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ABSTRACT

Weakly coupled Markov decision processes (MDPs) are stochastic dynamic programs where decisions
in independent sub-MDPs are linked via constraints. Their exact solution is computationally intractable.
Numerical experiments have shown that Lagrangian relaxation can be an effective approximation technique.
This paper considers two classes of weakly coupled MDPs with imperfect information. In the first case,
the transition probabilities for each sub-MDP are characterized by parameters whose values are unknown.
This yields a Bayes-adaptive weakly coupled MDP. In the second case, the decision-maker cannot observe
the actual state and instead receives a noisy signal. This yields a weakly coupled partially observable MDP.
Computationally tractable approximate dynamic programming methods combining semi-stochastic certainty
equivalent control or Thompson sampling with Lagrangian relaxation are proposed. These methods are
applied to a class of stochastic dynamic resource allocation problems and to restless multi-armed bandit
problems with partially observable states. Insights are drawn from numerical experiments.

1 BACKGROUND ON WEAKLY COUPLED MDPs

Weakly coupled MDPs arise in applications such as scheduling; resource allocation; queuing; supply chain;

and mutli-armed and restless bandit problems (Adelman and Mersereau 2008; Gocgun and Ghate 2010;

Hawkins 2003; Parizi and Ghate 2016b; Whittle 1988). In a weakly coupled MDP, .# = {1,2,...,I} denotes

the set of sub-MDPs, indexed by i. The finite state-space for the i MDP is denoted by the set S;. The
1

state-space of the weakly coupled MDP is then S = X S; actions in state s = (1, ..., s;) of the weakly coupled
i=1
1 ) I
MDP is A(s) = X A;(s;). The set of feasible actions is given by A(s) = {a € A(s) : ¥ D;(s;,a;) < b}, where,
i=1 i=1
for each i, Dj(s;,a;) are m-dimensional (column) vector functions of (s;,a;), and b is an m-dimensional
(column) vector. The sub-MDPs are joined through these linking constraints. Upon choosing an action

1
a € A(s) in state s € S, the decision-maker receives a reward r(s,a) = Y. ri(s;,a;), and the system transitions
i=1

I
to state s’ = (s},...,s;) with probability p(s'|s,a) = [T pi(s|si,a;). That is, the rewards are additively
i=1

separable and the transition probabilities are multipliczitively separable. The decision-maker’s goal is to
maximize the expected total discounted reward over an infinite horizon, with discount factor 0 < o < 1.
Bellman equations for such a weakly coupled MDP are given by

J(s) = m}%l(x){ Z ri(si,a;) + o Z p(s's,a)](s’)}, seS. (1)
acA(s

i€y s'eS
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Exact solution of these Bellman equations is computationally intractable. One approximate solution technique
based on Lagrangian relaxation is recalled here briefly ((Adelman and Mersereau 2008),(Hawkins 2003)).

The first step in the Lagrangian relaxation approach is to relax the linking constraints and add a
corresponding penalty to the objective function using nonnegative Lagrange multipliers A € R (row
vector). This yields the relaxed Bellman equations

.]l<s) = max { Z r,-(si,a,-) —l—l(b— ZDi(si,a,-)) +o Z p(s’|s,a),]x(s/)}_ 2)

acAs) \ jey i=1 ses

Adelman and Mersereau (2008) showed that

1 1
T (s) = T At Y vt (si), 3)
i=1
where V2 (s;) = mazi ){r,-(s[,a,-) — AD;(si,a;) +a Y, pi(si|si,a;)V}(s})}, for s; € S;. The aggregate value
a;€A;(s; S?ES,’
function is defined as H*(B) = ¥, B(s)J*(s), where B(s) > 0 for all s and ¥, B(s) = 1. Then, applying
seS seS

the linear programming approach (see Puterman (1994)) to Bellman equations (2), we can obtain the best
A and Vj(+), for i =1,...,1. Given .7 as the set of all state-action pairs for sub-MDP i, we have,

b
H* = min + (5 Vi(s;
6)=gmin 7+ L X Blovs)
Vi(si) > ri(si,ai) — ADi(si,ai) + o Y, pi(silsiai)Vi(s), (sivai) € i€ {1,...,1},4 > 0. 4)
sies;

i

In problem (4), the number of constraints grows linearly in /, and solving this linear program (LP) is
computationally tractable in some applications (Adelman and Mersereau 2008; Gocgun and Ghate 2010;
Gocgun and Ghate 2012). After an optimal (or sub-optimal) A* and Vik* (), fori=1,2,...,1, are available
by solving problem (4) exactly or approximately, these can be substituted back in the right hand side of
(1) in place of J(s") via the formula (3). This enables the decision-maker to retrieve decisions in every
visited state during runtime by solving (1). These decisions constitute a so-called Lagrangian policy.

