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Abstract—Consider a discrete-time system in which a centralized con-
troller (CC) is tasked with assigning at each time interval (or slof) K re-
sources (or servers) to K out of M > K nodes. A node can execute a
task when assigned to a server . The tasks are independently generated at
each node by stochastically symmetric and memoryless random processes
and stored in a finite-capacity task queue. The tasks are time-sensitive since
there is a non-zero probability, within each slot, that a task expires before
being scheduled. The scheduling problem is tackled with the aim of max-
imizing the number of tasks completed over time (or the task-throughput)
under the assumption that the CC has no direct access to the state of the
task queues. The scheduling decisions at the CC are based on the outcomes
of previous scheduling commands, and on the known statistical properties
of the task generation and expiration processes.

Based on a Markovian modeling of the task generation and expiration
processes, the CC scheduling problem is formulated as a partially observ-
able Markov decision process (POMDP) that can be cast into the frame-
work of restless multi-armed bandit (RMAB) problems. When the task
queues are of capacity one, the optimality of a myopic (or greedy) policy
is proved. The settings in this technical note provide a rare example where
a RMAB problem can be explicitly solved.

Index Terms—Communication networks, Markov processes, queueing
systems, stochastic optimal control.

[. INTRODUCTION

The problem of scheduling concurrent tasks under resource con-
straints finds applications in a variety of fields including communica-
tion networks [1], distributed computing [2] and virtual machine sce-
narios [3]. In this technical note we consider a specific instance of this
general problem in which a centralized controller (CC) is tasked with
assigning at each time interval (or slof) K resources, referred to as
servers, to I{ out of M > K nodes as shown in Fig. 1. A server can
complete a single task per slot and it can be assigned to one node per
time interval. The tasks are generated at the A nodes by stochastically
symmetric, independent and memoryless random processes. The tasks
are stored by each node in a finite-capacity task queue, and they are
time-sensitive in the sense that at each slot there is a non-zero proba-
bility that a task expires before being successfully completed. It is as-
sumed that the CC has no direct access to the node queues, and thus it is
not fully informed of their actual states. For instance, partial informa-
tion is relevant in systems such as wireless sensor networks in which
the nodes are physically separated by the CC, and their queues (which,
e.g., collect data packets or energy) are either not accessible by the CC
or could be accessed at some additional cost. Instead, the scheduling
decisions at the CC are based on the outcomes of previous scheduling
commands, and on the statistical knowledge of the task generation and
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Fig. 1. Centralized controller (CC) assigns K resources (servers) to X' out of
A nodes to complete their tasks in each slot ¢ in a limited resource scenario
(K < M). The tasks of node U; at slot ¢ are stored in a task queue ¢);(t).

expiration processes. If a server is assigned to a node with an empty
queue, it remains idle for the whole slot. The purpose here is thus to
pair servers to nodes so as to maximize the average number of success-
fully completed tasks within either a finite or infinite number of slots
(horizon), which we refer to as task-throughput, or simply throughput.

A. Markov Formulation

We now introduce the stochastic model that describes the evolution
of the task queues across slots. We consider task queues of capacity
one (see [4] for a discussion with queues of arbitrary capacity), where
Q:(t) € {0,1} denotes the number of tasks in the queue of node U;,
fori € {1,..., M}. The stochastic evolution of queue (2;(#) is shown
in Fig. 2 as a function of the scheduling decision 1/(¢), which consists
in the assignment at each slot ¢ of the K servers to a subset Z/(t) C
{U1,....Un} of K nodes, with [L/(¢t)| = K.

At each slot, node U; can be either scheduled (I'; € Z{(t)) or not
U & U(#)). If U, is not scheduled (see Fig. 2(a)) and there is a task in
its queue (i.e., Q. (t) = 1), then the queue will be empty in the next slot
with probability (w.p.) % = Pr{Qi(t + 1) = 0 | Q,(t) = 1.U: ¢

(t)], i.e., the current task expires while no new task enters the queue,
whereas the queue will remain full w.p. 1)1 1 =1- Pio) Instead, if node
U, is scheduled (see Fig. 2(b)) and Q;(¢) = 1, its task is completed
successfully and its queue in the next slot is either empty or full w. %)
P4 = Pr[Qi(t+1) = 0 Qi(t) = 1.U; € U(t)] andp') = 1—p}),
respectively. Probability p(l 1) accounts for the possible arrlval of anew
task. If Q; (¢) = 0 the probabilities of receiving a new task when U; is
not scheduled and scheduled are pOl =PrQ:t+1)=1]|Q:(t) =
0.U; ¢ U] andp((]ll) =Pr[Q:(t+ 1) =1]0Q;#)=0,U; € U(t)],
respectively, while the probabilities of receiving no task are Po?) =
1- pgﬂ) and pé‘o" =1- p((]ll), respectively.

