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1 Introduction

This paper addresses the problem of designing and computing a tractable heuristic policy for dynamic
job admission control and/or routing in a discrete time Markovian model of parallel loss queues with
one-period delayed state observation and/or action implementation, which comes close to optimizing
an infinite-horizon problem under several objectives. Two versions of the model are considered, depend-
ing on whether the admission control capability is enabled or not. The queue servers may be endowed
with finite or infinite buffer space.

We consider the following three performance objectives: (i) minimization of the expected total dis-
counted sum of holding costs and rejection costs, (ii) minimization of the expected time-average sum
of holding costs and rejection costs, and (iii) maximization of the expected time-average number of job
completions. Holding costs are assumed to be convex and nondecreasing in the number of jobs queued
in the buffer space.

Such problems are relevant in a variety of application domains, most notably in the operation of
packet-switched communication networks and distributed computer systems. In such systems there are
nonnegligible propagation delays, which force the controller to take decisions based on stale system
state information and cannot take effect before a time lag. Additional recent applications include long-

distance-controlled robots, and situations in which an advanced processing of observations is necessary.

As for our considering joint admission control and routing problems, instead of restricting attention
to the conventional pure-routing case, the motivation is that it allows the system designer to take into
account the tradeoff between rejection and holding costs. The key insight is that, when the system is
heavily congested, denying access to further arrivals until the congestion is sufficiently reduced can
substantially decrease holding costs at a relatively small expense in terms of increased rejection costs.

The above problems are naturally formulated as partially observed Markov decision processes (POMDPs),
which in turn are readily reformulated as conventional Markov decision processes (MDPs) by redefining
the state of each queue as the augmented state build up of the last observed queue length and the ac-
tions applied since then (Brooks and Leondes, 1972). Computation of optimal policies for the resultant
multidimensional MDPs by solving the associated dynamic programming (DP) equations is, however,
hindered by the curse of dimensionality in large-scale models. We will thus focus attention on the more
realistic and practical goals of designing and computing well-grounded heuristic policies that are read-
ily implementable. Since in such problems the controller must dynamically assess the relative values
of alternative rejection and routing actions, it is intuitively appealing to do so based on an index policy,
defined after the model description below.

1.1 Model Description

Time is slotted into discrete-time epochs t = 0,1,2,... The system consists of N independent parallel
queues with servers and a gate. Queue n € N := {1,..., N} is endowed with a (possibly infinite) buffer
with room for holding I,, > 1 jobs waiting or in service, and has a single geometric server, which serves
jobs in FCFS order and completes the service of a job at the end of a period with probability 0 < p,, < 1.

Jobs arrive to the system as a Bernoulli stream with probability 0 < A < 1 of arrival at the beginning
of each period. Upon a job’s arrival to the gate, a central controller (gatekeeper) must decide: (i) in the
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case that admission control is enabled, whether to admit the job or to reject it (admission function); and,
if admitted, (ii) to which of IV queues in parallel to route the job for service (router function). We assume
that a customer that is admitted and routed to an empty queue starts to be served immediately, and
therefore may leave the system at the end of the same period if the service is completed.

Denote by X, (t) the state of queue n at the beginning of period ¢, given by the number of jobs it holds
waiting or in service, and by a,(t) € {0, 1} the action indicator that takes the value 1 when a job arriving
at time ¢ is not to be routed to queue n. We assume that at the start of period ¢ the controller does not know
the current state, but has information on previous states and actions, knowing in particular X,, (¢t — 1)
and a,(t — 1) for each queue n. Thus, we deal with the problem with a one-period delay.

Action choice is based on adoption of an admission and routing policy (if admission function is
enabled), or just a routing policy (if it is not), denoted by 7. This is to be chosen from the corresponding
class II of (possibly randomized) policies that use previous state and action information.

1.2 Performance Objectives

For two of our performance objectives defined below we will assume that the system incurs per-queue
holding costs at rate ¢, (i,,) per period during which ,, jobs are held in queue n, such that ¢, (i,,) is convex
and nondecreasing in i, for each queue n. The system further incurs loss costs at rate v per rejected job,
due either to active rejection (not admitting) or to forced rejection (when an admitted job finds the buffer
to which it is routed full).

We will find it convenient to formulate the overal cost incurred in a period in which the joint system
state is 2 = (i,,) and action a = (a,) prevails as a constant plus a term that is separably additive across

queues, using the identity

Z cn(in) + VA

neN

- @ —an)] =—(N=Dlw+ > [ealin) + vAan].

neN neN

Note that the term 1 — Z (1 — ay,) in the above equality takes the value 1 if an arrival is to be rejected

neN
(an = 1 for every queue n), and takes the value 0 otherwise (a,, = 0 for exactly one queue n).

For the third performance objective we will denote by ¢}, (an,i,) the expected rate of job completions
per period during which 4,, jobs are held in queue n and action a,, prevails, i.e.,

0, ifi,, =0and a,, = 1,
A (@nyin) == ¢ An, ifi, =0and a, =0,
Py ifd > 1

Let Ef, ;)] denote expectation under policy 7 conditioned on the initial previous joint action and

state vectors being equal to a(—1) := a = (a,) and X (—1) := i = (i,,). The operation of such a system
raises the following performance optimization problems:
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(i) find a policy minimizing the expected total discounted sum of holding costs and rejection costs,

: s
i e

Z Z {en(Xn(t)) + V)‘an(t)}/@t‘| ) 1)

t=0 neN

where 0 < 3 < 1 is the discount factor;

(ii) find a policy minimizing the expected time-average sum of holding costs and rejection costs,

o
min lim sup 7 Bfg 5)

T
YD {ealXa(t) + V)‘an(t)}‘| ; )

t=0 neN

(iii) find a policy maximizing the expected time-average number of job completions,

T
ma lim inf — Ef, 5 lz > c;L(an(t),Xn(t))] . 3)

mell T—oo T
t=0 neN

1.3 Index Policies

As mentioned earlier, a way to formulate present model as an MDP is to redefine the state of each queue
n as the augmented state Xo(t) = (an(t — 1), X, (t — 1)), and use the joint state and action process
X (t) = (X, (1)) and a(t) := (an(t)).

In the present model, index policies are based on attaching to each queue n a numeric index v, (ay, i),
which can be thought of as a measure of undesirability for routing a job to queue n, given as a function of
the queue’s augmented state, which we denote by (a,,%,) and emphasize that it refers to the observed
action-state pair at the previous period. We note that we allow the index to be undefined for certain
(uncontrollable) states. Further, under the time-average criteria (2) and (3), in case that the (first-order)
index vy, (an,i,) be defined and constant, we define a second-order index v, (an,i,). (When the first-
order index is undefined, then the second-order index is undefined as well.)

The resultant index policy prescribes the following actions, when at time ¢ the augmented state of
each queue n is known to be Xo(t) = (an,in):

e under objective (1),

e in the problem version with admission control capability, the policy prescribes to admit an ar-
riving job if v > v, (an, i,) for at least one queue n such that v, (ay, i) is defined, i.e., if the cost
of rejecting the job exceeds the undesirability of routing it to some queue; otherwise, the job is
rejected;

e if admitted, the job is routed to a queue

s of lowest index vy, (ay,, i,), breaking ties arbitrarily, among those queues n for which v, (ay,, i)
is defined and v > vy, (ay, iy,), if at least one such queue exists;
« of undefined index v,,(ay,, i), breaking ties arbitrarily, if there is no queue n for which v, (a,,, i,
is defined and v > v,,(ay, i) and if at least one queue with undefined index exists;
« of lowest index vy, (ay, i,), breaking ties arbitrarily, in all the remaining cases;
o under objectives (2) and (3),
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e in the problem version with admission control capability, the policy prescribes to admit an ar-
riving job if v > v, (ay, i, ) for at least one queue n such that v, (a,, i) is defined, i.e., if the cost
of rejecting the job exceeds the undesirability of routing it to some queue; otherwise, the job is
rejected;

o if admitted, the job is routed to a queue

« of lexicographically lowest index pair (vp(an,in), Yn(an,in)), breaking ties arbitrarily, among
those queues n for which vy, (ay, i) and 7, (an, in) are defined and v > v,,(ay, iy), if at least
one such queue exists;

« of undefined index v,,(ay, i), breaking ties arbitrarily, if there is no queue n for which v, (a,,, i,
and vy, (ap, i,) are defined and v > v, (ay, i,,), and if at least one queue with undefined index
exists;

« of lexicographically lowest index pair (Vy,(Gn, in), Yn(@n, in)), breaking ties arbitrarily, in all the
remaining cases.

Note that such policies may well prescribe to admit and route a job to a queue that is actually full,
unbeknownst to the controller, in which case the job will be blocked and hence rejected.

For the special case of the pure-routing problem under objectives (1) and (2) in which there are two
symmetric infinite-buffer queues and linear holding cost (N = 2, y,, = 1, and ¢,,(¢) = 1), it was shown in
Kuri and Kumar (1995) that an index policy is optimal: the Join the Shortest Expected Queue (JSEQ) rule,
where the JSEQ index of a queue n is defined as

in_Ma lfan:LZnZL

0, ifa, =1,1, =0,
VLSEQ(anain) = . " "
in+)‘7ﬂa 1fan:O7in21a

A1 — p), ifa, =0,i, =0,

where the index represents the expected value of X,,(¢) conditioned on (a,(t — 1), X,,(t — 1)) = (an, in)-
Such a result partially extends to queues with delays classical results in (Winston, 1977; Hordijk and
Koole, 1990) for symmetric queues without delays on optimality of the Join the Shortest (Nonfull) Queue
(JSQ) rule.

For the case of routing to two nonsymmetric queues with infinite buffers, in which index policies
need no longer be optimal, Artiges (1995) showed (in a variation on the above model) that the optimal
routing policy is characterized by a monotone switching curve, extending a classical result in Hajek
(1984) for a model without delayed information. Still, one can easily devise a variety of heuristic routing
index rules by defining indices based on ad hoc arguments, analogously to the Shortest Expected Delay
routing rule in Houck (1987). Yet, a drawback of such conventional indices, which typically measure a
queue’s expected weighted load, is that they only give a routing rule, being of no use to obtain a rea-
sonable combined admission control and routing rule as outlined above, since consideration of rejection
costs does not play a role in their definition.

We are thus led to address the issue of how to define appropriate indices v, (ay,, ,,) for the above ad-
mission control and routing problems. Instead of proposing some ad hoc index via heuristic arguments,
we will deploy a unifying fundamental design principle for priority allocation policies in multiarmed
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Figure1. A design of the single-queue admission control problem with delay. The gatekeeper’s work
consists shutting and opening the entry gate and thus of rejecting of some of the arriving customers.

restless bandit problems (MARBPs), of which (1), (2), and (3) are special cases, based on the economically
intuitive concept of marginal productivity index (MPI).

Such an approach was introduced in Whittle (1988), and has been developed and applied in a va-
riety of models by the second author in work including Nifio-Mora (2001, 2002, 2006b,a), which was
reviewed in Nifo-Mora (2007b). In particular, Nifio-Mora (2002, 2007c) introduced such an approach to
the design of index policies for admission control and routing to parallel exponential queues without
delayed information. As for use of MPI policies for problems with delayed state information, they were
introduced in Nifio-Mora (2007d) in the setting of a dynamic scheduling model.

In the present setting, and focusing for concreteness on discounted problem (1) under combined
admission control and routing, such a restless bandit indexation approach is based on decoupling the
problem into individual single-queue admission control subproblems, one for each queue n € N:

min B 1Y {en(Xa(t) + vAan(t)} 7| €y
t=0

7o €1,

where I1,, denotes the class of admission control policies based on one-period delayed state observation
for operating queue n in isolation, and E@;_’in) [-] denotes expectation conditioned on the initial observed
state and action pair being equal to X,,(0) := (a,(—1), X,,(=1)) = (an,i,). Note that, in such a setting,
taking action a,,(t) = 1 at period ¢ means denying access to potential arrivals, which can be conveniently
visualized as the action of shutting the queue’s entry gate which is taken by a gatekeeper (see Figure 1).

