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Transmission Scheduling of P2P Real-Time

Communication Based on Restless

Multi-Armed Bandit

Ting Wu, Shikun Tian, Shengda Tang

Abstract

In this paper, we consider a transmission scheduling problem of the point-to-point (P2P) real-time

communication over fading channel. Specifically, we assume each transmission task with a strict time

delay arrives into the system randomly, we consider the transmission scheduling strategy under the

time delay constraint of the communication system so as to maximize the total discounted expected

reward of the system. The communication model is formulated in the framework of the Markov decision

process (MDP), and since the curse of dimensionality of the proposed MDP architecture, the transmission

scheduling problem is analyzed based on the restless multi-armed bandit (RMAB) process. We show the

existence of the Whittle index of the P2P transmission communication, and based on which, the closed

solution of Whittle index based transmission scheduling strategy is obtained. Finally, the numerical

results are given to verify the availability of the Whittle index based transmission scheduling algorithm,

and it is also shown that our proposed transmission scheduling algorithm is with low computational

complexity, and it reduces the computational time greatly in comparison to the MDP method.
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I. INTRODUCTION

With the increase in popularity of the internet communication and explosive growth of data

interaction, the demand for high-speed communication links becomes increasing greatly and the

types of network information are more and more complex [1]. To overcome these challenges,

scholars have made a great effort to solve the related communication scheduling problems,

and the relevant available technologies include digital subscriber line conversion (DSL) [2],

point-to-point (P2P) wireless communication [3], cable hybrid system [4], satellite link [5],

[6], etc. Among them, the P2P communication has great advantages in long-distance real-

time communication because of its wireless transmission characteristics. The convenience, easy

implementation and high security of P2P communication makes it increasingly popular in real-

time wireless communication.

Recently, there has been an increasing research interests being directed to P2P real-time

communication networks. For example, in [7] a network design method is proposed to meet

the requirements of remote P2P dense wavelength division multiplexing (DWDM) link for long-

distance communication. To ensure accurate tracking and stable connection of P2P communica-

tion, the authors of [8] propose a low-cost solution for the tracking antenna in millimeter wave

band in 5G communication. For the P2P link of integrated satellite aviation network, which

is considered as one of the key driving factors of the vision of the 6G wireless network, the

literature [6] divides the space network to study the possible properties of the connection link (i.e.

radio-frequency or free space optics). In [9], the authors consider the transmission scheduling

problem and investigate the real-time communication strategy under the constraints of random

packet arrival, packet loss and heterogeneous deadline. Considering the real-time transmission in

fading channel, the reference [10] studies the P2P wireless transmission problem when channel

state information (CSI) cannot be observed, and studies it by modeling the scheduling problem

as partially observable Markov decision process (POMDP). Based on the finite state Markov

channel model and ARQ retransmission protocol, the authors of [11] consider the real-time

transmission strategy of data packets from users to base stations, and the threshold structure of

the transmission strategy is proved. A review of recent results and theoretical approaches related
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to P2P wireless communication system can be found in [12] and the references therein.

Wireless data traffic is exponentially increasing and such trend is expected to continue in the

coming years. In fact, most commercial radio-communication infrastructures, including AM/FM

and high-definition TV broadcasting, as well as GPS, satellite, cellular, and WiFi communication-

s, are limited to the relatively narrow portions of the spectrum between 300 MHz and 3 GHz

where electromagnetic propagation conditions are more favorable and low-cost semiconduc-

tor technologies are easily available [13]. However, the above frequency range is excessively

crowded. For this reason, great efforts have been made to develop wireless communication

systems operating at mm-wave frequency, in which larger bandwidth is available in order to

satisfy future capacity requirements [12]. Due to objective factors such as path, atmosphere,

scattering, refraction, etc., most actual channels are fading [14], [15]. Fading is one of the

main characteristics of the channel, which affects the channel capacity and communication

[16]. Therefore, considering the P2P real-time communication over fading channel can be more

suitable for practical application scenarios.

Compared with the above literatures, the main contributions of our work are as follows.

