameters P (z) changing linearly with time #, the Whittle index 17 (s) can also
be approximated as a linear function of the residual horizon, 7 for large values of 7.

As shown in Figure 5.2, the Whittle index trend can be decomposed and approximated as a two-piece func-
tion. The first piece represents the index for small horizon values (= 0 < x < S in the figure). Previous work '*°
establishes the ‘index decay’ phenomenon which shows that the index value decays as the residual horizon ap-

proaches zero. '°

also proposes a technique in which the Whittle index in the index decay phase can be approxi-
mated as a linear or logistic function.

The second piece captures the linear trend for large horizon values, stemming from the non-stationary transi-
tion parameters (= x > S in figure 5.2). Previous work '°° fails to account for the impact of non-stationary pa-
rameters, stopping at only addressing index decay. Whereas previous work regards the index value to be constant
for large horizons, our contribution is to leverage the observed linear index trend and propose to approximate the
Whittle index using a one-switch piece-wise linear function. This technique allows sampling the Whittle index

only at a few values of residual horizon 7 and interpolate to other values, without having to compute the exact

index for all 7. We describe the algorithmic details in Algorithm 4.
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Algorithm 4: Fast Algorithm

r: Input: Transition function P(¢) changing linearly with size § x A4 x T for every time step in
horizon

Compute Whittle Indices for four values of residual horizon:

Wo(s) == WI(horizon = 0) = 0(known to be o)

Wi(s) = Wi(horizon = 1) = P57 — P70

Wi _1(s) == Wl(horizon = L — 1)

Wi _5(s) == Wi(horizon = L — 2)

Compute ¢*, the point of intersection of the two-piece linear curves as:

* Wi (s)—Wi—_1(s)
t - L - WLiz(J)—;/Lil(I) -

initialize 17,(s) as an array of size L.

9: Set Wi(s) = e.Wi(s)Vein 0 < ¢ < 7"

0: Set Wi(s) = Wi+ (Wi, — Wi ) (L—1—8)Vtint* <¢r<L
11: return W(s)
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Figure 5.2: Whittle index (on y-axis) computed for the two possible states (blue and orange lines) shows an approximately piece-wise
linear trend as a function of residual horizon (on x-axis), when the transition functions change linearly with time.
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5.5 INFERRING TRANSITION PARAMETERS

While the richer RMAB-NS model comes with more expressive power and allows for better optimized interven-
tion planning, it also significantly amplifies the challenge of learning the appropriate model parameters, especially
from scarce data. We counter this issue by proposing a novel technique of grouping agents with similar transition

parameters into clusters to aid parameter estimation.

5.5.1 DISCOVERING BEHAVIOR PATTERNS

We hypothesize that the transition behavior of agents being catered to, belongs to one of a finite collection of
unique behavior types. These behavior types may be unique to the population of agents and type of application
considered, and may be potentially different for different application domains. We aim to identify these unique
behavior types through the available historical data D. We leverage unsupervised clustering techniques, which
provide a natural solution to this task of identifying agents with similar behavior patterns, and allow grouping

them together.

CLUSTERING METHODOLOGY

Clustering for trajectories has been extensively studied in the existing literature **. Our method operates by ex-
tracting relevant feature representations from the trajectories by boiling them down to a vector of informative
attributes, which can then be supplied as an input to standard clustering algorithms. We use k-means clustering
in our setup.

To unearth behavior patterns among agents, we consider their observed state and action trajectories {s, } and
{a,}. The limited active action resources mean that the passive action transition samples are more abundantly

available than the active samples. We utilize these passive samples to compute point estimates of the average pas-

o=} = {s4.1=5 }1a=0
7 {sy=s}|a=0

sive transition probabilities for the observed time horizon as, Pg , = , where 7 denotes the
number of agents in the group satisfying the condition on state transition specified in the subscript, under an
action 4. This point estimate, computed separately for each agent in the training set (historical data, D) encodes

the representative vector. We perform clustering using available techniques such as k-means, over these estimated

Pﬁ , values, arriving at C distinct clusters of transition values. Each cluster represents a group of beneficiaries with

92



similar behavior patterns. These clusters are discovered organically from data without needing manual segrega-
tion or specification by hand of possible behavior patterns.

All agents within each cluster are assumed to share the same transition probability values. This allows pooling
of samples from several agents together, helping circumvent the challenge of limited data for parameter estima-

A

tion, particularly for active transitions. We estimate time-dependent transition parameters, /%, (¢) for each cluster

T T {s=s s1=s'}a . . . . e
c € [Clas: P (¢) = W where 7 denotes the number of agents in the group satisfying the condition
{st=s}a

on state transition specified in the subscript, under an action 2 € {0,1}.

CHOOSING CLUSTERING HYPERPARAMETERS

The number of clusters, Cis a tunable hyperparameter. For large values of C, some clusters could be spread too
thin, leading to insufficient samples to accurately estimate transition parameter values. On the other hand, mak-
ing C too small can conflate distinct innate behavior patterns into a single cluster, giving rise to a more coarse-
grained model. We generate an elbow plot measuring the clustering error to inform the choice of C as shown in
Figure 5.3(a). In our experiments, for the maternal health program dataset, we arrive at C = 40 as the optimal

choice for empirical evaluation.

5.5.2 INFERRING BEHAVIOR PATTERNS

We use these estimated parameters to construct a look-up table, g, in which, for each cluster ¢ € [C], p(c) stores
the sequence of non-stationary transition probabilities 2%, (r) computed V¢ € [L] using the above method. We
employ a predictive model ¢ to map each beneficiary to their cluster assignment ¢, using the demographic feature
vector fas: ¢ = @(f). We implement ¢ using a Random Forest model, but our method can admit any other

implementation for @.

5.6 EVALUATION TESTBED

5.6.1 LIMITATION OF EXISTING APPROACHES

Restless Bandit Models typically model each arm of the bandit as an MDP with fixed transition parameters, /%,.

SS

Simulations based on this model operate by computing a point estimate for the transition parameters P from
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Figure 5.3: (a) Elbow plot measuring the clustering error informs the choice of ideal number of clusters. (b) The best-fit Markov simula-
tor (dashed line) can only manage to crudely capture actual behavior, even when trained on the actual observations. The richer MMSim
simulator on the other hand (solid line), is more expressive and is better suited for simulating an RMAB-NS environment.

available historical data to simulate transitions under new policies. However, while the markov assumption
makes it analytically tractable, in effect, it restricts the possible trajectories spanned by the model to a specific
subclass of all possible trajectories. For some classes of agents in the real-world, the Markov model can prove to be
a crude approximation limited by the expressive power of the markov model.

On the other hand, simulations via fine-grained agent based models are impracticable to run in this scenario,
given limited data on individual beneficiaries to inform tailored behavior models. Consequently, these simulated
RMAB evaluations are only as veracious as the Markov assumption and may not dependably extend to real-world
settings.

Figure 5.3(b) shows evidence of this phenomenon. We consider the engagement trajectories of beneficiaries
participating in the maternal healthcare study presented in "°*. We extract the best fitting stationary transition
parameters j’;/ for these beneficiaries from the observed transitions according to the Markov model and use that
to simulate effect of the same actions as in the original study. In Figure 5.3, we plot the timestep on the x-axis
and measure the engagements (either simulated or actual) on the y-axis. The dashed lines in Figure 5.3 show, via
visual inspection, that the simulation output is far from the actual numbers (red triangles). The nature of curve
is significantly different, as the output of the Markov simulator tends to saturate to its stationary state quickly,

whereas the engagement values observed in practice continue to decline steadily.
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Figure 5.4: Overview of pipeline. The proposed Multi-environment Simulator involves discovering suitable environments from data that
represent beneficiary behavior well. MDP environment, Oscillatory environment and others are examples of potential behavior models
that could be discovered from actual data.

5.6.2 OVERVIEW OF SIMULATOR

To overcome this issue of limited evaluation accuracy in simulation, we propose a new simulation technique —
the Multi-Model Simulator (MMSim)— that we show yields more accurate predictions. The key idea powering
MMSim is to forgo the Markov assumption and build richer behavior models learnt from data. To avoid the
challenges that ABMs encounter, MMSim pools data from agents with similar behavior patterns. Figure 5.4
gives a broad overview of MMSim. Note that the simulation environment operates independent of the policy
generation module. The simulation environment treats the policy generation step as a black box, accepting the
policy 7 as an input. It then simulates the effect of this policy 7 depending on the model it implements (for e.g.
MDP model). In contrast to the Markov simulator, the coin tosses for each agent in MMSim are implemented
via bespoke behavior models, designed to capture the unique transition behavior patterns, characteristic of their

cluster.

5.7 EMPIRICAL EvALUATION

In this section we evaluate our proposed RMAB-NS approach and solution technique on real as well as synthetic
datasets. We build up the evaluation in five stages: (1) Evidence of non-stationary behavior patterns identified

from real data (2) Evaluation of simulation testbed (3) Evaluation of planning algorithm (4) Evaluation of plan-
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ning in combination with inferring real-world transition parameters (5) Synthetic data evaluation of fast algo-

rithm.

REeAL DATA: SERVICE CALL ALLOCATION FOR MATERNAL HEALTH  For our empirical analysis, we obtain
data collected in a real-world experiment reported in *°*. The experiment was carried out in partnership with an
Indian non-profit, ARMMAN’, and involved 23003 new or expecting mothers. The experiment spanned 13
weeks between May—July 2021, during which period all beneficiaries were provided with weekly automated
voice calls delivering crucial health-related information. The weekly engagement status of these mothers with
the voice calls was tracked, and on the basis of which, manual service calls were delivered to a small fraction of
mothers each week, to encourage them to engage with the automated calls.

The data consists of two parts. For the first part, each beneficiary has an associated set of static demographic
features, such as age, income, education level, location, etc. These features are recorded when beneficiaries enroll
into ARMMAN’s maternal health information program with the help of health workers. They also collect infor-
mation such as phone owner in the family, gestation age, number of children, preferred language and preferred
slots for the automated voice messages during enrolment. These features constitute §, the static feature vector
available for each agent in the RMAB-NS model. Beneficiaries provided both written and digital consent for
receiving automated voice messages and service calls.

The second part consists of trajectories of engagement status of beneficiaries over the 13 weeks of the experi-
ment, along with binary action data indicating whether or not the beneficiary was screened for receiving service
calls that week. ARMMAN also stores this listenership information regarding the automated voice messages
together with the registration data in an anonymized fashion.

ARMMAN considers that if a beneficiary stays on the automated voice message for more than 30 seconds
(average message length is 1 minute), then the beneficiary has engaged. If a beneficiary engages at least once with
the automated voice messages sent during a week, they are assigned the engaging (£ or s = 1) state for that time

step and non-engaging (INE or s = 0) state otherwise.
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5.7.1 REALDATA: BEHAVIOR PATTERNS UNEARTHED

We test out the proposed methodology on the real-world data generated from the maternal health experiment
and find that it churns out a finite number of unique behavior patterns exhibited by beneficiaries. We generate
the look-up table g using k-means clustering on data pooled together from all participant beneficiaries in the
experiment. Figures 5.5¢, 5.5b and 5.5a, illustrate some examples of patterns identified in p. In each of these
figures, we plot the transition probability Pg1 (¢) on the y-axis, as a function of time, # on the x-axis. We also com-
pute 95% confidence intervals for an estimated transition probability value ]3, using standard results for bernoulli
random variables as C.1.(p) = z1/ ’@

For instance, Figure s.5a shows a group of beneficiaries displaying a flat (time-invariant) transition probability
curve, indicating that their behavior could be approximated well using a Markov model. Figure 5.5c on the other
hand shows beneficiaries with transition probabilities that decay with time and Figure 5.5b represents beneficia-

ries with a similar such unique pattern.
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Figure 5.5: Distinct behavior patterns among beneficiaries are unearthed from data. (a): Some beneficiaries show decaying transition
probabilities (b) Some beneficiaries display unique behavior characteristics. (c) Some beneficiaries show fixed probabilities, indicating a
Markov model would be a good fit.

5.7.2 REAL DATA EVALUATION OF SIMULATION TESTBED

In this section, we empirically evaluate our proposed simulation technique pitting it against the existing simula-
tion technique for RMABs. We again test our approach on the real-world data from the maternal health applica-

tion domain.

97



PREDICTIVE ACCURACY OF SIMULATOR

The goal of this subsection is to evaluate the accuracy of our proposed simulation technique in predicting the
engagement trajectories of new beneficiary cohorts, using the behavior patterns learnt from observing the trajec-
tories of beneficiaries in the training data. We establish via two experiments, that our proposed simulator does

a better job at simulating the engagement outcome than the existing Markov simulator. We test the following
methods: (1) Markov Sim denotes the traditional Markov simulator that assumed an MDP model for each agent
in simulation. (2) MMSim is our proposed simulator that works with temporally changing transition proba-
bilities. (3) Actual denotes the actual engagement numbers observed in the real-world experiment mentioned

previously.

APPORTIONING IMPROVED PREDICTION QUALITY TO SIMULATOR

In this experiment, the goal is to compare and evaluate the simulation outputs of both simulators, given perfect
information about the transition pattern clusters of all beneficiaries. The key idea behind this setup is to take
the performance of the predictive model supplying the cluster predictions out of the equation. This allows us to
apportion the contribution of the simulation technique, predicting the engagement behavior for a known class
label. We divide the available data randomly, into a 80-20 train-test split as follows:

Training Data: We assume both simulators have access to the training data Dy, consisting of N.,;, benefi-
ciaries, where for each beneficiary, there is a trajectory of states {s;} V7 € [L] and a sequence of actions chosen
{a,} ¥t € [(L —1)] recorded. These state trajectories would later be used to perform clustering and assign cluster
labels to each beneficiary.

Test Data: The test data Dy, similarly consist of Ny, beneficiaries each with their own state and action se-
quences, {s;} and {4, } respectively. Each simulator is fed with only the action sequences {4, } as an input, while
the true state sequences {s5; } are kept hidden. To sidestep the predictive model performance in predicting the
cluster assignments of the test set beneficiaries, in this experiment, we also supply the true class labels ¢ € [C]"e
of the test beneficiaries, to the simulator in both simulation methods.

Results: Figure 5.6a compares the total engagements predicted by both simulators each week, against the back-

drop of actual numbers observed in the real-world experiment. Figure shows the output for a single simulation
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Figure 5.6: (a) MMSim matches the real numbers more closely as compared to the traditional MDP-based simulator, despite even know-
ing the behavior categories of beneficiaries. (b)MMSim shows much lower Root Mean Square Error (RMSE) in the number of weekly
engagements. (c) MMSim still achieves lower RMSE than the Markov simulator, even after including the predictive model in the evalua-
tion.

instance. The closer the simulated output is to the actual output, the better. We repeat the experiment over 30
random instances of the simulation (random seeds) and formalize the error measurement over these as explained

below.

In Figure 5.6b, we measure and compare the RMSE error in weekly engagements. This is measured as:

=L n g R 2
. Zf:l ( ZZEJ\[mt (jt(l) - St(l)))
ERMSE =
L
We argue that this error metric is more useful at reporting the true picture than an error metric comparing simply
the total engagements, because it is possible for the latter to be very low by predicting the correct total engage-
ments, despite having a large error in weekly engagement predictions. In Figure 5.6b, we find that our simulator

produces significantly lower € g p75r than the Markov simulator.

INTEGRATING CLUSTER PREDICTION IN EVALUATION

In this setup, we aim to test the simulator performance while also including the cluster prediction model (p) in
the pipeline. We retain the exact train-test split and training data design as the previous experiment. From the test
set, we now withhold information about the true class labels, .

We use a Random Forest model to implement @, i.e. to infer the cluster assignments for new beneficiaries with
unknown behavior patterns, by utilizing their known demographic feature information. This problem fits within

the standard supervised learning framework and can admit any available machine learning model for .
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Figure 5.7: Planning Evaluation: Evaluated on planning performance alone, given full knowledge of the transition function, Whittle-NS
outperforms other baselines.

Figure 5.6¢ shows the predictive error measured for 30 random instances of the simulation. Through the

lower error statistics, we conclude that our new simulator performs better than the Markov simulator.

5.7.3 EVALUATION OF PLANNING ALGORITHM

In this section we evaluate our solution against other existing baselines when the non-stationary transition func-
tions are perfectly known. We use the MMSim testbed to simulate test policies using transition parameters
drawn from the maternal health program data. We consider the following baselines: (1) Nobody places no ser-
vice call interventions. (2) Round Robin selects beneficiaries for service calls in a cyclic fashion in a set order.
(3) Whittle-Stat is the Whittle index solution that models the beneficiary behavior as a stationary MDP. (4)
Whittle-NS is our proposed solution using the RMAB-NS model.

We run the evaluation for a setup identical to the original experiment used to collect the data'°*. Specifically,
our simulation consists of /N = 23003 beneficiaries with an intervention budget of £ = 450 service calls per week
for a period of L = 13 weeks. We measure the performance of an algorithm in terms of the total engagements
summed up across all beneficiaries over the L timesteps. All results are averaged over 30 independent runs of the
simulation.

Figure 5.7 shows that our algorithm outperforms the other competitor algorithms. The intervention benefit
achieved by Whittle-NS in improving engagement over the control (‘Nobody’) group is 55% higher than the

intervention benefit of the best stationary baseline.
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Figure 5.8: Full Pipeline Evaluation: RMAB-NS solution outperforms stationary baselines, notwithstanding the added challenge of
inferring more complex model parameters.

5.7.4 REALDATA: EvALUATION OF FULL PIPELINE

Having seen promising results from the planning component, we next test our model with the full pipeline in-
volving the added challenge of inferring the unknown non-stationary transition parameters.

To enlarge the performance difference between policies for a clearer comparison, we ramp up the budget level
used in this experiment, simulating £ = 1350 service calls per week.

Figure 5.8 plots the weekly engagement numbers on the y-axis resulting from different intervention policies
with the week numbers on x-axis. We see that by end of week-12, our proposed Whittle-NS policy improves over
existing methods and leads to 367 additional engagements compared to the state-of-the-art Whittle index policy
for the stationary RMAB model.

We show that Whittle-NS outperforms stationary baselines despite the added challenge of learning richer
transition parameters. The intuition is that owing to a limited number of unique behavior patterns among bene-
ficiaries, both models — the stationary RMAB or the non-stationary RMAB-NS— perform similarly in terms of
predicting behavior patterns. However, because the RMAB-NS model encodes much richer information within

each behavior pattern, it is able to leverage the same for planning better actions.

5.7.5  SYNTHETIC DOMAINS: EVALUATION OF FAST INTERPOLATION ALGORITHM

In this subsection, we test out our fast interpolation algorithm on synthetically generated datasets in which the

transition parameters of agents vary linearly with time. We sample a linear function P(#) at random, and measure
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Figure 5.9: (a) Runtime comparison figure. Our linear interpolation algorithm brings a 30 X speedup for L = 100. (b) Performance

evaluation figure: the speed-up comes with a marginal error in estimation of Whittle index .

the exact and interpolated whittle indices for horizon values of upto L = 50. We repeat the same process for 30
independently sampled transition matrices.