B. Related Work and Contributions

In this work we assume that the CC has no direct access to the state of
the task queues Q1 (t). ..., Qs (t), while it knows the transition prob-
abilities p, with , y, u € {0,1}, and the outcomes of previously
scheduled tasks. The scheduling problem is thus formalized as a par-
tially observable Markov decision process (POMDP) [5], and then cast
into a restless multi-armed bandit (RMAB) problem [6]. A RMAB is
constituted by a set of arms (the queues in our model), a subset of which
needs to be activated (or scheduled) in each slot by the controller.

To elaborate, we assume that the transition probabilities of the
Markov chains in Fig. 2, the number of nodes }{ and servers K are
such that

M
m = I_/"’ is integer, and (la)
(
pll) <Pin < Poo) < 0)- (1b)

Assumption (1a) states that the ratiom = M /K between the numbers
M ofnodes and K of servers is an integer, which generalizes the single-
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Fig. 2. Markov model for the evolution of the state of the task queue ¢2; (t) €
{0, 1}, when the node U : (a) is not scheduled in slot t (i.e., U; ¢ L(t)); (b) is
scheduled in slot # (i.e., U'; € U(1)).

@

server case (N = 1). Whereas, proving the results in this technical note
for the case of non-integer m remains an open problem Inequalities
(1b) are motivated as follows!. The inequality pI | < p 1mposes that
the probability that a new task arrives when the task queue is full and the
node is scheduled (p(|1|) ) is no larger than when the task queue is empty
(p([‘)ll) ). This applies, e.g., when the arrival of a new task is independent
on the queue’s state and scheduling decisions (i.e., p(lll) = pgll)), or
when a new task is not accepted when the queue is full, i.e., pll1 =0.
Inequality po‘) < p( ) applies, e.g., when the task generation process
does not depend on the queue’s state and on the scheduling decisions,
so that pé'l' = p 1) , or when a new task cannot be accepted while the
node is scheduled even if the queue is empty (p = (). Inequality
p(()(i) < p(ﬁ) indicates that, when a node is not scheduled, the probability
pé 1) that its task queue is full in the next slot, given that it is currently
empty, is smaller than the probability p(ﬂ) that the task queue is full in
the next slot given that it is currently full. This applies, e.g., when the
task generation and expiration processes are independent of each other.

1) Main Contributions: When the task queues are of capacity one,
and under assumptions (1), we show that the myopic policy (MP) for
the RMAB at hand is a round robin (RR) strategy that: i) re-numbers
the nodes in a decreasing order according to the initial probability that
their respective task queue is full; and ii) schedules the nodes periodi-
cally in group of K leveraging the initial ordering. The MP is proved
to be throughput-optimal. Note that, the results in this technical note
represent a rare case in which the optimal policy for a RMAB can be
found explicitly [6].

2) Related Work: The work in this technical note is related to the
works [7], [8], in which a similar RMAB problem is addressed. How-
ever, the main difference between our RMAB and the one in [7], [8] is
the evolution of the arms across slots. In particular, in our RMAB, each
arm evolves across a slot depending on the scheduling decision taken
by the CC, while in [7], [8], the evolution of the arms is independent
on the scheduling decision. The transition robablhtles for the RMAB
in [7], [8] are thus equivalent to setting ]70| = pgﬁ’ and p(o) (lll)
in the Markov chains of Fig. 2. For instance, our model applies to sce-
narios in which the arms are, e.g., data queues, where each arm draws a
data packet from its queue only when scheduled. Instead, the model in
[71, [8] applies to scenarios in which the arms are, e.g., communication
channels, whose quality evolves across slots regardless whether they
are selected for transmission or not.

In [7] it is shown that the MP is optimal for pél) = pm) < ])(0) =
p(lll) with K = 1, while [8] extends this result to an arbitrary K. The
work [7] also proves that the MP in not generally optimal in the case
pg?) = p(()l We emphasize that neither our model nor
the one in [7], [8] subsumes the other, and the results here and in [7],
[8] are thus complementary.