Section 2 considers an extension of the above weakly coupled MDP wherein the transition probabilities
pi(si|si,a;) are unknown to the decision-maker. Section 3 studies an extension wherein the decision-maker
cannot observe states s; but instead observes a noisy signal o; that is probabilistically related to s;. A general
framework for solving such weakly coupled MDPs with imperfect information is currently not available.

A majority of the existing literature on weakly coupled MDPs with imperfect information focuses on
a very special case of the problems studied in Section 2. Crucially, the sub-MDPs in these existing papers
do not have a physical state. Rather, the states in the sub-MDPs simply correspond to components of the
information state. Perhaps the most famous example is the multi-armed bandit problem (Gittins 1979),
where sub-MDP i corresponds to the i arm and an index policy for choosing arms is optimal.

Whittle (1988) developed a sub-optimal index policy for multi-armed restless bandit problems (with
perfect information). These problems are a special case of weakly coupled MDPs with perfect information
described in Section 1. Liu et al. (2013) studied a regret minimization approach for a restless multi-armed
bandit problem with unknown transition probabilities. Variations of this approach were pursued for other
multi-armed bandit problems in Kalathil et al. (2014). Analytical results in these papers exploited the
structure of their problems, and do generalize to our Bayes-adaptive weakly coupled MDPs in Section 2.

Meshram et al. (2016) provided an index policy for two-state restless multi-armed bandit problems
with partial observations. They outlined applications to multi-channel communication systems and to
advertisement placement systems. Their work is related to the Whittle index (Whittle 1988), but does not
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seem to generalize to our weakly coupled POMDPs in Section 3. The recent book by Krishnamurthy (2016)
also defined a partially observable MDP for such multi-armed bandit problems (even with more than two
states). The book mentioned that index policies are not tractable for such high-dimensional problems.

We concisely describe a formal modeling framework for the aforementioned classes of weakly coupled
MDPs with imperfect information, and proposes intuitive heuristic solution methods that are easy to
implement. The reader is referred to the first author’s doctoral dissertation for a more elaborate discussion.
We acknowledge that given the complex structure and general nature of the problems and algorithms
considered here, it does not appear possible to derive theoretical performance guarantees.

2 BAYES-ADAPTIVE WEAKLY COUPLED MDP

Suppose that the transition probabilities for the i sub-MDP are characterized by a parameter 6;. To
emphasize this, we denote these transition probabilities by v (s}|si;a;). This parameter can take K;

possible values from the set ®; = {6/, 67,... BZ-K"}. The decision-maker does not know the actual value
of this parameter, but begins with a prior probability mass function on its possible values. This prior is

updated as state observations are made. In particular, suppose x; is a vector of size K; — 1 such that xf is the
probability that 6, = 91.", for k € {1,2,...,K; — 1}. Note that the probability that 6; = GZ-K" can be calculated

Ki—1
simply as 1 — ) xf and hence need not be stored. This x; is called the information state of the problem.

If the decision-maker chooses action a; in physical state s; and observes physical state s}, the information
state is updated according to the formula

" Xfl//ék(sﬁ\s,-,ai)
 p— i L ke{l,... K—1}. 5)
; xfc ( Hsiai) + (1 k);l xf)‘l’é{(i(sﬂshai)

i

The physical-state, information-state pair (s;,x;) encodes enough knowledge about the past to make
optimal decisions; that is, it is a sufficient statistic (Bertsekas 2007). This allows us to formulate a
Bayes-adaptive MDP with states (s;,x;) and transition probabilities

K1 .
( ’S,,X,, l) =X V/G'( Hsivai)+‘"+x§iilll,(;{<i*1(s;‘si7ai)+(1_ Z x{'()wle_l(i(sﬂsivai)‘ (6)
1 k:1 1

1

The expected reward is r;(s;,Xi,a;) = X; rlel(s,,al) + x? T Qz(s,, i)+ +xK r, BlKi—l(Si,ai) + (11—

i—1
gl xf.‘)ri’ o (si,a;). The expected rewards riveik(si,ai) are allowed to depend on the true value of pa-
rameter 6; because the transition probabilities depend on this parameter and generally reward in current

state can depend on next state. Bellman equations for this Bayes-adaptive MDP are given by

J(s,x) = max {Zrl aj, Siy X +062Hp, Hsivxiyai)J (s’ ’)},s €8,xe X|[o,1]%!

acA(s i€y

This Bayes-adaptive MDP is itself weakly coupled across state components (s;,x;). Its exact solution is
intractable. The standard approximation based on Lagrangian relaxation as discussed in Section 1 is not
applicable because the information state x; is continuous.
2.1 Methods for Approximate Solution
2.1.1 Semi-Stochastic Certainty Equivalent Control (CEC)