Figure 5.9(a) compares the run-time involved for planning using the exact Whittle-NS algorithm and for
the interpolation algorithm. We see that interpolation dramatically speeds up index computation achieving a
speedup of 30 x for L = 100. Figure 5.9(b) shows a scatter plot with the exact and interpolated values on the
x-axis and y-axis respectively. We see that the interpolation algorithm unlocks this speedup while estimating index

values nearly as well as the exact Whittle-NS values.

5.8 CONCLUSION

In this work, we focus on Restless Bandits with non-stationary transition probabilities. We show from real-world
data that such a model can be useful as real-world agents may not conform to the MDP assumption of the stan-
dard RMAB framework. We propose a Whittle index based solution technique for time varying transition pa-
rameters and derive conditions on performance guarantees of the algorithm. We also present an approximate,
but faster interpolation algorithm that achieves a 30 x speedup for a planning horizon of 100. Additionally, we
also present a technique to infer the richer set of transition parameters in the real world, and show via evaluations
on both real-wold as well as synthetic data that our proposed RMAB-NS approaches outperform the stationary

baselines across the board.
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Deployed “SAHELI” for Increasing Impact of
Mobile Health Programs

6.1 INTRODUCTION

Mobile health (mHealth) programs, that leverage the widespread use of cellphones, are a crucial resource for
bridging information inequities for underserved and marginalized communities in the global south '535°, es-
pecially in areas such as public health and social services where access to authoritative information is unevenly
distributed. Many non-governmental organizations (NGOs) periodically send automated voice messages to im-

prove health outcomes of beneficiaries. However, in spite of high adoption, adherence is a key challenge in public
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health information programs %5411, NGOs often employ live service calls made by health workers to boost
engagement via encouragement or through logistic changes requested by beneficiaries. However, given the com-
paratively large number of potential beneficiaries, it is important to maximally utilize the limited availability of

health workers, and thus it is crucial to identify the best recipients for such service calls.

States Covered in 19
India

Partner NGOs 40
Partner Hospitals 97

Health Workers 235K
Trained

Beneficiaries 27.2M
Scale of ARMMAN

Figure 6.1: A beneficiary receiving preventive health information

While AT models can help health workers in optimizing their service calls, deploying these models in the con-
text of mHealth programs for underserved communities presents unique challenges. First, available data is sparse
and skewed (because data is necessarily limited from small numbers of service calls). Second, NGOs are con-
strained by a very limited compute budget. Third, responsible deployment of the AI models is particularly im-
portant in such settings.

In this chapter, we show how we address these research challenges in our deployed AI model — a deployed
Restless Multi-Armed Bandits (RMAB) model for public health — together with our NGO partner ARM-
MAN? to help improve the quality of service of their mHealth program focusing on maternal and child care.
India suffers from high maternal and neonatal mortality rates 197,169 and ARMMANY runs one of the largest
mHealth programs in this domain in India. Our system, SAHELI (System for Allocating Healthcare-resources Ef-
ficiently given Limited Interventions), is the result of deep partnership of an interdisciplinary team of researchers.
SAHELI (meaning ‘female friend’ in Hindi) is designed to assist, rather than substitute, health workers in their

normal workflow. The key contributions of deployed SAHELI are:

* SanEeLI includes the first deployed application of RMABs for public health, and it is continuously in use

by our partner NGO ARMMAN.

* A key novelty of the deployment is that it both predicts RMAB model parameters and computes opti-

mal policies; in contrast with most past research that has focused on computing optimal policies. To that
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end, we provide an improved and robust machine learning prediction framework by performing model

selection and evaluation of real-world RMAB systems.

* We deployed SAHELI on cloud infrastructure with an emphasis on frugality throughout the end-to-end

pipeline given the resource constraints of the NGO partner.

* We present Responsible AI practices to address ethical considerations for deploying an Al system for im-

pact in underserved communities, particularly in this non-western context.

SAHELT has been developed as a platform, with the ability to be scaled to more NGOs in more domains. Our

source code and data dictionary are available on Github”.

6.2 RELATED WORK

While several works in the healthcare domain have studied patient adherence for diseases like HIV *°#, cardiac

problems’##3?, and tuberculosis ***7

, these largely focus on building machine learning classifiers to predict
future adherence to prescribed medication. With such models, the pool of beneficiaries flagged as ‘high-risk’ can
itself be very large. Furthermore, the one-shot predictions of these models fail to capture the sequential decision
making aspect of the problem. Other approaches that consider sequential decision making challenges, such as
Pollack et al. "*%, Liao et al. °*, Brisimi et al. > adopt reinforcement learning techniques to build personalized
health monitors that can send timely notifications or activity suggestions to users. However, these models assume
notifications can be sent at will, and as such, do not address the challenge of limited service call resources.
Alternatively, RMABs have seen significant theoretical investigation, motivated by resource allocation chal-

lenges, such as in anti-poaching patrols *3*

, multi-channel communication %, sensor monitoring and machine
maintenance tasks*’. While they provide important contributions, none of these works have seen a real-world
deployment, and most have not been field tested.

Key reasons for the lack of RMAB deployment are their significant computational and data requirements. For

example, just the optimization problem of computing the optimal allocation 7, while assuming the transition pa-

rameters P are available is already known to be PSPACE-hard *. Furthermore, in the real world, these transition

*https://github.com/armman-projects/SAHELI
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parameters are not just unknown but also hard to infer for real beneficiaries enrolling with ARMMAN and other
similar health programs, as they come with no historical transition data. Despite such difficulties, our work is the

first to deploy RMABs in tackling a real-world maternal healthcare task via frugal design choices discussed below.

6.3 PROBLEM INTRODUCTION

ARMMAN is a non-governmental nonprofit organization based in India, focused on improving maternal and
child health outcomes among underserved and underprivileged communities®. Their flagship program, ‘mMi-
tra’, is a mHealth service that aims to leverage the extensive cellphone penetration in India to send out critical
preventive health information to expectant or new mothers via automated voice messages. A large fraction (~

16

90%) of mothers in the mMitra program are below the World Bank international poverty line "®®. Despite the
acute economic disadvantages faced by these mothers, such automated voice messages prove to be a feasible mode
of information dissemination at scale, thanks to the wide accessibility of low-cost phones.

After enrollment into the mMitra mHealth program, beneficiaries receive 1-2 minute voice messages with
health information according to beneficiary’s gestational age or age of the infant. Unfortunately, despite the
proven effectiveness of this information program in improving maternal health outcomes, ARMMAN often
sees dwindling engagement rates among beneficiaries, including frequent dropouts. Around 22% of beneficia-
ries dropout of the program after just 3 months. To counter this issue, ARMMAN leverages health workers that
place live service calls (phone calls) to a limited number beneficiaries on a weekly basis to encourage beneficiaries’
participation, address requests/ complaints, and attempt to prevent engagement drops. This raises the key ques-

tion of deciding which beneficiaries to pick for live service call in order to improve engagement rates among the

beneficiaries.

6.4 RESTLESS MULTI-ARMED BanDITS (RMAB)

The Restless Multi-Armed Bandits (RMABs) model was first introduced by Whittle '*? to address limited re-
source allocation problems, but has not received much attention in terms of real-world deployments. An RMAB
consists of a set of N arms, where each arm is associated with a two-action MDP 3. An MDP {S, A, r, P}

consists of a set of states S, a set of actions A, a reward function» : S x A X & — R, and a transition
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function P, where Pj‘,f, is the probability of transitioning from state s to s’ when action « is chosen. The reward
function in our set up is given as 7(s, «,5’) = 5. An MDP policy 7 : S + A maps to the choice of action

to take at each state. The long-term discounted reward for a policy 7, starting from state so = sis defined as
RI(s) =E (320 7(se41)[s0 = s] where sy ~ jffj;ll and y € [0, 1) is the discount factor. The total reward in
the RMAB is defined as the sum of the total rewards accrued by individual arms of the RMAB.

In the setup we consider, each arm of the RMAB models a beneficiary enrolled with ARMMAN, who can
be in one of two states S = {0, 1} (corresponding to ‘Not Engaging (NE)’ and ‘Engaging (E)’ respectively).
Engagement in our setup was defined in consultation with the subject matter experts at ARMMAN: we define a
beneficiary as engaged when she listens to at least one call in a week for more than 30 seconds. The action space
for each arm consists of two actions, A = {0, 1}, where 1(0), typically called the active (passive) action, refers
to selecting (not selecting) the beneficiary for the live service call. Beneficiaries may transition from say their E
state to NE state (or other transitions) from one week to the next week based on their transition probabilities
defined on passive or active actions. The planner’s goal is to select actions on arms (deliver live service calls) so as
to maximize the total reward, i.e. number of beneficiaries in the engaged state, accrued by the RMAB. However,
the budget constraint demands that the planner can choose no more than & arms (k¢ < N) for the active action at
any given timestep, i.e., no more than £ live service calls per week.

The dominant technique for solving RMABs uses the Whittle Index heuristic 163 which is shown to have
asymptotic optimality under some conditions ', and to provide excellent performance in practice '**. Whittle
indexes are formulated using the idea of passive subsidy, and informally rank arms so as to choose the top £, based
on how attractive it is for a planner to activate each arm. For computing Whittle index, we use binary search

algorithm from Qian et al. "3*

PrevVIiOUS STUDY:

Our previous study conducted in April 2021 '3 is the first to present real-world service quality improvement
using RMABs in the context of mMitra program. This study tested an RMAB-based policy against two baselines
of interest, and showed RMAB outperforming its competitors. The study spanned 7 weeks and included 23, 003

real-world beneficiaries who were distributed in three groups corresponding to the RMAB policy, round robin
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(RR) and current standard of care (CSOC). Whereas RR corresponds to a non-Al heuristic for systematically

calling beneficiaries, CSOC did not call any individuals. The results from this pilot study are shown in Table 6.1.

Improvements RMAB over CSOC | RMAB over RR over CSOC
RR
% reduction in total benefi- 32.0% 28.3% 5.2%

ciary engagement drops

p-value 0.044 0.098 0.740

Table 6.1: RMABs demonstrate statistically significant superior performance when compared against other non-Al approaches, namely

current standard of care (CSOC) and round robin (RR), as showed by Mate et al. 103

The pilot results demonstrated that the RMAB method cuts ~ 30% of the beneficiary engagement drops
experienced by the other groups. Furthermore, whereas RMAB achieves statistically significant improvement
against CSOC (p < 0.05)and RR (p < 0.1), RR fails to achieve any statistically significant improvement over
CSOC. This key result forms the basis of relying on RMAB-based strategy over other non-Al strategies as a basis
of SAHELI In this chapter, we describe the journey from this initial study to the final deployment. Whereas we
use the same overall RMAB learning and optimization approach, we made multiple changes to provide signifi-
cant enhancements that reduce data anomalies and improve computational performance of this RMAB-based
strategy. Additionally, our deployed cloud application now automates the data exchange process with the NGO’s
systems while requiring minimal compute resources to be feasibly handled by the NGO. We now describe the

end-to-end SAHELI system.

6.5 DEPLOYING SAHELI

We now introduce SAHELI and its architecture. We begin by discussing the different components, and follow
that up with the description of the AI pipeline. We then discuss the frugal design choices — both in modeling and

infrastructure — that were required to finalize the deployment.
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Figure 6.2: Pipeline of Deployed System. Beneficiary information on app Ul is available only to the health worker in charge.

6.5.1 SYSTEM ARCHITECTURE

We first describe all the interactions within SAHELT’s ecosystem (refer Figure 6.2). The health workers in the field
periodically register beneficiaries through door-to-door visits or at the hospitals (step 1). The socio-demographic
data such as age, language, income range, as well as the information on gestational age is then entered into the
database maintained by ARMMAN (step 3). Automated voice messages tailored to the beneficiaries’ gestation
age are sent with the help of a telecommunication provider (step 4). The meta-data of the outcome such as du-
ration of the call, failure reason etc, is also pushed to ARMMAN’s database . As beneficiaries’ engagement with
the voice messages diminishes over time, live service calls are made by ARMMAN to encourage beneficiaries to
engage with the program (step 10). However due to limited resources on the NGO’s side, only a limited number
of live service calls can be made each week. The Al pipeline predicts which beneficiaries would benefit most from
receiving a service call in any given week. This list of beneficiaries is then generated at the start of each week and
distributed across health workers in an automated fashion as shown on Figure 6.2 in steps through 2-9.

The Al pipeline (described in the next section) for a dynamically growing population is deployed on infras-
tructure hosted on Google Cloud Platform (GCP). The Al pipeline is wrapped as an application using Flask,
which is containerized using Docker. The docker image is created to contain the requisite code scripts for the
Al pipeline with apt environment requirements. Our default GCP container settings are to use 6 vVCPUs and
16GiB memory. A weekly scheduler job on GCP triggers the Flask application, which then generates the list of
beneficiaries.

Step 8 in Figure 6.2 shows the generation of the list of beneficiaries that should be intervened in the given

week using the Al pipeline. This list is ingested in ARMMAN’s cloud databases, which serve as the back-end of a
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client mobile application (screenshot provided in Figure 6.2) used by the health workers. This client application
randomly distributes the list of scheduled service calls among health workers based on their weekly availability.
An illustrative screenshot (not real beneficiary) is also shown in Figure 6.2. The health worker sees a list of ben-
eficiaries that he/she can call, along with certain features like number of call attempts. They can also click on a
particular beneficiary and see more information about the beneficiary and past calls with them (not shown). The
calls are made through the week with a maximum of 3 call attempts to the same beneficiary. All the beneficiaries
in the generated list receive the aforesaid service calls. The model is currently providing services to beneficiaries
enrolling at an average rate of 20K beneficiaries per month with a budget of 1000 calls per week.

SAHELI streamlines the entire deployment workflow in a singular pipeline, and automates its orchestration
and execution, making this process computationally efficient, cost-effective, and easy to debug. As more benefi-
ciaries get enrolled periodically, the beneficiary cohort in the application can now be updated automatically.

Health workers can then make the calls (step 10 in Figure 6.2) to these beneficiaries motivating them to listen
to the voice messages and address any logistic issues (e.g. time slots, language of communication, and others) that
might be affecting their engagement. As we show later in the chapter, motivating the beneficiaries is key to driv-
ing adherence. However, it bears repeating that given the limited availability of the health workers, they can only
make a limited number of calls. In our Al pipeline we focused on identifying the right set of beneficiaries to call,
and not on automating the contents of the service call. This is a key design choice in SAHELI: we thus complement
the human-to-human engagement between the health worker and the beneficiary, and together they contribute
towards aiding a particular beneficiary and driving higher engagement with the mHealth program. This model
of working together with the health workers embodies ARMMAN’s core ‘tech plus touch’ philosophy? and is

essential to our successful outcomes.

6.5.2 PIPELINE DESCRIPTION

This section describes the modules in the Al pipeline for both the offline model training and the online model
execution. The offline model creation begins with the processing of the training data (i.e. historic data from past
mHealth studies), clustering of processed data, and the RMAB modeling per cluster. The transition probabilities

and the Whittle indexes are then learned per cluster. Additionally, a mapping from socio-demographic features



of a beneficiary to a cluster is also learned offline. This mapping is used to treat a new beneficiary during model
execution — transition probabilities and Whittle index values for the new beneficiary are given by the correspond-
ing values of the beneficiary’s mapped cluster. These individual modules are now described. For data privacy
reasons, the data pipeline only uses anonymized data and no personally identifiable information (PII) is made

available to the AI models.
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Figure 6.3: Figures (a) and (b) show anomalous engagement behavior while figures (c) and (d) are genuine behaviors. The y-axis shows
the proportion of cluster-population in engaging state.

DaTA PROCESSING:

We train the model on a dataset obtained from historic data collected by ARMMAN, consisting of demographic
features and listenership patterns. However, during the pre-deployment trials, we observed some anomalous en-
gagement behaviors — the engagement behavior for some beneficiaries was extremely spiky and unexpected. Fig-
ures 6.3(a) and (b), shows two such anomalous groups with a clear peak and dip contrasted with groups having
genuine engagement behavior. Upon investigation we found that this spiky behavior resulted from unanticipated
real-world events like network outages.

We detect and exclude such anomalies from SAHELT’s data training pipeline. We first group beneficiaries based
on their passive transition probabilities. For grouped beneficiaries, we then obtain a running mean of their en-
gagement over time where the mean is calculated over a window of 3 weeks. We filter out all groups with more
than 20% change in running mean engagement within a week. Figures 6.3(c) and (d) show two groups that don’t
exhibit anomalous behavior and are maintained in the data pipeline.

Additionally, further discussions with ARMMAN pointed out long-term engagement issues in some benefi-
ciaries, such as the registration of a wrong or out-of-service phone number, or the beneficiary not being pregnant.
Live service calls in these cases are not productive. Thus, as a pre-processing step, we do not consider beneficiaries

who have not listened to any automated voice calls in the past 6 weeks.



CLUSTERING:

We face a data scarcity and skew challenge in our domain. Specifically, our training dataset comprises of benefi-
ciaries from our own past studies where intervention data is available for only a limited set of these beneficiaries.
Thus, to define the parameters of the RMAB model, we cluster beneficiaries as an effective way of addressing
data scarcity. We cluster the beneficiaries per their transition behaviors for passive actions using k-means cluster-
ing. We obtain transition probabilities for each of these clusters by aggregating their transitions as a whole.
However, the optimal number of clusters is a design choice not readily addressed by k-means. We experi-
mented with the number of clusters ranging from 1 to 100, and looked at the distortion metric. Distortion is the
sum of squared distances of each point from its corresponding centroid, where smaller distortion implies better
clustering. We plot the distortion values for multiple number of clusters and find 20 to be the ideal choice using
elbow-method. The results are shown in Figure 6.4a where the x-axis is the number of clusters and the y-axis is

the distortion value. This has the added advantage of offering computational frugality.
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Figure 6.4: Figure (a) shows elbow plot with distortion for varying number of clusters. Figures (b), (c), and (d) show the distribution of
predicted clusters using the Feature Only (FO), Feature and Warm-up (FW), and Warm-up Only (WQO) mapping functions.