• In this paper, we consider the transmission scheduling problem of the P2P real-time commu-

nication system over the fading channel. Specifically, CSI is added to the system model to

supplement the neglect of CSI related effects in literature [9]. Considering the influence of

CSI on P2P real-time communication system, the wireless transmission system is modeled

as a finite state Markov decision process (FSMDP).

• By introducing Lagrange multiplication factor, we reformulate the P2P transmission system

as a restless multi-armed bandit (RMAB) process. Based on these, the indexability of the

transmission scheduling problem is proved, and the closed expression of the Whittle index is

obtained. Furthermore, the closed expression of Whittle index transmission strategy for P2P

real-time communication is given, which extends the threshold expression of the threshold

structure of the optimal transmission scheduling strategy in reference [11].

• The simulation results have been done to show the advantages of the proposed algorithm.

Compared with the traditional algorithm of MDP, the Whittle index based transmission

scheduling algorithm proposed in this paper can effectively reduce the calculation cost and

time without losing the accuracy. In addition, compared with other general strategies, the

strategy obtained by this algorithm is obviously better.
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The rest of this paper is organized as follows. Section II describes the P2P real-time commu-

nication model. Section III formulates the transmission scheduling problem under the framework

of the MDP. Section IV proves the indexability of P2P real-time communication system, and

the closed expression of the Whittle index based transmission scheduling strategy is developed.

Section V gives the numerical results, and finally, the conclusion is presented in Section VI.

II. SYSTEM MODEL AND PROBLEM FORMULATION

This paper mainly considers the transmission scheduling problem of the multi-user P2P real-

time communication over the fading channel, and the communication model is described as

follows. The main notations used in this paper are shown in Table I.

TABLE I

MAIN NOTATIONS OF P2P COMMUNICATION SYSTEM MODEL

N Number of P2P pairs in communication system

Z Maximum channel capacity

Xt Channel state at time t

M Total number of channel state

C Channel state space

γmn Transit probability from γm to γn

Bi Size of each transmission task of the i-th P2P pair

Li Time delay of each transmission task of the i-th P2P pair

p(cm) Transmission success probability when channel state is cm

Qi Arrival probability of the new task for the i-th P2P

St State of the system at time t

S0 Initial state of the system

Si State set of the i-th P2P pair

si,t State of the i-th P2P pair at time t

ai Action of P2P pair i taken by the system

a∗
i Optimal action of P2P pair i taken by the system

g adopted transmission strategy

R(St, At) Reward obtained by the system at time t

β Discount factor.

f(bi,r) Penalty function when the residual packet is bi,r

w Subsidy of system when action is not transmission

w∗(si,t) Whittle index of the state si,t of the i-th P2P pair
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A. System Model

In this paper, we consider a discrete-time communication system. The time is divided into

equal slots, and we denote the time slot set by H , {0, 1, 2, . . .}.

As described in Fig. 1, we consider a typical P2P wireless real-time communication sytem, in

which there are N P2P pairs, the transmission point (TP) and the receiving point (RP) of each

P2P pair can communicate directly over a wireless channel.

1) Channel Model: Similar to [17], we first introduce a finite state Markov chain which is

denoted by X = {Xt, t ∈ H} to describe the fading channel. More specifically, the fading

channel is assumed to be divided into M non overlapping intervals, each interval is mapped into

a channel state, and we denote the channel state space as C , {c1, c2, . . . , cM}. Assuming that

in each time slot the channel state does not vary, while it can change in different time slots. Let

the transition probability matrix of X be ΓΓΓ = [γmn]M×M , where γmn represents the probability

of making a transition from state cm to state cn, i.e.,

γmn = P (Xt+1 = cn|Xt = cm).

We refer to X as the Markov fading channel model.

The Markov channel model describes the evolution of channels with different fading effects.

The binary symmetric channel (BSC) and the Gilbert Elliot model are two special cases of the

Markov channel model described above [17]–[19].