In semi-stochastic CEC, (some of) the random variables in a decision problem are replaced by their nominal
(often expected) values (Bertsekas 2007). This is often helpful when the problem includes two (hierarchical)
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sources of uncertainty as in our framework — one from the decision maker’s imperfect knowledge about
the probability distributions that describe the system-dynamics and the other from the stochastic evolution
of system-state even if these probability distributions were known. Semi-stochastic CEC was applied
to optimize lot-sizes in a sequential auction problem with unknown bidder demand in Parizi and Ghate
(2016a). For our model, at every time-step, the parameter of the transition probability for problem i is
set to equal the expectation of the corresponding prior. That is, in state (s,x), the decision-maker wishes
I I _
to find an action that solves max { Y 16 aisi) +a X T1 v (x)(sﬂs,-,ai)Jé(x) (s’)}- Here, 6;(x;) is the
acA(s) Li=1 =" s i=1 i\
expectation of the prior distribution x; (rounded to belong to the set ®;), and 8 (x) = (6;(x1),...,6;(x;)).
Moreover, Jg(,) is the optimal value function of the (perfect information) weakly coupled MDP whose

transition probabilities equal y/é_(x_) (st|siya;), for i =1,2,...,1. The decision-maker solves this problem
approximately by substituting a Lagrangian approximation to Jo(x) as described in formula (3). After
implementing the resulting action, the physical state evolves, the information state is updated via (5), and
the process continues.

2.1.2 Thompson Sampling

Thompson sampling is a classic algorithm (Strens 2000; Thompson 1933), which was applied to the
auction problem in Parizi and Ghate (2016a). It can be implemented in our context as follows. The
decision-maker in state (s,x) samples the parameters of the transition probabilities according to the prior
distribution x. These sampled parameters are denoted by 0; (xi), fori=1,2,...,I. Similar to semi-stochastic

1
CEC, the decision-maker then uses Lagrangian relaxation to approximately solve max { Y, 8i(x1) (ai,si)+
acA(s) Li=1 7"

s’ i=1
to a new physical state, the information state is updated, and the process continues.

I
o) [1 l//éi (xl_)(sﬂs,-,a,-)lé(x) (s’ )} The decision-maker implements the resulting action, the system evolves

2.2 Application to Dynamic Resource Allocation

We consider an imperfect information extension of a dynamic resource allocation problem from Gocgun
and Ghate (2010). The case of perfect information is first recalled here.

The set of distinct job-types is denoted by .# = {1,2,...,I}. The maximum possible number of new
arrivals in one period for job-type i is 0 < N’ < oo, The probability that 1 < m < N' type-i jobs arrive in one
period is p'(m). Arrivals are independent across job-types and also across periods. The service-time for
type-i jobs is geometrically distributed with success probability 0 < ¢’ < 1. Service-times are independent
across job-types. An ongoing job can be interrupted and resumed later. The set of non-perishable resources
is denoted by ¢ ={1,...,J}. Moreover, 0 < b/ < oo denotes the quantity of resource j € _# available in
each period. Each type-i job requires '/ > 0 units of resource j in each period receiving service. For each
job-type i, there is at least one resource j such that a”/ > 0. A separate queue holds incomplete jobs of
type-i. The queue capacity is 0 < W' < oo. The following rewards/costs are accumulated in every period.
Reward R’ collected at the end of the period per completed type-i job. Holding cost H' per type-i job in
queue, at beginning of time period, after selecting jobs to serve. Cost G' per rejected type-i job at the end
of time period due to it’s queue reaches capacity W'. The decision-maker needs to decide how many jobs
of each type to serve in each time-period. The goal is to maximize the expected total discounted profit
over an infinite horizon. The discount factor is 0 < o < 1.

A weakly coupled MDP formulation and an approximate solution procedure based on Lagrangian
relaxation for this problem was developed in Gocgun and Ghate (2010). Here, we consider an imperfect
information variation, where the decision-maker does not know the success probabilities ¢’. The decision-
maker knows that these probabilities take one value each from the sets @; = {9{ yeens Oli(i}, fori=1,2,...,1.
The definition of the physical state and its evolution, actions, and rewards and costs are identical to the model

3612



Salemi Parizi and Ghate

in Gocgun and Ghate (2010). It is recalled below for completeness. For our imperfect information case, we
also need an information state, which stores the probability mass function of the decision-maker’s belief
about the values of the success probabilities ¢'. Specifically, we use information states x;'( =P(¢'= Gli), for
k=1,2,....,K;—1, and for i = 1,2,...,I; and the K; — 1-dimensional information state is written simply
as x'. Moreover, X’ = [0, 1]%~1 denotes the set of all possible information states for type-i. The set of all
information states is denoted by X = X X'.
ics

