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Abstract—We consider opportunistic communications over
multiple channels where the state (“good” or “bad”) of each chan-
nel evolves as independent and identically distributed Markov
and the knowledge of the stochastic state evolution of these Po1
channels to maximize its transmission rate by switching op-
portunistically across channels.

We model this problem in the following manner. As shown

in igure 1, there aren channels, each of which evolves as
an independent, identically-distributed, two-state discrete-time
Markov chain. The two states for each channel — “good” (1)
and “bad” (0) — indicate the desirability of transmitting at a
given time slot. In each time period the sender picks one of the
channels to sense based on its prior observations, and obtains
some fixed reward if it is in the good state. The basic objective
of the sender is to maximize the reward that it can gain over a
given finite time horizon. This problem can be described as a
partially observable Markov decision process (POMDP) [4]
or a restless multi-armed bandit process [8]. We discuss
the implications of each formulation and the relationship of
our work to the relevant bodies of literature in Section V.
Generalizations of this problem, such as considering non-i.i.d.

Poo

P1o
Fig. 1. The Markov channel model.

This formulation is broadly applicable to several domains. It
arises naturally in opportunistic spectrum access (OSA) [1]-
[3], where the sender is a secondary user, and the channel
states describe the occupancy by primary users. In the OSA
problem, the secondary sender may send on a given channel
only when there is no primary user occupying it. It pertains
to communication over parallel fading channels as well, if
a two-state Markovian fading model is employed. Another
interesting application of this formulation is in the domain of
communication security, where it can be used to developing
bounds on the performance of resource-constrained Jamming.
A jammer that has access to only one channel at a time could
also use the same stochastic dynamic decision making process
to maximize the number of times that it can successfully
jam communications that occur on these channels. In this
application, the “good” state for the jammer is precisely when
the channel is being utilized by other senders (in contrast with
the OSA problem).

In prior work [2], it has been shown that when there are two
channels, a simple myopic policy offers optimal performance.
It has been conjectured (based on simulation results) that this
result holds generally for all n. It has also been shown in [2]
that for all n the myopic policy also has an elegant and robust
structure that obviates the need to know the channel state
transition probabilities exactly. Specifically, it suffices to know
the sign of the auto-correlation of the channel process over one
unit of time, or equivalently, whether pg; > P11 or vice versa.
We make progress towards solving the conjecture in this work:
we show that the simple myopic policy is optimal for all n,
under certain conditions on Poi,P11. We also generalize the
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result to related formulations involving discounted rewards and
infinite horizons.

II. PROBLEM FORMULATION

We consider the scenario where a user is trying to access the
wireless spectrum to maximize its throughput or data rate. The
spectrum consists of N independent and statistically identical
channels. The state of a channel is given by a two-state discrete
time Markov chain shown in Figure 1.

The system operates in discrete time steps indexed by t,
t=1,2,---,T, where T is the time horizon of interest. At
time t~, the channels (i.e., the Markov chains representing
them) go through state transitions, and at time t the user makes
the channel sensing and access decision. Specifically, at time t
the user selects one of the n channels to sense, say channel i.
If the channel is sensed to be in the “good” state (state 1), the
user transmits and collects one unit of reward. Otherwise the
user does not transmit (or transmits at a lower rate), collects no
reward, and waits till t+1 to make another choice. This process
repeats sequentially till the time horizon expires. Here we have
assumed that sensing errors are negligible. The optimality of
the myopic policy in the presence of sensing errors has been
shown for n = 2 in [3].

The state of the above system at time t (or more precisely
at t7) is given by the vector s(t) = [s1(t), S2(t), - -+ ,Sp(t)] €
{0,1}™. Note that s(t) is not directly observable to the user.
However, it can be shown (see e.g., [4], [5], [10]) that a
sufficient statistics of the system for optimal decision making,
or the information state of the system [10], [5], is given by
the conditional probabilities that each channel is in state 1
given all past observations. We denote this information state
or belief vector by @ (t) = [w1(t), -+, w,(t)] € [0,1]", where
w;(t) is the conditional probability that channel i is in state 1
at time t™.