Problem (4) is a single restless bandit problem (RBP), i.e., a binary-action (a,(t) = 1: active; a,(t) = 0:
passive) MDP, on which we can deploy the powerful theoretical and algorithmic results available for
restless bandit indexation (cf. Nifio-Mora, 2007b). Let us say that problem (4) is indexable if there exists an

index yMT

v (an, i) that characterizes its optimal policies for every real value of rejection cost parameter v,

as follows: it is optimal to take the active action (shut the entry gate) in augmented state X,, () = (ay, i)

if M (a,,,i,,) > v and it is optimal to take the passive action (open the entry gate) in augmented state

Xo(t) = (an,in) if ™M (ay,in) < v.

n

MPI

In such a case, we term v,

(an, in) the queue’s MPI, due to its economic interpretation as a measure
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of the rate of marginal reduction in expected holding cost relative to the marginal increase in expected
rejections that results from shutting the gate in state (i,, a,,) instead of opening it, which characterizes
the expected holding cost versus rejections tradeoff curve. Such is the index we propose to use as the
basis for designing an index rule for admission control and/or routing for the multi-queue problems of

concern.

1.4 Contributions

Two issues need thus be addressed: (i) show that problem (4) is indeed indexable; and (ii) design an
efficient index-computing algorithm. As for the first issue, we will deploy the sufficient indexability
conditions based on partial conservation laws (PCLs) introduced in Nifio-Mora (2001, 2002). Such condi-
tions require one to identify a family of stationary deterministic policies among which an optimal policy
for problem (4) exists for every value of the parameter v.

For such a purpose, we draw on results in Altman and Nain (1992) and Kuri and Kumar (1995)
that characterize the structure of optimal policies for such a single-queue admission control problem (in
an infinite-buffer model) with one-period delayed state information. Such work shows that it suffices
to consider policies that are characterized by two thresholds k; > ko > 0, as follows: if the previous
observed number of jobs in the system was ¢ and the previous action was to open, i.e., a = 0 (resp. shut,
i.e.,, a = 1) the queue’s entry gate, the (ko, k1)-policy prescribes to shut the gate iff i > ko (resp. iff i > k).

The intuition behind such a result is that, if it is optimal to shut the entry gate given that it was pre-
viously shut, then, other things being equal, it should also be optimal to shut it when it was previously
open, as in the latter case the actual number of jobs in the system cannot be smaller than in the former.
It is further shown in Altman and Nain (1992) that one need only consider threshold pairs that differ
in at most one unit: 0 < k; — ko < 1. Note that, in order to be consistent with such bi-threshold poli-
cies, the MPI yM(q,,,i,,) must be monotone nondecreasing in i,, for both a,, € {0, 1}, and must satisfy
vMPLHO0,3,) > vMPL(1, 4.

As for the second issue, that of index computation, provided PCL-indexability is established relative
to such a family of policies, one can use the adaptive-greedy index algorithm introduced in Nifio-Mora
(2001, 2002) to compute the MPI. Using the general fast-pivoting implementation given in Nifio-Mora
(2007a) such an algorithm has a cubic arithmetic operation complexity in the number of restless bandit
states, which in the present setting corresponds to an O(I?) operation count. While tractable, such a

complexity can be overly burdensome for online computation in high-speed communication switches.

Relative to the above two issues, this paper presents the following contributions: (i) it shows that
problem (4) is PCL-indexable relative to bi-threshold policies, which ensures both existence of the MPI
and the validity of the adaptive-greedy index algorithm for its computation; (ii) by exploiting special
structure, a substantially faster index algorithm is presented that computes the MPI in O(I) operations;
(iii) we present an algorithm to calculate the MPI for any particular state by performing at most O(log, I)
arithmetic operations; (iv) validity of the same algorithm for the MPI under the time-average criterion
to be used for (2) is established; (v) the MPI to be used for (3) is obtained by the same algorithm and
shown to be constant, and the second-order MPI is derived.

An extensive computational study testing the performance of the proposed index policies will be
included in the final version of this paper.
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2 MDP Formulations

In order to see the analogy, in this section we formulate as a Markov decision process (MDP) both the
admission control problem without delay and the admission control problem with a one-period delay.
Since the problem considered in the following is a single-queue case, we drop the subscript n from the
notation. For concreteness, in this section we focus on the objective (1); for the problem of maximum
expected number of job completions one would simply replace the holding cost ¢; for the completion

reward —c(a, ).

2.1 Admission Control Problem

First we formulate as an MDP the no-delay admission control problem. Let X (¢) be the state process,
denoting the queue length (including customers in service, if any) at time epoch ¢. If a(t) denotes the
action process, then the task at time epoch ¢ is to choose between closing the gate (a(t) = 1) and letting
the gate open (a(t) = 0). The MDP elements are as follows:

o The action space is denoted by A := {0, 1}.

o The state space is T := {0,1,...,1}, where state i € 7 represents the number of customers in the
buffer or in service.

o Denoting by ¢ := A(1 — p), n := p(l — A), and € := 1 — ¢ — 1, the one-period transition probabilities
py; =PIX(t) =j|X(t - 1) =4d,a(t — 1) = a] from state 1 <7 < I — 1 to state j under action a are

n ifj=i—1
0 o Ly =il
Pij=1q¢ ifj=i Pij = . )
1—p ifj=i
¢ ifj=i+1
and for the boundary cases, p}, = 1, and
1-¢ ifj=0 " M ifj=1-1
p(o)j: ) brj = o (6)
¢ ifj=1 1—p ifj=1

The remaining transition probabilities are zero.
o If the queue length is i € 7 and action a € A is chosen, then the gatekeeper’s one-period reward is
defined as the negative of the expected holding cost at the current epoch,
R? = —C.

At the same time, the gatekeeper’s one-period work is defined as the expected number of rejected

customers during the current period,

N 0 AN ifi=1
W= W =
0 otherwise
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Thus, for rejection cost (gatekeeper’s wage) v, the one-period overal cost is
—R{ +vWi =c;+ M va+ (1—a)l{i =1}y,
where 1{Y'} is the 0/1 indicator function of statement Y.

Given the definition above, we call state I uncontrollable, because in this state both the actions re-
sult in identical consequences (for having identical one-period reward, one-period work, and transition
probabilities), and there is actually no decision to make. This is not the case for the remaining states,
henceforth called controllable.

Finally, to ease later reference we summarize here our model parameters assumptions:

0<p<l, 0< A<, O<pu<l, 0<n<1, 0<e<l, 0<(¢<1l. (@

2.2 Admission Control Problem with Delay

In this subsection we follow the classic reformulation as MDP of problems with a discrete-time delay,
which is a special case of partially observed MDPs, by augmenting the state space (Brooks and Leondes,
1972).

In the admission control problem with delay!, the decision at epoch ¢ is based on X(t) := (a(t —
1), X (t — 1)), which is henceforth called an augmented state process. Thus, X (t) is the observed state at
time epoch ¢, while X (¢) is the actual (hidden) queue length process. The MDP elements of the admission
control problem with delay are as follows:

o The action space is A as in the no-delay problem.

o Recall that in the no-delay problem, state I is uncontrollable. Consequently, states (0, 1) and (1, 1)
in the problem with delay are duplicates, having identical one-period reward, one-period work, and
transition probabilities, so they can and should be merged into a unique state («,I). We therefore
define the augmented state space

Z:=(Ax{0,1,....0 —1)U{(x,])}.
o The one-period transition probabilities are

Pl =P | X(+1) = 0, )IX®) = (a,1), at) = o]
=P[X(t) =j,a(t) =bX(t—1)=14,a(t —1) =a,a(t) = d|
= p?j : 1{a' = b}.

’

For the merged state (x, I), we have p?(;’i)’(*’l) = p’(ﬁ;’i)’(o’l) + Plai),a,n = Py

! We use the "tilded’ notation for the delayed version when not doing so might be confusing; note that state-
dependent quantities are easy to distinguish since the original state is uni-dimensional, while the augmented
state of the delayed problem is bi-dimensional.
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o If the current-epoch augmented state is (a, i), then the gatekeeper’s one-period reward is defined as
the negative of the expected holding cost at the current epoch,

—b .
Ry :=F [Rl}((t)m(t ) =a,X({t-1)= Z] .

Similarly, the gatekeeper’s one-period work is defined as the expected number of rejected customers
during the current period,

717 .
Wias) = E[Wkela(t = 1) =a, X(t = 1) =] .

Thus, for rejection cost (gatekeeper’s wage) v, the one-period overal cost is —RIEM-) + I/Wl()w-).

The above one-period reward and one-period work can be explicitly stated as follows:

0, if (a,i) = (1,0),
[( )CO+C61]7 if (a7i) = (070)7
E?a,i)iz —[pei—1 + (1= peyl, ifa=1land1<i<T-—1,
—[nei—1 +eci + Ceipq], ifa=0and1<i<T-—1,
—[per—1 + (1 —peq],  if (a,i) = (x,1).
N, ifb=1,
Wl()a,i) _ ¢, ifb=0and (a,i) = (1),

¢A, ifb=0and (a,i) = (0,1 —1),

0, otherwise.

To evaluate a policy = under the discounted criterion, we consider the following two measures.
Let g7, ;) be the expected total -discounted work (or, the expected total S-discounted number of rejected
customers) if starting from state (a(—1), X(—1)) := (a, ¢) under policy ,

. a(t
9lai) = Elayi) lZﬁfW(a(t 1), X (t— 1))]~

Analogously for f?w»), the expected total -discounted reward if starting from state (a(—1), X (—1)) := (a, )
under policy =,

f(a i) T ]E(a )

Zf”tR(a(t 1), X (t— 1))]
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If the rejection cost v is interpreted as the wage paid to gatekeeper for each rejected customer, then
the objective is to solve the following v-wage problem for each v:

min —fayiy T V900> 8)

where Il is the set of all non-anticipative control policies.

Next we present alternative, simpler definitions of one-period work and one-period reward, and
show that they lead to an equivalent problem. These alternative definitions capture the reward and
work one period backwards comparing to the original ones. If the current-epoch augmented state is
(a,i), then the alternative gatekeeper’s one-period reward is defined as the negative of the expected
holding cost at the previous epoch,

Rl()a,i) = B(—¢/B) = —q. ©)

Similarly, the alternative gatekeeper’s one-period work is defined as the expected number of rejected
customers during the previous period,

, , A ifi=1
Wit = A Wi, = ) (10)
0 otherwise

Notice that we have R¢, ,, = R{ and W/, we

(a,i) — "Wi
Then, the alternative expected total §-discounted work if starting from state (a,¢) := (a(—1), X(—1))
under policy 7 is

T T - tyyra(t)
Y(ai) = Efa) [Zﬁ W(a(t—l),X(t—l))] : (11)
t=0

Analogously, the alternative expected total §-discounted reward if starting from state (a, 7) := (a(—1), X (—1))
under policy 7 is

T TR = t pa(t)
fay = Efayp Lz%ﬁ R(a(tl),X(tl))] : (12)
Then, the alternative objective is

min —flaiy T V9(a)> (13)

where II is the set of all non-anticipative control policies, and the following proposition demonstrates
its equivalence to (8).

Proposition 1.

(i) For any state (a,i) € T and any policy = € II, [y =Ri+ B??W»).

a,i)

(ii) For any state (a,i) € 7 and any policy m € 11, g7, - = Wi + B9(, ;-
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(iii) Problems (8) and (13) are equivalent.