Following Gocgun and Ghate (2010), the physical state of our MDP model is defined as s = (s',s%,...,s/),
where s', for i € .#, is the number of incomplete type-i jobs in queue at the beginning of a time period.
Let S'={0,1,..., W} for i € .#. The set S of all possible physical states is then defined as the Cartesian
product S = S x §2 x ... x S’. The set .7 stores all possible physical and information states and is defined as
% =8§XX. The decision vector is represented by u = (u',u?, ...,u’), where u', for i € .#, is the number of
type-i jobs that we choose to serve in a time-period after observing the state (s,x). Let U'(s') = {0, 1,...,s'}
and U(s) = X U'(s"). The set U(s) C U(s) of all feasible decision vectors in state s is defined by the

ics
resource constraints U(s) = {(u',u?,....u') cU(s): ¥ au' <b/ j=1,...,J}.
i€y
Also define f(s,x,u) = ¥ fi(s',x\,u’), where fi(s',x',u') is the expected reward given state (s*,x') and
iel

. . Koo o K' N ;
action u'. It is defined as f;(s',x',u') = {a Y xOuR —H (s —u')— Y ¥ ¥ xp'(m)(; )(Gk)” (1—
k=1 K=11i=071=0

6))“ "' G! (max{(s' — %) +n; — Wi,O})}. Thus, Bellman equations for all (s,x) € . are given by

V(s,x) = max {Zﬁsxu

uel(sx) ey
| Kl Nl 1

" .
RSO 30 3D 3 S 31§ CRC0] () [C BT ARG
k=1 ki=1n;=0 n=0nl=0 ni=0 i€l
Here, s' = min{(s' — n’) +n',W'}, for i € .#. Also, forall i € .# and k= {1,...,K' — 1}, the information
5 () (6" (1-6)

ni Nyl —ni L N N i Nl i
z ()0 (g (1= £ ) (30) (8)™ (1=
stochastic CEC or Thompson samphng calculates the success probabilities as g, for i € ., in physical
state s. Then the decision-maker approximately solves Bellman equation

state is updated according to x . Suppose either semi-

)= mon (Y5 +a ¥y z 3 T () @ra-ar e}

iel n1=0 n1_0n nl 0 i€l

using Lagrangian relaxation. Here, s' = min{(s'—n’)+n', W'}, fori € .7 and, f;(s',u’) = {ow'g R —H'(s'—
N i ] i i . . .
u') — Z Y p (nl)( )(cj’)” (1 —¢")“ "G (max{(s' —n') + n; —W',0})}. The Lagrangian relaxation
nt*O nlf
approach for this problem is described in Gocgun and Ghate (2010). Numerical results are presented next.

2.2.1 Computational Results for Dynamic Resource Allocation

Following Gocgun and Ghate (2012), Parizi and Ghate (2016b), and Parizi et al. (2017), we generated
problem sets randomly and ran simulations to examine the performance of semi-stochastic CEC and
Thompson sampling. The simulations were performed on a 3.1 GHz iMac desktop with 16 GB RAM and
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an Intel Core i7 chip running Mac OS X 10.9.3. All linear and integer programs were solved using CPLEX
12 from IBM via a MATLAB R2015b front-end.

Problem instances were generated as follows. The number of job-types for the problem sets in Table
1 is set to I =6 and I = 12, respectively. The maximum number of new arrivals in each period, which
is denoted N’ for every i, was set to a random uniformly distributed integer in the interval [1,4]. The
probability p'(m) for 1 < m < N’ was generated by normalizing N’ uniform (0, 1) random variables. We
assumed for simplicity that the set of possible success probability values, ®; = {6!,... Oli(i}, is identical for
all i. We set it to ®; = {0.1,0.2,...,0.9}. Thus, K’ =9 for all i. The number of shared resources was set
to J = 1. The resource availability and resource consumption were generated via an approach similar to
Parizi and Ghate (2016b). The resource consumption for each job type is a random uniformly distributed
integer value from set [1,2]. The resource availability is the summation of resource consumptions of all
job types multiplied by the total number of job types I and the tightness ratio denoted by p in the first two
columns of Tables 1. That is, after generating the resource consumption values, the resource availability is

I
derived as I x p X ¥ a;;. Similar to Parizi and Ghate (2016b), we can alter the level of resource scarcity
i=1
by changing the tightness ratio. The maximum capacity of the queue denoted by W' for each i is set to a
random uniformly distributed integer value from the interval [1,5]. Similarly, for the reward R, rejection
cost G', and holding cost H', a random uniformly distributed integer value from the intervals [1,100], [1,4],
and [1,10] was sampled, respectively. The discount factor o was fixed at 0.99.

For every problem instance, we estimated the performance of different methods by averaging total
discounted profit over 200 sample paths with 50 time-steps each. To examine the benefit of learning
with semi-stochastic CEC and Thompson sampling, we also implemented a third policy in our numerical
experiments. We call this the “no-learning” policy, wherein the decision-maker does not update the initial
belief and assumes that the transition probabilities are given by the expectation with respect to the initial
belief as in Equation (6). This yields a perfect information weakly coupled MDP with physical states only.
Lagrangian relaxation is then employed to obtain an approximate value function.