> P(l \) = ])(I |)

Notation: Given a vector X = [x1,...,2a] and a set
S={i1....,ix} C {1,.... M} of cardinality K’ < M. we define
vector Xs = [ige....: .#i,]. A scalar function f(x) of x is also

I Assumption (1b) holds, e.g., in the relevant setting in which the task gen-
eration process is independent of the queue’s state, the task expiration process
and the scheduling command. To see this, let A be the probability that a new
task is generated in each slot and let ;¢ be the probability that a task expires
while the queue is full and the node is not scheduled. It immediately follows
thatpﬁ, = p = p =A+(1—p)(1-=21), andpﬁ) = A, and thus
inequalities (lb) hold for any A and p.
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denoted as f(x1,...,xn) oras f(xi,..., 2, X4, ) for some
1 <1 € M, or similar notations depending on the context. Given a
set A and a subset B C A, B° represents the complement of 55 in .A.

II. PROBLEM FORMULATION

Here we formalize the scheduling problem of Section I (see Fig.
1), in which the task generation and expiration processes are modeled,
independently at each node, by the Markov models of Section I-A with
queues of capacity one.

A. Problem Definition

The scheduling problem at the CC is addressed in a finite-horizon
scenario over slots ¢ € {1...., Th Let Q(t) = [Qi(),....Qn ()]
be the vector collecting the states of the task queue at slot ¢. At
slot t = 1, the CC is only aware of the initial probability distri-
bution w(l) = [wi(l),..., cwar(1)] of Q(1), whose ith entry is
wi(1) = Pr[Q:(1) = 1]. Thus, the subset /(1) of [L{(1)| =
nodes scheduled at slot £ = 1 is chosen as a function of the initial
distribution w(1) only. For any node I7; € I4(¢) scheduled at slot £, an
observation is made available to the CC at the end of the slot, while
no observations are available for non-scheduled nodes U; ¢ /(t)
Specifically, if U; € 2(¢) and Q;(¥) = 1, the task of U, is served
within slot ¢, and the CC observes that J;(¢#) = 1. Conversely, if
Q:(t) = 0 and U; € U(t), no tasks are completed and thus the CC
observes that ();(t) = 0. We define O(t) = {Q:(t): U, e U(t)}
as the set of (new) observations made available at the CC at the
end of slot £. At time ¢, the CC hence knows the history H(¢) of all
decisions and previous observations and the initial distribution w(1),
where H(t) = {U(L)...., LUt —1),0(1),..., Ot —1),w(l)},
with H(1) = {w(1)}.

Since the CC has only partial information about the system state
Q(t), through O(t), the scheduling problem at hand can be modeled as
a POMDP. It is well-known that a sufficient statistics for taking deci-
sions in such POMDP is given by the probability distribution of Q (%)
conditioned on the history H(¢) [9], referred to as belief, and repre-
sented by the vector w(?) = [w1(#),....was(¢)], with ith entry given
by

=Pr[Qi(

Since the belief w(f) fully summarizes the entire history
‘H(t) of past actions and observations [9], a scheduling policy
m=[U"(1),.... 47 (T)] is defined as a collection of functions Z4™ (t)
that map the behef w(t) to a subset U/ (t) of [L/(t)] = K nodes,
ie, U(t): w(t) — U(t). We will refer to L™ (¢) as the subset of
scheduled nodes, even though, strictly speaking, it is the mapping
function defined above. The transition probabilities over the belief
space are derived in Section II-B.

The immediate reward R(w,l{), accrued by the CC when the belief
vector is w and action/{ is taken, measures the average number of tasks
completed within the current slot, and it is

3w 3)

;e

t)y=1|H(#)]. 2

R(w,U) =

Notice that, since there are only K servers we have R(w,lf) < K.