Proof. (i) Using the above definitions, we can write

s T a(t T a(t
Tlos) = Efusy [ D2 B B[RS lat = 1), X (¢ - 1)” —Ef,., lZﬂtRX((Z) :
t=0 t=0

where the last equality follows from Fubini’s theorem and from the law of total expectation.

On the other hand, we have
T T S t pa(t—1)
Faiy = Bla) [Z 5*Rx<t_1)] ’
t=0

hence we obtain identity f7 . = R} + ﬁﬁrw»). |
(ii) Analogously to (i). O
(iii) Since, for all (a,7), —R? + vW¢ is constant, 5 > 0, and the identities in (i) and (ii) hold, (13) is

equivalent to (8). O

Notice that the alternative one-period reward Rf’a ;) and the one-period work W(ba ;) are indepen-
dent of the current-epoch action (superscript b), therefore we will omit the superscript in the remaining
sections.

3 Restless Bandit Indexation

In the previous section we have formulated the admission control problem with delay as a binary-action
Markov decision process (MDP), i.e., a restless bandit, where shutting the entry gate corresponds to the
active action, and opening it as the passive action.

We next address such a problem by deploying a restless bandit indexation approach, following the
seminal idea introduced in Whittle (1988) and developed by the second author, in work surveyed in
Nifio-Mora (2007b). We focus on the finite-buffer problem under the discounted criterion. The solution

to the problem under the time-average criterion is treated in subsection 4.6.

MDP theory ensures existence of an optimal policy that is stationary, deterministic and independent
of the initial state. We represent a stationary deterministic policy in terms of an active set S C f, i.e., the
set of states in which it prescribes to shut the gate; in the remaining states it prescribes to let the gate
open. The problem to find an optimal admission control policy is thus reduced to finding an optimal
active set,

min — f§, 5 + V90, (14)
SCT
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For every rejection cost v, the optimal policy is characterized by the unique solution vector (v(, ;y(v)) , iye7

to the Bellman equations

V(o) (V) = glelg Ry +vWai) — B Z Plai,(0,)006.5) (V) | 5 (a,i) €T (15)
(b,4)eZ

*

where v{, . (v) denotes the optimal value of (13) starting at (a, ?) under rejection cost v. Hence, there
exists a maximal optimal active set (i.e., a set of states in which it is optimal to close the gate) S*(v) C 7 for
(13), which is characterized by

S W)= @) el Y Plup.t.)%nW) S D Plai,m.i) Vs W)
(b5)€T (b,5)€T

Problem (14) can be viewed as a bi-criteria parametric optimization problem. Intuitively, if the rejec-
tion cost v — —oo, the optimal active set should be Z, whereas if the rejection cost v — oo, the optimal
active set should be the empty set. In fact, we set out to show a stronger, so-called indexability property:
Active sets S*(v) diminish monotonically from 7 to the empty set as the rejection cost v increases from
—o0 to co. Such a property was introduced in Whittle (1988) for the restless bandits with one-periods
works equal to 1 under the active action, and equal to 0 under the passive action, and extended to restless
bandits without these limitations in Nino-Mora (2002).

Such an indexability property is equivalent to existence of break-even values I/%\gpil) of the rejection

cost v attached to augmented states (a, i) € Z, which characterize the optimal policies for (14) as follows:
it is optimal to take the active action when the system occupies augmented state (a, 7) if 1/?2121) > v, and it
is optimal to take the passive action when the system occupies augmented state (a, 7) if 1/?21;.1) < v. Since
we have defined S*(v) as the maximal optimal active set, state (a,i) € S*(v) if v = v, ;), though this
choice is arbitrary. We will refer to index V(Maf;l) as the marginal productivity index (MPI), after its economic
interpretation as the marginal productivity of work at state (a,), as elucidated in Nifo-Mora (2002,

2006b).

3.1 Exploiting Special Structure

While one could test numerically whether a given instance is indexable and calculate the indices v/(, )
for all (a,i) € Z, we aim instead to establish analytically indexability of the admission control problem
with delay in general. This will further allow us to achieve our second objective of obtaining a fast way
of computing the indices. In this subsection we present how to exploit special structure of the model by
aligning indexability to a known family of optimal bi-threshold policies.

Suppose that we postulate a family F C 97 of active sets, satisfying certain connectivity conditions
(see Nifio-Mora (2007b) for the details). Before presenting such a family for the admission control prob-
lem with delay, we review a test (deployed in section 4) to verify whether a postulated family F can
be used to establish indexability, via the sufficient conditions termed PCL(F)-indexability introduced in
Nino-Mora (2001, 2002).
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3\0 = i';
for k=1 to 2I+1 do R
pick (ag,ix) € argmin {VES:;)I :(a,i) € Sg—1 and Sp_1 \{(a,9)} € .7:};

Sk—1

/V:Sakaik)/\:: V(ak,ik);
Sk = Sp—1 \ {(ar,ix)};

end {for};
S ~ 27+1
{output {Sk}il0" {Parin) Fron }

Figure 2. Algorithmic scheme of AG £.

Let policy (a, S) be the policy where action « is applied in the current period and policy S proceeds.
Notice that policy (a,S) implies that the next-epoch augmented state will be (a, j) for some state j €
Z. We define the marginal work of closing the gate instead of letting it open (or, of rejecting possible
customers instead of admitting them), if starting from state (a, i) under active-set policy S, as

s (LS (0.8
Wiai) = Yiasi)y ~ Y(asi) (16)

i.e., as the increment in total work that results from closing the gate instead of opening it at current
epoch. Analogously, we define the marginal reward,

s LS 0.8
i) = Fan)y — Fa) (17)

as the analogous increment in total reward. Finally, we define the marginal productivity rate

re
v = e (18)
Ya,i)

provided that the denominator does not vanish. As we will see, the denominator is positive for the

admission control problem with delay. It can be shown that if the indices exist, then v(, ;) = I/('S for

a,i)

some active set S, and therefore the indices are appropriately called the marginal productivity indices.

In Figure 2 is given a scheme of the adaptive-greedy algorithm AG x, which calculates the candidates
for the maximal optimal active sets {§k}ii e

@k}iitl It is greedy, since in each step it picks the state with the lowest marginal productivity rate

and the candidates for the marginal productivity indices

vo*1 - (out of the feasible ones), and it is adaptive, because in each step it updates the marginal produc-
(akyir)

tivity rates for the actual active set §k,1.

Now we are ready to define PCL(F)-indexability, based on partial conservation laws (PCL), which
determines both the computational and analytical value of the adaptive-greedy algorithm AG .

Definition 1 (PCL(F)-indexability). The admission control problem with delay is called PCL(F)-indexable,
if
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(i) [Positive Marginal Works under F] for each active set S € F and for each controllable state (a,i) € Z, the
marginal work wﬁl’i) > 0;

and either of the following conditions holds:

(ii) for every rejection cost v, there exists an optimal active set S € F;
2141

(ii') the output {Vq, i) e

of the algorithm AG z are marginal productivity indices in nondecreasing order.

Nifio-Mora (2001, 2002, 2007b) introduced variants of PCL(F)-indexability and proved that PCL(F)-
indexability implies indexability, i.e., the existence of marginal productivity indices, which are calculated
as {V(ay.ir) }igl by the adaptive-greedy algorithm AG . To ease later reference, we summarize the

above in the following theorem.

Theorem 1. If marginal works are positive under F (cf. Definition 1(i)) for problem (13), then for that problem
the following statements are equivalent:

(i) for every rejection cost v, there exists a maximal optimal active set S € F;
(ii) the problem is indexable and all active sets 8*(v) € F;

(iii) the output {U(q, i) }iil of the algorithm AG r are marginal productivity indices in nondecreasing order.
Proof. ADD A PROOF IN THE APPENDIX. 0

In section 4 we show that for a certain family F (defined below), Definition 1(i) holds and, given
the existing results, Theorem 1(i) is true. In this way indexability of the admission control problem with
delay will be established, and the algorithm AGr can be used to obtain the indices.

Definition 1(i) has an intuitive interpretation (cf. Nifio-Mora, 2002, Proposition 6.2): positivity of
marginal work wfa i) (where § € 7 and state (a,i) € T is controllable) is equivalent to monotonicity of
total work,

gil\’i{)(a,i)} < gfa’i), if (a,i) € S,
S a,i . .
Gonsy < G @, i (a,i) ¢

Informally stated, rejecting in a larger number of states corresponds to a larger expected total discounted
number of rejected customers. Definition 1(i) is a natural assumption in many models, though, in gen-
eral, it is neither a sufficient nor a necessary condition for indexability.

3.2 Postulated Active-Set Family

We use the results of Altman and Nain (1992), who characterized the optimal bi-threshold policies, and
identify an active-set family F for which Theorem 1(i) holds. A bi-threshold active-set policy with open-
gate threshold K and closed-gate threshold K; will be denoted by

fKO-,Kl ={(0,Ko),(0,Ko+1),...,(0, )} U{(1,K1),(1, K1 + 1),...,(1,1)}, (19)
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which is well-defined for all 0 < Ky, K1 < I 4 1 except the active sets T 7+1,r and T 1,1+1, because states

(1,1) and (0, I) are duplicates, and by definition either both or none of them can belong to Z, x, .

In words, active set Zx, x, prescribes to open or close the gate depending on the previous-epoch
action and previous-epoch state. If the gate was open in the previous period, then we open the gate if
and only if the queue length in the previous epoch was equal to or larger than the open-gate threshold
K. Similarly, if the gate was closed in the previous period, then we open the gate if and only if the

queue length in the previous epoch was equal to or larger than the closed-gate threshold K.

Intuitively, if an active set 7 KoK, 1s optimal for some rejection cost v, then Ky < K;. Indeed, for a
given previous-epoch queue length, we would be less prone to close the gate if it was closed than if it
was open in the preceding period, because the queue length could not get larger under a closed gate,
and therefore the rejection costs become relatively more harmful than the holding costs. On the other
hand, it can be shown that K; < Ky + 1 (see below). Thus, the postulated family of optimal active sets
for the admission control problem with delay is

Fi={Txx:K=01,... . I+1}U{Zxg:K=01,...,1—1} (20)

Theorem 2 (Altman and Nain (1992), Theorem 3.1). If the holding cost c; is nondecreasing and convex on Z,
then F as defined in (20) contains an optimal active set for every rejection cost v.

Though the above result was shown for the problem with infinite buffer, it directly applies to the
finite-buffer variant. Notice that if a bi-threshold policy is optimal for the infinite-buffer problem, then
it is also optimal for all problems with buffer equal to or larger than both the thresholds. If the buffer is
smaller than the larger optimal threshold (X;), then it is optimal open the gate all the time.

For active-set family F given in (20), picking (ag, i) becomes trivial, because there is only a unique
feasible augmented state in each step. For instance, in step k£ = 1, only state (1,0) both belongs to So
and S, \ {(1,0)} = fo.; € F,since Sy =7 = fo,o- Similarly, in step k& = 2, only state (0, 0) both belongs
to Sy and & \ {(0,0)} = 71, € F.In general, (ay,ix) = (0,(k/2) — 1) for all even 1 < k < 2I, and
(ak, i) = (1,(k —1)/2) forall odd 1 < k < 21I. Finally, in step k = 21 + 1, the picked state is (x, I).

2141

To summarize, the sequence of candidate active sets {51} io in algorithm AGF under active-set

family F given in (20) is

§0 :f:f(),OvS\l :i—O,la‘é\Q = f1,1a§3 :f1,2»§4 :fQ,Qa' ..

s 73\2171 = f171717§21 = -:ZV—I,I7§21+1 = -:ZV—I+1,I+1 = (2)7 (21)

and the sequence of picked states {(a,ix)};}" is

(alail) - (170)a (G‘Q?i?) - (an)v (a37i3) - (171)7 (a4ai4) - (07 1)a ce
ey (a2]71,i2171) = (1,] — 1), (agj,izj) = (O,I— 1), (a21+17i21+1) = (*,I)

Given the above, in Figure 3 we present the reduction of the algorithmic scheme AG r as it applies

to the postulated family F given in (20). Notice that the computational complexity remains at the same

level since the main difficulty lies in the calculation of v>*~!