The wuser’s action space is given by the finite set
{1,2,---,n}, and we will use a(t) = i to denote that
the user selects channel i to sense at time t. It follows
that the information state of the system is governed by the
following transition upon an action a in the state @(t) with an
observation outcome S, (t):

P11 ifa=1,s,(t) =1
w;(t+1) =< poz ifa=1i,s,(t)=0 (1)
T(w(t) ifa#i

In Equation (1) the first case denotes the conditional proba-
bility when the channel is observed to be in the “good” state;
the second case when the channel is observed to be “bad”;
and the last case when the channel is not observed, where we
have used the operator T : [0, 1] — [0, 1] defined as
0<w <l 2)

We will further use the operator 7 to denote the evolution of
state vector as described by (1). More precisely, we have

T(w) := wp11 + (1 — W)Po1,

o(t+1) = T(a(t)a,sa(t)), 3)

with the understanding that the above notation implies the
operation given in (1) applied to ®(t) element-by-element.
The user’s (non-randomized) policy T is given by the vector
n=[n(),n(2), - ,n(T)], where n(t) =i € {1,2,--- ,n}
denotes the decision to select channel i at time t. Such
decisions are based on the current information state @ (t).
The objective of the user is to maximize its total (discounted
or average) expected reward over a finite (or infinite) horizon.
Let J7(®), 5 (@), and J% (@) denote, respectively, these cost
criteria (namely, finite horizon, infinite horizon with discount,
and infinite horizon average reward) under policy T starting in

state @ = [wy, -+, W,]. The associated optimization problems
((P1)-(P3)) are formally defined as follows.
T
(P1): maxJ7(®) = max E”[Z Bt_lRW(t)((I)(t))kI)(l) = Q]
t=1

(P2): mTzraLng((I)) = max Eﬂ[z Bt*IRﬂa)(@(t))I@(l) = Q]
t=1
T

(P3): mTzraLngo((D) = max EW[TH—IEO % Z R (@(1)[0(1) =

t=1
where B (0 < B <1 for (P1) and 0 < B < 1 for (P2)) is
the discount factor, the maximizations are over all admissible
policies T, and Ry (@(t)) is the reward collected under
state @(t) when channel T(t) is selected, and is given by

RTr(t) (G‘)(t)) = sﬂ(t) (t)
III. OPTIMAL POLICY
A. Preliminaries

Consider (P1). An optimal policy obviously exists since the
number of admissible policies are finite. In theory, such a
policy may be found by using dynamic programming:

Fact 1: Define recursively the functions
Vr(@) = max E[R.(0)]
Vi@) = max ER.(0) +BVin(T(0faSa(1))
= max (@ + 0oV (T (@)]a, 1)
(1 = 0a)Ver1 (T (@)[2,0)) (4)
Then,

i) Forall t =1,...,T, Vi(®) = max, JF_, ,(®) with
probability 1. In particular, V;(®) = max, J7(®).

ii) A Markov policy * = {nj,n3,...,T}} is optimal if
and only if for t = 1,...,T, a = 1} (®) achieves the
maximum in (4) .

Note that V;(®) is the value function, or the maximum
expected remaining reward that can be accrued starting from
time t when the current information state is ®. It has two
parts: (i) the immediate reward R,(®) obtained in slot t
when the user senses channel a; and (ii) the maximum
expected remaining reward starting from time t + 1, given
by Vi11(7 (®|a,s.(t))) where the new state represents the
updated knowledge of the system state after incorporating the
action a and the observation S, (t).

0]
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the optimality of myopic policy at time T is straightforward.
The proofs of Lemmas 1-4 are given in the Appendix.

Lemma 1 (Monotonicity of Value Function:): Assume that
the value function is monotone at times t+ 1,t+ 2,...,T.
Consider ® and @’ such that &, > ©’ and wW; = w;,Vj # 1.
We have

=V (@) > 0.

Vi(@) (10)

Lemma 2: Suppose the myopic policy is optimal at time t.
Consider ® and @ such that ®; > ®’ and w; = (uj,Vj # 1.
We have

0 — 0]
=~ 1-B(p11 —Po1)

We also identify a tighter upper bound when Wy = pi;:
Lemma 3: Suppose the myopic pohcy 18 0pt1ma1 at time t.
Consider ® and ®’ such that ®w; > @’ and w; = wJ,Vj # 1,

and Wy = w2 = p11. We have

Vi(@) = Vi(@') < (11

(P11 — Po1) (w1 — wf)
= B(p11 — po1)
The next lemma provides a comparison between two actions

followed by optimal policies and establishes the advantage of
the myopic action.