The throughput measures the average number of tasks completed
over the slots {1, ..., T} that, by exploiting (3) and under policy =, is
given by

STATET Rt UT() | wD)]. (@)

t=1

Vi (w(1)) =

In (4), the expectation E™[-|w(1)], under policy = for initial belief
w(1), is intended with respect to the distribution of the Markov process
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w(t), as obtained from the transition probabilities to be derived in Sec-
tion II-B. For generality, the definition (4) includes a discount factor
0 < 3 < 1[7], while the infinite horizon scenario (i.e., I' — o) will
be discussed in Section III-C.
The goal is to find a policy 7"
mizes the throughput (4) so that

= U™ (1),...., U*(T)] that maxi-

w(l)) = Vf* (w(1)) = maxV|" (w(1)), with
7" = argmax V/" (w(1)). %)

B. Transition Probabilities

The belief transition probabilities, given decision I/(t) = I/ and

w(t) = w = [w....,wn], are

P = Prwt+1) =w' |wit)
M
= [[Prlwit+ 1) = |wilt) =wi,td(t) =U]  (6)

=1

= w,U(t) = U]

wherew(t + 1) = w' = [wi,...,w)s], while the distribution of entry
wi(t+1)1s (see Fig. 2)

Prlw:(t + 1) = w) | w;(t) = wi, Ut) = U]

Wi ifw! = pi! and U € U
=< (1 —wy) ifd _p(l) andU; € U 7
1 ifw! = 70" (w;) and U; ¢ U

where we have defined the deterministic function

() = P1'[Q'(t+ D =1]wit) =w,U; ¢ U
IWPH + (1 - W')Pm = wbo ‘l‘P(O) ®)

to indicate the next slot’s belief when U; is not scheduled (U; ¢ L4(¢)),
with 8o = P(l(l) —Po 1) > 0 due to inequalities (1b). Equation (8) follows
from Fig. 2(a)) since the next slot’s belief is either p(o) if Qi(t
(w.p. w) orpOI ifQ:(t) =0 (wp. (1 —w)).

Under assumptions (1b), it is easy to verify that function (8) satisfies
the inequalities

P(|1|)<P(U <T(U( ), forall 0 < w < 1,and 9)
1)( ) < (1)( N, for all w < @ with 0 < w, &' < 1. (10)

The inequalities in (9) guarantee that the belief of a non-scheduled node
is always larger than that of a scheduled one, while the inequality (10)
says that the belief ordering of two non-scheduled nodes is maintained
across a slot. These inequalities play a crucial role in the analysis below.

C. Optimality Equations

The dynamic programming (DP) formulation of problem (5) (see
e.g.,[10]) allows to express the throughput recursively over the horizon
{t,..., T}, under policy = and initial belief w, as

T

> FTET[R(w

e
lj' Zp(ll )l 41 (UJ

Vilw) = (GUT () | wit) = o]

=R (wU™(t) (11)

where V" (-) = 0 fort > T'. The DP optimality conditions (or Bellman
equations) are then expressed in terms of the value function V" (w) =
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max, V;" (w), which represents the optimal throughput in the interval
{t,....T}, and it is given by

}{ (w.U) Jrfzpm Vi (w } (12)
A{

Note that, since the nodes are stochastically equivalent, the value func-
tion (12) only depends on the numerical values of the entries of the
belief Vector w regardless of the way it is ordered. Finally, an optimal
policy = = [U*(1),....U"(T)] (see (5)) is such that L/ (¢) attains
the maximum in the condition (12) for¢ € {1,2...., T},

max

Vi(w)=
U =UCAT

[II. OPTIMALITY OF THE MYOPIC POLICY

We now define the myopic policy (MP) and show that, under as-
sumptions (1), it is a round-robin (RR) policy that schedules the nodes
periodically and that it is optimal for problem (5).

A. The Myopic Policy is Round-Robin

The MP =7 = {UMP(1),....u/"7(T)}, with throughput
V¥ (), is the greedy policy that schedules at each slot the & nodes
with the largest beliefs so as to maximize the immediate reward (3),
that is, we have

P MP oy oo . ws
u ()= aIbllll?XR(w(t)7[1) algm&aszeu i (). (13)

Proposition 1: Under assumptions (1), the MP (13), given an initial
belief w'(1), is a RR policy that operates as follows: 1) Sort vector
w'(1) in a decreasing order to obtainw(1) = [wi (1), ..., . waz (1)] such
that w1(1) 2 <o 2> war(1). Re- number the nodes so that U/; has
belief w;(1); 2) Divide the nodes into m groups of ' nodes each, so
that the gth group G,, g € {1,...,m}, contains all nodes U’; such
thatg:|_1—1/IxJ+1 namely G = {Ui,..., Ukt G =
Uz }, and so on; 3) Schedule the groups in a RR fashion
with period  slots, so that groups G1, . . .. G, G1. . . . are sequentially
scheduled atslot# = 1...., .m,m + 1,... and so on.