- , for which no computational details are
(aki)
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for K=1 to I do
~ o Ik-1,Kk-1,
VK= =V k-1) 7
~ _ Ik-1,K ,
Vo,Kk-1) *= Yo, k-1)7

end {for};

. T

Vix,1) = V(*I,';);

{Output {V(a,i)}(a,z‘)ef}

Figure 3. Algorithmic scheme of AG r under active-set family F given in (20).

given. Therefore we also call them algorithmic schemes, not algorithms. The goal of this paper is to
establish the validity of AGr for our problem and to develop its implementation of low computational
complexity.

4 Results

In this section we focus on the admission control problem with delay to a buffer (i.e., I > 2) under the
discounted criterion. The case I = 1, referring to the admission control problem with delay to server
with no dedicated bulffer, is treated in subsection 4.5. The results under the time-average criterion are

summarized in subsection 4.6.

Our main results are twofold. First, we prove the positivity of marginal works (cf. Definition 1(i)) for
F given in (20), so that the algorithm AG# can be applied to compute the indices. Second, we simplify
AG r obtaining a procedure that performs only a linear number of arithmetic operations to compute all
the indices and the optimal thresholds.

Let us introduce a more compact notation. For any augmented-state-dependent variable z, ;), we

will use the backward difference operator in the first dimension, i.e., the action-difference operator,
AT (1) 7= 1,0y — T(0,0) (22)
and in the second dimension, i.e., the state-difference operator,
Ao (qi) = T(ai) — T(a,i—1) (23)

whenever the right-hand side expressions are defined. For definiteness, we further let Az, oy := 0 for
a € A. Directly from these definitions we obtain the following auxiliary identity,

Aow(q4) — Do) = A1(1,5) — A12(1,i-1)- (24)

In the following we list our main results, drawing on the technical analysis of work measures pre-
sented in the appendix (section A).

Proposition 2.
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(i) The marginal works in problem (14) are positive under the active-set family F given in (20), i.e., Definition 1(i)
holds.

(ii) If the holding cost c; is nondecreasing and convex on I, then the admission control problem with delay in (14)
is PCL(F)-indexable, and therefore it is indexable and algorithm AG x calculates the marginal productivity
indices for this problem.

Proof.

(i) By Proposition A2(iii) and Proposition A3(iv), A; g‘(SL » >0forall0 <i <7—1landA, g‘a’ n=0
under every active set S € F. Then, Lemma A4 establishes the positivity of marginal works for all
states. O

(ii) Due to (i), Theorem 1(i)-(iii) are equivalent. The validity of Theorem 1(i) was established in Theo-
rem 2, therefore Theorem 1(iii) holds, and implies the above claim. O

4.1 A Fast Algorithm for Calculation of All Marginal Productivity Indices

Suppose that the holding cost ¢; is nondecreasing and convex on Z. In the following we develop an
algorithm for calculation of all marginal productivity indices in O(I), which is two orders of magnitude
faster that the best general implementation of algorithm AG r performing O(I?) arithmetic operations.

The algorithmic scheme AG# in Figure 3 is exhibited in its bottom-up version, as it calculates the
marginal productivity indices in nondecreasing order (cf. Definition 1(ii")). This is closely related to our
definition of indexability in section 3 as the property that “active sets S*(v) diminish monotonically
from 7 to the empty set as the rejection cost v increases from —oo to co,” being emulated by the bottom-
up version of the algorithm. Notice that we could equivalently define indexability as “active sets S*(v)
expand monotonically from the empty set to Z as the rejection cost v decreases from oo to —oo.” This
intuitively leads to consideration of algorithm AG r in its equivalent, top-down version, starting with the
empty set and calculating the indices in nonincreasing order.

In other words, while the bottom-up version of algorithm AG £ traverses the active-set family F in
the order (cf. (21))

Zoo.Zo1s L1 Lv 2y - Zr—1,0, L1, 0 L1, 1415
the top-down version does that in the reverse order

Irvvi+uZrnZr-ag, - 212,211, Zo,1, Zojo-

Zo,0
(1,0)
Zo
(1,0

For instance, index v/(; ) is calculated as the marginal productivity rate v/}’;;) in the bottom-up version,

in the top-down version. In

while the same index is calculated as the marginal productivity rate v/
Sk—1 S

fact, Nifio-Mora (2002, Theorem 6.4(b)) implies that Vigwin) = Yiar.in)’

Thus, since the active set of type Z x is efficient every two steps of the algorithm (except for the last

using the notation of Figure 2.

step, where 7 1+1,1+1 follows 7 1,1), we can formulate the indices in terms of marginal productivity rates
under active sets 7. K,k only. Such an algorithmic scheme is presented in Figure 4.
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— Too .
V(1,00 *= V(1,07
for K=1 to I—-1 do

. IK,K .

Vo,K-1) ‘= Yo, k-1)7
R IK,K .
V,K) = Y, k)7

end {for};

14 = VIIYI M
0,1-1) -— 0,1-1)"

o Tra+1
Vi) = vy

{output {Vi} ezt

Figure 4. Algorithmic scheme of calculation of marginal productivity indices for the admission control
problem with delay in terms of active sets Zx i only.

Next we develop an efficient implementation of the algorithmic scheme AG#, which we present
in Figure 5. The algorithm F'A is two orders of magnitude faster than the best existing general im-
plementation of the algorithm AG . We characterize the marginal productivity indices calculated as
indicated in Figure 4 in terms of closed-form expressions of pivot state-differences given in Lemma B5
and Lemma A7. Notice that one iteration of the algorithm solves the problem (14) for the entire range of

the real-valued rejection cost parameter v.
Proposition 3.

(i) The algorithm F'A in Figqure 5 computes the marginal productivity indices for problem (14) under the dis-
counted criterion.

(ii) The algorithm F A in Figure 5 performs O(I) arithmetic operations.

Proof. (i) The algorithm F'A is an implementation of expressions of marginal productivity rates u(faK l.‘)K
developed below into the algorithmic scheme given in Figure 4.
The marginal productivity rates are, by definition (18), computed as the ratio of marginal rewards to
marginal works. These quantities are given in Lemma B3 and Lemma A4, respectively, in terms of
their action-differences, which can be expressed in terms of pivot state-differences due to Proposi-
tion B1 and Proposition Al. The pivot state-differences A, f(Io’f;) , Ao f(IlKKK) ,Ag g(I(f }?)’ Ay g(IlK [f) given
in Lemma B5 and Lemma A7 are in Figure 5 briefly denoted by 9, f1, ¢°, g, respectively. O

(ii) The number of arithmetic operations in “Initialization” and in “Finalization” is constant (with re-
spect to I). Similarly, at each step of “Loop”, a constant number of arithmetic operations is per-
formed. Since there are O(I) steps of “Loop”, the overal complexity of the algorithm is O(I). ]

Once the optimal index policy is known, the optimal thresholds for a given rejection cost v can easily
be obtained. The optimal open-gate threshold is

Ko :=min{i € Z: vy > v}
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{Input I,\ u,S3}
{Initialization}
C:=A1—p); n=pl-A); e:=1-C—n;
Ag:=0; Ay:=p0 B:=pu/(1-p+0p); B :=p5(B+pB(n—n);
Coo:=A1R10) — (BA R /i Do:=0; Dj:=A1Rqu);
v1,0) := Cho/N;
{Loop}
for K=1 to I—1 do
Ag = 0¢/[1 = B+ BC+ (1 — Ax—1)]; Ak =0+ B —nAx; Zr = AxAx_i/Alki
Ck = A1Rq k) — (BA2 R i 11)/ 14
Clk k1= AR k1) — (B* AR k1) /1 — CBA2R(1 i 12y / 11
Dg = (BnDx—-1 — DAaRo i) Ax/(6¢);i Dl := AR iy + B —n) D ;

%DK “MRa ) + (= BCK g1 — BDk g+ AaR(y i) B + Bu(BCDK 1B + O gy1 — MR x-1)

A/
ﬁ + BAY B’ +B¢Bu(l — BAg_ 1)

0=

s %DK — ARy gy + (1= B)Dy | = (BOF pyy +BaR(y g))AK 1 +Bu(BCDr 1+ (CF 1 — AR k1)) AK 1)
= - ;

AK 4 gay B/ + B¢Bu(1 — BA )
Ax K—1 K—-1
0 BA(1+ B) L+ A 0.

TTE S 9"
G5+ Ay B+ BCAu(1 — BAk 1) 1+ B

if K=1 then
_ (L-QDy +0f — (1= QA — BT
o A= (1= A0~ CBg! '

else
0 [Dy o+ Dr—1A% 5] +eDy_y +(C g — nZk—1 +e] A1 f° = (B'f!
HoE) N—[1Zx—1 + ] Ae_g° — (Bg" '
end {if};
Vo) = pDyy + (1= p)CF e — pAf 1 fO = (1 — p)B' f! ;
’ A= pAy 19°— (1—p)B'g!
end {for};
{Finalization}

Ap=pBC/[L=B+BC+Bn(l —Ar-1);  Ap=BC+B(p—n)Ar;  Zy:=AA]_,/A};
Dy = (BnDi—1 — A2R0,1)) Ar/(BC);
CGDr—puDi o AL+ Bp)

0 ._
d % + BuA; , % + BuA;_, ,
Vo) = 7 [D/I—Z + lelA/I—z] +eDi_y —Zr-1+el A, f° .
’ (n+e)A—nZr—1 +¢e] Aj_1¢°
D +55D;12;
V(*,]) = ;

AN1—2Z)
{Output {V(a,i)}(a,i)ei}

Figure 5. Fast algorithm F' A for calculation of an optimal index policy under general rewards.
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Similarly, the optimal closed-gate threshold is
Ky :=min{i € Z: v, > v}

Ifv >y, then Ko :=1+1and K; := 1+ 1.

4.2 A Fast Algorithm for Calculation of One Marginal Productivity Index

In this subsection we develop an algorithm for calculation of one marginal productivity index, say of
state (a, K) in isolation. We show that it performs at most O(log, K) arithmetic operations, given that
it may require to calculate an integer power, for which the best known algorithm (exponentiation by
squaring) needs O(log, K') operations.

The idea is to perform step K of the “Loop” of algorithm F'A in Figure 5, which performs a constant
number of arithmetic operations, having calculated Ax and Dg using their respective closed-form for-
mulae. If n = 0, then A is constant and requires a constant number of arithmetic operations to calculate.
In the following we assume 7 > 0 and denote by

5= E, t= P%M, u = /12 — 4s, Uy ::t—;u7 U_ ::t—u. (25)
n n

The above quantities are well defined given the model parameters assumptions. The following lemma
characterizes Ax and D in terms of K-th powers of uy and u_.

Lemma 1.