For each row in Table 1 and for a fix number of job which is either 6 or 12, we generated 30 test
instances randomly. For each test instance we run the simulation using Thompson sampling, semi-stochastic
CEC and no-learning. For each of the 200 independent sample path replications for each problem instance,
we started with a uniform belief over ®;, and a random physical state. The initial physical and belief states
were identical for all three methods. Note that for every replication we have a discounted profit generated
with three different policies over 50 time steps. So for every problem generated in every row we have a
vector of size 200 which we can use to see whether semi-stochastic CEC or Thompson sampling performs
statistically different as compared to no-learning. In Table 1, the “significant Semi-CEC” and “significant
Thompson” columns report the number of test instances out of 30 wherein semi-stochastic CEC and
Thompson sampling are statistically different from no-learning, respectively. To check this, we used t-test
at the significance threshold of 0.05. For test instances where learning policies were statistically different
from no-learning, we calculated the average discounted profit over 200 replications for the no-learning
policy and divided that with the corresponding value using the learning policy. The average ratio over all
test instances where the no-learning and learning policies were statistically different, is reported in columns
“No-learn over Semi-CEC” and “No-learn over Thompson” of Table 1.

The tables show that there is an improvement in the profit generated by using semi-stochastic CEC and
Thompson sampling as compared to no-learning. For this dynamic resource allocation problem, there is no
significant difference between semi-stochastic CEC and Thompson sampling. The improvement achieved
by the learning methods is less significant when resource availability is very low or very high. In the
middle range of resource availability, the performance of learning policies improves when less resource is
available. That is, the ratio of no-learning over learning decreases as tightness ratio decreases in the middle
range. This is intuitive because a simple heuristic could perform well when resources are plentiful.
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Table 1: Results for 12 problem sets, each with 30 instances.

significant significant No-learn No-learn

p Semi-CEC Thompson over Semi-CEC | over Thompson

6 jobs | 12 jobs || 6 jobs | 12 jobs | 6 jobs | 12 jobs | 6 jobs | 12 jobs | 6 jobs | 12 jobs
0.1 0.05 5 5 7 6 0.66 0.89 0.79 0.92
0.15 0.08 22 28 26 27 0.72 0.83 0.80 0.85
0.2 0.1 25 29 24 29 0.84 0.82 0.85 0.84
0.25 0.13 23 26 24 24 0.91 0.92 0.92 0.93
0.35 0.15 15 21 16 18 0.97 0.97 0.97 0.96
0.45 0.2 7 7 6 6 0.95 0.98 0.95 0.98

3 WEAKLY COUPLED PARTIALLY OBSERVABLE MDP

Standard terminology for POMDPs is available in Krishnamurthy (2016). We describe a weakly coupled
POMDP as follows. We have a set .# = {1,2,...,1} of POMDPs. The state-space for the i" POMDP is
Si={1,2,...,n;}. Let S= X §;. Define X; = {x;(1),x;(2),...,xi(n;)}, where x;(j) is the decision maker’s
ics
probabilistic belief that the i POMDP is in state j € S;. The belief state-space for the i POMDP is
. nj
={¥ € #7| ¥, x;(j) = 1}. The action-space for the i POMDP is A; = {1,2,...,m;}. Let A= X A;.
J=1 i€y
Observation-space for the i POMDP is 0; = {1,2,...,0;}. Let & = X 0;. Transition probabilities
ics
for POMDP i are p;(s}|s;,a;). Let p(s'|s,a) = TI pi(si|si,a;). Observation probabilities for POMDP i are
ic.y

1€
l L{P1y™1 ) 9 l LPLyYr ) 9 1 1yOL)
filoilsi,a;). Let f(o|s,a) = T1 fi(oilsi,a;). Rewards are r(s'|a,s) = Y. ri(s/|ai,si). The coupling constraints
i€y ics

AN

are Y. Dj(a;) < K. Here, D;(a;) is a vector function of decisions ;. We cannot allow the constraints to

i€y
depend on s;, because this state is not observable. Discount factor is 0 < & < 1 and the goal is to maximize
the expected total discounted reward over an infinite horizon.