Throughout this paper, we suppose the current state of the channel is Xt = cm and the next

state of the channel is Xt+1 = cn to simplify the notation.

2) Communication Model: In the P2P real-time communication system, the TP sends the

data task to the RP within a given time delay over the fading channel. We assume that, for each

P2P pair, at most one packet of the data task can be transmitted in each time slot. The RP can

obtain the CSI of the wireless communication system and transmit it to the TP and base station

through a separate feedback channel. The base station schedules the data transmission at the TP

according to CSI, so as to achieve better scheduling decision and improve the performance of

wireless communication system. For the i-th P2P pair, i ∈ N , {1, 2, . . . , N}, we denote the

size of the k-th incoming transmission task (data) by Bk
i , and its time delay by Lk

i . That is, the

TP of the i-th P2P pair needs to transmit Bi data packets within Li time slots. Without loss of

generality, we let Bk
i = Bi, L

k
i = Li for all k ∈ {1, 2, . . .}. Due to the limitation of channel



6

resources, we assume that, in each time slot, at most Z(≤ N) P2P pairs can communicate with

each other simultaneously. Therefore, in each time slot the system should decide that which P2P

pairs should communicate over the channel according to the current state.

Since the packet transmission is affected by the channel state, we let p(cm) be the probability

that the transmission is successful when the channel state is cm, when the transmission fails,

the packet is allowed to be retransmitted. For each transmission task, when its time delay ends,

the residual task still waiting for transmission in the data buffer will be lost, and the new

transmission task will arrive with some probability. We denote the arrival probability of the new

task by Qi ∈ [0, 1] for the i-th P2P.

At time t ∈ H, we denote the number of remaining packets in the i-th P2P pair by Bi,t,

and the corresponding residual transmission time by Li,t, respectively. It is easy to see that

Bi,t ∈ B , {0, 1, . . . , Bi} and Li,t ∈ L , {0, 1, . . . , Li}. It should be noted that Bi,t+Li,t
means

the remaining data task at the end of the transmission deadline. We refer to si,t , [Li,t, Bi,t] as

the state of i-th P2P pair, and St , [Xt, s1,t, s2,t, . . . , sN,t] as the state of the P2P communication

system at time t, respectively.

Now, we obtain our P2P real-time communication system model

S = {St, t ∈ H} (1)

with state space S , C × B × L. The stochastic process S describes the evolution of the P2P

real-time communication system with random arrival data task over the fading channel.

Fig. 1. Diagram of the P2P real-time communication system.
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B. Transmission scheduling Problem

Let ai be the action taken by the i-th P2P pair. Specifically, at each decision time epoch, let

ai = 1 represent that the TP of the i-th P2P pair transmits the data packet, and ai = 0 represent

that the TP does not transmit the data packet. Denote

A =
{

[a1, a2, . . . , aN ]
∣

∣

∣

N
∑

i=1

ai ≤ Z
}

,

and A is referred to as the action space of the P2P communication system. The condition
∑N

i=1 ai ≤ Z indicates that at each time slot, at most Z P2P pairs are allowed to transmit their

data packets due to the limitation of the channel resource.

Hypothetically, when the data packet is successfully transmitted, the system can obtain reward

r > 0, otherwise the reward is 0. Let the transmission cost be h(cm) when the channel state is

cm. Denote

g = {At(St)|At(St) ∈ A, St ∈ S, t ∈ H},

and we call g transmission strategy adopted for the P2P communication system.

Let R(St, At) be the reward obtained by the communication system at time t, then the total

expected discount reward under strategy g is defined as

Vg (St) = E

[

∞
∑

t=0

βtR(St, At)
∣

∣

∣
S0

]

, (2)

where β ∈ (0, 1) is the discount factor, and E[·|S0] is the conditional expectation when the initial

state is S0.

Our main objective is to find a strategy g∗ = {A∗
0, A

∗
1, . . .} such that

Vg∗(St) , V (St) = max
g∈A

{

E

[

∞
∑

t=0

βtR(St, At)|S0

]}

(3a)

s.t.