MarPING FEATURES TO CLUSTERS:

When a new beneficiary enrolls into the system, the system only knows about their demographic data. We there-
fore need to learn a mapping of a beneficiary’s socio-demographic features to clusters, to enable inferring tran-
sition probabilities and Whittle indexes for newly enrolled beneficiaries (step 6 in Figure 6.2). We experimented
with different mapping functions to identify the best one: Features Only (FO) mapping - beneficiaries’ socio-
demographic features only; Warm-up Only (WO) mapping - transition probabilities computed from warm-up
period (first 6 weeks post enrollment); and lastly Feature and Warm-up (FW) mapping - using a combination of

the above two.
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We compute Mean Absolute Error between predicted and ground truth passive transition probabilities as a
performance metric and found them as [0.40, 0.37, 0.38] for FO, FW, and WO strategies respectively. In addi-
tion to MAE, we plot the distribution of beneficiaries predicted in difterent clusters (refer Figures 4.3(b), (c) and
(d)). Having a sparse cluster distribution is undesirable since large clusters lowers the granularity of Whittle in-
dex planning. As an extreme example, if all beneficiaries are mapped to a single cluster, they would all have the
same transition probability and thus the same Whittle indexes. Since the cluster size is now much larger than the
number of arms to be pulled, the beneficiaries within that cluster would be chosen randomly for receiving service
calls, which would degrade the performance.

Thus, to ensure equitable cluster distribution, we computed Entropy and Gini index values for the predicted
distribution of number of beneficiaries per cluster. Entropy values came out to be [2.81, 2.56, 2.04] for FO, FW,
and WO respectively, and Gini indexes were [0.29, 0.48, 0.57]. Given the error similarities for the three strategies,
and higher entropy / lower Gini index implies more equitable clusters, we chose FO as our strategy.
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Figure 6.5: Index computation is significantly faster with the infinite sleeping approximation.

RMAB MODELING AND WHITTLE INDEX COMPUTATION:

These transition probabilities per cluster are used to compute Whittle indexes for all beneficiaries, similar to Mate
etal. ', i.e.,, computing 2 X k unique indexes where £ is the number of clusters. There are two Whittle indexes
per cluster as beneficiaries may be in the engaging or non-engaging states. Whittle index indicates the benefit

of performing an active action on a beneficiary: higher Whittle indexes are chosen to receive service calls (step 7

in Figure 6.2). By mapping beneficiaries to clusters, the Whittle indexes can be pre-computed per cluster at the
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beginning of the deployment, thus providing a frugal solution ideal for large scale deployment with minimal

resources.

FREQUENCY OF REPEATED LIVE SERVICE CALLS:

We initially enforced a frequency restriction that required ensuring no beneficiary be called more than once in
7+1 weeks (we set » = 3). Algorithmically, we implement this by appending 7 sets of dummy ‘sleeping states’ to
the state space that we force the beneficiaries to transition through each time they are called. This augmentation
yields a state space of size 2+ 2 and a transition matrix of size (27+2) % (27+2). However, our pilot tests reveal
that repeat calls made within just 7 = 3 weeks are less effective. For instance, we observed that 30% of ‘Non-
engaging’ beneficiaries converted to ‘Engaging’ due to the first service call; however this number drops to 20% for
repeat calls made just three weeks later. To address this, along with the subject matter experts at ARMMAN, we

increased the sleeping period, 7, to 12 weeks.

6.5.3 FRUGALITY OF SYSTEM DESIGN

Successful deployments of Al systems like SAHELI in social good settings requires conscious focus on frugal-
ity across the system design. This is to reduce both the direct costs (e.g. number of calls) and indirect costs (e.g.
computational requirements) on our NGO partners. Here are some design choices in SAHELI that have led to
frugality in its operations:

1. Clustering of beneficiaries allows us to compute transition probabilities and Whittle indexes at a cluster
level as opposed at the beneficiary level. Since we use 20 clusters for thousands of beneficiaries, it provides a sig-
nificant scale-up in performance, while simultaneously reducing data demands for learning RMAB model pa-
rameters.

2. As described above, we updated the ‘sleeping states’ parameter 7 to 12. However, this increases the Whittle
index computation time sharply, owing to a bulky transition matrix of size 26 x 26. With frugality in mind, we
use the insight that a sleeping constraint with large 7 can be approximated as a permanent sleeping constraint,
akin to setting 7 to 4-00, for the purposes of index computation. This is because in index computation, the con-

tribution of reward terms appearing after 5 timesteps is discounted by a factor of y7 (y < 1), which precipitously
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diminishes to zero. This simplification compresses the transition matrix to 4 X 4, and unlocks a 25 x speedup in
index computation, as shown in Figure 6.5.
3. Lastly, multiple frugal design choices were made in the orchestration of cloud infrastructure. Specifically,

we run our services on-demand using a task scheduler on default container settings of 6 vCPUs and 16GiB mem-

Ol'y.

6.6 APPLICATION USE AND PAYOFF

We now discuss the impact of SAHELI on both the beneficiaries as well as the AI community in more detail. Sa-
HELI is deployed and in continuous use at ARMMAN. It has already reached 50K beneficiaries, and is on track

to reach one million beneficiaries by the end of 2023.

6.6.1 ENGAGEMENT RESULTS

In order to evaluate the impact of live service calls through SAHELI, we track the engagement behavior of a co-
hort of 5000 beneficiaries for 12 weeks, registered between February 2022 to April 2022. We further filter 2538
beneficiaries with engagement between 10% to 90% as these would benefit the most from live service calls. Ad-
ditionally, we create a holdout set of beneficiaries registered in the same time period but are not given any live
service calls (we obtained ethical approvals before our studies; see section Responsible Al practices for further
discussion). We make sure that both the SAHELI and holdout groups have equal number of beneficiaries, equal
number engaging beneficiaries at the start of experiment, and similar socio-demographic features.

Figure 6.6(a) shows how many engagements did not occur in the holdout group that occurred in the SAHELI
group, aggregated cumulatively across months. It demonstrates that the SAHELI group received significant ben-
efit: the SAHELI group has an additional 300 engaging beneficiaries over the holdout group cumulatively at the
end of three months.

We also measured the benefit for the SAHELI group over the holdout group in terms of time spent listening
to mMitra voice calls. More time spent implies more content exposure for our beneficiary population, as well
as better adherence with the mHealth program. In particular, by the end of month 3, the SAHELI group had

listened to 60, 000 seconds more of content than the holdout group (Figure 6.6(b)). Overall, at the end of three
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months, SAHELI prevented drop in engagements by 30.5% with an additional content exposure of 46.4% in
comparison to the holdout group. This analysis demonstrates SAHELI’s success in achieving our core objectives

of improving information dissemination.
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Figure 6.6: (a) Prevention in drop in engagement (cumulative) (b) Increased time spent listening to calls (cumulative)

6.6.2 ImpracT OF LIVE SERVICE CALLS

We performed a qualitative study to understand human-AI collaboration due to the Al system. We conducted

a total of 24 interviews, 2 focus group discussions, and approximately 9o hours of observation. We found that
healthcare workers engaged positively with targeted predictions through the Al system that integrated into their
day-day workflows seamlessly. It helped them improve the engagement of beneficiaries, provided an opportunity
to support them in their care journeys and understand their needs.

We also investigated the reasons for why live service calls helped improve engagement with ARMMAN’s mMi-
tra mHealth program from the perspective of the beneficiary. Specifically, we conducted a follow-up study with a
sample of beneficiaries who were given live service calls one year ago. We could successfully reach out to 306 ben-
eficiaries, out of which 134 recalled the details of the service call from a year ago. Table 6.2 shows the responses
to our follow-up study by these 134 beneficiaries. Particularly, 50.75% beneficiaries engaged more with mMi-
tra calls after getting more information about the program. The service calls also helped improve listenership by
making logistical updates such as updating delivery date (9.7%), changing time slot of receiving the call (8.21%) or

updating the phone number (2.99%).

116



Did the call help you to listen to the mMitra calls more regularly? # of Benefi- | % of Bene-
ciaries ficiaries

Yes, after getting more information about mMitra, I am listening to the calls more | 68 (in 134) | s0.75%

regularly

Not really 30 22.39%

Yes, after updating my delivery date, I was able to get the right information 13 9.7%

Yes, after changing time slot, I am able to listen to the calls more regularly I1 8.21%

Have not asked my wife 4 2.99%

Yes, after changing the number, I am able to listen to the calls more regularly 4 2.99%

Any other 4 2.99%

Table 6.2: Follow-up study responses

6.6.3 FAIRNESS oF THE RMAB MODEL

Model fairness in non-western contexts has not received much attention in the literature '3*. Responsible Al
principles of the Government of India’s NITT AAYOG ** for example, requires non-discrimination based on
sensitive markers like caste and religion. These sensitive data are specifically not collected by ARMMAN for
mMitra, thereby, making it inaccessible to SAHELI’s AI models. We worked with public health and field ex-
perts to evaluate other indicators such as education, and income levels that signify markers of socio-economic
marginalization. ARMMAN’s goals for SAHELI are to favor beneficiaries of lower income and lower education
levels for service calls. We conducted a post-hoc analysis of the deployment to evaluate it SAHELI indeed met

such preferences.
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Figure 6.7: Distribution of (a) education (highest education received) and (b) income (monthly family income in Indian Rupees) across
cohort that received service call and the whole population.

Figure 6.7(a) shows the distribution of beneficiaries aggregated across SAHELI’s enrollments split into different

education levels in India. We compare those who were chosen for live service calls by SAHELI versus the enrolled
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population. The x-axis portrays the education levels; for instance grade 1-5 represents primary school, grade 6-9
middle school, 1oth pass junior high, and 12th pass represents senior high school. The y-axis is the % of bene-
ficiaries per education category. For instance, SAHELI calls 5.5% of beneficiaries who had no formal education
(illiterate), whereas this group was 2.8% of the overall enrolled population.

We did a similar analysis split by income as depicted in Figure 6.7(b). The x-axis contains buckets of average
monthly income of the beneficiary household in Indian Rupees, and the y-axis denotes the % of beneficiaries
in that income category. As an example, the category ‘sK-10K’ contains around 30% of the beneficiaries in the
population, and almost 40% of the beneficiaries who received a service call.

Both these figures show that SAHELI favors the beneficiaries in the ‘illiterate’ education category and in the
‘sK-10K’ income category. This distribution is in line with ARMMAN’s goals — SAHELI favors beneficiaries of

lower income and lower education levels for service calls.

6.6.4 ENABLING NEw RESEARCH

From identifying the right problem to solve, to creating an Al solution, testing it in pilot, iterating on learnings
and finally, establishing an end-to-end integrated system, we made our journey to this deployment. With this, we
provide other Al researchers an important case study to take an AI model from the lab out on the field. In our
pursuit of deployment of SAHELI, we uncover several research challenges, e.g., we overcame the challenges of data
scarcity and frugal design. This hopefully inspires additional research in robust and computationally efficient

approaches for RMABs and other Al applications for mHealth.

6.7 REsSPONSIBLE Al PRACTICES

We recognize the responsibility associated with deploying real-world Al systems that impacts underserved com-
munities. In our approach, we have iteratively designed, developed and deployed the system in constant coor-
dination with an interdisciplinary team comprised of ARMMAN’s field staff, social work researchers, public
health researchers and ethical experts. Along with secking ethical approvals through review boards at Google
and ARMMAN, we have taken additional steps to constantly monitor and mitigate the risks associated with Sa-

HELI by abiding with Al principles at Google 48 a5 well as key policy making bodies in India such as the NITI
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AAYOG "*°. Our success draws attention to the practices around responsible Al including ethics, fairness and

accountability in the non-western context 138

where SAHELI is deployed. We now discuss three of the core Re-
sponsible Al principles that impacted the design of SAHELL

Socially beneficial: The intent of this work is to bring the power of Al in service to some of the most marginal-
ized communities in the global south. The challenges faced by our team were limited resources in every dimen-
sion — limited data on the beneficiaries, limited compute available to the NGO, and limited health workers to
make the outreach calls. Thus, we had to develop new algorithms that were not data hungry, and were bounded
in their computational requirements. To that affect, SAHELI is the first large-scale deployment of RMABs for
public health.

Avoid reinforcing unfair bias: As discussed in the previous section, we have undertaken extensive analysis to
study model’s fair treatment of beneficiaries.

Incorporate privacy design principles: We take significant measures to ensure participant consent is un-
derstood and recorded in a language of the community’s choice at each stage of the program. Data stewardship
resides in the hands of the NGO, and only the NGO is allowed to share data. This dataset will never be used by
Google for any commercial purposes. In this dataset, sensitive features such as caste and religion are never col-
lected and stored. SAHELI’s data pipeline only uses anonymized data and no personally identifiable information
(PII) is made available to the AI models. Lastly, domain experts at ARMMAN have been deeply involved in the
development and testing of SAHELI and have provided continuous input and oversight in data interpretation,

data consumption and model design.

6.8 MAINTENANCE

Since SAHELI has been automated end-to-end, there has not been any manual intervention in the run of the
system. We have been reviewing the system regularly in collaboration with ARMMAN. Though no updates
have been required since deployment, the modular composition of SAHELI enables us to make updates to the Al

model without affecting other components.
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6.9 LESsONs LEARNED

Over the course of one year of our experiments moving from Pilot study to Deployment, we learned several
lessons along the way. Most importantly, we learned that even a successful pilot study can’t be translated as-is
in to a full-scale deployment, and that several considerations are critical for wide-scale adoption of Al tools and
scaling up of impact.

Selecting the right problem: There are multitude of problems that require to be solved to address the needs
of the underserved communities. In our interactions with ARMMAN, we realized that we could create the most
impact with our techniques by improving the selection of the right beneficiaries for manual intervention, as opposed
to automating the communication with the beneficiary. Our choice of problem is consistent with the ‘tech plus
touch® philosophy of ARMMANY?, and ensures that we complement the human expertise of the health worker.
This way, each chosen beneficiary continued to have a one-on-one interaction with a health worker, while simul-
taneously improving the overall engagement with the mHealth program.

Immersion into the real-world problem: We learned that immersing in the working of a NGO and public
health infrastructure is critical in understanding the context of the problem. The authors went on multiple field
visits to understand the stakeholders involved in the mMitra’s workflow. The health workers interact with the
beneficiaries across multiple mHealth programs, and thus can speak to the needs and behaviors of the beneficia-
ries. For instance, upon interacting with these health workers, we understood how telecom outages lead to more
anomalous and incomplete data than we had anticipated. We also understood the decreased value in utility of
calling the same beneficiary again shortly after a previous call. These freld visits forced us to re-evaluate our assump-
tions, and led to better data processing and modeling choices, as discussed in the earlier sections. For instance, after
these discussions, we incorporated a new anomaly detection mechanism in our data pipeline, and impacted our
choice of horizon () in our RMAB model.

Fairness of AI models: Al algorithms and datasets can reflect, reinforce, or reduce unfair biases. It is imper-
ative on Al designers to seck to avoid unfair impacts on people, particularly on underserved and marginalized
communities. As discussed in the section on Responsible AI practices, we worked with public health and field
experts to demonstrate fairness of our approach. As we mentioned before, 94% of our potential beneficiary pop-

ulation are below WHO’s poverty index. Studying multiple socio-demographic attributes was essential to evaluate
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fairness of our approach. We worked closely with ethics experts, the ARMMANs ethics team, and Google’s ethics
teams and extensively validated the fairness of our models.

End-to-end integration testing: In addition to the lessons learned on problem selection and model devel-
opment, we also ran into several issues in our end-to-end integrated pipeline. On one occasion, we saw poor re-
sults because the data schema had evolved in the data storage pipeline at ARMMAN. Testing of our application
required our NGO partner to be equally involved in the validation of SAHELTS outputs — as domain experts, they
are better equipped to identify counter-intuitive behaviors. Our experiences uncovering issues in the end-to-end
pipeline led to improved communication practices, better documentation and tighter test goals. Social good ap-
plications like SAHELI has real-world consequences for beneficiaries in underserved communities, and it is critical

that there be a real partnership for testing and integration.

6.10 CONCLUSION

In this chapter, we presented SAHELLI, the first ever deployment of restless multi armed bandits in the public
health domain for allocation of limited resources. SAHELI is built on an improved and robust framework that
both predicts RMAB parameters and computes optimal policies for it, in contrast with most past research that
has only focused on computing optimal policies. It has been built with careful design choices inspired by close
interactions with all stakeholders. It incorporates numerous lessons learned by embedding ourselves in the real-
world domain. SAHELT has been deployed on cloud infrastructure with an emphasis on frugality, and has reached
out to sok beneficiaries so far and aims to reach 1 million by 2023. Furthermore, in this chapter, we also discuss
the importance of responsible Al practices in deploying Al systems at scale, especially in the social domain. This

work serves as an important case study for Al researchers and NGO communities alike to take ML models from

the lab and deploy them in the field.
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Improved Evaluation of Algorithmic Resource

Allocation Policies

7.1 INTRODUCTION

We consider a subclass of randomized controlled trials (RCTs) wherein the goal of the trial is to evaluate the ef-
ficacy of an algorithmic resource allocation policy. Such policies recommend an allocation (action), commonly
utilizing tools such as reinforcement learning ***#%, variations of the multi-armed bandit framework ®, network
optimization '°®'57, etc. As machine learning becomes increasingly widely applied in socially critical settings,

such policies have been used to allocate limited resources in a variety of domains, including campaign optimiza-
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tion®”%7, improving maternal healthcare*', screening for hepatocellular carcinoma®, monitoring tuberculosis

patients *°*

, etc. Such a policy may rank all individuals within a group, and offer a scarce resource, such as a home
visit by a health worker, to the highest-ranked individuals within the group.

RCTs evaluating these resource allocation policies consist of M experimental arms labeled {1, . . ., A1}, with
each arm consisting of N unique, randomly assigned individuals. The policy in each experimental arm prescribes
an allocation of resources while respecting some resource constraints. This process may be either single-shot (allo-
cations made once) or sequential (new allocation decisions made adaptively over a series of rounds). Each policy,
dictating its own resource allocation strategy, is evaluated at the end of the trial by analyzing the outcomes data
from its corresponding experimental arm. The group-level decision making of resource allocation policies creates
new challenges for their experimental analysis. In a standard RCT, the aim is to evaluate the treatment effect —
there is no resource constraint, so all participants receive treatment — for the average participant”. As the out-
comes of all participants are independent, analysts can simply compare outcomes in the treatment versus control
groups. However, trials of resource allocation policies aim to evaluate the groxp outcome of a set of individuals to
whom the policy is applied (some of whom receive the resource, and some who do not). Even when the number
of individuals in the trial is large by the standards of a normal RCT, randomized trials of allocation policies can
suffer from high variance, leading to noisy and potentially erroneous estimates of the treatment effect.