Define ¢;(0}|X;,a;) as the probability of obser\{ing o' given current belief state ¥; and action a; for
sub-problem i. We have, ¢;(0}|X;,a;) = Y fi(0llsi,a') ¥ pi(si]si,ai)xi(si). Let ¢ (0'|X,a) = Hy(j)i(of])_c',-,ai).

sﬁESi S;ES; 1S54

The decision-maker updates the belief vector for POMDP i in a Bayesian fashion, given current belief X;,
action g;, and new observation o}. This update is given by

fi(0lsi,ai) X pi(si]si,ai)xi(si)
(] sES: , Vs, €. 7
)= Y ) ¥ plssean)

sies; Si€ES;

Bellman equations for this weakly coupled POMDP and V#; € A’ are given by

V(X1,%2,...,X1) = max {Z Y xi(si)ri(si,ai) + o Z I1 ¢i(0j|%i,ai)V xl,)?z,...,)?I)}. (8)

dacA, Y, Di(a;)<K
a IEZ (ar)< i€.7 s;€S; deoies

POMDPs are computationally difficult even for “moderate-sized” state-spaces. Here, the state-space is
high-dimensional, rendering exact solution intractable.
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3.1 Methods for Approximate Solution

3.1.1 Semi-Stochastic CEC

In semi-stochastic CEC, using the belief state X; on the state space S;, we define §; as the expected state. The

decision-maker then finds an action that solves max { Y ri(Sha)+a Y I1 pi(silsia)V(s) }
56/“7,5[’!'(“")31( i€y sesies

Here, s’ is the next state after 5, and V (s) is the optimal value function of a weakly coupled MDP with

observable states. To solve this problem, the decision-maker uses a Lagrangian approximation of V(s’), as

in formula (3) of Section 1. After the resulting decision is implemented, the physical state evolves, and the
information state is updated based on formula (7) after making a new observation. This process continues.

3.1.2 Thompson Sampling

In Thompson sampling, the decision-maker samples an estimated physical state §; from the belief distribution

X;, for each i. Similar to semi-stochastic CEC, Lagrangian relaxation is employed to approximately solve
max { Y ril§ha)+a Y 1 p,-(sﬂsA,-,a,-)V(s’)}. After the resulting decision is implemented,

5€A7.):J/Di(ai)SK i€y ses ies

es

the physical state evolves to a new state, the information state is updated, and the process continues.

3.1.3 Discretization

Discretization simply means that we solve (8) by using a finite discretization &; of the continuous future
belief state x’;, for each i € .#. That is, in state x, the decision-maker solves

max { Z Z X[(S,')I’,'(S[,a,')-f-(x Z H¢[(0;|fi,ai)V(5’1,5’2,...,6’1)}7 (9)

aEA,iE)::]Di(a;)SK i€.7 s;€S; oecoics

where ¢ ; 1s the rounded future belief state inside set 2™ and 2~ is a finite set of values between 0 and
1. Also note that V(&’ 1,6’2, ey o’ ;) is the optimal value function of the discretized state version of the
Bellman equation (8). Problem (8) is itself weakly coupled with continuous state space, so the value of
V((}" 1,0%2,...,0' ;) which is the relaxed discretized version of V (X,Xa,...,X) is the optimal value function
of a weakly couple MDP with a finite state-space; which can be approximated using Lagrangian relaxation
via formula (3). A detailed implementation of discretization is discussed in section 3.2.2.

3.2 Application to Partially Observable Restless Multi-Armed Bandits

In a restless multi-armed bandit problem (Hawkins 2003; Krishnamurthy 2016), there are I types of projects.
Projects of type-i have a state-space S; = {1,2,...,n;}, however, the decision-maker cannot observe project-
states. At every time-step, the decision-maker chooses K out of these I projects to work on. These chosen
projects are called active. A reward r;(j) is collected for type-i active projects in state j € S;. We use
7 € Z'' to denote the type-i reward vector. The states of both active and inactive projects can evolve;
however, no reward is collected from inactive projects. Let a; be a binary decision variable that is 1 if

I
project i is chosen. The coupling constraint thus is ) a; = K. Bellman equation for this problem is
i=1

V(R1,%,.... %) = max {Zaifi.ﬁ-—i—a Y H¢i(0:~\fi,ai)V()_c71,)_c72,...,;’1)}. (10)

= 1 = ; B
a={0.1} ’igﬁa’ K \icr oeoics
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For semi-stochastic CEC and Thompson sampling, we first get an estimated §; from the information vector
X; as described above. Then we apply Lagrangian relaxation to approximately solve

V(fl,fz,. . .,51) = max { Z (1,‘7;(5,‘) + o Z Hpi(sg‘fi,ai)V(Sll,Slz,. .. ,S})}. (11)

ﬁ:{o,l}l,iezja,«:K ics JesiesS
The steps involved in this Lagrangian relaxation method are briefly described next.