Proof.' According to (13), the first scheduled setis M7 (1) =
G = {U,,Us,...,Ux}. The beliefs are then updated through (7).
Recalling %9) the scheduled nodes, in G, have their belief updated
to either py, or pOI , which are both smaller than the belief of any
non-scheduled node in {U;... ., Uar }\ G1. Moreover, the ordering of
the non-scheduled nodes’ bel1efs is preserved due to (10). Hence, the
second scheduled group is 2/* % (2) = o, the third is 2/ (3) = Gs,
and so on. This proves that the MP, upon an initial ordering of the
beliefs, is a RR policy. |

We emphasize that the MP sorts the beliefs of the nodes only at the
first slot in which it is operated, and then it keeps scheduling the groups
of nodes according to their initial ordering, without requiring to recal-
culate the beliefs.

B. Optimality of the Myopic Policy

We now prove the optimality of the MP by showing that it satis-
fies the Bellman (12). To start with, let us consider a RR policy = ™"
that operates according to steps 2) and 3) of Proposition 1 only (i.e.,
without re-ordering the nodes according to their initial belief), and let
its throughput (11) be denoted by V;**#(w). Note that, when the ini-
tial belief w is ordered so that wi > --- > wag, then ¥/ (w) =
VM (w ). Based on backward induction arguments similarly to [7],
[8], the following lemma establishes a sufficient condition for the op-
timality of the MP.
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Lemma 1: Assume that the MP is optimal atslot¢+1....,7T,i.e., it
satisfies (12). To show that the MP is optimal also at slot ¢ it is suﬂiment
to prove the inequality

MP

Vi (ws,wse) < VMM (ws.wse) = VI (wi oo e,
forallw) 2wy > - 2 wir (14)
andall sets § C {1,..., M} of K elements, with the elements in wse-

decreasingly ordered.

Proof: Since the MP is optimal from ¢ 4+ 1 onward by assump-
tion, it is sufficient to show that scheduling /' nodes with arbitrary
beliefs at slot # and then following the MP from slot # + 1 on is no
better than following the MP immediately at slot #. The performance of
the former policy is given by the left-hand side (LHS) of (14). In fact
V;F R (ws, wee ), for any set S, represents the throughput of a policy
that schedules the A" nodes with beliefs ws at slot ¢, and then operates
as the MP from ¢ 4 1 onward, since beliefs in ws- are decreasingly
ordered. The MP’s performance is instead given by the right-hand side
(RHS) of (14). Note that, for # = 7', it is immediate to verify that the
MP is optimal. This concludes the proof. |

Theorem 1: Under assumptions (1) the MP is optimal for problem
(5), so that 7" = 7*.

Proof: To start with, we first prove in Appendix A that the in-

equality

Vi e, Wiy Y, T,

(15)

holds for any » > y, with 0 < j < M — 2, and for all
t € {l.....T} and beliefs w; (not necessarily ordered), with

S WAT)

ko€ {l,....,M}. Inequality (15) for j = 0 is intended as
VR (o, o) < VER(esy, .. war). If (15) holds, then
inequality (14) is satisfied for all w; > --- > war and all subsets
S C{l,....] M} of K elements, with elements in ws- decreasingly

ordered. In fact, (15) states that the throughput of the RR policy
never increases when, for any pair of adjacent nodes, the one with the
smallest belief of the pair is scheduled first. Hence, by starting from
the LHS of (14) (i.e., V;"7 (ws.ws<)) and by applying a convenient
number of successive switchings between pair of adjacent elements
of vector [ws.wse] to achieve [wy, w2, ...,was], we can obtain a
cascade of inequalities as (15) (one for each switching), which guar-
antees that (14) holds. The successive switchings can be done, e.g., by
using the bubble sort algorithm (see e.g., [11]), which repeatedly steps
through the list to be sorted, comparing each pair of adjacent elements
and swapping them if they are not decreasingly ordered. Accordingly,
by Lemma 1 this is sufficient to prove that the MP is optimal, since
inequality (14) holds for any arbitrary ¢. |