This high variance stems from two sources. First, the outcomes of individuals within a given arm are corre-
lated because allocation policies typically consider all individuals jozz¢ly in making an allocation decision (e.g., to
respect budget constraints on the total number of individuals who may receive an intervention). This interde-
pendence implies that we only see one independent sample of a policy’s performance per RCT, instead of many
(in contrast with one sample per participant in a standard RCT). Second, for many individuals the allocation de-
cisions made by different policies being compared may coincide. For instance, no matter the policy applied, many
individuals may consistently get screened in, or many may get screened out of receiving a resource. Because these
individuals are oblivious to the policy employed and receive identical allocations under different test policies,
their outcomes are never truly impacted by the policy employed. Yet their presence generates additional vari-
ance in the average outcome of the group due to stochasticity in their outcomes, independent of the policy being
evaluated. 70 our knowledge, no prior work has proposed strategies to mitigate these sources of variance in RCT5 of

resource allocation algorithms, despite the increasing use of ML-based policies in socially critical domains.
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An intuitive first attempt at variance reduction would be to share information across arms. For example, we
could average out fluctuations in the outcomes of individuals who do not receive an allocation by pooling to-
gether such individuals across all of the test policies. Unfortunately, such naive estimators are biased because the
distribution of which individuals receive a resource (or not) is different across the trial arms — indeed, assessing the
comparative efficacy of these distributions is exactly the point of the trial. A more sophisticated strategy would be
to exploit overlap between the policies via inverse propensity weighting estimators which reweight participants in
one arm to match the actions a different policy would have taken 8+'4. However, such estimators are themselves
subject to notoriously high variance, particularly when the overlap between policies is poor '77. Moreover, as we
discuss in Section 7.4.1, propensity scores are impossible to calculate for sequential intervention settings, where
unseen states prevent us from evaluating individual-level propensities for a different policy.

Our key contribution fixing these issues is a novel estimator for the treatment effect of resource allocation
policies which exploits overlap between arms in a principled manner, is guaranteed to reduce variance, and is
applicable to either single-stage or sequential settings. The main idea is to find a subset of individuals with the
following property: if we ran a hypothetical trial where the arm assignments of these individuals were swapped,
the allocations made for all individuals remain unchanged. Our estimator identifies such sets of individuals with
this property and averages the outcomes of all corresponding hypothetical trials (which are observable because no
allocation decisions were altered from the original trial). We make the following contributions: (1) we propose
this novel estimator and prove that it produces an unbiased estimate of the treatment effect with a guaranteed
reduction in variance compared to the standard estimator, implying that it has strictly smaller average error; (2)
we show how this estimator can be implemented in a computationally efficient manner for a class of policies en-
compassing those most commonly used in real-world allocation decisions; (3) we conduct experiments on three
domains leveraging synthetic, semi-synthetic, and real-world data. We show the application of our techniques to
real-world case study data illustrating its usefulness in solically critical domains. Across the board, our estimator

substantially cuts error (by up to ~ 70%) compared to available estimates.
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7.2 PROBLEM FORMULATION

RCT SeTupr:  We consider a set of Nindividuals. Each has a feature vector x = [x,, x,|, wherex, € R’
denotes the individual’s observable features (such as demographics) while x, € R” denotes unobservable
characteristics which nevertheless influence outcomes. A resource allocation policy 7 jointly considers all N
individuals, their joint matrix of observable features X, € R™*?, and prescribes an allocation (action) vector

a == 7(X,) € AN where A denotes the space of possible actions for each individual. The allocations a must
respect resource constraints specific to the domain. On example is a budget constraint ||a|| < B capping the to-
tal cost of allocated actions. Each individual then stochastically yields an outcome state s € S, according to an
unknown function P*(x, 4, s) denoting the probability of the individual receiving outcome 5. We use 7(s, 2) to
denote the reward accrued by the policymaker from this outcome. We remark that this notation is equivalent to
the standard potential outcomes framework '*7 where (s, 2) is the realization of the individual’s potential out-
come given action  and P governs the joint distribution between x and the potential outcomes. We adopt the
present notation for easy generalization to the sequential setting.

The goal of an RCT is to compare A such resource allocation policies using M randomly constructed experi-
mental arms Ci, . . . Cjr where C; denotes the set of individuals assigned to the ™ arm. We use € := {C1,...Cu}
to denote this particular assignment of individuals to experimental arms, chosen uniformly at random from C,
which denotes the universal set of all possible assignments. At the end of an RCT, the analyst can compare the
performance of the A1 allocation policies by comparing the sum total of rewards accrued by participants within
cach arm, given as Eval(7,,) = Y ,c. 7(s(2), a(?)).

Sequential RCTs: We also consider RCTs involving a multi-stage resource allocation setup. Such RCTs run
for a total of T"rounds (the single-stage setting above corresponds to 7" = 1), where allocations a, € AN must
be made at each timestep # € [7] subject to potentially time-dependent resource constraints. At each time 7,
each individual has a state s belonging to state space S. We use s, to denote the Nindividuals’ states at timestep
t. The policy 7 may consider the entire history of previous states and actions to generate a new action allocation
asa, = 7(X,, $0:—1,a1.,—1). Similarly, the individual transitions to a new state 5,41 according to the probability
function P* (X, 50.¢, @1:4+1, 5s4+1). The state and action trajectories of all IV participants are recorded for each of the

M experimental arms as matrices: S, . .. ,Spr € SV and 4y,..., 4y € AN, which facilitates similar
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computation of Eval(7,,) = ;. 7(S[s], 4[¢]) as defined for the single-shot setting.

Index-based policy: We define a specific class of policies — called ‘index-based policies’ — for which a compu-
tationally efficient estimator can be derived. Index-based policies rank individuals according to some scoring rule
that determines a prioritization among individuals for allocation of a resource. Such policies encompass most
relevant resource allocation policies commonly employed in practice due to their transparency and ease of imple-
mentation '5°. Note that this class includes seemingly unlikely candidates that allocate resources to individuals
cyclically in a set order or benchmarks such as ‘control’ groups (details in Appendix E.2). Formally, index-based
policies are defined for a binary action space A := {0, 1} with a budget constraint allowing at most B individuals
to receive the action 2 = 1. The policy computes a time-dependent index Y (x,, $0:—1, @1:—1) for each individ-
ual at each timestep ¢, based solely on the individual’s observable features x,, trajectory of states s and history of
actions 4 received. The policy 7 allocates action 2 = 1 to the top B individuals with the largest values of index Y.
Atany given time £, we assume the value of Y is unique for each individual, i.e., the policy induces a total order-
ing. The key feature of an index-based policy is that Y is computed independently for each individual based only
on their own features and history.

Problem Statement: Eval(7,,) provides a single random sample with which to estimate the expeczed perfor-
mance of allocation policy 7,,, combining the randomness in the assignments € € C and the randomness in
outcomes within each €, engendered by stochasticity in state transitions. Let Eval*(7,,) be the expected value of

the performance of 7,,:
Eval*(7,,) = Es,~p-Ee~c [Eval(ﬂm)} (7.1)

We assume data available from only a single run of an RCT. Our goal is to build an estimator that estimates
Eval®(7,,) accurately from just the single RCT instance. We remark that our results make no distributional
assumptions about the set of individuals in the trial, e.g., we do not require them to be IID from some distri-
bution. Rather, we treat the observed individuals as fixed (nonrandom) and propose techniques that use only
the randomness in the assignment process of the RCT. The only assumption required is that individuals’ state
transitions are independent, akin to the standard stable unit treatment values assumption (SUTVA) in causal in-

ference’7. This is aligned with the growing emphasis on design-based inference in causal inference (c.f.®>"*"),
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which allows us to formulate methods which require minimal modeling assumptions.

7.3  RELATED WORK

Orr-Poricy EvaLuaTioN:  The most closely related previous work is the off-policy evaluation (OPE) liter-
ature, where the goal is to use samples collected under some baseline policy to inform the evaluation of a new
policy '#¢%15 OPE makes frequent use of inverse propensity weighting estimators ***%; we discuss strategies for
constructing such estimators as well as their disadvantages in Section 4.1. To date, the OPE literature has largely
focused on individual-level decisions, as opposed to the group-level resource allocation we study. One exception
is slate-level OPE, where the policy recommends a ranked list of items to a user *#7. Slate OPE is most similar to
our single-step case, while we develop methods that extend to the multi-step setting. Additionally, slate OPE

is motivated by unobservable individual-level rewards, while we assume that individual rewards are observable
and the challenge for the single-step setting is that policies may be deterministic (preventing us from using their
methods).

Individual treatment rules: Recent work in statistics has studied experimental design and analysis for indi-
vidual treatment rules ([TR), which are similar to our class of index-based policies***?. The crucial difference is
that ITRs make decisions independently for each individual, while in our setting the policy considers the group
of individuals jointly, which is required for exact enforcement of constraints such as budgets. Our techniques are
motivated by the need to reduce variance when policies can only be evaluated at group level.

Cluster-randomization and interference: Our setting is related to a family of RCTs known as cluster-
randomized trials (see > for an overview). In such trials, treatment is assigned at a group level (e.g., assignment
of classrooms within a school instead of students), just as groups of individuals are assigned to policies in our set-
ting. However, cluster-randomized trials are motivated by the potential for spillover effects, where the outcomes
of one unit can influence others. By contrast, in our setting the outcomes of individuals are still independent
conditioned on the actions of the policy. Accordingly, there is no need to account for potential correlations as in

the interference literature; instead, we leverage this structured independence to develop lower-variance estimators.

127



7.4 METHODOLOGY

Our goal is to leverage the overlap in decisions of multiple resource allocation policies to improve our estimate
of the reward from deploying each. We start by developing an estimator using inverse propensity weighting — a
popular approach typically adopted for such a task — and show how it can be naturally applied to the single-stage
setting. However, this natural estimator suffers from two challenges. First, inverse propensity estimators can
suffer from notoriously high variance, a phenomenon that we empirically confirm in Section 7.6. Second, the
approach breaks down entirely in the multi-stage setting, where (as detailed below) computation of propensities
is impossible due to missing data. We resolve these challenges by developing a more stable “assignment permuta-

tion” estimator, which applies to both settings and is guaranteed to reduce estimation error.

7.4.1 PROPENSITY SCORES APPROACH

In typical oft-policy evaluation settings, inverse propensity weighting (IPW) methods reweight samples according
to the probability that observed actions would be taken by a given policy. These methods are not immediately
applicable to our problem because we do not assume that policies are randomized — indeed, explicit randomiza-
tion is rare in policies deployed by real-world governments, health systems, etc. When policies are deterministic,
the probability that they would yield an alternate action is precisely zero, leaving standard propensity estimators
undefined.

We show how to circumvent this issue in the single-step setting by leveraging an alternate source of random-
ness: the assignment in the trial itself. Calculated over the randomness in the assignment, each individual has
some probability of being assigned a given action, denoted as Pr¢ ,[4(7) = 4] (intuitively, whether they receive
a resource depends on who else the policy is comparing them to). Formally, exchanging the order of expectations

allows us to write Eval®(7) as:

N
ZPr[z’ € Cul > _ Presla(i) = al € C,)E[r(s, )]

acA

Since the assignment € is random, Prli € C,,] = L. Moreoever, in the inner term, conditioning on 7 € C,,
M

leaves the other members of C,,, distributed uniformly at random. Accordingly, we can estimate Pr¢ ,[a(7) =
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ali € C,,] for any policy 7 by drawing repeated samples of the assignment € and running 7 to reveal whether 7
would have assigned (7) = 4 given the group C,, containing individual 7. Let p(7, 2|7) denote the fraction of

these samples in which 4(7) = 4. A standard IPW estimator for Eval(7) is given by
1 p(z,a(i)|m ) )
o> Ml ) (7:2)

In a sequential setup (7" > 1), propensity score methods become entirely inapplicable for two reasons. First,
standard multi-time step IPW estimators require randomness in the policy, while we assume that policies may

be deterministic. We cannot use the alternate approach described above (leveraging randomness in assignments)
over multiple time steps, because the marginal probability that individual 7 receives action 4(7) on future steps de-
pends on the state of all other individuals, and we do not have samples of such future states under counterfactual
assignments. Second, even if we limited to randomized policies, standard oft-policy methods calculate the proba-
bility of taking exactly the observed sequence of actions in the observed states. In our case, this requires comput-
ing the probability of 7 selecting the vector of actions assigned to each individual, i.e, we have a N-dimensional
action space within each time step. Multi-step IPW estimators are already known to sufter from variance which
explodes exponentially in 7, often rendering them impractical . In our case, their variance would (in the worst

case) scale exponentially in /N as well.

7.4.2 MAIN CONTRIBUTION: ASSIGNMENT PERMUTATION

We present a novel approach that counters both challenges to compute a stable, accurate estimator. The key
idea behind our estimator is to identify hypothetical trials with counterfactual experimental group assignments,
whose reward outcomes can be exactly determined using the given outcomes from the original trial. We lever-
age the fact that although the state transitions depend only the received allocations, regardless of what policy 7
chooses those allocations.

As a warm-up, consider a single-shot trial 7 in which two individuals 7 and ; are assigned to policies 7; and
T, that make identical resource allocations z to both individuals, yielding outcomes s; and 5 respectively. Now
consider a hypothetical trial 77, run exactly identical to 7 except that the assignments of 7 and j are switched. If

in 7T, both 7 and j receive the same allocation « as in 7T, allocations to other individuals would also remain unaf-
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fected, and consequently, all individuals would see identical inputs in both Tt and 7. Thus, the actual sample of
outcomes s in 7 is a sample from the same distribution as that induced by T, Generalizing this idea, consider a
sequential RCT T, in which a subset of individuals’ group assignments are permuted to construct a hypothet-
ical trial T, which sees new allocations a] made at time # If an individual experiences sub-trajectories of states
s0:s—1 and actions 1.,_1 till time # — 1 that are identical in both 71 and 7", and if the new allocation aj received is
also identical to 4;, then original state sample 5, observed in T, is also a valid sample in T1, drawn from the same
distribution, P* (X, 50:—1, 41:¢, ;). Furthermore, inductively, the entire original state trajectory so.7of 7 can be
treated as a valid sample for THifvVe € [7] the input sub-trajectory so.,—1, produces new allocations, éZI that are
identical to ;.

We exploit this concept to retrospectively check for all such possible reassignments, that would lead to the
same sequence of output actions given the same input sub-sequence of the state-action trajectory at all times.
The implication is that this allows us to uncover and aggregate outcomes from several such additional ‘observable
counterfactual assignments’ (defined below) in estimating the performance of a given test policy. Algorithm s

outlines the idea for a general A4-arm setting. Later, in Algorithm 6 we present an efficient algorithm crafted for

handling index-based policies.

Definition 7 (Observable Counterfactual Assignment). For an actual assignment €, we define €' to be an ob-
servable counterfactual assignment if in a hypothetical trial with assignments et foreacht = 1...T the actions
each policy would assign to each individual are identical to the original actions received, conditioned on the state and

action histories (5041, a1..—1) matching up until time t — 1.

ESTIMATION VIA ASSIGNMENT PERMUTATION:  Let CT(€) be the set of all ‘observable counterfactual assign-
ments’ engendered by a single actual experimental assignment €. Our proposed estimator averages the outcomes

of all such observable counterfactuals:

. Eval(7,,|€
Evalf(7,,) := Lecct ]C”( ) (73)

In Theorem 14, we show that this is an unbiased estimator for the true expectation Eval®. The main technical

step (Lemma 23) is to show that the that CT(€) defines a partition over C (the set of all possible assignments)
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where two assignments €}, &, lie in the same part if C f(e)) = ct(ey). Intuitively, this means that our estimator
does not “overweight” any particular counterfactual assignment; it maintains the equal weight that each has in

Eval*.

Algorithm s: Estimation through Assignment Permutation

Input: States : {SN ST Actions 1 {417, .. AT}, Assignment,
¢: {Cla- . 7CM}
Output: Eval'

1: Compute C T the set of observable counterfactual assignments of €.

2: Compute EvalT(yrm) — W

3. return Eval'(z,,)

7.4.3 THEORETICAL RESULTS

In this section, we prove theoretically that Evalf (.) gives a more accurate estimate because it is unbiased and si-
multaneously reduces variance. Let T be a homogeneous relation on C, defined as: T = {(€,&,) €e CxC : €, €
CT(€)}. Intuitively, f represents existence of a valid reshuffling to arrive at a counterfactual assignment € from
<.

Lemma 3. The relation T is an equivalence relation and the family of sets defined by C1(-) forms a partition over C.

All proofs may be found in the appendix. We leverage this property to prove unbiasedness:

Theorem 14. Eval'(7,,) is an unbiased estimate of the expected value of the performance, Eval* (m,,) Ym € (M),

defined in equation 7.1. i.e.

Es, ~pEgc|[Eval' (7,,)] = Eval*(z,,) Ym € [M]

Theorem 15. The sample variance of our estimator, Eval' () is smaller than the standard estimator, Eval(r):
(Eval(7)) — (Eval' (7)) =

a2

JEM

(Zeep,Eml(w@))z]

> Eval’(r|€) — 5
e, i
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> 0, where {Py, . .., Py} is the partition of C induced by 1.

Proof Sketch. We compute the sample variance by first conditioning over the partition P; (of the equivalence
sets defined by T) that an instance of an assignment, € belongs to and then accounting for the variance stemming
from the candidate assignments € within the partition. Finally, we use the Cauchy-Schwarz inequality to show
that the right-hand-side expression in Theorem 15 is non-negative. []

The variance contraction expression of Theorem 15 reduces to zero if and only if Eval(7|€) is identical V€ €
Pj, Vj € [y); if different assignments imply different rewards then our estimator exhibits a strict improvement in

variance.

7.5  EFFICIENT SWAPPING ALGORITHM

Identifying C t exhaustively in Algorithm s involves iterating through every possible assignment in C and running
the policy to determine if the assignment belongs to CT. However, the number of possible assignments |C| grows
exponentially with N, making full enumeration infeasible. We show how this computational bottleneck can be
circumvented for index-based policies with a modified estimator denoted Evalirr(-). This estimator implicitly
averages over a subset of the possible permutations in C f trading off some variance reduction for computational
efficiency.

For ease of exposition, here we consider RCTs with two experimental arms (A = 2) employing allocation
policies 7o and 7; respectively. We aim to estimate Eval™(7;)— (o 1} Intuitively, instead of working with the
space of all possible assignments, we instead consider all individuals participating in the trial and to identify non-
overlapping groups of individuals {G;} C (Cy U Cy) that satisfy certain desirable properties. Specifically, we
intend to find sets of ‘compatible’ individuals such that any subset of individuals within each group {G} can be
mutually swapped to arrive at either an unchanged assignment or a valid observable counterfactual assignment in
CT(€). Our intention is to compute an estimate by replacing the original reward of every individual / € Gy, by
the average of rewards of all individuals in Gy, for every such group G, (justification in Theorem 16). We identify
these groups by checking for two eligibility conditions pertaining to swappability of individuals.

The first eligibility condition for swapping two individuals 7 and ; is that their original allocations «(#) must be

identical to each other Vz, to continue to satisfy the resource constraints in both arms after the swap. To check
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for this condition, we partition individuals into super-groups {Gi, . . . , G, }, putting all individuals experiencing
the same action vector 4(¢) € A7, in the same super-group, where x denotes the number of such super-groups.
All individuals within each Gy satisfy this first eligibility condition for being included in group G;. For conve-
nience, we let @: Co U C; — [«] denote a many-to-one map identifying the super-group Gy that an individual
7 belongs to.