(i) Forany K > 1,

n uff —uk
K=8"KIT _ Kt1°
u+ —U_

(ii) If AoR(1 ) = R forall i > 1, then for any K > 1,

R |u+ (uf —uf)u_uy

D = —
T B | Tk

-1

(iii) Sequences A and (if Ay R(1 ;) = R forall i > 1) Dk converge as K — oo to their respective limits

S C
D =
uy’ 1-p

Proof. (i) We start by developing the formula for Ax. By definition of Ax in (39) and those of s and

(u_ —1).

t in (25) we can write Ax = ﬁ Notice that this is a well-defined M&bius transformation
—Ag-1
0-z+s

; represented in the matrix form as

e ()

m(z) =
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(ii)
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Therefore, A expressed in terms of Ay is given by the K-th functional power of m(x) forz = Ay, i.e.,

aK - Ao + bK
A =mE(4) = =~ ~ 7%
K =m"(do) ck - Ao +di
of Mobius transformation, we have

. Since Ay = 0 by definition, we obtain Ax = bx /dk. By properties

ax b ) g
CK dK

ME 0 s\ fax—1 br_1 _ S-CKr—1 s-drg_1
—1t) \ex—1 dr—1 —ag_1+t-cxk_1 —bg_1+t-drx_1

we have by = s+ dg—1 and hence Ax = sdyx_1/dk.

Since

Next, we set out to obtain a closed-form solution for sequence dx . Using the above identity for bx_1,
we have dx = —s - dg_2 + t - dxg—1. This recurrence is one of the two Lucas sequences (cf. Lucas,
1878; Kalman and Mena, 2003) with the initial values dy = 1 and d; = t obtained from the definition
of matrix M and the relationship b; = s - dy. Its closed-form solution is

K+1 K+1
di = F =

and therefore

O
Now we develop the formula for Dg. By recursive implementation of the definition of D in (78)

and using definition of s in (25) we have

1 [A Ag A A A A
Dg =——- 7KA2R(1 K+ 7K K- SAs R g1y o+ SRR *IA2R(1 1)
6n| s S S
Since Ax = sdx—_1/dk, this simplifies to
K-1
1 |d dg d 1
Dy = ~ B { KKlAzRu K+ 7A23(1 K-1)t+- dlo(AzR(m)} = " Gnde Z dp Do Ry gy1)s

which, under constant Ay R(; ;) = Rforalli > 1,is

ﬂﬁdK Z b

Plugging the expression for dj and simplifying the constant terms gives

K KH(I u_)—u

1 U
de:ﬁ 1——
o —t+s U

B —uy)
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The last two identities together with (1 — ¢ + s)8n = 1 — ¢ imply

Do — R u—uf“(l—u,)—i—ulfﬂ(l—ug_ R |u+ (uf —u®)u_uy )
K="1-8 Wl KT “T1-3 LT K —

O
(iii) The Lucas sequence dk defined in part (i) satisfies dx+1/dx = uy > 1 as K — oo. Therefore, we
obtain the limits

O

Finally we note that calculation of all marginal productivity indices using this method requires
O(log,(I!)) arithmetic operations, which is more than the linear number performed by algorithm F A
in Figure 5.

4.3 Fast Algorithm under Convex Non-Decreasing Holding Costs in Admission Control Problem
with Delay

Under convex non-decreasing holding costs, the immediate reward is R(,; = R{ : —c; under any
a € A,i € Z. Therefore, we have

AIR(l,i) = 07 P> 07
AoRoi) = AaR(14) = —¢i + cim1 = —Ag;, i>1,

and the fast algorithm simplifies to the one shown in Figure 6. This includes the special case of linear
holding costs, when Ac; := cforall i € 7.

The algorithm can also be used to derive the greedy index, which only looks one period ahead. Such

V(a,i . = . . g
an index is defined as V&%EDY = éir% % for all (a,i) € Z. In the case of linear holding costs, it is

straightforward to obtain the greedy index as follows.

vy Y = (1 — p);

G F = (1 —n—p®N);
vy = el = p);
VEREFDY = (1 — %), i1 =2

V%{%EDY =c(l—pn), if I > 3;

,/(GR,EEDY:C, foralla € Aand 2 <i < I;

a,i)

4.4 Admission Control Problem with Delay to Server with an Infinite Buffer

In this subsection we assume linear holding costs.
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{IHPUt I7A7Maﬁ7{ci}iez}
{Initialization}
C=A1—p)i m=pl=X); e:=1-C—n;
Ag:=0; Ay:=08¢ B:=pu/(1-B+pp); B :=pB(B+p—n);
Cio:=C(BAci/p;  Do:=0; Dj:=0;
V(1,0) *= C(/)/,o/)\r'
{Loop}
for K=1 to I -1 do
A =pBC/1 =B+ BC+Pn(l — Ax—1)]i Ak =0C+B(n—nAk; Zk:=AxAx_1/Ak;
Kx = CBAck1/p; O gy = CB*Acksr/ 1+ (BAck 2/ p;
Dg := (Dg—1+ Ack) Ak /(8C); DYy :=p(n—1n)Dk;
5Dy 4+ (L= B)Ch g1 — (BDix_; — Acxc) B+ Bu(BCDx 1B + Cle )

fO=- ; ;
T+ BAY_ B!+ BCAu(1 — BAk 1)
i %DK + (1= B)D_1 — (BCF k41 — Ack) Ak 1 + Bu(BCDx -1 + Cl je 1A —1) _
G5+ AL B!+ BCAu(1 — BAk 1)
0 BA(1+ B') LA
9 == ; ; P9 = Wg i
a5+ BAYK B+ BCBu(l — BAk_1)
if K=1 then
(A =QDy+¢CY = (1= QA = (B fT
o0 A= (1- Ay — (B /
else
) 0 [Die s+ D1 A 5] + Dy + (O e — 1211 + €] A 1 [° — B[
(0,K—1) * N—[1Zrr e Ay, g0 — (Bg ;
end {if};
o Dy + (L= O — pAie [0 — (1= W B'fT
AL A= pdy_19° = (1 —p)B'g! ’
end {for};
{Finalization}

Ap =BG/ =B+ BC+ (1 — Ara)li A7 = BC+ Bu—n)Ar;  Zr = ArA;_, /AL
Dy = (ggD,_l + Acr) Ar/(BC);
o TfDI — BuD7_, ;0= M
: v ; A !
Ay Bud;_, ar +BuAr,
0 [Df_y+Dr 1Ay ] +eDjy —[nZr1 +e] Ay f° .
m+e)A—nZr—1 +e] A}_1¢° ,
Di+ 8D Z;
V(is,1) = )\(1 — ZI) 7
{output {Vam} ezt

Vo, r-1) ‘=

Figure 6. Fast algorithm F'A for calculation of an optimal index policy under convex non-decreasing
holding costs.
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Notice that the indices calculated in the algorithm F'A’s “Loop” are independent of the buffer length I
(only the indices of states (0, —1) and (*, I') in “Finalization” depend on I). In other words, considering
two buffers with lengths I; < I, the marginal productivity indices of states (1, 0), (0,0), (1,1),..., (0,1 —
2),(1,I; — 1) are the same for both buffers; the indices of states (0, I; — 1) and (*, I;) would differ, while
the remaining states only exist under buffer I,. Therefore, the algorithm F'A can be used to obtain the

indices for infinite-length buffer. However, in such a case, “Loop” would never stop.

We present a simple algorithmic check (Figure 7) that can be run before “Loop” (and after “Initial-
ization”) to verify whether Ky = K; = oo, i.e., whether it is optimal to let the gate open always. It is
because the indices are calculated in nondecreasing order and they converge as the buffer length I — oo.

Lemma 2. If the buffer length I = oo, the marginal productivity indices calculated in “Loop” of algorithm F'A
under the discounted criterion in Figure 5 converge.

Proof. We prove that Ax and Dy converge, and that their convergence implies the convergence of the
marginal productivity indices. Lemma A5(ii) implies that A x converges to a limit, say, A < fas K — oo.
This limit must satisfy

e B¢
1= B+ 8¢+6n(l—A)

This equation has two solutions for A,

1— B+ B¢+ Bn+ /(11— B+ B¢+ Bn)? — 4815
20n '

However, it can be shown that 1 > (—fn and 5 < 1 (which is true by the model parameter assumptions)
implies

1— B4 B¢+ Bn—+/(1— B+ B¢+ Bn)? —4Bns¢ <h< 1— B+ B¢+ Bn+ /(1 — B+ B¢+ Bn)? — 4Bn3¢
20n 201 '

By Lemma A5 it must be A < 3, therefore the limit is

_ 1=B+ 8¢+ Bn— /(1= B+ BC+ Bn)> — 4605

A
2(n

Similarly, it can be shown (see the next subsection) that Dy converges and the limit is therefore

cA

T

As a consequence of the above, the remaining expressions, including those of the marginal productivity

indices, converge. O

If the algorithmic check does not confirm the infinite thresholds, the algorithm F'A can be run, stop-
ping the loop once an index greater than v is found and omitting “Finalization” part.
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A= [1 =B+ B¢+ Bn— /(1= B+ B¢+ Bn)? - 46776(} /(2Bn); A= BC+HB(u—n)A; D=
cA/(BC — BnA);
0 _ 52D + B((c+ BuBD) + [c — B(u—n)BD] B'
' A + BA'B' + B¢Bu(1 — BA) '
fl. _ZDeBCBA Y [BufC + (1= ) —m)] D+ (e = BOAOIA.
' 4+ BA'B’ + B(Bu(1 — BA) ’
o BA(1+ B') oy I+ A
T a0 -Ba) T T Y
[6(1 — u)BCC + BuB(p —n)D] — BuA'f* — B(1 — u)B'f! ;

Ate0) = BA = BuA’g® — B(1 — p)B'g"
if ¥ >v(1,«) then Ko:i=o00; Kj:=o00; end {if};

Figure 7. Algorithmic check for the problem with infinite-length buffer.

4.5 Admission Control Problem with Delay to Server with no Dedicated Buffer

In this section we solve the admission control problem with delay for I = 1, i.e., no customer is allowed
to be queued, except for the one in service. While this problem may not be of intrinsic interest, its so-
lution given next will serve as a basis for the servers assignment problem with delay discussed in ??.
Considered is the linear holding cost case.

Proposition 4. The marginal productivity index of state (a,i) € T in case I = 1 is state-independent and equals

o s
D (D)

These indices can be obtained in the same way as the general case / > 2. The state-independent
marginal productivity index means that, given a rejection cost v, it is optimal either to admit always,
or to reject always, regardless of the previous-epoch state and previous-epoch action, i.e., regardless of
information available.

4.6 Admission Control Problem with Delay under Time-Average Criterion

Our results extend directly to the admission control with delay under the time-average criterion.

Proposition 5. By setting 3 := 1, the algorithm F A in Figure 5 computes the marginal productivity indices for
problem (14) under the time-average criterion.

Proof. The algorithm F'A is valid by setting 5 := 1 for the time-average criterion because the marginal
productivity indices under that criterion are obtained in the limit 3 — 1 of the marginal productivity

indices under the discounted criterion, and the limits of all the expressions exist and are finite. O

In case I = oo, the algorithmic check in Figure 7 is only valid under $ < 1, and therefore is not
suitable for the time-average criterion. In fact, it is not necessary to perform such a check, because under
the time-average criterion the indices diverge.
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4.7 Further Remarks

If in state (1,0), the buffer is empty, because it was empty a period ago and the gate has been closed
since then. Therefore, one could expect that the index of state (1,0) is the same as the index of state 0 in

the no-delay problem, which is in fact true. Moreover, there is a simple interpretation of that expression.

If the buffer is empty, the expected total 8-discounted holding cost is

_ b

(e [L+B1—p+(BA—p) +.. | = 7= 550

because ( is the probability that the customer remains in the buffer for more than a period. The above
expression is equal to Av(; (), the expected (total 3-discounted) rejection cost is if the rejection cost v =
v(1,0)- Thus, in state (1,0) it is optimal to close the gate if the expected rejection cost is lower than the
expected discounted total holding cost of an admitted customer. Further, in state (1, 0) it is optimal to let
the gate open if the expected rejection cost is greater than the expected discounted total holding cost of
an admitted customer. If the two expected costs are equal, both closing and opening is optimal. It is also
clear that under the former condition it is optimal to close the gate in any state, and therefore the indices

of all states must not be smaller than v/; ).