Bi,t+Li,t
≤ 0 for i ∈ N , t ∈ H. (3b)

The constraint condition (3b) indicates that each transmission task should be completed at the

end of its time delay. The action sequence g∗ is called the optimal transmission strategy, and

V (S0) is the maximum total expected discount reward of the P2P communication system when

the initial state is given as S0 ∈ S .

Now, the transmission scheduling problem is formulated, and in the following we will explore

its solution in detail.
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III. MDP FRAMEWORK FOR SCHEDULING PROBLEM

In this section, the transmission scheduling problem is formulated in framework of the MDP.

To obtain the MDP framework of the scheduling problem, the fist challenge is to remove the

constraint condition in the transmission scheduling problem. To do that, we introduce the penalty

function [18]. Specifically, when the task is completed within the given delay time, the penalty

function is set to 0, while the task is not completed within the delay time, the system will get a

great penalty (negative return). In order to obtain the maximum benefit, the system will avoid the

transmission scheduling strategies that cannot complete the transmission task within the given

time. Thus, the delay constraint (3b) is satisfied.

Based on this idea, we reconstructs MDP from state space, action space, transition probability

and reward function as follows.

1) State space: S .

2) Action space: A.

3) Transition probability: Given the state of the i-th P2P pair si,t = [Li,t, Bi,t] at time t, then

the following cases will be occurred:

(i) Case 1: ai = 1 and Li,t > 1.

In this case, if the transmission is successful, then the next state is si,t+1 = [Li,t − 1, B+
i,t],

where B+
i,t , max{(Bi,t − ai), 0}. If the transmission is unsuccessful, then the next state is

si,t+1 = [Li,t − 1, Bi,t].

(ii) Case 2: ai = 0 and Li,t > 1.

In this case, the next state is si,t+1 = [Li,t − 1, Bi,t].

(iii) Case 3: Li,t ≤ 1.

In this case, the residual task should be removed in the next time slot due to the end of

the transmission time. Thus, the next state becomes si,t+1 = [Li, Bi] with probability Qi,

or si,t+1 = [0, 0] with probability (1−Qi).

Then, given si,t = [Li,t, Bi,t] and Xt = cm, we can build the transition probability of the i-th

P2P pair as follows.

When Li,t ≥ 1 and Bi,t ≥ 1,

P (si,t+1|si,t, ai) =











p(cm) si,t+1 = [Li,t − 1, B+
i,t],

p̄(cm) si,t+1 = [Li,t − 1, Bi,t].
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When Li,t < 1 or Bi,t = 0,

P (si,t+1|si,t, ai) =











Qi si,t+1 = [Li, Bi],

Q̄i si,t+1 = [0, 0],

where we let p̄(cm) , 1− p(cm) and Q̄i , 1−Qi.

Let P (St+1 |St, At ) represent the transition probability of the P2P communication system from

St to St+1 when action At is taken, then we have

P (St+1|St, At) = γmn

N
∏

i=1

P (si,t+1|si,t, ai,t).

4) Reward function: Define fi(b) as the penalty function, where b is the remaining number

of packets in the i-th of P2P pair at the deadline. When b = 0, let fi(0) = 0, i.e., there is no

penalty when the transmission task is completed. When b > 0, let fi(b) be an increasing concave

function of b, i.e., the more the packets remain at the time deadline, the greater the penalty is.

Then the reward of the i-th P2P pair can be defined as

Ri(si,t, ai) =







































(rp(cm)− h(cm))ai Li,t > 1, Bi,t > 0,

(rp(cm)− h(cm))ai − p(cm)fi(Bi,t − ai)

−p̄(cm)fi(Bi,t) Li,t = 1, Bi,t > 0,

0 otherwise.