The second eligibility condition for swapping an individual is that their new allocation 47 (¢) under the new
policy must be identical to the original 4(¢), for the same sequence of input states as in the original trial. For each
individual 7, we use a binary-valued variable A; € {0, 1} to indicate satisfaction of this second condition. We
introduce and exploit the ‘index-threshold’ property here to verify this condition efficiently. We define an index
threshold 7;(z) as the smallest value among indices Y (#) of individuals in C; at time ¢, that get picked to receive
the allocation 2 = 1under policy 7;. To enable efficient computation, we only allow swaps within a group Gy,
that maintain the index thresholds 7;(z) at the same values as the original. We implement this constraint by set-
ting A; = O for all individuals exactly at the index threshold. Furthermore, for other individuals 7, A; can be
cheaply determined by just verifying if the index Y (#) lies to the same side of threshold 7j(¢) V¢ € [1] and for

j € {0,1}. To summarize

0 otherwise

Intuitively, A; = 1 means that éz}: () = a1.7(7) and indicates that individual 7 satisfies the second eligibility
condition. Taking an intersection of both conditions, we form group Gy, by including all individuals 7 € Gy, that

have A; = 1. For each group Gy, we compute the reward of a representative average individual as:

7= le| S (sl 4l) (7:5)

i€Gy,

In computation of the final estimate Eval;f[ (), we consider all individuals in the arm Cj, but replace the re-

ward of swappable individuals among those (i.e. whose A; = 1) by 7). We leave the rewards of other individu-
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als unchanged. Finally we compute Evaﬂr (7;) by summing up as:

EVQ’ITY(WJ) = Z (Az';¢(i) + (1 - Az)r(S[l]vA[l])) (76)
€

Our theoretical analysis of this estimator establishes that it corresponds to an instance of the general permuta-
tion estimator which averages over a subset of the assignments in C T (instead of the entire set). The main idea is
that we can sub-partition C T into sets with the same value of the index threshold (shown formally in Lemma 2.4).
We denote the part of C T where the index thresholds are the same as in the actual trial as C{». Each permutation of
individuals within groups { Gy} corresponds to an assignment in C;r( (€), and the final estimator averages over all
such assignments:
Theorem 16. szlirr(-) computed as per Equation 7.6 computes the average of Eval(|C) over all assignments in C;.

‘ i chc} Eval(7|€)
ie Evaly () = —5——
ICy|
From this, Evalif (7;) is easily shown to inherit the desirable properties of the general permutation estimator,
e.g., Corollary 8 proves that it is also an unbiased estimator of Eval®(7;). The tradeoff is a slight sacrifice in vari-
ance contraction as it yields smaller partitions P; of C (as defined in Theorem 15), since we discard assignments

with a different threshold. However, working with C§ enables a computationally efficient algorithm for index

policies, avoiding the exponential runtime of the general estimator.

Algorithm 6: Reshuffling between index based policies
Input: € := {C,, C}, States: Sy, .S € SNV*T*1 Actions: 4y, 4; € {0, 1}7Y*7, Indexes:
Tm, Y™ ¢ [R2N><T
Output: Estimates: Eval|
1: Group individuals according to action vectors into {G; } and determine ¢(7) V individuals
i€ CyU(.
2: Determine V# € [7], index thresholds on both arms as:
7(t) = min { Y, (7,2) |[4,i,]] = 1, i € [N]}
Determine A, V individuals 7 according to Equation 7.4.
Compute group Gy as: {7 € G, |A; = 1}, Vk € [«]
For each group Gy, compute the average reward of a representative individual as per Equation 7.s.

N\ WV AW

Compute Eval§(7rj) per Equation 7.6
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7.6 EMPIRICAL EVALUATION

We test our proposed methodology empirically on several datasets: (1) synthetic example (2) semi-synthetic tu-
berculosis medication adherence monitoring data and (3) real-world field trial data from an intervention for a
maternal healthcare. We consider a state space S = {0, 1}, respectively representing an ‘undesirable’ and a ‘desir-
able’ state (of health, program engagement, etc.). The action space A = {0,1}, denotes ‘no delivery’ or ‘delivery’
of an intervention. We assume a budget constraint, limiting the total number of interventions per time step. The
reward function is defined as 7(so. 7, 41:7) = ), 5, translating to an objective of maximizing the total time spent

by individuals in state s = 1.

7.6.1  SYNTHETIC DATASET

This setup consists of three types of individuals characterized by their P— matrices. P; and P, are designed such
that it is always optimal to intervene on P; individuals consistently, whereas intervening on P, individuals is
strictly sub-optimal (details in Appendix E.3.1). P5 individuals are unaffected by interventions, with transi-
tion dynamics independent of the action received. We consider two test policies 7; and 7>, which are designed
such that policy 7; always chooses individuals of type 2 to intervene on, when available, making 7; the opti-
mal policy. We simulate 300 P; individuals, 300 P, individuals and (300*» Ps) individuals and set an interven-
tion budget of 300 per timestep for 7 = 20 timesteps. We measure the performance lift of 7; against 7 as:

A = A(my, mp) = Eval(m;) — Eval(7,).

In Figure 7.1a, we vary the budget on the x-axis. Each blue dot in the scatter plot shows one independent
RCT instance and measures the raw difference in rewards A on the y-axis. Applying assignment permutation
maps each blue dot to an orange dot. The black dashed line marks the expected value of the performance lift. Vi-
sually, both colors are centered on the black line, as both estimators are unbiased. The assignment-permuted esti-
mates lie closer to the expected value than the raw estimates, indicating a smaller sample variance. Quantitatively,
we measure the sample variance of A on the y-axis in Figure 7.1b. Variance reduces sharply upon applying assign-
ment permutation — for instance, at a budget level of 3%, our approach cuts the variance by 7x, from 11.3 x 10*
to 1.6 x 10*. The intuition is that both 7 and 7, overlap in their decision to not intervene upon P; individuals.

However, their final rewards are based partly on which P3 individual gets (randomly) assigned to which group,
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Figure 7.1: Estimates and sample variance in synthetic domain.

independent of the underlying policies. Assignment permutation counters this randomness by averaging over

alternate assignments of the P individuals.

7.6.2 SEMI-SYNTHETIC EVALUATION WITH TUBERCULOSIS DATASET

We use real tuberculosis medication adherence monitoring data, consisting of daily records of patients in Mum-
bai, India, obtained from7? and simulate patient behavior by estimating the P matrix. More details can be found
in the appendix.

We consider two policies: a “Whittle index” policy '3

that attempts to maximize long-run reward, and a
greedy policy which optimizes an estimate of next-step reward. We simulate N' = 1000 patients in each arm
and vary the budget constraint. We consider both the multi-step setting (7" = 10) and single step (7" = 1). We
compare three estimation methods: “Raw” is the naive average of outcomes in each arm, “Permuted” our pro-
posed estimator, and “IPW” the inverse propensity estimator from Section 4.1 (available only for 7 = 1). In
practice, we find it necessary to trim propensity scores for IPW 77 to the range [0.01, 0.99], since extreme values
lead to very large variance. This introduces a slight bias, visible in Figure 7.3b.

Table E.1 shows the sample variance of estimates returned by each method. For unbiased methods (Raw, Per-

muted) the variance is also their mean squared error; this holds approximately for IPW due to trimming. Ta-
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Figure 7.2: Multi-step setting. (a) The permuted estimates (orange) are closer to the true expectation (black line) than the raw estimates
(blue) (b) Assignment permutation reduces variance.

ble E.1 includes an additional column labeled ‘z—value’. To benchmark the improvement produced by our
method, this gives the minimum number of /ndependent RCTs that would need to be run (and averaged over)
to match the sample variance achieved by assignment permutation (computed by simulation).

For all comparisons and parameter settings, we find that our assignment permutation estimator produces a
substantial improvement in variance. Indeed, achieving a comparably precise estimate using the naive raw estima-
tor would require running anywhere from 2 to 73 independent RCTs. This underscores the importance of vari-
ance reduction — running RCTs is hugely costly and assigns many individuals to suboptimal policies; improved
analysis allows us to draw comparably precise conclusions at dramatically lower cost.

Figure 7.2 illustrates this improvement in a single example where both trial arms are the Greedy policy and so
the expected difference in rewards is exactly zero (with B = 3% and 7' = 10). Each dot in Figure 7.2a corre-
sponds to a single instance of a trial, with the x- and y-axes giving total engagements in the two arms. The black
dashed line (y = x) denotes the expectation, A = 0. The blue dots, representing raw measurements, have a wider
spread around the black line than the orange dots obtained via assignment permutation. Figure 7.2b, shows a
violin plot of the sample difterence in rewards between the two arms. Both violins are centered on the zero line,
reflecting that the estimators are unbiased. The violin corresponding to assignment permutation is more com-

pact, indicating lower sample variance.
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Table 1: Sample variance in Measured Performance Lift

o E;E"eu,f:}fy s | n T B 7V 7o RAW PERMUTED IPW  7-VAL
il ) E - 1 3%  Tw1V7Ter 49-09 4-94 0.48 9
E’“ %z: 1 10% 7wiV7Zer 49.86 I5.11 6.66 3
“ £ 1 25% 7wiV7Zer 4945 19.94 78.12 2
5w ® % W - — lm 10 3% 7wiVag 2381 916 NA 3
Fvallr = Greedy] estmator 10 3% 7w V7Ter 2348 728 NA 4
(a) (b) 10 3% 7gr V7Zer 26356 1860 NA 13
) ) _ ' 10 10% 7y V7Zgr 25983 3808 NA 7
Figure 7.3: lllustration of results for single-step setting 10 25% ZoxVZar 23619 $477 NA ;

In the single-step setting, the IPW estimator returns mixed results: it has the best variance for small values of
the budget, but actually performs worse than the naive raw estimator for larger budgets. Essentially, the overlap
between two policies becomes smaller as the budget increases because they agree only on the few highest-priority
individuals. Low overlap translates into extreme propensity scores, inflating variance. Figures 7.3b and 7.3a show
an illustration, where IPW often produces an improvement but is susceptible to large outliers. However, when

overlap is high and we operate only in the single-step setting, IPW can be a valuable option.

7.6.3 CASE STUDY: REAL-WORLD TRIAL

Our method is directly applicable to real-world settings; we show this by considering an actual large-scale RCT
reported in '*? evaluating a Restless Multi-Armed Bandit-based algorithm for resource allocation in a maternal
and child healthcare. The data consists of 23,000 real-world beneficiaries, randomly split between three groups
for the trial: RMAB algorithm, baseline algorithm and a control group, which sees no interventions. Real-world
health workers delivered interventions recommended by the algorithms. We consider the performance lift of the
RMARB algorithm in improving engagement with the program in comparison to the control group and apply
our proposed permutation algorithm to the originally reported raw results. Figure 7.4 (left) plots the total en-
gagement numbers on the y-axis as a function of time (in weeks) on the x-axis. Figure 7.4 (right) computes the
lift provided by the RMAB algorithm, as defined in "°* on the y-axis. Our findings suggest that the performance

liftt of RMAB algorithm is larger than originally reported and by week 7, RMAB is estimated to prevent 815 en-
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gagement drops, vs the originally reported 622. Since this is real data, the true values are unknown. However, this

case study provides evidence that the variance reduction provided by our estimator can be significant in practice.

7.7 CONCLUSION

We address the critical gap of mitigating the error in evaluation of resource allocation policies through RCTs. We

propose a new estimator using a novel concept based on the idea of retrospective reassignment of participants to

experimental arms. We prove that our estimator is unbiased while simultaneously reducing sample variance, and

hence reduces error. Through empirical tests on multiple data sets — including a real-world dataset in a socially

critical domain — we show that our approach cuts error by as much as 70% and from a single given RCT, can

achieve benefits equivalent of running upto 13 independent RCTs in parallel.
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Conclusion and Future Vision

To conclude, my thesis centers around designing and deploying innovative Al solutions aimed at improving pub-
lic health outcomes, especially for the underserved and under-resourced communities. My thesis considers the
data-to-realized positive social impact pipeline, consisting of optimization of available resources, deployment and
measurement of impact. I show that achieving such impact may often require overcoming several fundamental
research questions along this pipeline. In my thesis, I propose several ideas and algorithmic solutions to some of
these problems in the context of two public health application domains: (1) Tuberculosis prevention and (2)
improving maternal and child health.

Future Vision: My vision for future research is grounded in my drive and commitment to advancing Al tech-

niques spanning the entire data-to-impact pipeline integrating tools from machine learning, decision-making and
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Figure 8.1: (a) Field visit in Mumbai. (b) Al vs TB workshop. (C) Immersive discussions with ARMMAN staff

causal inference. Below I outline a few avenues of future research work that I deem important to address.

1. Limited Resource Allocation: Limited resources are ubiquitous, not just in public health settings, but in
a myriad of other contexts and applications. Towards optimizing the use of these resources, it is important to
push the frontiers of (sequential) planning to build robust, efficient algorithms for a wider class of models. I aim
to generalize and expand on the MDP family of models and build scalable algorithms for non-markov or non-
stationary resource allocation settings, building methods that are more useful in practical contexts.

2. Data Scarcity and Compute Efficiency: Scare, missing or incorrect data, present a difficult challenge in most
applications of Al today. Decision-Focused Learning (DFL) is a paradigm that has shown promise in being able
to squeeze out better quality of decisions despite limited data. However, current advances only scratch the sur-
face. I intend to throw light on why DFL works or when it works best, improving our understanding of DFL
through sharp theoretical insights. I am keen to combine ideas from surrogate models and DFL to discover clever
ways to unlock computational speedup to make this technique scalable and accessible in real-world contexts.

3. Evaluation through deployment: 1 envision my recent work *°® on improved evaluation of resource alloca-
tion policies to open up an entire direction of research on Al in RCTs. Inference through RCTs for resource
allocation methods has received little attention. I'intend to address several unanswered ambitious questions per-
taining to design of smart RCTs, with impactful consequences. For instance, the challenge of deriving confidence
interval techniques for the evaluation of resource allocation policies through RCTs is still an important open
problem to solve. I also intend to build new methodology using tools from causal inference to evaluate stochastic

policies as well as methods to identify optimal experimental design, to reduce dependence on expensive large-scale

RCTs.
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Appendix to Chapter 1

A.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 2. For two non-concurrent, increasing, linear functions fi(m) and f>(m) and two points my, mo, such that
mi < mo, if fi(mi) < fo(mi) and fi(ma) > fo(m2), then % > %. Additionally, if fi(m1) < f>(m1) and

filma) > fo(m2), then % > %

Proof. We now start proving the theorem by assuming that forward belief threshold policies are optimal. Let

b7, (m) denote the threshold corresponding to the optimal threshold policy for a given 72. To show indexability,

142



we must show that if a belief state & is passive, i.e., & > b}, (m), for some m;, then it is also passive, i.e., b >
by (ma), for all my > my.

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
by, which splits B into a passive set P = {b; : b, > by, Vb; € B} and activesetC = {b, : by, > b; Vb; € B}.
Note that all values of b, such that ;11 > 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. Let IT = {72711, 727, . . . , 71 } denote these unique possible threshold policies arranged
in a decreasing order, where 7; > z; implies &} (7;) > b} (7;) where b7 (7;) is the optimal belief threshold
associated with 7;." Thus the threshold policy 7; would follow: b; > bf (7;) > b1 Vi € 1,...,2T + 1,
where by := —ooand by = 00. Note that in a policy 7;, if for a belief state &, the optimal action is passive,
then under a policy 7;, the optimal action at & is also passive Vj < 7 because &7 (7;) > b, (#;). Thus to prove

indexability, it is sufficient to show that:

Vmy, my such that m; < my,
it 7" (m1) = m;and 7" (my) = 7, then (A1)
— >
where 7*(m) denotes the optimal threshold policy at subsidy 7.

Lemma 4. Let m] be the infimum among all m’s for which 7#*(m) = 7;. Then, the infimum is achievable (i.e.,

7*(m;) = m;) and moreover m3 . | < myp < ... < mji.

Proof. We prove this using induction. Consider the base case: m37., | < m; Vi < 2T+ 1. Whenm — —o0,
the optimal action would clearly always be to act to avoid accruing large negative reward. So 75741 would be the

optimal policy for m — —o00 and clearly the base case is true.

“For simplicity, this assumes the starting belief is equal to the belief at the head of one of the chains, i.e., P} ; or 2§ ;.
However, we could add to the set B another T 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 B and the rest of the proof would
follow unchanged.

"For reverse threshold optimal processes, simply arrange /3 and IT in ascending order of belief. The rest of the proof
follows similarly.
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For the inductive case, assume the hypothesis, m5,. | < ... < mf,; < m;Vi < t+ 1. Let m] be the
infimum among all m’s for which 7*(m) = 7;. We must show: (1) m} < m} Vi < 1(2) 7*(m}) = =, (ie., the
infimum is achievable). For convenience, we denote L = {7, 7,1, ... } as the set of “lower-side” polices and
U= {72141, 72T, ... w41 } as the set of “upper-side” policies.

As m is increased beyond 2y, |, let m' be the infimum value among all 7’s whose optimal policy is from L =
{7, m,—1, ...m1 } (note, the definition of 7’ is different from 2" since at this point we do not know whether the
smallest 72’s optimal policy is 7; or some 7; with 7 < ryet). That s, either the optimal threshold policy at 72’
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 77, 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 72’ and the optimal policy for any 772, is from L (letting all 72; = m’ 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 {72;}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; — 7’ from the right side and the optimal policy for each 7; is some 7 € L.

Our main claim is that for subsidy m', the passive action and active action must both be optimal at state
b,. Therefore, by definition, this implies the threshold policy 7; is optimal for 7. We thus have m} = n/,

m; > m) Vi < t,and moreover 7, is indeed optimal for ;] (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 {m,, } 52, that converges to m’ from the left side (i.e., m,, < m' for
all #) and moreover the optimal policy for any 7z, is from the policy set U = {72741, 7271, ... 741 }. Similar to the
above reasoning, we shall choose the sequence {2, }2, such that their optimal policy is the same 7 € U.

We now prove that the passive action and active action must both be optimal at state &, for 7'. Assume, for
the sake of contradiction, that the optimal action at 4, for subsidy 7’ 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 72" has a threshold 47 (m') < b, and thus z* (") € L. Moreover, since the active action is

not optimal for &, 7 must not be optimal for 7’ and thus achieves strictly less reward than 7™ (). Since m,, —
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m’, we thus have
lim V,, (7) = Vi (z) < Vi (z(m)),

u—oo —* T

where the last inequality uses the fact that z is sub-optimal for m' because the active action is strictly sub-optimal

for b;. On the other hand,

Vi (2(m')) = lim V,, (z(m)) < lim V,, (z)

u— 00 u— 00

These two inequalities contradict each other. This concludes our proof of the lemma. O

Let 7; be the optimal policy at some 72;.