3.2.1 Lagrangian Relaxation within Semi-Stochastic CEC or Thompson Sampling for Partially
Observable Restless Multi-Armed Bandits

The relaxed Lagrangian counterpart of (11) is written as

Vl(il,s},...,s}):ﬁmax {Za,r, 5) Za, k—i—aznp, H$i,ai)V (s’l,s’z,...,s})},
a

icy ics yesies

for any A. As described in Section 1, we know that, for all s € S, V*(s) = g AK + Z L}(s;), where

L} (si) = am{a(l)xl {ai?i(si) — Aai+ o /ZS pi(sh|si,a;)L} (s})}. The decision-maker solves the LP
i S; €9

wp ¥ X i) <25

i€J si€S;
Ll'(S,') > airi(si) —7La,~ + o Z pi(SHS,',ai)Li(S;), VS,' S Si, Vie .# and a; = {0, 1},

S?ES,‘

to obtain the optimal A and value function approximations L;(s;). Since this LP does not depend on the current
information state x, we solve it only once to get A* and value function L*. For solving problem (11) at each
time-step, we use V (s') ~ K’l i Z Li(s}) as the approximate value function. This yields the linear binary

problem  max { Y airi(§ )+0€ X X laipi(silsiai=DL(s") +(1 —ai)pi(sﬂ*gi’a":O)L?(S/i)]}'
a:{O,l}’,_Zﬁa,':k ics i€ ges;

The resulting decision is implemented, the system evolves to a new physical state, and the belief state is
updated after making a new observation. This process then continues.

3.2.2 Discretization for Partially Observable Restless Multi-Armed Bandits

We need to first approximately solve for V(61,62,...,61 ) and use it in (9) to retrieve the decision.
The relaxed Lagrangian Bellman equation counterpart of V(&!,...,87) for this application is given by
. o N -1 -1
Vi@ ) = max { T ¥ ao(nis) + (£ oK ta I TTaleldavt(@ 5" |

a{0,1} (ie.s sieS; =4 JcOicES

V3; € 2. The best A and approximate value functions L;(G;) are obtained by solving the LP

ML L ALG)HAT,

i€s G,e "
L,'(G,' > Z O; si)ai?}(s,-) —7La,~+0£ Z (P,'(O”&i,ai)Li(gli), Vi € f, \V/(_fi € %n[, a; € {O, 1}. (12)
SiE€S; 0;60,'

Problem (12) is only solved once, since it does not depend on the current information state. The resulting
A* and L* are employed to approximately retrieve a decision. Problem (10) is then solved by using
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V(;’ 1,X X RS Z L (G’ ) at every time-step. Here, o’; is the rounded value of ¥/;. Specifically,

the decision retrieval problem

max { Y argi+a Y Y [aigi(o)|%,ai= 1)L (6";) + (1 — a;)¢i(0}|%i,a; = O)Ll’f(&’i)]}

7 1 —
=01 B ai=k \ e i ol€0;

is solved at every time-step, given state (¥;,X»,...,X;). Here, for every o} € O;, the corresponding o’ is
calculated using the update rule (7) and rounding.

The number of constraints in problem (12) grows exponentially in n; so its solution is slow for large
problems. In the computational results in Section 3.2.3 below, we tackled (12) via the affine approximation
and constraint generation approach that was originally proposed in Gocgun and Ghate (2012) for large-
scale weakly coupled MDPs. That is, similar to Parizi and Ghate (2016b), and Gocgun and Ghate
(2012), we defined an affine approximation for L;(x;) and used constraint generation to solve the resulting
approximation of (12). The number of constraints then grows linearly in / and n;. This approximation of
(12) was computationally much faster to solve. The affine approximation was then also used to retrieve
decisions. This retrieval problem was a linear binary problem. A brief description is presented next.

Affine approximation and constraint generation:  Here, value functions L; are approximated by

affine functions. That is, we substitute L;(X) =d;+ ¥ x(s;)c;(s;) with unknown coefficients d; € R and
S;ES;
¢; € R". Optimal coefficient values are found by solving (12) after making this substitution. This yields

min Z ﬁi[di—i- Z Gi(sl-)ci(si)] +7Li

hed i gean = -
di + Z G,'(S[)C, l > Z GL Si arl( z) la,—ka Z (Pl ‘G,,Cll) i+
Si€S; Si€S; 0,€0;
o Z Z c,-(s,)(f,-(o”sﬁ,a,-) Z p,-(sﬂs,-,a,-)c,-(si)), Vie S, V6, € ™ and q; € {0,1}.  (13)
0;60,'S§€S,‘ Si€S;

We apply constraint generation to (13). The first step is to find an initial subset of constraints in (13) that
yields an optimal solution. In the numerical implementation, we randomly generated a vector 6; € 2"
and we added the corresponding constraints with a; € {0,1}. This process was repeated until an initial
optimal solution A*,d*, ¢* was found. Using A*,d* and c¢*, we then solved a maximum constraint violation
problem to find a constraint that is most violated by the current optimal values A*,d* and ¢*. In particular,
for every i € .# and every q; € {0,1}, we solved problem

max Z Gi(si)aifi(si) — A a;+ o Z 0;(0|G;,a;)d; +

Gleﬂ””zs €S; 0?60,'
a ¥ Y cis)(filoilsha) ¥ pilsilsna)oits)) = (4 + X ailsiei(s).
0,€0; si€S; S;iE€S; Si€S;

wherein the decision variable is G;. The optimal objective values for each i € . and each g; € {0,1} are
saved, and then the largest among them equals the maximum violation. The corresponding constraint was
added to the initial set of constraints. The optimization problem (13) is solved using this new expanded
set of constraints to get new optimal coefficients. This is repeated until a stopping criterion proposed in
Gocgun and Ghate (2012) and Parizi and Ghate (2016b) is met. According to this stopping criterion, the

constraint generation process is terminated when the value 0 lj o) drops below a small tolerance level.