Figure 8 shows the indices for a number of instances of the admission control problem with delay.

An extensive simulation study we have performed suggests a convergence of the indices:

V(1,i) = V(0,4) as A — 0,

V(1,i) = Y(0,i—1) as(¢ — 1,

V(Oi)ﬁﬁ asi—>oo,
) 1 _ /8

V(1,4) — % ast — oQ.

The convergence of the marginal productivity indices to Sc/(1 — ) is intuitive. If the buffer is almost
full (say, the pervious-epoch queue length is I — 2), then admitting a customer means to increase the
overal holding cost by c at least in the following I — 2 periods, because the admitted customer cannot
leave the system earlier that the previous I — 2 customers. Therefore, the expected total §-discounted
holding cost is at least

_ e - ")

Be[l+B+p% 4+ 877 -

On the other hand, it is not greater than the expected holding cost of remaining in the buffer forever,

which is

e
- &

Be[l+B+82+...]

Now it is clear that the marginal productivity indices converge to Sc¢/(1 — 3) as I — oc.
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100

MPI

0 1 2 3 4 5 6 7 9 10

8
Previous-epoch queue length
(@ifA\=0.1,=0.1

100

80f

60f

MPI

40

20f

o 1 2 3 4 5 6 7 8 9 10
Previous-epoch queue length

(Qif A =0.5,p=0.1

100

80f

60

MPI

40t

20

6 1 2 3 4 5 6 7 8 8 10
Previous-epoch queue length

(e)if A=0.9,4=0.1

% 1 2 5 4 5 6 7 8 9 10
Previous-epoch queue length
(b)if A\ =01, =0.9
20 :
us
0""
“
O“
15+ ”‘
‘O
*
‘O
‘0
f— “0
D-']O, .’0
0"
0“
0"
5+ ""
*
0"
““

o 1 2 3 4 5 6 7 8 9 10
Previous-epoch queue length
(d)if A = 0.5, 11 = 0.9

100

MPI

0o 1 2 3 4 5 6 7 8 8 10
Previous-epoch queue length

(f)if A = 0.9, 1= 0.9

Figure 8. Optimal marginal productivity indices (MPI) for the admission control problem with delay
with parameters I = 10,c = 1, 8 = 0.99. The solid line exhibits indices v(; ;) and the dotted line exhibits
indices v(g ;).
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5 Fast Algorithm for the Job Completions Problem with Delay

In the job completions problem with delay, we define the one-period rewards in the following way. If
the queue length is i € 7 and action a € A is chosen, then the gatekeeper’s one-period reward is defined
as the expected number of job completions during the current period,

0, ifi=0and a =1,
Ry = R == ¢\, ifi=0anda=0,

1, ifi > 1.
Therefore, we have
—Au, ifi=0, w(l—=2x), ifi=1, w, ifi=1,
AR = AsRo ) = AsR1 4 =
0, ifi>1, 0, ifi>2, 0, ifi>2.
The algorithm FA is presented in Figure 9, after substituting the following expressions: Cg, := —AB/[3;

i o . i —
Oy =0;  Clyery =0

However, we are only interested in the job completions problem under the long-run average crite-
rion. Then, setting 3 := 1 in the fast algorithm, yields the constant index v(, ;) = —1 for all (a,i) € 7.
Figure 10 shows the simplified quantities that are obtained in this case in the fast algorithm FA. Since
such an index is noninformative, we set out to obtain an alternative, second-order index in the following
subsection.

5.1 Second-Order Marginal Productivity Index

Since the (first-order) index is noninformative, we proceed by introducing a second-order marginal pro-

ductivity index v(,,;), based on the Taylor series of v(, ;) at 8 = 1,

Viai) = =1+ Y@ (1 = B) +O((1 = B)?), as 3 — 1.

OW(a,i)

B
p=1
ing customer to the queue of the lowest marginal productivity index, in the case of constant (first-order)

Thus, (4, == — . As the marginal productivity index policy prescribes to route an arriv-

indices the customer is to be routed to the queue of the lowest second-order MPL
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{Input I, A, u, s}

{Initialization}

C=Al—=p); n=pl-A); e:=1-C—n;

Ag:=0; Ay:=p5¢ B:=pu/(1-p+0n); B :=p(B+pB(u—-n); Do:=0; Dj:=-\y;
v = —B/B;

{Loop}

for K=1 to I —1 do

Ak = BC/[L =B+ B¢+ Bn(l — Ag_1)l; Al = BC+Bu—nAx;  Zi = Ax Al /Al
if K =1 then D;:=-nA1/(6¢); else Dk :=0nDx_1Ak/(B(); end {if};
DIK = ﬁ(,u - 77)DK;
b= pA(L+5) ; 91::% 0.
T+ BAY_ B+ BCAu(1 — BAk 1) 1+ B

if K=1 then

fO —_ -1 7/ (BD{ + p)B' + BuAu )
T+ BAYB + BCAp
¥ (= H)Dh — Ay,

3+ BALB + BB

Lo (=D = (1= QA —(B'fT
(0,0) == A —(1—)ALg® — (B¢ i

shee L8 Dy — DY B’ + Buf¢Dx_1B
fo — A,?K K K—1 M K—-1 ;
I+ BAYK B+ BCBu(1 — BAKk-1)
. 4Dk + (1= B)Dje_y + BuB(Dr—1

A 4 Ay B+ BCHu(1 — BAx_1)
n [D/K72 + DK71A’K72] +eDly | — [nZKk-1+¢€] A/Kﬂfo —(Bf .

I

YK N—nZK1 + € A_1g° — CB'g!
end {if};
. pD% g — pAy  f° = (1 —p)B'f!
(10 A=Al 19" — (1—pB'g!
end {for};
{Finalization}

Ap = B¢/[1 = B+ B¢+ Bn(1 — A1)l Ay = 08C+ B —n)Ar;  Zr = ArA7 /AL
Dy = nDr_1Ar/(6¢);
foﬁz_%iél—ﬁuDLJ; 0. ML+B)
ar T BuA7_, ar Tt BuAr_,
n [D/I—Q + lelA/I—Q] +eDy = [nZr1 +el Ap_ f° .
(m+e)A—nZi—1 +e] Ap_¢° '

D+ 55D;12;
DTN —z)
{output {V(“vi)}(a,i)ef}

Yo,1-1) =

Figure 9. Fast algorithm F'A for calculation of an optimal index policy for the job completions problem.
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{Input I, u}
{Initialization}
C:=Al—p); n=pl-A); e=1-C—n;
Ag:=0; Ay:=¢; B:=1; B':=X Dy:=0; Dj:=A—-DB"; vap:=-1;
{Loop}
for K=1 to I -1 do
Ag =(/[C+n(1 —Ax1); Ay =C+MAg;  Zx = AgAy [A%;
Dk :=Ax—1; Dy =A% —B;
if K=1 then

Fo. p(l = A —N?) Lo p(1 = Ap) ,
TN+ p(l = A —22) TN +Hp(l=Ap—22)]
else
[0 = —u(l = M= X*) Dy - —p(1 =)Dy .
AN = p(l = A= N)Dg 1’ COAMLHA) = (1= A= A) Dy’
end {if};
¢ =1-1% g =1-f% vox-1=-1; vak =-1;
end {for};
{Finalization}

Ar:=C¢/[C+n(1 = A;1);  Ap =+ MAr; Zp=A1A7_ /AT Dr=Ar—1;
RO (R vy

AL+ p) = p(1 =AM —=A)Dypy
{Output {VWJXhmﬂef}

9" =1=f%  wvor1y=-1; Ven=-1;

Figure 10. Fast algorithm F'A for calculation of an optimal index policy for the job completions problem
under the time-average criterion.
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We conjecture that the second-order indices are as follows (K > 1):

1
:7—]_7
T =
Y00 :2_1_w
©O = 2+ ¢
A\ 1 A
7(1’1):—(2+>+(2+)7
n)o p
A 1 A AN z?
=—(24+42)+—(5+3 1 o T
Y(0,1) (+u>+2u<+ u) 2u2<+1)(+u+ )+2wz(2<+1)
1 AZ C (()K 1
Y(1,K+1) = V(1,K) L { “n n
| el ¢, (c)“ N +A) <<>K
- + 1+ + = Sl TRl 1) :
Y(0,K+1) = Y(0,K) M{ [ n w2n(2¢+1) \n
I A =
Yoy == =14+ — (I =1+ (- Q +(<)
I p 77 U

The last expressions can be simplified. If A # p, then

1 1 A2 /e\®
7(1,K+1):'Y(1,K)+M_)\_mﬁ E )

7 N 1 N n+x 1 )\72 ¢ K
Y(0,K+1) = Y(0,K) L— A n2C+1) p—Xx| 2 \n )
o
K ) I R

Yoy == =14+ =
TR (=7
If A = p, then
2K
7, :7, - )
(1,K+1) ar) ot
_ L2 K ntA
oK) =IO T T T R )
I I(I-1)
V(x, ——1+
(5.1 o

6 Conclusions

We have presented a restless bandit approach which yielded an efficient exact algorithm for the calcula-
tion of the marginal productivity indices and optimal threshold queue lengths for an admission control
problem with an action or information delay of one period. The algorithm draws on and significantly
reduces the complexity of the adaptive-greedy algorithm for the calculation of restless bandit optimal
index policy.

We propose such indices as building blocks in a heuristic for a harder problem of admission control

and/or routing to parallel queues, where the queues can be heterogeneous in buffer lengths, departure
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probabilities, holding costs, discount factors, and delays. The evaluation of the heuristic is a part of the
work in progress.

Our approach seems to be tractable also for the admission control problem with larger delays and,
more generally, for arbitrary restless bandits with delays.
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A Admission Control Problem with Delay: Analysis of Marginal Works

In this section we set out to obtain closed formulae for marginal works in the admission control problem
with delay and present results in terms of action-differences in total work that will facilitate the proof of

their positivity.

A.1 Preliminaries

Recall the definition of the expected total $-discounted work (briefly, total work) in (11). The following is
the work balance equation for a fixed active set S:

Wa,i +5Z p;lgs i lf (a77;) ES
Jeai —{ (@) 0 2jer P9y (26)

W(a,i) +52j51p?j9?0,j) if (a’ai) ¢ S
The following two implications of the work balance equation were found useful in the problem anal-

ysis. First, we give a characterization of total works gf; ;s in terms of their action-differences Algzsl 'S
and state-differences A, g(é; Z.)’s.

Lemma A1. For a fixed active set S,

(1- ﬁ)ga,i) =A- ﬁMAngSLi) if(1,i) €
(1= B)g{10) = A — Budagly.sy — PO if (1,4) ¢
(1= B)gfo.s) = A= bl p) + Pdag fi=1I

’ BCA2G0 41y — Bnagd ,y + BAgE ;) otherwise
A— /BMAZQ(%_’I) ZfZ =1
ﬁCAMﬁ),iH) — 5”A292%,i) otherwise

27)
(28)

if(0,))eS (29

(1= B)g5.4) = { if(0,i) ¢S (30)

Proof. Suppose first that (1,7) € S. By adding —5g'(517 ;) at both sides of identity (26) for (1,4), we obtain

(1 - ﬂ)gaﬂ‘) = W(l,i) - 5szlj (9291,1‘) - QESL]‘)> »
JET

which simplifies to (27) after plugging the definition of W, ;) in (10) and that of p}j in (5)-(6), and finally
using (23).
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The remaining identities are obtained analogously by adding —f 951 ) at both sides of identity (26),
then plugging the definition of W/, ;) in (10) and that of p; in (5)-(6), and finally using (22)-(23). O

The following lemma characterizes action-differences A, gzsl 0 ‘s in terms of state-differences A, gfa 0 ’s.