= m: <my

= mf < m] < myVj > iusing Lemma 4

Let V;(m, b) be the discounted reward of policy 7 at arbitrary state b as defined in Eq. 1.2 of the main text. Then

for any V7, (m, b) and V7 (m, b) such thatj > 7 we have:

Ve (m},b) < Vi (m;, b) (z;is optimal at m;) (A.2)
V(i b) > Vo, (my, b) (=, is optimal at ;) (A.3)
m; <mjitj>i (A.4)
v, _ dVz
: Vi> i A.
dm ” dm 7 = (&)

Where Eq. A.2 is a strict inequality as implied by Lemma 4 and Eq. A.s follows from Fact 2 and the value func-
tion’s linear dependence on 7 (whether discounted or average reward criterion). We now claim that Vm; > m;,

if 7; is optimal for m; then we must have j < 7. Towards a contradiction, assume j > 7. Then similar to the above
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equations, we have the following:

Vis(mj, b) < Vi, (my, b) (7 is optimal at ;) (A.6)
Vi, b) > Vo, (my, b) (=, is optimal at ;) (A7)
m; < my (A.8)
dv, A4V
i i\ . ‘
dm — dm U= (A-9)

Where Eq. A.9 follows from Fact 2 and the value function’s linear dependence on 7 (whether discounted or
average reward criterion). which contradicts Eq. A.s. Therefore, our claim holds. From A.r1, that implies indexa-

bility. 0

A.2 TecuNICAL CONDITION FOR FORWARD THRESHOLD POLICIES TO BE OPTIMAL

We restate Eq. 1.2 here:

m+ b+ BV, (7(b)) passive
Vin(b) = max

b+ pB(bVn(Piy) + (1 =)V, (P,)) active

)

where 7(b) := 71(b) from Eq. 1.1. Simplified, 7(5) is simply a linear function of & given by the expression

7(b) = be,l + (1 - 17)1)8,1
= (Pfl - ])?),1)5 + Pg1

)

(A.10)

We will start by stating two facts, then proving three useful technical lemmas.
Fact3. ‘O = (P — P} ) <1

Fact 4. Vb, b s.t. b >V, z(b) > =(¥).

Facts 5 and 6 follow from Eq A.1o0.

Lemmas. V,,(b1) — Vu(b2) > by — by, Nby, by s.t. by > by
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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 function hypothesis. In the base

case the value function equals only the one-step immediate reward. It is sufficient to compare the value functions

1,(by) and V1, (b,) element-wise, since if the true 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 (b,) =

m+b— (m+by) =b — b passive

bl — [92 = bl — [72 active

is clearly satisfied. Now assume V2, (b;) — V7,(b2)) > by — by. Then Vi (b)) — Vi ()
Case 1 (both passive):
=m+ by + BV, (z(b1)) — (m + by + BV, (7(b2)))

= b — by +/Z<Vm(f(b1)) - Vm(f(bz))>
> by — by + B(7(br) — 7(b2))
> b — by

Case 2 (both active):

= b= by B( (b = b2 Vi (Py) + (b2 = W)V (P )
= b= b+ B((0s = ) (Vo (PL) = V2(B5)))

= (b = b2) L+ BV (PL) = Viu(P3)

> (by — b)) (1+8%0)

= (b~ b)

Corollary 3. V,,(b) is an increasing function in b, i.e., V,,(6) > V,,('), Vb, ¥ s.t. b > ¥

Proof. The proof follows from Lemma s by setting 5y = band b, = &/'.
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Lemma 6. V,, (b)) — V(b)) < b;:gz,wyl,bz st by > by

Proof. Proceed by induction again. The base case V,,(61) — V,,(b2) =

by —b
m+b— (m+by)=b —b < i _ﬂz both passive (A.15)
by — by ,
by —by=b— b < 1—¢ both active (A.16)

which are both clearly satisfied. Now assume V%, (b1) — V7,,(62) < % Then, V5 (by) — V5 (by)
Case 1 (both passive):

= (m+ b+ BV, (7(0r))) — (m+ by + BV, (7(52)))

= (by = b2) + B(V3,(z(r)) — V3, (2(2)))

Case 2 (both active):

(52 + B2 (P + (1= 22) V4, (75.)) )
Vt

= (b= b2) + B((br = ) (V20 (PY) =

< (b — by) +ﬂ<(b1 _ bz)Pfi:> (A.18)

Lemma 7. W > 1+ fa

where, @ = min{]{l - P&l’Pf,l — P}



Proof. Using Eq. 1.2, we get:

1 4 AU 0) d((0)

d(Vn(b)) Td(@)  db passive

1+(@(VM(P1Q,1) - VM(I)?)I)) active

5

Case 1 (passive):

Case 2 (active):

= 1+B(Vn(Piy) = Vin(P5))
> 1+p(P{) — P ;) by Lemma s

> 1+ fa

Now we derive the technical condition for Theorem 6. 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 a lower ' < &, the optimal action is also to

act. To do this, we show that Theorem 6 implies that the derivative wrt & of the passive action value function is

greater than the derivative wrt & of the active action value function:
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(1);71 - ])(';,1)(1 +8(Pfy — Poy))(1 =) > Pl — Py (A.27)

Note thatsince (P, —P5 ;) <1, = (1+p(P{;—PF5;))(1—£) < 1, Eq.A.27 itself implies that e = P, — P ;.

) ’ ) ) )

Thus, it becomes:

(P = Py )1+ ) (1 - §) > Py, = Py (A.28)
- (Ply — F) (14 ) > Via(PLy) — Vu(P4,) by Lemma (A29)
— ¢y~ ) O s ) V() by Lemma. 7 (30
— 14 gD 5 1 (0 (1) = V() by P (A1)
—, Walble=0) , dille=1) e

(A.33)

A.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 8. % §1+1‘%

where, y = max{]{l - Pg,lv Pfl — Py}

)

Proof. Using Equation A.2, we get:

AV, (7(b))) d(=(b .
d(ab) _ 1B passive "
db '
L+ B(Vn(Py) — Vin(Pg,))  active

) )



Case 1 (passive):

Case 2 (active):

=14+ B(Vu(PLy) = Vin(P5))

—
|
e

)

(P, — Py) by Lemma 6

Now to give a condition under which reverse threshold policies are optimal. Formally, if for a belief 4, the opti-

mal action is to be passive, then we must show that for a lower ¥ < b, the optimal action is also to be passive. We

do this by showing that the Theorem 7 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. A.42 itself implies that y = P{; — P ;, thus giving:

(7, - A+ <my - m, (A43)
=ﬂ%—%m+g@§mmgww%Mﬂmms (Aa)
— (7, - 2 2O <y bt (P by Lemma s (A45)
— 14 gD <1 (0 (1)) = V() by P (A46)
—, Al =0) _ dFate =) e

(A.48)

A.4 THRESHOLD CONDITIONS FOR AVERAGE REWARD CASE

First we define the concept of value boundedness®°:

Definition 8 (Value Boundedness). For a given MDP, consider a value function Vp(b), statesb € B and some

index state z € B. Then an MDP is value bounded if for a constant M and function M(b):

M(b) < Vp(b) — Vola) < M (A49)

We now prove that Thm. 6 and Thm. 7 hold respectively under the average reward criterion as 4 — 1 using
Dutta’s Theorem as follows *¢. Consider an MDP that is value bounded. Let m(-) be a stationary optimal policy
for the discounted MDP. (1) Suppose 75(-) — # pointwise, as # — 1. Then 7 is a stationary optimal policy for
the average reward criterion. (2) Furthermore, given state ordering O, if for all discounted optimal policies 75(5),
O(4') > O(b) implies 7g(') > mp(b) (i.c., threshold policies are optimal), then any sequence of discounted
optimal policies converge to an average optimal policy as 8 — 1.

(2) and (1) together imply that any MDP that admits threshold optimal policies under discounted reward
criteria also admits threshold optimal policies under average reward criteria. By construction, any MDP that
satisfies Thm. 6 or Thm. 7 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
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CoB is value bounded.

Theorem 17. Any Collapsing Bandit is value bounded.

A.s ExamprLeE WHEN THE Myopric Poricy Fairs

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 = 2 and # = 1 and the transition probabilities shown in Fig. A.1a.
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Figure A.1: For the example transition matrices, Myopic performs worse than random, while Threshold Whittle is nearly optimal.

Fig. A.1b shows how various policies perform on these two processes. The myopic policy is worse than ran-
dom and threshold Whittle is nearly optimal. The myopic policy always acts on process 2 because the immediate
reward it considers, (6,41/¢ = 1) — (b;41|la = 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 large P ,, making it self-correcting, meaning the
process is likely to become adhering quickly even without an intervention. However, process 1 has a very small
P4 and P, | 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:
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For process 1:

(bila = 0) = 0.97.b; + 0.03.(1 — b,) = 0.94.b, 4+ 0.03
(byila =1) = 0.99.b, + 0.01.(1 — &,) =0.95., + 0.04
Thus, Ab, = (by1|la = 1) — (bryr]a = 0) = 0.01 4 0.01.5, < 0.02

Similarly, for process 2:

Ab, = 0.02

The myopic policy chooses the arm with the greater Ab;.

A.6 LEARNING ONLINE

So far we assumed that all transition probabilities are known. However, in a real deployment, the transition prob-
abilities 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 tuberculo-
sis medication adherence monitoring domain from the main text as a case study and motivating example.

We implement a Thompson sampling-based learning method *°°, which is a heuristic which has been shown
to work well in practice and has been frequently used in the bandit literature”*. In Thompson sampling, we sam-
ple from a posterior distribution over the estimated parameters and use the samples for planning. This allows for
“sub-optimal” actions to be taken periodically, building 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 domain that can
be used to accelerate learning with Thompson sampling. First, it is reasonable to assume 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.
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The larger the buffer length, the faster learning will converge since more observations are obtained for updat-

ing the posterior. We parameterize 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 prob-
abilities given in Section 1.3. 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 prob-
ability space from which we would like to sample when learning online. 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 matrices for a process
change every day, and thus pre-computing the Whittle indices for every belief state as in Alg. 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 largest belief lower than 6(X;), i.e., X; = muin{u t bi(u) < b(X;)}. The
Whittle index for X is then obtained by solving for 7 : ](,f’ ) ](75’ '+1’X’V). These computations are repeated
every day yielding overall complexity of O(|Q|7%) per process.

HEl Random B TWA4 1 TW.co
B TW.1 B TW.7 1 Oracle

100

[N
o

Intervention benefit (%)

Unconstrained Constrained 5 10 25
k/N (%)
Figure A.2: (left) Constrained Thompson sampling improves learning. (right) buffer lengths of 4-7 perform well for various values of

k/]\], using constrained Thompson sampling. TW_Xis the on-demand index algorithm run in tandem with Thompson sampling and a
buffer length of X.

Fig. A.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
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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 £/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. A.2 (left) compares the performance of learning policies with and without constrained Thompson sam-
pling for k/N = 25%. All policies benefit from the constrained sampling approach, suggesting that imposing

our knowledge of the transition probability constraints was beneficial to learning.

A7 SENSITIVITY ANALYSIS

In Fig. A.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 perfor-

mance is robust to the choice of parameters.

—=—  Threshold Whittle —— Myopic —— Random
=2 100 100 100 100
g 751 801 751 801
c
S 50 ] 50 601
% 60
85— | ol ‘ 25</ e
= 00 02 04 00 0.2 04 00 0.2 04 00 0.2 0.4
Perturbation, 7 Perturbation, 9, Perturbation, d5 Perturbation, 4,

Figure A.3: Performance of Threshold Whittle is robust to perturbation of the transition matrix parameters. Note that 100% corre-
sponds to the performance of Threshold Whittle for this plot only.

A.8 THRESHOLD WHITTLE’S 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. 6
and Thm. 7, respectively, using 8 = 0.95, then compute their indices with the Threshold Whittle algorithm.

Figures. A.4a and A.4b show a few samples of these trajectories for reverse and forward threshold optimal pro-

cesses, respectively. Via similar arguments from the proof in Appendix A.1, it can be shown that the true Whit-
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Figure A.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 A.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 A.1.

tle indices for reverse (forward) threshold optimal processes should always be increasing (decreasing) in belief.
Fig. A.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. A.4b shows that for forward

threshold optimal policies, the indices computed by Threshold Whittle always decrease in belief as expected.)
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Appendix to Chapter 2

B.1  ProOF OoF THEOREM 4

Theorem 4 (Forward Threshold Optimality). Consider a belief-state MDP corresponding to an arm in an RMAB
with some non-decreasing reward function given by p(b) and transition matrix given by P. For any subsidy m, there

is a torward threshold policy that is optimal if:

A1 —ﬂmin{A],,Ad}) T i

(2.3)

Proof. We start with presenting three facts and proving several lemmas that underpin the proofs of Thms. 4 and

5.



Fact s. “G20 = P, — P,
Fact 6. Vb, b s.t. b >V, z(b) > =(¥).

Fact7. Vb,V s.t. b >V, 7(b) — (V') = (P}, — P)(b— V).
Lemma 9. Vm(bl) — Vm(bz) Zﬁ/mm(bl — bz)\v/ bl, bg s.L. bl > bz

Proof. We will prove this via induction, where the base case will be a one-step value function. For the iterative
case, we will show that the t-step value function assumption implies the t+1-step inductive value function hy-
pothesis. It is sufficient to compare the value functions for each case corresponding to each action being the op-
timal. If the true optimal action for one of the value functions is passive and the other active, then the bound can

still be established by flipping the action of one of the value functions as needed. This gives:

Base case V1, (b)) — 172, (by) =

m+ p(by) — (m+ p(ba2)) = p(b1) — p(b2) passive (B.1)

P(b1) — p(ba) = p(b1) — p(b2) active (B.2)

is clearly satisfied. Now assume V7, (by) — V5,(b2)) > £/, . (b1 — b2). Then Vi (by) — Vi1 (,)

Case 1 (both passive):

=+ plbr) + BV, (#(00)) = O+ p(bs) + BV, (v(52)))
= plb) = plb2) + B( V2, ((01)) = V2 (7(0)))
> pbr) = p(b2) + fp,,,, (7(b1) — 7(b2))

> p(b1) — p(b)
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Case 2 (both active):

= p(b) = p(bs) + (b1 = 2) Vi (L)) + (b2 = ) Vi (B3 ))

3

= plbr) = plb2) + B( (b = b2) (V2 (Piy) = V2, (B))) -
4
> Pl = 62) + £((b1 = ba) (V4 (PLy) = V4u(P,))
> pr by — by)
O
Lemma xo. If V by, byst. by > by, xsuch that Vo, (by) — Viu(b2) > xpl - (by — by), then, fora =
min{A,, A,}:
Vin(b1) = Vin(b2) 2 p,;, (1 + fax) (b1 — bo) (B.s)
Proof. Using Eq. 2.2, we get:
d(V;}nb(b)) _ A0 + B passive 56
ﬁ/(b) +B( Vm(Pf,l) - Vm(PEl),l)) active
Case 1 (passive):
, d(V,,(z(b
, Vin(7(b) + 9) — V,u(z(b
sy B0 -
> f'(b) Jﬁg’cﬁ:m‘n(])fl Pg 1) (B.9)
ZJolmm + ﬂ’?/o/min(])il - P&l) (B'IO)
> 4 (14 fax) (B.11)
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Case 2 (active):

=2 (b) + B(Vn(PLy) — V(PG 1)) (B.12)
Zﬁ,(b) +157Cﬁim-n(1711,1 - P?),l) (B.13)
> Prin T B i (P — PG 1) (B.14)
> Prin(1 + Bax) (B.1s)
Thus,

= d(l/(;nb(b)) Zﬁ;ﬂm(l + fax)
" d(Vu(b)) h,

— [ T /b P (1+ o) o (B.16)

— Vm(bl) — Vm(lﬂz) Z_plmm (1 +ﬁax) (bl — 192)

O
L f’;n,'n(bl_bZ)
emma I11. Vm(bl) — Vm(bz) > WV bl,bz s.L. bl > bz
Proof. Consider the function, f{x) = 1 + Baxand let /*(x) := ff...Alx))) . We show using induction that:
———
() applied 7 times
Vm(bl) - Vm(bz) Ef”(l)ﬁ/mm(bl - bz)Vn € W, Vbl, bz S.t. bl 2 bz (BI7)

Consider the base case, z = 0. Eq. B.17 reduces to the statement of Lemma 9 with f) (1) = 1, and thus holds
true. For the inductive case, we assume Eq.B.17 to be true for some 7 and then show that it must also be true for

n + 1, as follows:

If Vm(bl) — Vm(bz) an(l)ﬂ:nm(bl — [92), then
= Vin(b1) — Vin(b2) Zf(f”(l))f;%.n(bl — by). using Lemma 10 (B.18)

= V(1) = Viu(b2) > T (1)p,,5, (01 = b2)

Thus we show Eq. B.17 to be true for all z. We note that the sequence {f(1) } 72, is strictly increasing and
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bounded, and thus the sequence converges. The point of convergence can be obtained as follows:

Let the sequence converge to /> = lim /*(1)

n—r0oQ

= A(F) = lim /(1)) = lim £7(1) = lim £/(1) = £

n—roQ n—roQ n—r0oQ0

= 1+ faf™ =~ (B.19)

— 1= )

1
ey

Resubstituting /> in place of /(1) in Eq.B.17 finally gives us the required result. U

AWV () < Pin
B2

Corollary 4. 7 =

Proof. This follows from Lemma 11 by setting by = b + 9, b, = bunder the limit 0 — 0. O

Lemma 12. Vm(bl) — Vm(bz) < ﬁ/m‘wl(bfl{;bz)v bl, bz S.L. bl > bz

Proof. Proceed by induction again. The base case V,,(61) — V,,(b2) =

./O;mx(bl - bz)

m+p(by) — (m+p(b2)) = p(b1) — p(b2) < 1-5

both passive

Prnalr — b2)
1-4

both active

Pbr) = p(ba) <

which are both clearly satisfied. Now assume V7, (61) — V7, (b2) < ﬁ;’”’“l(bflﬂ_bz) Then, V(b)) — Vi (by)
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Case 1 (both passive):

= (m+p(br) + £V,u(2(0r)) — (m + p(b2) + BV, (2(b2)))
= (p(br) = p(b2)) + BV, (1)) — V3, (7(b2)))

< (p(by) — p(by)) + ax(7(b1) — 7@2)))

K

1-4 (B.20)

Case 2 (both active):

= (p(b0) + B0 V4 (PL) + (1 = B) V5, (P ) ) -

(p02) + BBV, (PL1) + (L= b2) V2, (P3)

I
>
S

|
)
—~

S
)
~
~
+
KN
/N
—~
5
|
N
S}
~—
—~
N
|
N
—~
=X
=
~—
N——

< (p(br) —p(b2)) + 8 ((bl — b L mar Pl ; 1) > (B.21)