The reward received by the communication system at state St by taking action At is given as

R(St, At) =
N
∑

i=1

Ri(si,t, ai). (4)

Now, we transform the P2P communication scheduling problem into an infinite horizon

discounted MDP, and the total expected discount reward function V (St) satisfies the following

Bellman equation:

V (St) = max
At∈A

{

R(St, At)

+ β
∑

St+1∈S

P (St+1|St, At)V (St+1)
}

. (5)

Based on the MDP theory [19], there exits an optimal stationary transmission scheduling

strategy to maximize the total expected discount reward. The optimal strategy and the maximum



10

total expected reward can be solved by using algorithms such as the value iteration (VI), and

Algorithm 1 gives the steps of VI algorithm.

In the P2P real-time communication system, the size of state space S is MlNbN , where b

and l are the cardinalities of B and L. We can see that with the increase of number of users,

the size of state space S increases exponentially. This indicates that the MDP model of P2P

communication system suffers from the dimension disaster, and more computational power and

time will be required.

Algorithm 1 VI algorithm for the optimal transmission scheduling strategy.

Step 1. Given δ > 0, let n = 0, ∀s ∈ S , initialization V0(s) = 0;

Step 2. ∀s ∈ S, compute:

Vn+1(s) = max
a∈A

{

R(s; a) + β
∑

s′∈S

Pss′(a)Vn(s
′)
}

;

Step 3. If max
{

δ,
∣

∣Vn(s)− Vn+1(s)
∣

∣

}

≤ δ, go to step 4;

else let n← n+ 1, return to step 2;

Step 4. ∀s ∈ S, calculate the optimal transmission strategy and the optimal value function:

a
∗(s) = argmax

a∈A

{

R(s, a) + β
∑

s′∈S

P (s′|s, a)Vn+1(s
′)
}

,

V (s) = Vn+1(s).

IV. RMAB FRAMEWORK FOR SCHEDULING PROBLEM

To solve the “curse of dimensionality” problem described above, in this section, we introduce

the Lagrange multiplication factor to resolve the transmission scheduling problem under the

framework of the RMAB model.

A. Modelling Scheduling Problem by RMAB

We first define

Rw
i (si,t, ai) = Ri(si,t, ai) + wI{ai=0},

and Rw
i is called w-subsidy reward function, where w is the Lagrange multiplication factor,

it can be considered as the additional subsidy received by the i-th P2P pair when the action
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0 is taken. Then, the maximum total discounted expected reward function V w(si,t) based on

w-subsidy return can be expressed as

V w
i (si,t) = max

ai∈{0,1}
{Rw(si,t, ai)

+ β
∑

si,t+1∈Si

P (si,t+1|si,t, ai)V
w
i (si,t+1)}. (6)

Here, Si , L × B denote the state space of the i-th P2P pair.

Give si,t, denote

J0(si,t) , Rw
i (si,t, 0)

+ β
∑

si,t+1∈Si

P (si,t+1|si,t, 0)V
w
i (si,t+1),

J1(si,t) , Rw
i (si,t, 1)

+ β
∑

si,t+1∈Si

P (si,t+1|si,t, 1)V
w
i (si,t+1).

Now, we give the following definitions.

Definition 1 (Whittle’s index [20]) Given the state si,t, let

w∗
i (si,t) , inf

{

w|J0(si,t) ≥ J1(si,t)
}

,

and w∗
i (si,t) is referred to as the Whittle index of the state si,t of the i-th P2P pair.

The monotonicity of w∗
i (st) is characterized by the following lemma.

lemma 1 If the Whittle index exists given the states of the i-th P2P pair si,t = [Li,t, Bi,t], then

(1) w∗
i (si,t) is non-increase function of Li,t;

(2) w∗
i (si,t) is non-decrease function of Bi,t.

Proof. The proof follows by a slight modification of the argument in [ [11], Theorem 1 and

Theorem 2], and we omit the proof in this paper. �

Let Πi(w) be the set of states under which it is optimal to unschedule the i-th P2P pair in

the w-subsidy problem, i.e.,

Πi(w) , {si,t|a
∗
i (si) = 0},

and Πi(w) is called the passive set.