Lemma A2. For a fixed active set S and any state 0 < i < I —1,

A1gd 5 = A = BCA2G0 iry — Bl — M) Aagf ) if (0,4),(1,i) €S (31)
A19291,i) =A- ﬁCAzgfgo,iH) — Bp— n)AZngO,i) if (0,4),(1,9) ¢ S (32)
(14 B)A1g0 0 = A= BCAG0 i1y — Budag s + Bndagl if (0,4) €S,(Li) ¢S (33)
(1= B)A1GS ) = A = BCA2GS o1y — Budagdl o + Bndaglhyy i (0,0) ¢S, (Li)eS (34
Argl ) =0 (35)

Proof. 1If (0,4),(1,i) € S, identity (31) is obtained by subtracting (29) from (27), and using (22). The

remaining identities are obtained analogously. O

Recall the definition of marginal works wf’;’ ;) in (16). In order to obtain a characterization of marginal
works in terms of A1 g(; ;)’s, we specialize the work balance equation in (26) for policies (0, S) and (1, S).

Lemma A3. For a fixed active set S,

(1,8) _ a S
Yay) = Wia + szijg(l,j)

JET
0,8) _ S
Yiaiy = Wiap) + ﬁz;p?jg(o,j)
je

Now we are ready to express marginal works wfa iy in terms of action-differences Algai)’s.

Lemma A4. For a fixed active set S,

wS . — ﬁAlg‘(SLO) ifi=0 36)
1) = .
. ﬂ,uAlngfl) + B(1 — M)Algflyi) otherwise
ﬂ(l - C)Alggvo) + ﬂCAlga,l) le =0
wﬁgo,i) = 577A19231,¢71) + 58A19281,i) + ﬁCAlngH) otherwise (37)
wiin) ifi=1I

Proof. From plugging the identities in Lemma A3 into the definition of wfa ;)» We obtain

S a S
Wiy =B ZpijAlg(m-
JET

Then, using the definition of p; in (5)-(6) gives the result. O
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The last lemma shows that marginal work is equal to the expected next-period 3-discounted increment

in total work if starting from state (1, ¢) instead of (0,1), i.e.,
wi, = Ef [Ar1g%], (38)

where the random variable A; g5 has value Alga ;) with probability pf;. This suggests a way for estab-
lishing positivity of marginal works needed in Definition 1(i) by establishing positivity of A; gfl,i) ’s for
all states 0 <4 < I — 1 (recall that by (35), A1g;9171-) = 0 for state I).

Before calculating the action-differences needed above, we prepare notation and state an auxiliary
result. These quantities will appear in the action-differences recursion developed in the following sub-
section. For j > 0 we define

- o pe P
Ao=0 A= TR+ - Ay SR TR
and
Al
Aj = B¢+ Blp—m) Ay, Zjp1 = Aj+1A,7J7 B’ = [3(B+ B(p—n). (40)
Jj+1

Lemma Ab5.

(i) 0< B<g;
(i) 0 < Ajy1 < Band A; < Ajiq forall j > 0;
(iif) 0 < Zj41 < B forall j > 0.

Proof. (i) The positivity is straightforward from the definition of B in (39), because Sy > 0and 1-8 > 0
by the model parameter assumptions given in (7). On the other hand, the same assumptions imply
B < (. O

(ii) We proceed by induction. Since 5n(1— Ag) > 0, we have 4; < 17573/%
is due to the model parameter assumptions. Hence, assuming inductively 5n(1 — A4;) > 0, we have
Aj1 < =555 < B. The positivity of A;; follows from ¢ > 0,1 — 3> 0and fy(1 — 4;) > 0.
Similarly by induction we prove the monotonicity. As the first step, the above implies 0 = Ay < A;.

< 3, where the last inequality

Hence we have n(1 — Ag) > fn(1 — Ay), which implies A; < A,. Inductively, assuming A;_1 < A,
analogously implies A; < A;;. o

(iii) The model parameter assumptions given in (7) imply that A; > 0, since ;1 > n forall j > 0. Therefore,
the definition of Z;; in (40) implies Z;; > 0. On the other hand, using (40) we can write

70 = BB —m)A; FC+Br—m)b _
B B E 4 Bu-n)

i+l

where the inequality is due to A;, A; 1 < 3 by (ii). a

A.2 Calculation of Action-Differences in Total Work

Since Lemma A4 characterizes marginal works wf’; ;)'s as weighted averages of action-differences A, gai) s,
in this subsection we focus on the calculation of the latter. The ultimate goal of proving positivity of mar-
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ginal works under F in order to establish condition Definition 1(i), will be reached by proving positivity

of action-differences in subsection A.3 and subsection A.4 for active sets Z K,k and 7 K, K+1, respectively.

In the following we show that all the relevant state-differences can be obtained by recursion from
two pivot state-differences associated to the two thresholds K, K; under any policy Zx, k,. Denote by
K|, := min{Ky, I} and note that the relevant state-differences needed in the subsequent analysis are
Azgfo,i)’s forl1 <i< K)—1,and Aggﬁﬂ.) for Ki +1<i<1.

Lemma A6. For a fixed active set S = Tx, k,,

Ky—1
Jj=i
Aagd sy = Dagll )BT, for Kj +1<i<1. (42)

Proof. For1 < i < K|, — 1, augmented states (0,), (0,7 — 1) ¢ S, so taking the difference of (30) for i and
for i — 1 gives

(1= B+ B0+ BC)Dagh sy = Bndagly i 1) + BCA2GG 11y
Expressed for i = 1 and divided by 1 — 8 + 81 + 3¢, we have A, gfm) =A, ng,Q)Al, since, by definition,

B¢

S _ —
AQQ(O,O) =0 and A1 = 1_ ﬂ—'—ﬂc +ﬂ77

Inductively, if Aggfoﬂ._l) = Agg%i)Ai_l, then

(1= B+ Bn+ B — Ai1))Dagll ) = BCA25 11y

which is the same as Aggz%’i) = Aggﬁ)7i+1)Ai forall 1 <4 < K{ — 1. This recursion gives (41).

Similarly for K7 +1 < i < I, augmented states (1,4), (1,7 — 1) € S, so taking the difference of (27) for
i and for i — 1 gives AQQ“(%J;) = Aggfl ;_1)B. This recursion gives (42). a

Further we identify a recursion to calculate action-differences A; gfl ;s in terms of the two pivot

state-differences A, 9280, KY) and Ay 9281, K1) Thus, this is a simplification of Lemma A2.

Proposition A1l. For a fixed active set S = 7 Ko, K1/

Algfl,K[’J—l) =A- A/K(’)—lAQ.gzgo,K(’))v if1 < Ky, (43)
Argly = M1 = Zig1) + Aigl iy Zisa, for0<i<Kj)—2, (44)
Avgl k) = A= B'Dagl k) ifK, <1-—1, (45)

Aigd s = A1 = B) +Aigd ;) B, for Ky +1<i<I—1. (46)
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Proof. As a consequence of plugging (41) into (32) we have

Ky—1
Arghy = A= Aidagd iy T A)s for0 <i < Kj—1,
j=it1
This identity expressed for i = K{j — 1 gives (43), and expressed for i and i + 1 implies (44).
Similarly, by plugging (42) into (31) we have

Arg sy = A= B'Dogly i BT, for K, <i<I-—1.
This identity expressed for i = K gives (45), and expressed for ¢ and i — 1 implies (46). ]

The above results help significantly simplify the subsequent analysis, which we present in separate
subsections for optimal active sets T K,k and 7 K K +1- In each subsection we first present expressions for
the pivot state-differences in a lemma and then establish positivity of A; 9251 ;5 >0forall0 <i<TI-1.

A3 Positivity of Action-Differences in Total Work under Active Set Z KK
Lemma A7. Under active set S = T, KK

(i) if K =0, then

Asgl ) = 0. 47)
(ii) if 1 < K <I—1,then
!/
Bagh sy = L+ B , (48)
X 1 BAY_ B+ BCBu(1 — BAx 1)
1+ A%
Dogli iy = Y g, D295 k) (49)
(iii) if K = I, then
AL+ Bp)
s
AQQ(O,I) = W- (50)
ar + B I—1
(iv) if K =1+ 1, then
AA
Aggzs(‘)J) = A/II (51)
Proof. (i) The identity is by definition. O

(ii) Taking the difference of (27) for i = K and (28) for i = K — 1, and plugging (32) for i = K — 1, gives

(1= B+ Bu)Aagl ) = BN+ Bl — Bli —n)] Daglly k1) — B2CDagd) - (52)
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Similarly, taking the difference of (29) for i = K and (30) for i = K — 1, and plugging (31) for i = K,

gives

(1= B+ B86)Aagfy iy = BN+ (1= B)BCAGY g1y — B0+ Bl — )] Dagd i) + D2 s 1y
(53)

Using (41) for i = K — 1 and (42) for i = K +1, and solving the above system of two equations yields
the results. 0O
(iii) The proof goes along the same lines as in the previous case, yet the latter identity becomes

(1= B+ BOA9% 1y = A — Bubdagl 1y + B1lag(y 11y (54)

a
(iv) Taking the difference of (30) for i = I and for i = I — 1, and plugging (41) for i = I — 1, yields the

result. O

Proposition A2. Under active set S = T k,x with 0 < K < I+ 1, action-differences A, gfl By > 0 for all
Ogigl—landAlgfl)I) =0.

Proof. We will divide the proof into three steps, in which we prove the following;:

(i) if 1 < K’ := min{K, I'}, then action-difference AngSLK,_l) > 0;
(ii) if K < I — 1, then action-difference A, 9291, K) > 0;
(iii) action-differences Algai) >0forall0<i<T—1and AlgESLI) =0.

(i) Suppose first that 1 < K < I — 1. Identity (43) gives
Argl k1) = A — A 18263 1)
In order to show A; ga K-1) > 0, using (48) we need to have

BA(L+ B) Ay

A> — .
2+ BAY_ B’ + B¢Bu(l — BAg_1)

Since the denominator is positive due to Lemma A5, this is equivalent to

!/

BA_, < jK + BCAU(L — BAg_y).
K

This is true, because Lemma A5(iii) with 5 < 1 implies A} | < %, and Lemma A5(i)-(ii) implies
BCAU(1 — BAg—1) > 0.

For K = I and K = I + 1, we have Algfufl) = \— A}flAggE%J) as above. In order to show
Algﬁsuq) > 0, using (50) for K = I we need to have

A1+ A’ A
A> %7 which is equivalent to 1> i =
ar T oA AL
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which is true by Lemma Ab5(iii).
Finally, using (51) for K = I 4+ 1 we need to have

AT A A A
A > #, which is equivalent to 1> 2Ll ,
A A
I I
which is again true by Lemma A5(iii). O

(ii) Similarly, for 1 < K < I — 1 identity (45) gives

AlgfLK) =\— B’AggflﬁK).

In order to show A; 9?1, x) >0 using (49) we need to have

BA(1+ Af_) B

A> :
I+ BA B+ B¢Bu(1 — BAk—1)

which is equivalent to

!

A 4 BB — BAg_).

B <
B Ax

This is true, because B’ < % using the definitions of B’ and A’ in (40) and properties from
Lemma A5.

O

Finally, for K = 0, plugging (47) into (31) gives A; gfm) =A>0.
(iii) We will show that positivity of action-difference A, 9281, K—1) implies A; gfl)i) >0forall0 < i <

K’ — 1, and positivity of action-difference A1gf) ;. implies Aygf, ;) > 0forall K <i <1 —1.

Recursion (44) shows that Algfl’i) is a weighted average of A > 0 and Algaiﬂ) forall0 <: < K'—2

(the weights are between 0 and 1 due to Lemma AS5). Since state-difference A; g‘(SL K—1) > 0 by @),

by induction we obtain Algfm) >0forall0<i< K’ —1.