Vi(@) = Ve(@) < B (12)

Lemma 4: Consider ® where w; > w;, i = 1,---,n. If the
myopic policy is optimal at times t,t+1,..., T, then

Vii(@;a=1)— Vi1 (@;a=2) >0. (13)

|

B. Infinite Horizon

Now we consider extensions of the above result to (P2) and
(P3), i.e., to show that the myopic policy is also optimal for
(P2) and (P3) under the same condition. Intuitively, this holds
due to the fact that the stationary optimal policy of the finite
horizon problem is independent of the horizon as well as the
discount factor. The theorems below concretely establish this.

We point out that the proofs of Theorems 2 and 3 do
not rely on Assumption 1, but rather the optimality of the
myopic policy for (P1). Indeed if the optimality of the myopic
policy for (P1) can be established under weaker conditions,
Theorems 2 and 3 can be readily invoked to establish its
optimality under the same weaker condition for (P2) and (P3),
respectively.

Theorem 2: Consider (P2) for 0 < B < 1. Under As-
sumption 1 the myopic policy is optimal. Furthermore, its
value function is the limiting value function of (P1) as the
time horizon goes to infinity, i.e., we have max, Jj(®) =
limy_, oo max, J7(®).

Proof: We first use the bounded convergence theorem
(BCT) to establish the fact that under any deterministic sta-
tionary Markov policy T, we have J7(®) = limr .o J7(®).

We prove this by noting

T
B@ = Elfim 3 R @(O)I0() =a)
}
= Jim E tz:: Rz (@(1)[0(1) = @]
= Thm JT(®) (14)
where the second equality is due to BCT for

Z?:l B R (0(F) < ﬁ This proves the second
part of the theorem by noting that due to the finiteness of the
action space, we can interchange maximization and limit.
Denote the myopic policy by m*. We now establish the
optimality of m* for (P2). From Theorem 1, we know:

I7 (@) = max(w; + Bw; I (T (@i, 1))
+B(1 — w)IF_, (T (@i, 0)).
Taking limit of both sides, we have
(@) = max(@; + Bw I3 (T (@i, 1))
+B(1— )5 (T (@]i,0). (15)

Note that (15) is nothing but the dynamic programming equa-
tion for the infinite horizon discounted reward problem given
in (5). From the uniqueness of the dynamic programming
solution, then, we have

37 (@) = Vs(0)

hence, the optimality of the myopic policy.

= max Jj(®)

|
Theorem 3: Consider (P3) with the expected average re-
ward and under the ergodicity assumption |p1; — poo| < 1.
Myopic policy is optimal for problem (P3).
Proof: We consider the infinite horizon discounted cost
for B <1:

357 (@) = max {w; + Bo,33 " (T ((©)]i, 1)
+B(1 - )35 (T (@)i,0)}. (16)
This can be written as
(1-B)35 (@)
= max {o +Bw; (35 (T (@), 1) - 35 (@)
+B(1 - @) 357 (T (@)]i,0) - 35" @)] }

Notice that the boundedness of the reward function and
compactness of information state implies that the sequence
of (1-B)Jj "(@) is bounded. In other words, there exist a
converging sequence ; — 1 such that

Jim (1 Bi)If (0%) =%, (17)
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where w0 := l—pi%p_m is the stationary belief (the limiting

belief when channel I is not sensed for a long time). Also
define
h™ (@) = lim 35 (@) - 37, (@")] . (18)
Note that applying Lemma 2 (in the limit of T — o0)
together with the assumption that —1 < p;; —pgo < 1 implies
that there exists K := % such that

35 (T (@)1,0) =I5 (@) < K. (19)

As a result, (17) can be written as

3 = lim (1= B35 (@) + (1 - Be) |35, (@) - 35 (@)

In other words,

J* = kli)rrolo 1’2123{(0)1 + Bkwi [Jgk (T ((D|i, ].))