Here, Z* is the latest amount of maximum violation, and H, is the optimal value of (13) with the recent
feasible region. This iterative constraint generation procedure is executed only once at the beginning and
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the resulting optimal affine value function approximation is employed for decision retrieval in every visited
state (x',%2,..., %) during runtime. The decision retrieval problem is given by

max { Z ai?i)_c’i—{— (04 Z Z [ai(]),'(oﬂ)?,',ai = l)dl* + (1 —ai)(])i(oﬂ)?,',ai = O)dl*]‘F

P - 1 —
=0 E ai=k | iy i ol€0;

aY Y Z [ac ( oflsi,ai=1) Y pi(s |s,,a,—1)x,(s,))+

i€ 0j€0;sieS; SiE€S;

(1 a)ei () (ol = 0) X pi(ssi = >x,-<s,.>)”.

S;i€S;

A solution of this linear binary problem provides an implementable decision.

3.2.3 Computational Results for Partially Observable Restless Multi-Armed Bandits

Similar to previous sections, we randomly generated test instances of restless multi-armed bandit problems.
The first column of Table 2 lists the four parameters that were fixed before generating these problem
instances. The first one is /, the number of projects. We assumed for simplicity that the number of possible
project states is equal across all projects. That is, n; = N, for all i € .#. Thus, N is the second parameter we
used for problem generation. Recall that K equals the number of projects selected by the decision-maker
at each time-step. This is the third parameter. We assume for simplicity that the number of possible
observations O; = O for each i. Thus, O is the fourth parameter of our test instances. We generated 30
instances for each of 6 different (I,N,K,O) combinations. This produced 180 problem instances.

The reward vector 7;, which is of size N, stores the reward obtained by selecting project i in different
states. These reward numbers were fixed to equal random uniformly distributed integers from the interval
[1,100]. The transition probabilities p;(si|s;, 1) and p;(s}|s;,0) were generated randomly for each project i
as follows. For each project, the probabilities of transiting from a given state to all possible next states is a
set of normalized random values between (0, 1). A similar approach was pursued for generating outcome
measurement probabilities f;(o}|s},a;). For each project, the probabilities of observing {1,2,...,0} from
a given state s; were fixed at normalized random values between (0, 1). The discount factor o was 0.99.

We ran simulations over 200 independent sample paths each with 50 times steps. We started every
sample path with a uniform belief vector for the actual state of every project. We also started each path
by randomly sampling a physical state for each project. Four policies were compared: semi-stochastic
CEC, Thompson sampling, discretized, and affine-discretized. The first three are as discussed in sections
3.1.1, 3.1.2 and 3.1.3, respectively. The “affine-discretized” obtains a policy via discretization as discussed
in 3.1.3, but by using an affine value function approximation along with constraint generation for the
relaxed LP problem. The affine-discretized policy is computationally tractable for large problems whereas
discretization (without affine approximation) is not. For each problem instance, the performance of all
policies is normalized with respect to the same restless multi-armed bandit problem but with perfect state
observations. This latter is called “true-MDP.” This true-MDP serves as an idealized “best-case” scenario
since we expect the performance of various approximation methods to be worse in the partially observable
case than with perfect observations. In particular, for every test instance, the average discounted profit over
200 sample paths using semi-stochastic CEC was divided by the corresponding value for the true-MDP.
The average of all such values over 30 test instances is reported in the second column of 2. A similar
calculation was performed and is reported for Thompson sampling, discretization, and affine-discretization
in columns three, four, and five, respectively. For I = 10, discretization (without affine approximation)
was not applied since it was slow. The table shows that Thompson sampling performed better than other
policies, however, we do not have an intuitive explanation for this and it may not hold in other examples.
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Table 2: Results of 6 problem sets, each with 30 instances.

Problem setting Semi-CEC Thompson Discretized Affine-Discretized
(ILLN,K,O) over true-MDP | over true-MDP | over true-MDP over true-MDP
(10,7,5,6) 0.60 0.77 - 0.63
(10,7,1,6) 0.56 0.85 - 0.56
(5,5,4,4) 0.67 0.89 0.72 0.71
(5,5,3,4) 0.69 0.89 0.72 0.71
(5,5,2,4) 0.74 0.94 0.71 0.77
(5,5,1,4) 0.66 0.90 0.69 0.71
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