Definition 2 (Indexability [20]) If Πi(w) increases with respect to w, i.e., for any w1, w2 ∈ R,

when w1 ≤ w2, Πi(w1) ⊆ Πi(w2), then the i-th P2P pair is said to be indexable.
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B. Indexability and Whittle index

We now establish the indexability of the RMAB problem by considering the w-subsidy single

P2P pair (arm) reward maximization problem. That is, our first main result is given as follows.

Theorem 1. The RMAB of the P2P wireless transmission is indexable.

Proof. The detailed proof is given in Appendix A. �

Theorem 1 provides a theoretical basis for Whittle index-based transmission scheduling strat-

egy, and our second main conclusion of this paper is the following theorem, in which the closed

analytic formula of the Whittle index based transmission scheduling strategy is developed.

Theorem 2. For the P2P real-time communication system, the Whittle index based transmission

scheduling strategy of the i-th P2P pair at state si,t = [Li,t, Bi,t] can be expressed as follows

w∗
i (si,t) =



































































−h(cm) Bi,t = 0

rp(cm)− h(cm) + p(cm)δ(Bi,t − 1)

Li,t = 1, Bi,t ̸= 0

p(cm)(βρ̄(cm))
Li,t−1δ(Bi,t − 1)/A(si,t)

+Ar(si,t)/A(si,t)− Ah(si,t)/A(si,t)

Li,t > 1, Bi,t ̸= 0

(7)

where

δ(Bi,t − 1) , f(Bi,t)− f(Bi,t − 1),

A(si,t) , 1− p(cm)

Li,t−1
∑

i=1

βiρ̄i−1,

Ar(si,t) , rp(cm)(1− ρ

Li,t−1
∑

i=1

βiρ̄i−1),

Ah(si,t) , h(cm)− p(cm)~

Li,t−1
∑

i=1

βiρ̄i−1,

ρ(cm) ,
∑

cn∈C

γmnp(cn),

~(cm) ,
∑

cn∈C

γmnh(cn),

ρ̄(cm) ,= 1− ρ(cm).
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Then, for given subsidy w0, the Whittle index of the i-th P2P pair is given as follows.

a∗i (si,t) =











1 w∗
i (si,t) ≥ w0,

0 otherwise.

Proof. The detailed proof is given in Appendix B. �

Based on Theorem 2, the Whittle index based transmission scheduling algorithm for P2P

real-time communication is developed in Algorithm 2. In this algorithm it takes O(N) time to

calculate the Whittles index for all the P2P pairs in Step 1, and it may take O((N)log2(N))

time for the sorting process in Step 2. The time complexity of conducting Step 3 is linear in N .

Thus, the time complexity of the Whittle index based scheduling algorithm is O((N)log2(N)).

Some comments on the Whittle index scheduling strategy are given in the following remark.

Remark Since the subsidy is zero in the original model, then the optimal action for the i-

th P2P pair is unschedule (i.e., ai = 0) when the Whittle index is less than 0, otherwise the

optimal action is transmission (i.e., ai = 1). For the P2P real-time communication system, at

each decision time we just need to select at most Z P2P pairs with the largest non-negative

Whittle indexes to transmit the data packet.

Algorithm 2 Whittle index based transmission scheduling algorithm for P2P real-time communication system.

Step 1. At each decision epoch, calculate the Whittle index of each P2P pair (arm) by Theorem 2;

Step 2. Sort the P2P pairs in descending order of the Whittle index;

Step 3. Select at most Z P2P pairs with the highest nonnegative Whittle index and transmit the packets in their data

buffers.

V. SIMULATION RESULTS

In this section, we give numerical results to investigate the Whittle index based transmission

scheduling strategy of the P2P transmission communication system. The numerical setting is

listed in Table II, and our numerical computations are run on a laptop with an Intel Core i5-

9400 CPU, and the size of RAM is 16.0 GB.

For the P2P real-time communication system set up above, Algorithm 1 and Algorithm 2 are

used to calculate the optimal transmission scheduling strategy and the maximum total expected
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TABLE II