Similarly, recursion (46) shows that A; gﬁyi) is a weighted average of A > 0 and A, gfl,i—l) for all

K +1 <4 < I—1 (the weights are between 0 and 1 due to Lemma A5). Since state-difference

Algfl’K) > 0 by (ii), by induction we obtain Alga,i) >0forall K <i<1I-—1.

In summary, we have shown that Alga’i) > 0 forall 0 <i < I — 1.Finally, Algzsu) =0by (35). O

A.4 Positivity of Action-Differences in Total Work under Active Set I K,K+1

Lemma AS8. Under active set S = T, K K+1/

(i) if1 < K <1—1,then

BA[L—B(1—¢— p)]
s , , (55)
0RO T (1 = ¢ = o)) i+ BB — ) [1 - B+ Bu(l — Age_1)]
B . A — — Ag_
Mgy = Lm0 u)]r_ﬂg([lﬁ_gfls Pl = Akl p, g8 (56)

A/
Avgh gy = A — ﬁAgg(‘SO,K). (57)
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(ii) if K =0, then

1 -5+ 8p
s _
A190.0 = T REE = ) + B 9
1- (1 = ¢ —p)+ Bu— BB
s _
S0 =N TR e &2
Proof. (i) Taking the difference of (27) for ¢ = K + 1 and (28) for ¢ = K, gives
s S B, s
Aa2g(1 k+1) = BA29j0 iy + ;Alg(l,K)' (60)

Taking the difference of (28) for i = K and for i = K — 1, employing the identity (24) together with
(41) for i = K — 1 and the expression of A in (39) gives

Aagd xy = [B = Bu(l — Ak _1)] Aagly k). (61)

Taking the difference of (29) for i = K and (30) for s = K — 1, and plugging again (41) fori = K — 1
and (39), gives

B¢

EAQQZSO,K) = ﬁAngSLK) - ﬁUA29291,K) + BWA%VZ%,K) + 5<A292S1,K+1)- (62)
By (33), the right-hand side of the above identity is equal to A — A gfL K)~ Bulg gESO, K)’ yielding (57).
Using (57), (60) can be reformulated as

BN B[4

A2QES1,K+1) = [Ai - M} AZQES(‘LK). (63)
Further, (42), (60) and (61) can be used to reformulate (62) as (56). Finally, (56) and (63) after some
algebra yield (55). |

(ii) (60) holds as before and simplifies to

Bagf ) = gt (64)
By (33),
(1+ B)A1g(0) = A = BCA 1) (65)
Solving and rearranging yields (58).
Further, (45) together with (64) and (58) give (59). O

Proposition A3. Under active set S = fK7K+1 with 0 < K < I — 1, action-differences Alg'(%,i) > 0 for all
Ogigl—landAlgfu) =0.

Proof. We will divide the proof into four steps, in which we prove the following:

(i) if 1 < K, then action-difference A, g(sl, k1) > 0
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(ii)
(iii)
(iv)

(i)

(ii)

(iii)
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action-difference A gfl K >0

if K < I — 2, then action-difference A, 98, ki1 >0

action-differences Alg‘(sl’i) >0forall0<i<I—1and Algfu) =0.

Suppose first that 1 < K. Identity (43) gives
A19?1,1(—1) =A- A/I(—IAQQEg(),K)

and identity (57) gives

/

A
Argl gy = A — Ai Dogfy -

Because of Lemma AS5(iii), we have A1g3 ;) > A19291, k) The positivity of the latter is proved in
(id).

In order to show AIQESLK) > 0for1 < K < I —1,using (55) we need to have

BA[L = B(1— ¢ — p)] 45

A > Y )
1= =C—w]ZE+ 8Bl —p)[L =B+ Bu(l — Ax—1)]

Since the denominator is positive due to Lemma A5, this is equivalent to

Ay _ Ay

ﬂAK Ak

+BnB(1 —p)[1 =B+ Bu(l — Ax_1)].

This is true, because of the properties in Lemma A5(iii).
For K = 0, positivity of action-difference A; 9291,0) can be seen directly in (58).
Similarly, if K < I — 2 identity (45) gives

AIQESLKH) =A- BlA?QEsl,Kﬂy

In order to show A, 9?1, Kx+1) > 0 for 1 < K, using (56) where we have plugged (55), we need to have

B'BXN{[1 =B =¢—pw)]+pn[f—Ax—1 — Bu(l — Ax_1)]}

A> A/ )
1= =C—w]ZE+ BBl —p)[1 =B+ Bu(l — Ax—1)]

which is equivalent to

!

[1— 320 = €= )] 55 + nd(1 = ) [1 = 5+ Gp(1 — Arc-1)

>B'B{1-B1—-C—p]+6n[l—Ax-1—1+8—ppu(l—Ag-1)]}.

This can be further reformulated as

A A
B¢+ H)Ai + (1- %) ﬁ + BBl —p)[1— B+ Bu(l — Ag—_1)]

> B'B{[1 =B == p]+ 8l —Ax-1)} = B'B{An[1 = B+ Bu(l — Ax_1)]}.
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This is true, if the first terms of both sides (divided by 8 > 0) satisfy

/

B+ > B {11 = 50— ¢ )] + Bl — A1)}

because the remaining two terms on the left-hand side are non-negative, and the last term on the
right-hand side is non-positive. We further reformulate the last inequality as

/

(j;fj - B’) [1=B(1—C—p)+Bn(l —Ax-1)] > [1 =B+ 8yl — Ax_1)] jﬁ'

Now, definitions in (39)-(40) imply the following identities:

Ak o B¢
A P a
A/
1= B == )+ Bl = Ax—1) = 2=+ 6n
1=pf+ 00— Ax—1) = % — B¢
The above inequality is therefore equivalent to
B¢ Al B¢ Ay
(56 o) () » (26 )

which is true because B < 1 and 8n > 0.

For K = 0, positivity of action-difference Algﬁ@) given in (59) is straightforward after substituting
for B’ and using Lemma A5(i). O
As in the proof of Proposition A2(iii), one can show that positivity of action-difference A; g(‘SL K-1)
implies Aq gfu) > 0forall0 < i < K — 1, and positivity of action-difference A; gfL K+1) implies
Algf“) >0forall K+1<:<7T-1.

Therefore, Algfl’i) > 0forall 0 <i < I — 1.Finally, Algzsu) = 0 by (35). O

Admission Control Problem with Delay: Analysis of the Marginal Rewards

General case.

Analogously to section A, in this section we set out to obtain closed formulae for marginal rewards

in the admission control problem with delay. The proofs are similar to the formers and therefore they

are omitted.

B.1 Preliminaries

Next we state analogies of Lemma A1, Lemma A2, and Lemma A4 for reward measures in the admission

control problem with delay. First we give a characterization of total rewards f(‘i ;s in terms of their

action-differences A; fg_ ;)’s and state-differences A, f(‘fl N



44 Peter Jacko & José Nifio-Mora

Lemma B1. For a fixed active set S,

(1= B)f8.4) = Ry — Budafd i if(li)eS  (66)

(L= B)fE 5y = Ry — Bubdaff ) — BALSG if(1,i) ¢S  (67)
Reo,r) = Budaff 1y + BALFG ifi=1 o

1=B)f§sy =1 o o B , if(0,9)eS  (68)
R0, + BCAfG 41y — BnBaf ;) + BALSG ;) otherwise
Ro,r — 5MA2f(‘%,1) ifi=1

(1=B)f&.) = if(0,i)¢S (69

Roi) + BCAfG 11y — Bndaff ;) otherwise

The following lemma characterizes action-differences A, f('s1 0 ‘s in terms of state-differences Aq f(i 0 ’s.

Lemma B2. For a fixed active set S and any state 0 < i < T —1,

A1 fG ) = DRy — BCASE i1y — Bn— A2 fF ) if (0,4),(1,i) €S (70)
ALfE sy = MRy — BCA S i1y — Bl — m)A2fG 4 if (0,4),(1,) ¢ S (71)
(14 B)ALSE 4y = ARy — BCASE i1y — Bubdafl o+ Bndaf i (0,) €S8,(1,i) ¢S (72)
(1= B)ALfG ) = DRy — B i1y — BudafS o+ Bndafl . i (0,i) ¢S,(1,i)eS  (73)

AL, =0. 74)

Now we are ready to express marginal rewards rfa )’s in terms of action-differences A, f(s1 'S

i

Lemma B3. For a fixed active set S,

S e
ngl ) _ BAlf(LO) lf’L =0 (75)
’ Bubifi iy + B —wALf ) otherwise

/6(1 - C)Alf(‘i’()) + ﬂCAlf(‘SLl) IfZ =0
00 = § BIALFS iy + BEALSE ) + BCALSE ) otherwise (76)

L ifi=1

Let, forj > i >0,
AsRq 5
Ci; =0, Cij1:= |Cij — % B, Cij = D1Ra ) + BCCi i, 77)
A.

Dy :=0, Djiq = [577Dj - AQR(I,j-H)] 5721’ D;- = ARy 5 + B(p —n)Dj. (78)

B.2 Calculation of Action-Differences in Total Reward

Since Lemma B3 characterizes marginal rewards r‘(Sm i)’s in terms of action-differences A, f(‘i i)’s, in this
subsection we focus on the calculation of the latter. In the following we show that all the relevant state-
differences can be obtained by recursion from two pivot state-differences associated to the two thresh-
olds Ky, K; under any policy 7 Ko, K-
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Lemma B4. For a fixed active set S = T, r,,

AQf(%J') = A?f(%,i+1)Ai - D;, fOT 1< < K6 -1, (79)
Aof& iy = Daf sy B = Ck i, for ki +1<i<I. (80)

Further we identify a recursion to calculate action-differences A; f(s1 i)'s in terms of the two pivot

state-differences A, f(‘f)) K1) and A, f& K,)- Thus, this is a simplification of Lemma B2.

Proposition B1. For a fixed active set S = T, k,,

Aifilrp-1) = Dicgr = D2 f,x Aty if1 < Ko,
(81)
Alfg,i) = D:(l — Zi+1) + [Alfg,i+1) + 5/J,DZ — AQR(17i+1):| Zi+1, fOT 0 < ) < K(/) — 2,
(82)
Alf(slyKl) = C}/(hKl - AQf(‘Sl‘)Kl)B/a UCKI S I- 1a
(83)
Alf(su) = [Ck,i + B(u = 0)Ck, i] = [Cy i1 + B —n)Cryim1] B+ A1f(81,i71)Ba for Ky +1<i<I-1
(84)

The above results help significantly simplify the subsequent analysis, which we present in the next
subsection for optimal active set 7 Kk, and where we identify closed-form expressions for pivot state-
differences in total reward. The results under the active set Z K,K+1 are not necessary, since they are not

implemented in the algorithm F'A.

B.3 Pivot State-Differences under Active Set Z, K,K

Lemma B5. Under active set S = T, KK

(i) if K =0, then

s _
AofS ) =0, (85)
(i) ifl<K<I-1,
AafS R PR-AIRA ) HA-BICK g1~ (Bl +A2R(, k) B HBRBCDK 1 BHOY 11 A1 R0 K1) (86)
0,6)= :

Al
A FAAY B/ +BCOR(-BAK _1)

%D;(fAlR(LK)HlfB)D}(_l7(50}'(YK+1+A2R(1,K))A}(_lJrBu(BCDKf] HOC gy —DRG Kk —1)AK 1)

Do fS oy=— 7
Qf(l,K) ﬁg+ﬁA/K_1B/+[’<ﬁl"(1_BAK—1)
(87)
(i) if K =1,
B¢ p; — puD;
T 2250 )
Doffy =~ : (89)

A/
I+ A,
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(iv) if K =1+1,

5CD1'

Dofiony =~ A (89)
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