35, (@)] +Br(1 — @) [95, (T (@li,0) - 35 (@))).
From (18), we can write this as

J* +h™ (@) = max [wi +wh™ (T @i, 1) +

a=1

(L w)h™ (7 @[i,0)]. o)

Note that (20) is nothing but the DP equation as given by
(6). This implies that J* is the maximum average reward, i.e.
J* = max, JT(®(1)).

Replacing (16) with the cost function for myopic policy T:

J5(0) = 0r(@) + B J5 (T (@) (@), 1))
+B(1 = Wr@))J5 (T ((@)[n(®),0)),

we repeat (17)-(20) to arrive at the following:

J+h™(e) = Wr(z) + 00,,1-((;,)|’17r (7 (®n(®),1))+

(1 - 0r2))h™ (T (@I(®),0)). (21)

From part (ii) of Fact 3, we now have the optimality of myopic
policy. |

V. DISCUSSION AND FUTURE WORK

The general problem of opportunistic sensing and access
arises in many multi-channel communication contexts. For
cases where the stochastic evolution of channels can be
modelled as i.i.d. two-state Markov chains, we have shown
that a simple and robust myopic policy is optimal for several
related problem formulations, under some assumptions on the
channel state transition probabilities. The open conjecture is
that myopic policy is optimal for a general transition matrix.

The studied problem lies at the intersection of two well
studied problems in stochastic control, namely, POMDP [4]
and the restless bandit problems [8]. Viewing the problem as
a POMDP was key in allowing us to establish many important
structural properties of the solution. For instance, the finiteness
of the underlying (unobservable) state space was key in estab-
lishing the existence of an optimal stationary Markov policy
(P2) and (P3): a very useful fact whose validity can be difficult

to establish in a general restless bandit context. Similarly,
identifying belief as an information state is a consequence of
the POMDP formulation.

At the same time, our problem can be viewed as a special
case of restless bandit problem. Differing from the classical
multi-armed bandit problem where only one project can be
activated at a time and the passive projects do not change
state, a restless multi-armed bandit process allows passive
projects to change states. While the classical bandit problems
can be solved optimally using the Gittin’s Index [6], restless
bandit problems are known to be PSPACE-hard in general
[7]. Whittle proposed a Gittin’s-like indexing heuristic for the
restless bandits problem [8] which is known to be asymp-
totically optimal under certain limiting regime [9]. Beyond
this asymptotic result, relatively little is known about the
structure of the optimal policies for the general restless bandit
problems (see [11] for near-optimal heuristics). In fact, even
the indexability of a bandit can be rather complicated to
establish [12]. The optimality of the myopic policy shown in
this paper not only suggests the indexability, but also identifies
(non-asymptotic) conditions where an index policy is, in fact,
optimal.

In the future, we plan to explore further the connections
between the myopic policy and Whittle’s indexing heuristic,
and investigate whether the optimality of myopic policy can
be established for restless bandit problems under relaxed
conditions.
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APPENDIX

Before proceeding, we note that due to the fact that all channels are
identical, the information state vector is unordered. That is, V(&) =
Vi(@p) where @, is any permutation of @, for any ¢. Using this
result in the proofs below we frequently reorder the state vector for

convenience. We also frequently write V; (@) as Vi(w1, - ,wn).
Proof of Lemma 1
For convenience, define
T j(&)) = (t(w1),. ., T(wj 1), T(Wjs1 )y, T(wn)).

Using induction, the basis is obviously true. Assume the mono-
tonicity holds for t+1,t+2,--- ,7. Let j be the optimal action for
the state & at time ¢. Since j is in general not necessarily optimal
for the state w, we have the following.

Vi(

€l

)= Va(@)

Vi(@sa(t) =37 ) = Vi(@;a(t) =7 )
7 (@)
+B(1 - wye) Ve (por,m 7 (@)
—wjx — Pw;xVin <p11,7' 7 (@ ))

-

=Bl = wje)Vinr (pom ’
= W — wye
+Buw;- [Vﬁl <p11,7- j*(w)) — Vi (pll»T (@ ))}
81— w;) [Vm (pol,T J'*(a;)) —
Vi (por,7 7(@)) ] + Blwy —wye)
[Vm (pllﬂ' f(@) — Vin (;00177 j*(@))}

v

wj* + Pwix Vil (pll,T

@))

> 0, (22)

where the last inequality holds due to monotonicity of operator 7 and
the induction hypothesis.