C. Extension to the Infinite-Horizon Case

We now briefly describe the extension of problem (5) to the infinite-
horizon case, for which the throughput under policy = and its optimal
value are given by (see e.g., [7])

w(l) =Y 8'7'E7[Rw(t)U" () |w(1)], and
=1
V" (w(1)) = max V7 (w(1)) (16)
where the optimal policy is 7* = argmax, V" (w(1)) and

0 < @ < 1. From standard DP theory [10], the optimal policy
7 is stationary, so that the optimal decision I/*(¢) is a function
of the current state w(¢) only, independently of slot ¢ [10]. By fol-
lowing the same reasoning as in [7, Theorem 3], it can be shown
that the optimality of the MP for the finite-horizon setting implies
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the optimality also for the infinite-horizon scenario, and similarly to
[12] it can be proved that the MP, under certain conditions on the
transitions probabilities p%) , with z. y,u € {0.1}, coincides with the
Whittle index policy for the RMAB at hand (see [4] for full details).
Moreover, by following [7, Theorem 4] it can be shown that the MP
is optimal also for the undiscounted average reward criterion (i.e.,
Vavg(w(1))=limr o (1/T) 377 E™ [R (w(t) ™ (£)) |w(1)]).

IV. CONCLUSION

This technical note considers a centralized scheduling problem for
independent, symmetric and time-sensitive tasks under resources con-
straints. The problem is to assign a finite number of resources to a
larger number of nodes that may have tasks to be completed in their
task queue. It is assumed that the central controller can not directly
monitor the state of the queue of each node. Based on a Markovian
modeling of the task generation and expiration processes, the sched-
uling problem is formulated as a partially observable Markov deci-
sion process (POMDP), and then cast into the framework of restless
multi-armed bandit (RMAB) problems. Under the assumption that the
task queues are of capacity one, a greedy, or myopic policy (MP), op-
erating in the space of the a posteriori probabilities (beliefs) of the
number of tasks in the queues, is proved to be optimal for both finite
and infinite-horizon throughput criteria. The MP selects at each slot the
nodes with the largest probability of having a task to be completed. It
is shown that the MP is round-robin as it schedules the nodes period-
ically. When the task queues have capacities larger than one, the MP
is generally suboptimal and finding optimal scheduling policies is still
an open problem [4].

Overall, this technical note proposes a general framework for re-
source allocation that finds applications in several areas of current in-
terest including communication networks and distributed computing.

APPENDIX
PROOF OF THEOREM 1

The proof is divided into two steps. In the first step we derive the
throughput of the RR policy in closed form, and then we show that
inequality (15) holds.

As for the first step, the throughput for the RR policy (and thus of the
MP) can be calculated as the sum of the contribution of each node sep-
arately (due to the round robin structure). To elaborate, let us focus on
node U7;, with initial belief w;(1), and assume that [’; € G,. Nodes in
group G, are scheduled atslots¢ € {14+ (5 —1 m} fOI‘] e{1,2,...}.
Let 7;(w: (1)) = E**[w;(1 4 (5 — 1)m) | w:(1)] be the average re-
ward accrued by the CC from node U; only, when scheduling it for the
jthtime atslot ¢ = 1 4 (j — 1)m (see the RHS of (3)) (i.e., when
operating the RR policy). At slot # = 1 we have 71 (w;(1)) = w;(1).
To calculate r2(w; (1)) we first derive the average value of the belief
(see (7)) after the slot of activity int = 1 as E"™w;(2) | wi(1)] =

! )(uﬂ(l)), where 11 = wb +P01 with &, (1)(11) 1)(()111)) (cf.
(8)). We then account for the (im — 1) slots of passivity by exploiting
(8), so that ro(w; (1)) = EFF[w,(1 4+ m) | w:i(1)] = 6 (wil(t)),
where we have set ¢¢')(w) = (m_l)( |( Nw)) = wam + m with
o = 6160 and g = pUV 80 T 4 plY (1 = 8271 /(1 — 80),and
where 7¥ J( ) = 7 (F Y (W) indicates the behef of a node after
k slots of passivity when the initial beliefisw (i.e., T ) (w) is obtained
recursively by applying 7; (1 (w) to itself k tlmes) In general, we can
obtain 7;(w; (1)) = ERfFw;(1 + (j — 1)m) | wi(1)], for j > 2, by
1terat1ng the procedure above by applying ot '(W to itself (j — 1)
times. After a little algebra we get ¢V ~1 (W) = Y (61972 (w) =
wad T 0, (1—ad 7Y/ (1— o), sothat v (w, (1)) = A U(w (1)),
where we set ¢!* (w) = w. The reasoning above can be applied when
starting from any arbitrary slot 7.
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Finally, the total reward accrued by the CC from a node that is
scheduled H times, when its belief at the first slot in which it is
scheduled is w, can be calculated by summing up the average reward
r;(+) during each slot in which the node is scheduled (see definition
above), as