NUMERICAL SETTING OF P2P REAL-TIME COMMUNICATION SYSTEM

Channel state space C={1, 2, 3}

Transition probability matrix ΓΓΓ =









0.2 0.4 0.4

0.15 0.4 0.45

0.1 0.4 0.5









Successful transmission probability p(cm)=[0.45 0.75 0.95]

Size of each transmission task Bi = 3

Time delay of each transmission task Li = 6

Arrival probability of new data task Qi = 0.5

Reward function r = 3

Penalty function f(b) = b2

Discounted factor β = 0.85

reward under different N and Z. As shown in Fig.2 and Fig.3, Algorithm 1 and Algorithm 2

achieve almost the same total discounted reward and have almost the same strategy. In Fig.2,

the total discounted rewards achieved by the Algorithm 1 are slightly larger than those of the

Algorithm 2. The results demonstrate that the total discounted rewards achieved by the Whittle

index based transmission scheduling algorithm are close to the optimal ones. In addition, it

can be seen from Fig.3 that the strategies obtained by the two algorithms are highy consistent.

Therefore, from the point of view of total discounted reward and scheduling strategy, Algorithm

2 can replace Algorithm 1 without losing accuracy.
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Fig. 2. When N = 1, the total discounted rewards under Algorithm 1 and Algorithm 2.
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78 12

Fig. 3. When N = 1, the difference of the strategy under Algorithm 1 and Algorithm 2.

In order to show the effectiveness of the Whittle index based transmission scheduling strategy,

we compare it with the polling strategy and the myopic strategy. The polling strategy is to make

the actions in the action set be selected in turn, so that each P2P pair can be selected the same

number of times as much as possible. The myopic strategy is to take the action of maximizing

the current reward to select P2P pairs for transmission. In Fig.4, the total discounted rewards

under the three strategies are obtained by the Monte Carlo (MC) method. From the figure, we

can see that the discounted reward of Whittle index strategy is greater than that of polling and

myopic strategies.

When N = 3, the Algorithm 1 cannot be performed under the current computing power. In

fact, when N = 3, the number of the state of the P2P real-time communication system is 65856,

and in the case of Z = 2, then the required calculation force is O(N) = 658562 × 7, and the

corresponding required RAM is 32.3GB. In this numerical setting, it is difficult to obtain the

optimal strategy and the maximum reward by Algorithm 1, while from the Table III and Table

IV, we can see that Algorithm 2 can still works when the state space becomes larger. We list the

Whittle index of the i-th P2P pair in Table III, and the transmission scheduling strategy when

N ≥ 3 in Table IV. In addition, compared with Algorithm 1, Algorithm 2 can not only save the

calculation cost, but also reduce the computational time, as shown in Table V.
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Fig. 4. When N = 3 and Z = 2, comparison of rewards of three strategies from the 350th simulation to the 550th simulation.

TABLE III

THE WHITTLE INDEX OF THE i-TH P2P PAIR, THE THREE COMPONENTS OF (a, b, c) REPRESENT THE WHITTLE INDEX OF

CHANNEL STATE 1, 2, AND 3.

Li,t Bi,t = 0 Bi,t = 1 Bi,t = 2 Bi,t = 3

0 (-2.00,-1.00,-0.66) (-2.00,-1.00,-0.66) (-2.00,-1.00,-0.66) (-2.00,-1.00,-0.67)

1 (-2.00,-1.00,-0.66) (-0.20, 2.00, 3.13) ( 0.70, 3.50, 5.03) ( 1.60, 5.00, 6.93)

2 (-2.00,-1.00,-0.66) (-1.06, 0.68, 1.83) (-0.81, 1.38, 3.47) (-0.57, 2.07, 5.10)

3 (-2.00,-1.00,-0.66) (-1.25, 0.26, 1.27) (-1.21, 0.43, 2.16) (-1.16, 0.60, 3.05)

4 (-2.00,-1.00,-0.66) (-1.29, 0.17, 0.91) (-1.28, 0.20, 1.15) (-1.27, 0.23, 1.38)

5 (-2.00,-1.00,-0.66) (-1.30, 0.16, 0.81) (-1.29, 0.16, 0.85) (-1.29, 0.16, 0.89)