Lemma 13. IfV by, byst. by > by, 3 such that V,, (b)) — V(b)) < xpl (b — by), then, fory =
max{A,, Ay}

Vin(br) — Vin(b2) < . (14 Byx) (b1 — b2) (B.22)

Proof. Using Equation 2.2, we get:



AV, (7(b))) d(z(b .
V(b)) ﬁ/(b)JFﬂ‘(d(T((b())))) (d(b)) passive

b
P (B) +B(Vn(Pfy) = Vi(P5,))  active

Case 1 (passive):

Case 2 (active):

= £(8) + B(Vu(PLy) = Viu(P5,))
<A (6) + £xp, . (PLy — Piy)

< Prnas B

< Prnax(1+ Byx)

Thus,

— W)y v

" d(Vn(0) "
m < /
— /h - db_/bz e (1+ )t

= V(b)) — Viu(b2) <. (14 Byx) (b1 — b2)

Lemma 14. Vyu(b1) = Viul(ba) < “2"2 20 by by st by > by

(B.28)

(B.29)

Proof. We use an approach similar to the proof of Lemma 11. Consider the function, g(x) = 1 + Byxand let
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(%) = g(g(...g(x))) . We show using induction that, Vz € W, ¥V by, by s.t. by > b:
O apphed n
g\.) app! 1ed 7z times

Vi) = Vi) < ¢ (775 )l = )

Consider the base case, » = 0. Eq. B.33 reduces to the statement of Lemma 19 with ¢° (ﬁ) = ﬁ, and is thus
true. For the inductive case, we assume Eq.B.33 to be true for some 7 and then show that it must also be true for

n + 1, as follows:

If V(1) — Vin(b) < & ( lﬂ) ! (b — by), then
Vin(b1) — Vo(b2) <g<g < ! ﬂ)) ! (b1 — by). by Lemma 20 (B.34)
Villn) = Valba) <& (125 Jocllr — )

Thus we show Eq. B.33 to be true for all z. We note that the sequence Lg”(ﬁ) ne is strictly decreasing and

bounded, and thus the sequence converges. The point of convergence can be obtained as follows:

1
Let the sequence converge to ¢ lgn g ( ﬂ)
1 1 +1 1 __ 0
— g(e) =¢( Jim ¢'( ﬂ) = Jim & p) =
o o0 B.

— 1=¢"1-8)
N S 1

£ T -

Resubstituting ¢ in place of gn(iﬁ) in Eq.B.33 finally gives us the required result. O

Corollary s.

d( Vm (17)) f)max
db 1-By



Proof. This follows from Lemma 21 by setting by = & + 9, b, = b under the limit d — 0. O

Now we complete the proof for Thm.4 as follows:

A1 —fa)

B23 = 8> g (B:36)
(I’T,l(l—_P;i;fJim Zﬁindx((f’f_,lﬂ—y;)&l) (B.37)

— (P, - 1%71)‘1(%(5)) > Vu(Pfy) — ViP5 ) by Cor. 6 (B.39)
— LENATAO) > 1, () - V(P ) oy Faces (B.40)
— ) g0 (B41)
BVn(PL) = V(P)) (B42)
L Vm(db(Z): 0) Vm(db(lz)z ) (B.43)
O

B.2 PRrROOF OF THEOREM 5

Theorem s (Reverse Threshold Optimality). Consider a belief-state MDP corresponding to an arm in an RMAB
with some non-decreasing reward function given by p(b) and transition matrix given by P. For any subsidy m, there

is a reverse threshold policy that is optimal if:

Ay(1 — Bmin{A,, A,}) < Prin
A (1= pBmax{A,,A.}) ~ ..

(2.4)

Proof. Optimality of a reverse threshold policy implies that if the optimal action at a belief & is active, then it
must be so forall & > &. Similar to proof of Theorem 4, we approach this by deriving conditions which if im-
posed, restrict the derivative of the active action value function to be greater than the derivative of the passive

action value function w.r.t. & — thus implying reverse threshold optimality. We show that the conditions of The-
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orem s satisfy this required property:

Al = By)pn
(1= Ba)p
(1{1 - Pg,l)ﬁ/mﬂx < f’/mm(Pfl - ])8,1)
=8y = (1=

2 =)
o 0oy ) V5 by e 1

) ’ db - )

db db -

d(zb) b =

B.3 PRrROOF OF THEOREM 6

Theorem 6. Consider a belicf-state MDP corresponding to an arm in a standard Collapsing Bandit. For any

subsidy m, there is a forward threshold policy that is optimal if:

1
A, < Apand A, + A, SE

Proof. To prove this thoerem, we show that the condition of Eq. 2.6 satisfies the condition of Thm.4 when



p(b) =b.Notethatp! =p/ =1

Fg26 = (B, — A)(E (8,4 4,)) >0

A

= (Ap - Azz) _18(Ap - Aa)(Ap + Aa) >0
= Ay —BA; — A, +BAL >0
= 0,1 - £By) > A1 - fA,)

Ay(1 —Bmax{A, A,}) -
A= frin(a, &,3) > (7% =80

—

O
B.4 PrROOF OF THEOREM 7
Theorem 7. Consider a belief-state MIDP corresponding to an arm in a Collapsing Bandit. For any subsidy m,
there is a reverse threshold policy that is optimal if:
1
Ay < Agand Ay + A, < Z (2.7)
Proof. To prove this thoerem, we show that the condition of Eq. 2.7 satisfies the condition of Thm.s when
p(b) = b.Notethatp! —=p' =1
1
Eq.2.7 = (4, — Ad)(z — (A, +4,)) <0 (B.s2)
= (8, = As) = B(Ay — D2)(Ap+A,) <0 (B.53)
= (8 — Al) _IB(A]% —A2) <0 (B.s4)
= Ay —BA; — A, +BA; <0 (B.ss)
= 8p(1—f0p) = As(1—BA,) (B.56)
A, (1 — ﬂAd)
— A, < (B.s7)
P (1)
A, (1 — in{A,, A,
— [7( ﬁmln{ y Al }) S 1(Ap S Aﬂ) (BSS)

Aq(1 = max{Ay, A})
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B.s VALUE BOUNDEDNESS THEOREM

Definition 9 (Value Boundedness). For a given belicf state MDP, with a value function V[g(b), statesb € B and

some index state z € B, an MDP is value bounded if for a constant Uy and function L(b):

L(b) < V‘g(b) — V[g(z) < Uy (B.59)

We use Dutta’s Theorem 3¢ to prove that Thm. 4 and Thm. 5 hold respectively under the average reward crite-
rionasf — 1.
To prove that the conditions of these theorems hold under the average reward criterion as 8 — 1, we need to

prove that any Collapsing Bandit is value bounded.
Theorem 18. Any Collapsing Bandit is value bounded.

Proof. Set the index state to be the head of the w = 1chain, ie.,z = Pf,r Since Pil is the maximum possible
belief, V5(Pf,) is the largest possible value function according to Corollary 6. Therefore we can set Uy = 0.

Now according to Lemmas 11 and 21, we have:

Py -b Py

Piy) — b) < < 1 B.
Vm,ﬁ( 1,1) Vm,/z( ) < 1—fy — 1—y V6 € [0,1) (B.60)
Vgl6) = Vg > =01 5 P Plagp e o B.6
m,ﬂ( )_ m,ﬁ( 1,1) =1 _ﬂa - 1 lg € [ ) ) ( . I)
Thus L(6) = b:)j’l , where y = max{P}, — P, Pil — P?),l}’ thus completing the proof. O

B.6 PrOOF OF THEOREM 8

Theorem 8 (Forward Threshold Optimality). Consider a belief-state MDP corresponding to an arm in an RMAB
with some non-decreasing reward function given by p(b), transition matrix given by P and an observation function,

©(b) for a belief state b. For any subsidy m, there is a forward threshold policy that is optimal if:
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A1 = pmax{dy, (8:-8)}) _ £,

A (1 —pBmin{A,, (A,.A.)}) ~ 2 (2.11)

where A, = ©'(b) for a lincar O (b) such as in the example above.

Proof. We start with re-deriving the difference bound lemmas for the imprecise observations case. Recall that the

value function for the active and passive actions is now given by:

m b Vu(z(b))...passive
V. () = max +p(6) + BV (7(0))...p (10)

2(0) +B8(X, 0u(b). Vi (P2))...active

Lemma 15.
lol—1
S° L) (V) - 7u(P)) = 3 (€L V(2 (B.62)
Proof.
RHS. =3 (0L(0)V(P))
II?ZII—1
= > (OLOTu(P) + ©4(1)V:n(P5)
lall—1
S @;(b)Vm(zzﬁj,))+
Ty .
1= ) 0,(0)) V(P
IIQII—lw_
= > (eL@vau(ry)+
_IIQH*1
=D L) u(p)
IIQII*I_
=Y @;(b)(Vm(Pj,)— Vm(PS))
=L.H.S.
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Lemma 16. Vm(bl) — Vm(bz) Zﬁinm(bl — bz)v bl, bz s.L bl > bz

Proof. The proof follows the same procedure as the precise observations case. We get:

Base case V1, (b)) — 172, (by) =

m+ p(b) — (m~+p(b2)) = p(b1) — p(b2) passive (B.63)

P(b1) = p(b2) = p(b1) — p(b2) active (B.64)

is clearly satisfied. Now assume V7, (b1) — V5,(b2)) > £/, . (b1 — b2). Then Vi () — Vi1 ()

Case 1 (both passive):

= 4 pl(bn) + BV3, ((01)) = (m -+ p(bs) + V3, (<(62))
= plb1) = p(b2) + £( V2, (<(81)) = Vi (7(52)) )
> plbr) = p(b2) + Bp,,,, (7(b1) — 7(b2))

> p(b1) — p(62)

(B.65)

Case 2 (both active):

= plb) = p(02) + B((O(80) = (b2) (V3 (PL) = V4, (P51))) (B.6)
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Lemma 17. If ¥V by, bys.t. by > by, Ixcsuchthat V(b)) — V(b)) > xp! . (by — by), then, fora =
min{A,, > Aewpr}-’

Vin(br) = Vin(b2) 2 p,,;, (1 + fax) (b — ba)

Proof. Using Eq. 2.2, we get:

Ad(Vu(z(b))) d(=(b .
AV, 0) _ )P0 +EUGG G pasive

£(b)+ L, Ou(b)Vu(P;)) active

Case 1 (passive):

Case 2 (active):

w=1
1o -1

Z.Pinm —’—[g]?/):mn Z (AE‘UAP“))

w=1

> pl (14 fax)

172

(B.67)

(B.68)

(B.74)

(B.75)

(B.76)

(B.77)



Thus,
AVb)
—_— > .
db Z Pomin

" d(Vn(b)) g
N mAT gL > I
—= | Tz /b (14 )b

(14 fBax)

== Vm(bl) — Vm(bz) Zjo;mn (1 —&—{ch) (bl — bz)

(b

Lemma 18. V,,,(b1) — V,,(62) > ’(}:’”"I_%V b, by s.t. by > by

Proof. This proof is exactly same as the proof for Lemma. 11.

Corollary 6. d( V;}?(b)) > {’inga

Proof. This follows from Lemma 18 by setting by = & + 9, b, = b under the limit d — 0.

Lemma x9. V(1) — Vyu(ba) < “252 220 by by s by > by

Proof. Proceed by induction again. The base case V,,(b1) — Viu(b2) =

(b —b

m+p(br) — (m+p(b2)) = p(b1) — p(b2) 1-3

both passive

,/O:nax(bl - bz)
1-4

both active

p01) = p(b2) <

(B.78)

which are both clearly satisfied. Now assume V7, (61) — V2, (b2) < W Then, V5 (b)) — Vi (b,)
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Case 1 (both passive):

= (m+p(br) + £V,u(2(0r)) — (m + p(b2) + BV, (2(b2)))

= (p(br) = p(b2)) + BV, (1)) — V3, (7(b2)))

ax(7(b1) — f(bz))>

< (p(br) — p(62)) + =2

K

Case 2 (both active):

= (p(8n) +B(O(0) V4, (PL) + (1 = ©(B) V5, (P3)) ) -

(B.80)

Lemma 20. IfV by, byst. by > by, 3 such that V,,(b1) — V(b)) < xpl (b — by), then, fory =
maX{A],, Yo Danlen}:

Vm(bl) — Vm(bz) Sﬂlmﬂx(l +ﬂ}/7€)(51 — bz) (B.SI)

Proof. Using Equation 2.2, we get:
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d(a() _ PO+ B G passive )
db ’
ﬁ/(b) +B( Vm(Pf,l) - Vm(PSJ)) active
Case 1 (passive):
, AV, (z(b
#0+ g, - 1) (B53)
_ Vin(7(b) +9) — Vin(7(0))
=r (b) +ﬂhm ’Z’(b) 10— ’Z’(b) (Pfl - P(’; 1) (B'84)
<A (8) + Bepl (P = PG (B.3s)
< a1+ Br) (B.86)
Case 2 (active):
=£/(0) +B(Y_ O V(L)) (B.87)
=2/ (6) + 80> ©L(Vu(Ph) = Vu(P5))) (B.88)
< (b) + x> OL(PL = PY)) (B.89)
S./O;’lﬂx +Kg-/o;’lﬂx7/7€ (B'9O)
< Pruax 1+ Err) (B.o1)
Thus,
d(V,,(b ,
(de( D < gt
" d(V(b)) ",
- /b TN /b P14 ) (5:92)
= V1) = Vin(b2) <p,..(1+ Byx) (by — by)
O
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b—

Lemma2x. V(b)) — Viul(ba) < 220 by by st by > by

Proof. The proof is same as the proof of Lemma 21.

d(Vn(®) < Pa:
db <

Corollary 7. <

Proof. This follows from Lemma 21 by setting by = b + 9, b, = bunder the limit 9 — 0.

Now we complete the proof for Thm.8 as follows:

Aﬂ(l — lga)Jo:nax
(Pf,l - ])(p),l)Jo:fm'n > _P;mx(])il - ])?),1)

I=pz)  — (-5

Pl =P e
W > V(P) — Vi (P;) by Lemma 21

Eg211 = A, >

> Vy(P}) — Viu(Py) by Cor. 6

d(;(bb)) d(V;anb(b)) >V, (PF) — Vin(P2) by Fact s

d(Vu(7(b))) d(=(b))
d(7b) db

> f(b)+

d(Vn(bla = 0)) _ d(Vn(bla = 1))

B.7 ProOOF OF THEOREM 9

Theorem 9 (Reverse Threshold Optimality). Consider a belief-state MDP corvesponding to an arm in an RMAB

with some non-decreasing reward function given by p(b), transition matrix given by P and an observation function,

©(b) for a belief state b. For any subsidy m, there is a reverse threshold policy that is optimal if:

Ap(l — ﬂmin{A;n (Aa'Af)}) < .p;m'n
Ad(l — ﬂmaX{Ap, (Aa‘Ae)}) N ﬁﬁmzx
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where A, = ©'(b) for a linear O (b) such as in the example above.

Proof. This proof follows along the same lines as Proof of Thm. 5 using the value function bounds for imprecise

observations. O

177



Appendix to Chapter 3

C.1 Proors

Theorem 19. The belief state transition model for a 2-state Streaming Bandit arm with deterministic arrival time
Ti and departure time T can be reduced to a belief state model for a restless bandit arm with T) + (T, — Tl)2

states.

Let us consider that a streaming arm, that arrives (or, becomes available to the system) at time step 77 and exits
(or, becomes unavailable) at time step 75. For including their arrival and departure in the belief model, we con-
struct a new belief model with each state represented by a tuple ( behavior, time-step ), where behavior takes

a belief value in the interval (0,1) or is set to U (unavailable). U can be set to any constant value. The transition
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probeabilities are constructed as follows:

* The first 77 — 1 states represent the unavailability of the arm and have deterministic transitions, i.e., for an
action 4,

Vi

<U,t*1>,<U,t> == lfOr allt S {2, ey Tl - 1}

* Attime T3, the arm can either be in good state or bad state, so we create two states (1, T3) and (0, T1). For
eachx € {0,1}, P‘Za Tty (o Ty) = Px where py represents the probability that the arm starts at a good (1)
or bad (0) state. Note that, in our experiments, we assume that the initial state of an arm is fixed to 0 or 1,

that can be captured by using either p, = 0 or p = 1, respectively.

* Foreachtimestepr € {77 + 1, 75 — 1}, we create 2¢ states: (£,,(0),2), ..., (bu(z — T1),t) for each
actionw € {0,1}. Forany?,7" € {0,1,...,# — Ti}, the probability of transitioning from the state
(by(?'),t — 1) to the state (b, (¢"), # + 1) is same as the probability of changing from belief value 4,,(¢) to

b,(?") in one time step on taking action w.

* For time step # > 75, we create one sink state (U, T5). This state represents that unavailability of the arm
subsequent to time step 75 — 1. Forany# € {0,1,..., T, — Ti}, the probability of transitioning from

<bw(lj), T2> to <(J, T2> is 1.

Thus, the new belief network contains the following number of states:

T1—1+2(1+...+<T2—T1))+1 (C.1)
= T1+(T2— Tl)(Tz— T1+1) (CZ)
= T+ (Th —T))? (C3)

Thus, T, + (72 — T1)? states are required for converting a belief network representing 2-state streaming bandits

problem to a classic RMAB problem. O

Lemma 22. Ifa forward (or reverse) threshold policy m is optimal for a subsidy m for the belief states MDP of the

infinite horizon problem, then m is also optimal for the angmented belief state MDP.
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Proof. First, we define the value function for the modified belief states.

Vo ((6,1)) = bt m+ BV (6P, + (1 — )Pyt +1)) ifb#U

b+m+ V,,((¢,t+1)) otherwise

b+ B(Vu((bP,t +1)) + (1= 0)Vu (Pt +1)))
Vo ((8,1) = ifb+ U

b+ V,, (¢, t+1)) otherwise

where &' is the next belief state.

The minimum value of 72/ that makes the passive action as valuable as active action at the states (U, #) for

T <t < T, can be obtained by equating

V17)%U<<U7t>) = VZU(<U,t>)
= U+ my+ Vi, (0,6 +1)) = U+ V(¢ +1))

=>my = 0.

Assuming that there exists a forward (or reverse) threshold policy, 72y = 0 implies that, even without any sub-

sidy, passive action is as valuable as active action. To show that the passive action is optimal at the # states, we

now show that the minimum subsidy at any other belief state is greater than 0. We show this by contradiction.
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Let us assume that the minimum subsidy 72, = 0 for a belief state & # U. Then,

Vi ((6,2)) = 775, ((6,2))
= b+ my + BV, (bP + (1 — b)P))) >
b+ B(Vny(6Py) + (1= 6) Vi, (PGy))
= Vo (bP), + (1 — B)P))) >
Vn (6Pfy) + (1= 6) Vi, (PG
= Vi, (6P 4+ (1 — ) Ph)) >
Viny (0P}) + (1= 0) V0, (Phy)

P > P and V,,(b) is non-decreasing (Corollary 1 in°").