I
gt (w) = 2/3(1—1)'717,1. (w)

7=

o l/j)ln 1— /,3777. Ir 1— (’/3777,0’ " )H
Tl \ 1-p8m — 3",
1- (3™ m H
el AT R

1— 3am

a7

Note that, for a node U’; € G, for ¢ > 1 and with belief equal to w at
t = 1, the first slot in which the node is scheduled is * = g, and thus
its belief at time ¢ = g becomes Téy_l) (w) (i.e., after (g — 1) slots
of passivity while other groups are scheduled). Therefore, for a node
U, € G, with initial belief w, the total contribution to the throughput
is given by 391907 ({971 (L)),

Let us now focus on the second step, i.e., proving the inequality
(15). At t = T, it is easily seen to hold due to (3) and (11). We
then need to show that (15) also holds at ¢. To do so, let us denote
as £ and R the RR policies whose throughputs are given by the
LHS and RHS of (15) respectively. The differences between £ and
‘R are the positions of the nodes with belief # and y in the initial
belief vectors. Therefore, some of the m groups created by the
two policies might have different nodes (see the RR operations in
Proposition 1). To simplify, we refer to the node with belief = (y)
as node = (y). Let us assume that nodes x and y belong to groups
G, and G, under policy R, respectively, while they belong to
groups §,~ and G, under policy £, respectively, with g > ¢', and
g, g e{l....,m}. If ¢ = ¢, then the two policies coincide and
(15) holds with equality. If g” = ¢’ + 1 (nodes are adjacent but do
not belong to the same group), the only difference between policies
L and R is the scheduling order of nodes = and y.

To verify that inequality (15) holds, we need to prove that
scheduling node % in group G, and node x in group G, is
no better than doing the opposite for any = > y. To elabo-
rate, let HX(t) = Hlf(kt) and Hf(t) = HE(t) be the number
of times that node = (or y) is scheduled under policy R (or
L) and node y (or z) is scheduled under policy £ (or R)
in the horizon {¢,¢t + 1.....T}, respectively. By recalling
(17) and the discount factor &, the contribution generated by
node = and y under policy R is /zag’*'e(Hf‘ﬂ)(,—(‘;y"”(gz;))
and 39" ~Le(HS W) (20" =1 )y respectively, and  similarly
under policy £ we have 39" —LgHE®) (4"~ (1)) and
/3”,_19(”5“))(Tég'_l)(y)). Note that, in the argument of function
807(.), we have considered that the nodes in group G, are scheduled
for the first time at slot ¢’ — 1, and thus the belief must be updated

2 (+), and similarly for nodes in G, the first
slot is ¢" — 1. Moreover, the discount factor is ,:39/_1 is common to
all the nodes in group G/, and so is 6””_1 for group G,

By recalling that all the nodes, except = and ¥, are scheduled at
the same slot under the two policies R and £ (thus giving the same
contribution to the throughput), the inequality (15) can thus be reduced
to

! -
through function TO( !

ﬁﬂ'*'e(fff(f))(r(gﬂ'*‘)(@) + 39”*'9(”30))(%9”*')(,y))
g0 = U @) (Rl =D (g = g (T ) (=0 9y >

2425

which must hold for all admissible H)(t) = HJ(¢) and H) () =
HE(t) and all ¢ > ¢, with ¢, g € {1,...,m}. There are two
cases: 1) HX(t) = HE(t) = HX(t) = HE(t) = H > 1, that
is, nodes « and y are scheduled the same number of times within the
horizon of interest under the two policies R and L; 2) H Rty =
Hf(t) = H,andH;2 (t) = Hf(t)=H-1,forH > 1, namely, node
x (or y) is scheduled one time more than node y (or &) under policy
R (or £). By exploiting the RHS of (17), after a little algebra, one can
verify that the inequality above holds in both cases, which concludes

the proof of Theorem 1.
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