Proof of Lemma 2

For t = T is true.

Induction hypothesis: The assertion of lemma is true for t41,¢+
2,...,T, we need to establish the upper bound for ¢.

Case 1: w1 > wj,j=2,...,n.
Vi(wi,wa, ... ,wn) — Vi(wy,wz,...,wn)
< w4 BwiVinr (pu1, 7(w2), ..., 7(wn))
+B8(1 = w1)Visr (por, 7(w2), ..., T(wn))
—BwiVist (p11, 7(w2), ..., 7(wn))
—B(1 — w1)Visr (po1, 7(w2),...,7(wn))
= w —w +Bwr —wi)[Vier (p11,7(w2),...
Virr (po1, 7(w2), - -, T(wn))]
P11 — poi _ w1 — Wy
1—Bpu+PBpor] 1—PBpu + Bpor’

yT(wn)) =

IA

(w1 —wi) (14

Case 2: max, wr = wj > w1 > Wi.

Vi(wi,w2,...,wn) — Vi(wr, w2, ... ,wn)
= wj+ Pw;jVirr (T(wi1),...,p11,7(Wj+1 ), ..., T(wn))
+B8(1 —w;)Vawr (T(w1),...,po1, T(wj+1 )y .., T(wn))
—w; — Bw;Vir1 (T(wl),...7p1177'(wj+1 ),...J(u}n))
7ﬁ(1*wj)‘/t+1 (T(wl),...,p01,7'(wj+1 ),...,T(wn))
= Pw; Vs (t(w1),.. . o1, 7(wjs1 ), ..., T(wn))
7‘/“1 (T(wl),...,pll,T(w]’ﬂ ),...,T(wn))]
+08(1 —wj) [Virr [T(wi), ... ,po1, T(wj+1 ), .., T(wn))
—Vt+1 (T(wl),.,.,pogL,T(w]’ﬂ ),..,,T(wn))]
< Prli-w) Bws — wy)— P11 P

1 — Bp1u1 + Bpor 1 — Bp11 + Bpor

P11 — po1
< (wp —w)——— .
S (@ 1)1*[31711 + Bpo1

Proof of Lemma 3

This lemma is a corollary of Lemma 2, as (12) is nothing but a
special case of (23) (we use here the tighter bound that includes (3
as the multiplicative factor).

Proof of Lemma 4

The myopic policy is optimal at time ¢. We appeal to Lemmas 1,
2, and 3 to establish inequalities at time ¢:

(23)

Vi s wmialt) = 1) = Vi 1oz,
= w1 —w2+ PwiVi (pr1, 7(w2), ..., 7(wn))
+6(1 — w1)Vi (po1, T(w2), . .., T(wn))
—Bw2 Vi (T(w1), p11, - - -, T(wn))

—B(1 —w2)Vi (T(w1),po1, - -, T(wn))
= w1 — w2

+B(w1 — w2) [Vi (P11, 7(w2), - - -, T(wn)) —

Sywn;a(t) =2)

Vi (po1, 7(w2), . .., T(wn))]
+Bw2 [Vi (p11, T(w2), ..., T(wn)) —
Vi (T7(w1), p11,- -, 7(wn))]

+6(1 — w2) [Vi (po1, T(w2), ..., T(wn)) —
Vi (T(w1),po1, - -+, T(wn))]
> w1 — w2
R (TS )
Frwz(wr = w2) 1 — Bp11 + Bpor
P11 — poi
—B(1 —wp) (w1 — wz)m
B o 1 g2, (e —po)?
= (w1 —w2) _1 B “21 3o + Bpos
_ P11 —por
—B(1 - w2) 1—fBpu + 51701}
_ _ [ B(p11 — por) — B (p1a —P01)2)
= (w1 —w2) _1 + w2 ( 1— Bps + Bpor
_ﬁ&}
1 — Bp11 + Bpor
3 I B(p1r — po1) — B (pu —p01)2)
> (wl wz) _1 + po1 ( 1_ ﬁpn Jrﬂpm
_g&}
1 — Bp11 + Bpor

Let x = B(p11 —po1 ). It can be shown that the term in the brackets
is non-negative if and only if 1 + po1(x — %) — 2& > 0, as per

Assumption 1.
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