The last inequality contradicts the fact that V,,(4) is a convex function of 4'#5. Hence, the minimum subsidy

required at any belief state & # U to make the passive action more valuable is strictly greater than 0. O

Theorem 20. A Streaming Bandits instance is indexable when there exists an optimal policy, for each arm and

every value of m € R, that is forward (or reverse) threshold optimal policy.

Proof. Using Theorem 1 and Lemma 1, it is straightforward to see that an optimal threshold policy for infinite
horizon problem can be translated to a threshold policy for Streaming bandits instance. Moreover, using the fact
that the existence of threshold policies for each subsidy 72 and each arm 7 € N is sufficient for indexability to hold

(Theorem 1 of *°"), we show that the Streaming bandit problem is also indexable. O

Theorem 21 (Index Decay). Ler meT( b) and V', 1(b) be the T-step passive and active value functions for a belief
state b with passive subsidy m. Let m be the value of subsicy m, that satisfies the equation V:n, 7(6) = V3, 1(b) (ie.
mr is the Whittle Index for a horizon T). Assuming indexability holds, we show that the Whittle index decays for

short horizons: NT > 1: mg > my > mo = 0.

Proof. We provide our argument for a more general reward criterion than the total reward introduced in Section

3.3. Consider a discounted reward criterion with discount factor 8 € [0,1] (where 8 = 1 corresponds to total
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reward). m is simply the 7 that satisfies: %4

m,0

(b) = an,o(b) ie, b+ m = b, thus my = 0. Similarly, 7, can be
solved by equating V’;hl(b) and 7, 1(b) as follows:

= b+ + AP + (L= 0)P) = b+ B(b(Ph) + (1 - 0)(P5,))

= m = B(b(Ph — Ply) + (1= 6)(P5, — Ppy)) (C.7)

Using the natural constraints 4 > P/, fors € {0,1}, we obtain m; > 0.

Now, to show 7 > my VT > 1, we first show that 7, ,(6) > v

mi, T

(b). Combining this with the fact that
Viu(.) is a linear function of 7 and by definition, 77 is a point that satisfies V9, .(b) = Vi (b), we use Fact 1
andsetf = V7 1(b),g = V% (b),x1 = miandx, = mytoobtainmy < mr,and the claim follows. For
completeness, we now show that V%, ,(6) > I (b).

Starting from an initial belief state by, let o (&, £) be the expected belief for the arm at time ¢ if the passive
action was chosen at # = 0 and the optimal policy, 77 () was adopted for 0 < ¢ < 7. Similarly let p? (b, #) be
the expected belief at time ¢, if the active action was chosen at # = 0 and the same policy, 77 (¢) (which may not be
optimal now) was adopted for 0 < # < T. Then, p?(bo,1) — p”(bo,1) = m; > 0 as shown above. Note that if

we took actions according to #7(¢) for# € {1,..., T — 1} with active action taken at the 0*” time step, the total
expected reward so obtained is upper bounded by the active action value function, V%, (bo). Thus,
T

Vo, (bo) = bo + my + B (bo, 1) + > B4 (bo, 1) (C:8)

=2

T
+ ( Zﬂtml.l{%ﬂ(t):pam'vf})
=1

T T
=bo+ Ig,/od(b(% 1)+ Zﬂfpp(bo’ t) + ( Z(gtml'l{ﬂ’(t):pam've})
=2 =1

T T
<b+ [gﬁd(bOa 1)+ Z[g[ﬁd(bm t) + ( Zﬂtml-l{ﬂ(t):pam'ue}) (C.9)
t=2 t=1
(by Lemma 2.)
< Vo 1(bo)
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C.2 RoBUSTNESS CHECKS

We conduct several robustness checks by varying key parameters important for the simulation and confirm that

the good results remain constant across various settings. We also simulate a few additional synthetic domains as

described below.

HEl Random s TW Linear HEl Random s TW

Linear
I  Myopic Qian et al. [ Logistic I Myopic Qian et al. [ Logistic
9 S
<100 - I I 1L m | <
£ £ 100 I I Il
3 S
@ @
s 8 50
] o]
£ 0 £ 0N T k= 10% k= 20%
10% 30% 50% 70% 90% =2/ = W7 = U/
% of Forward Threshold Optimal Arms Intervention Resources Available as % of Total Arms

(a) (b)

Figure C.1: (a)Performance of our algorithm remains robust even when population is composed of a varying fraction of forward thresh-
old optimal arms (b) Performance of our algorithm remains robust under varying levels of available resources
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Figure C.2: Non-recoverable patients are those that remain in the bad state with high probability, even after receiving an intervention.

Performance of Threshold Whittle begins to dwindle when the fraction of non-recoverable patients in the cohort increases, but our
interpolation algorithms remain robust.
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Figure C.3: Tests on the ARMMAN domain reveal that the large speedup is achieved while virtually maintaining the same good quality

of performance
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Figure C.4: We generate corner cases consisting of varying proportion of patients with high value of Z—I;. We test the algorithms under

two situations corresponding to lifetime of arms smaller/larger than the ratio Z—IZ and find that our algorithm still show good perfor-
mance throughout.

184



Appendix to Chapter 4

D.1  CLARIFICATION ON STATISTICAL ANALYSIS

It has been brought to our attention that the standard statistical test employed in the paper, while being popular,
is still imperfect for the unique nature of the adaptively collected data analyzed in our study. Designing a valid
statistical test for concluding from adaptively collected data from trials such as ours, is still an area of modern
research 174,

The unique challenge is that the outcomes of individual beneficiaries within an experimental arm, are not in-
dependent owing to the budget constraint. In fact, we expect the outcomes to be negatively correlated under the

assumption that interventions are never detrimental — reason being that while allocating an intervention to a
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beneficiary tends to improve their outcomes, it robs some other beneficiary of the intervention resource, leading
to a decline in their expected outcome. This negative correlation is expected to translate to a lower sample varia-
tion in the measured outcomes than what is accounted for under the independent-outcomes assumption. Our
discussion 7 suggests that this is likely to result in a less heavy tail than expected, and consequently, our computa-
tion should likely yield conservative p-values. We justify this intuition further via an illustrative example involving
a simpler setting below.

Because the computed p-values are conservative, the conclusions drawn in our study should still remain valid.

D.1.1 JUSTIFICATION OF WHY NEGATIVE CORRELATION LEADS TO P-VALUE INFLATION:

We provide intuition through an example, for why negative correlation leads to inflated p-values.

Consider a simplified linear model, similar to the one employed in the paper, without contributions from
intermediate terms such as &, 77, x;;, retaining only &, e. Consider the null hypothesis Hy := £ = 0. To reject
this hypothesis, consider employing the z-test that would construct a z-statistic as: z-stat = @, . If the Y;’s were
assumed to be independent, we would obtain the p-value as « in terms of the tail distribution Z of a standard

normal distribution as:

= 1—

[STE

VY
——=2z
g

However, in reality, since the Y;’s are not independent, but in fact, negatively correlated, the actual variance in Y
is smaller. This is because the second term in the expansion of the variance of the mean outcomes, contributes
negatively as in:

o) = [ S ) + Lo, )

This leads to &2 being an inflated version of the actual variance and equivalently, this leads to an under-inflated
value of | f# |. This translates to a larger mass on the right tail of the Z distribution, leading to a conservative

(i.e. larger) p-value.
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Appendix to Chapter 7

E.1  CoMPLETE PROOFSs TO THEORETICAL RESULTS

E.1.1  ProOF oF LEMMA 23

Lemma 23. The relation t is an equivalence relation and the family of sets defined by C1(-) forms a partition over

C.

Proof. To prove that { is an equivalence relation, we show that it is reflexive, symmetric and transitive. { is reflex-
ive because V€ € C, € € CH(¢) by definition. Furthermore, T is also trivially symmetric because if €, € Ci(ey),
then by definition, the allocations received by all individuals at all times are identical under both €; and &,.

Hence @; € CT(€,). Finally, 1 is also transitive because if all allocations received by all individuals at all times
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are identical in €; and &, as well as in €, and €3, that means the allocations are also identical in €; and €5. Thus
formally, if €, € CT(€;)and €3 € CT(¢,), then €3 € CT(€;). Thus tis an equivalence relation over C and
consequently, partitions C into a family of equivalence classes CT(+) such that every element € € C lies in exactly

one partition*?. O

E.1.2 PROOF OF THEOREM 14

Theorem 14. Eval' (7,,) is an unbiased estimate of the expected value of the performance, Eval* (m,,) Vm € [M],

defined in equation 7.1. i.e.
Es, ~pEec|Evall (7,,)] = Eval*(,,) Ym € [M]
Proof-

Eval*(7,,) =Es, ~p* [[EQ‘NC [EVal(”m)]]

= Es, - [ 3" Proble] - Eval(ﬂmlﬁ)]

cecC
= Es,~p* []C| Z Eval %m’Q:):| (. all € equally likely)
cecC
= Es,,~p- LC![ > Eval(z|€) -4+ > Eval(zm|€)H
cep cep,

where {Py,...,P } defines partition of C induced by f.

P

= Eg,,~p Z ]C| |77| [ Z Eval(7,,|€) H

= ks,,~p* _Z |’7;|’ [EV&IT(WM@)H (V€ eP)
_/6[7]

= kg, ~p* Z Prob[P;] - [EvalT(ﬁmM)H (Ve € P))
:jG[V]

= Eg,,~p Z Z Prob[¢] - [EvalT(ﬂmQ)H . Prob[P, Z Prob[€
“jely) CEF; CeP;

= [EsmNp* [EQNC [EVG[IJr (7Z‘m)}
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E.1.3 PROOF OF THEOREM 15

Theorem 15. The sample variance of our estimator, Eval' () is smaller than the standard estimator, Fval(r):
(Fval(7)) — (Eval' (7)) =

a2

JEW

(Zeer Emzw))z]

Z Fval*(7|€) — 5
cep, 7

> 0, where {Py, ..., Py} is the partition of C induced by 1.

Proof. 'We compute the sample variance by first conditioning over the partition 7; (of the equivalence sets de-
fined by T) that an instance of an assignment, € belongs to and then accounting for the variance stemming from

the candidate assignments € within the partition. Thus we get:

(Eval(7 Z (Eval(z|€) — Eval*(7z))2
!C! =
Z > (Eval(#]€) — Eval*(w))*
’ 7] €EP;
Z < > (Eval(#]€))* — 2 Eval*(z) > Eval(z|€) + \7>j|(Eva1*(7z))2> (E.1)
’ CeP; CeP;

Similarly, we compute the variance of our estimator Evall as:

(Eval' () | Z Z EVSLIT (7|€) — Eval*(# )

7) €EP;

1 > P, Eval(7|C) . 2
:’C’JEZMOIPA{ < P — Eval (7[)})
D e > Eval(7[€) \ 2 . Yo , Eval(7|€) . 2
= |é|)€% <‘73]‘ . {< ¢ 7’|P]| > — 2 Eval*(7) ( ¢ 7”73] )—i— (Eval (7[)) })

S eep, Bval(7]€))” ,
) yclyz{< ccr U)oy S Bl + () b

&2




Subtracting expression in Equation E.2 from the expression in Equation E.1 gives:

2 (ZceP, EVQI(”@Y) (E3)

( Z (Eval(7|€)) 7]

ceP;

(Eval(7)) — (Evall (7)) = |Cl‘ 3

i€l

We can show that the expression for variance contraction derived in Equation E.3 is non-negative as a direct

consequence of the Cauchy-Schwarz inequality. The Cauchy-Schwarz inequality states that for two vectors u and

v, [{u, v)|* < (u,u)-(v,v), where (-, -) denotes the inner product. Settingu = |Eval(7|¢;), ... ,EV31(7f|Q:|'pj|):|>
|73j|;;tries
andv = [1, e 1] yields the desired result: (Eval(7)) — (EvalT(W)) > 0. O
——
|P;| 1's

E.1.4 EFFICIENT ALGORITHM

Lemma 24. The relation T is an equivalence relation over both C as well as each set in the family C'(-) and the

family of sets defined by er (+) forms a partition overC.

Proof. Similar to Lemma 23, we prove that Ty is an equivalence relation by showing that it is reflexive, symmetric
and transitive. v is reflexive because V€ € C, ¢ € C'«Tr((’:) by definition. Furthermore, T is also trivially sym-
metric because if €, € Cf (€1), then by definition, the index thresholds, as well as the allocations received by

all individuals at all times, are identical under both €; and €,. Hence &; € Cf (€3). Finally, 1 is also transitive
because if all index threshold and allocations received by all individuals at all times are identical in €; and €; as
well as in €, and €3, that means the same are also identical in €; and €3. Thus formally, if €, € ct (¢;) and

€3 € CT(€,),then@; € CT(€;). Thus ty is an equivalence relation over C and consequently, partitions C
into a family of equivalence classes CT(-) such that every element € € C lies in exactly one partition *. Similar

reasoning also shows that t is an equivalence relation over each set in the family CT(-). O

Corollary 8. Evdl%} (7m) is an unbiased estimate of the expected value of the performance, Eval* (), defined in

equation 7.1. i.e. Es, .pEg~c|Eval' (7,,)] = Eval*(m,) ¥m € [M]

Proof. Using Lemma 24, we apply similar arguments as Theorem 14 on the parition defined by { to show that

Evalirr yields an unbiased estimate. O
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Theorem 16. EmlTY(-) computed as per Equation 7.6 computes the average of Eval(|€) over all assignments in CY.
i ZEeCT Eval(7|)
ie. Eval\ (7)) = —+——
ICy
Proof. The key to showing that the two are equivalent is in interpreting the summation of (modified) rewards
over individuals in the view of average group rewards over assignments. Mathematically, starting from the defi-

nition of EvaljfY (7m) , the key lies in moving the summation operation over assignments in C; from outside the

EvallJrT () term to inside, applying it individually on each contributing participant. Formally, we can rewrite the

191



expression of EvalTT(

Tm) as:

et Bval(7]€)

EvalTT(n'j) =

=2

eect

=22

kEx i€Gy

=2 2.

kEx i€Gy,

=22

k€x i1€Gy L

=22

k€x i€Gy L

=> el

kex

—ZH[ te(

kex

€C;

7 (E-4)
Cyl
2eect 2uiec; (Sl A7)
= ol (E.s)
2 ke 2ic, Wiegy - 7S Al) + e (1= As) - 7(S[2], A[]) (£6)
cY |
(splitting the summation over groups Gy, and other individuals that can’t be swapped) (E.7)
[ 1¢, v (ST, A ]
3o Heay 1t DAY S (sl i) (Es)
Leect Cxl 4G
|« ey ] 1
> (Sl A | + (1= A - (Sl 4[4) (E.9)
—ceCi ICxl g
Pr(i € G|CL) - DI +) (1-A (1], 4[1]) (E.10)
i€C;
[{i:1€ (G A NG
i (GW 2 A0 TL AL T |+ S (1 A - A(STH, 4l
Go)l G
(E.11)
)EDY [ 6,0 7L, A1 7)) | 4+ Y (1= Ay) - 7(S[, 4[4])
1€Gy, (@) €
(E.12)
Y -7+ (1A (2], 4[]) (E.13)
i€
= Z?¢(l.) A+ Z(l —N;) - r(S[7),4[],1: T) (E.14)
€
O
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Table E.1: Sample variance in Measured Performance Lift

T B 71V 7 RAW PERMUTED IPW  7#-VAL
I 3% 7wiV7Zer 4909 4.94 0.48 9
1 10% 751 V7Zgr 49.86 15.11 6.66 3
1 25% 7w V7Zgr 4945 19.94 78.12 2
10 3% 7wiV7owr 2381 916 NA 3
10 3% 7Zwi V7Zgr 2348 728 NA 4
10 3% 7Zgr V7 26356 1860 NA 13
10 10% 7erV ZTer 25983 3808 NA 7
10 25% 7or V7Zer 23619 5477 NA S

E.2 CAsTING RESOURCE ALLOCATION POLICIES AS INDEX POLICIES

ConTROL: A control group that sees no interventions can be handled by using any randomly generated index
matrix with finite entries. Setting the index threshold Y, = 0o V 7 ensures that no individual assigned the control

policy gets picked for intervention.

Rounp RoBin:  Common policies such as ‘round robin’, that operate by selecting individuals cyclically for
intervention in a set order can also be represented as index policies. The index for each individual at each time
step, can be determined in two stages. First, we consider the feature used for ranking the /N individuals and we
start by setting Y,(¢) = r,forr € {1,... N} where » denotes the priority rank of the individual (highest rank
picked first). Next, each time an individual receives an action 2z = 1, we want to push them at the bottom of
the queue, so we subtract /N from their index for all future timesteps, repeating this process for each instance of

a=1
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Figure E.2: (Left:) Variance reduces by running and averaging over z-independently run trials. (Center, Right:) Single shot setup

E.3 ApDDITIONAL EXPERIMENTAL RESULTS

E.3.1  SYNTHETIC DATA GENERATION IN SECTION 7.6.1 EXPLAINED

prut _ [097 003] .0 [0.96 0.04
~10.03 0.97 ~10.01 0.99
0.25 0.75 0.23 0.77

D,2 __ a,2
L [0.03 0.97} L {0.01 0.99}

Figure E.1: Probability values forming the matrix 2; and P,

We reproduce the transition probabilities P; and P, used in our simulation, adopted from '°" in Figure E.1. Each
P comprises of a set of probabilities under each of the two actions (2 = 0, denoted as ‘p’, for passiveand 2 = 1
denoted as ‘a’, for active).

Intuition is that P; has a very small 17(‘)’1 and ])871 and is thus difficult to revive once it enters state s = 0, even
with an intervention (2 = 1), making it important to keep intervening to stop the individual from ever entering
s = 0. On the other hand, P, has a large 1’871, making it self-correcting, meaning the individual is likely to return

to s = 1 quickly even without intervention.

E.3.2 SiNGLE-sHOT RCTs

E.3.3 SEQUENTIAL RCTs

We run more comparisons using N = 100 individuals per arm, simulating 500 instances of trials for 7" = 10

timesteps. The z—values are listed in Table E.1.
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Figure E.3: Whittle vs Greedy (left two panels) and Whittle vs whittle (right two panels)

SETUP: GREEDY Vs GREEDY  For more granular analysis, we consider the state trajectories of individuals par-
ticipating in the trial. This uses N' = 1000 individuals per arm and simulates 30 instances of trials for 7" = 10
timesteps. We see that orange trajectories (after permutation) is closer to the expected value than blue trajectories

(blue)

My = Greedy, m = Greedy

£ [rmy(t) — mo(t)]

Permuted
60 m——p {mry, mg)

0 2 a 3 8 10
Time step

Figure E.4: Time trajectories of Greedy v Greedy
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