6 (-2.00,-1.00,-0.66) (-1.31, 0.15, 0.79) (-1.30, 0.15, 0.79) (-1.30, 0.15, 0.80)

VI. CONCLUSIONS

In this paper, the P2P real-time communication system in fading channel is studied, which

has strict constraints of time delay, random packet arrival and packet loss. We model the

scheduling problem as a MDP, and analyze the difficulties of VI algorithm in solving the optimal

strategy. The transmission scheduling problem is analysed under the framework of an RMAB by

introducing the Lagrange multiplication factor. Then, the indexability of RMAB model is proved

and the Whittle index based transmission scheduling strategy algorithm is developed. At last, the
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TABLE IV

WHITTLE INDEX BASED COMMUNICATION SCHEDULING STRATEGY OF REAL-TIME P2P REAL-TIME COMMUNICATION

SYSTEM

N=3 and Z = 2 N=4 and Z = 3 N=5 and Z = 3 ...

system state scheduling strategy system state scheduling strategy system state scheduling strategy ...

(1,0,0,0,0,0,0) (0,0,0) (1,0,0,0,0,0,0,0,0) (0,0,0,0) (1,0,0,0,0,0,0,0,0,0,0) (0,0,0,0,0) ...

... ... ... ... ... ... ...

(2,5,2,3,3,0,3) (1,1,0) (1,1,3,1,2,6,2,1,2) (1,1,0,1) (3,4,2,2,3,5,1,2,1,1,3) (0,1,0,1,1) ...

(2,5,2,3,3,1,0) (1,1,0) (1,1,3,1,2,6,2,1,3) (1,1,0,1) (3,4,2,2,3,5,1,2,1,2,0) (1,1,0,1,0) ...

(2,5,2,3,3,1,1) (0,1,1) (1,1,3,1,2,6,2,2,0) (1,1,0,0) (3,4,2,2,3,5,1,2,1,2,1) (0,1,0,1,1) ...

(2,5,2,3,3,1,2) (0,1,1) (1,1,3,1,2,6,2,2,1) (1,1,0,0) (3,4,2,2,3,5,1,2,1,2,2) (0,1,0,1,1) ...

(2,5,2,3,3,1,3) (0,1,1) (1,1,3,1,2,6,2,2,2) (1,1,0,0) (3,4,2,2,3,5,1,2,1,2,3) (0,1,0,1,1) ...

(2,5,2,3,3,2,0) (1,1,0) (1,1,3,1,2,6,2,2,3) (1,1,0,0) (3,4,2,2,3,5,1,2,1,3,0) (1,1,0,1,0) ...

... ... ... ... ... ... ...

TABLE V

COMPUTATIONAL TIME OF THE ALGORITHM 1 AND ALGORITHM 2 IN DIFFERENT SCALES OF P2P COMMUNICATION

SYSTEM.

Scale of P2P

communica-

tion

system

Number of states

Computational time

Algorithm 1 Algorithm 2

N = 1, Z = 1 84 0.4431 0.4194

N = 2, Z = 1 2352 3.3027 1.5268

N = 3, Z = 2 65856 \ 1.8467

N = 4, Z = 2 1843968 \ 54.0544

. . . . . . . . . . . .

numerical results show that the transmission scheduling algorithm is with low time complexity

and greatly reduces the computational cost in comparison with the VI algorithm.

However, sometimes the BS may only know part of the link states, so it will be one of our

future work to consider the transmission scheduling of partially observable CSI. In addition,
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with the development of wireless technology, it is a trend to combine P2P communication

with MIMO (Multi-input Multi-output) or MU-MIMO (Multi-user Multi-input Multi-output)

and NOMA (Non-Orthogonal Multiple Access) technologies, which makes the scheduling of

P2P real-time communication more challenging.

APPENDIX A

PROOF OF THEOREM 1

For any si,t = [Li,t, Bi,t], let

J(si,t) , J0(si,t)− J1(si,t). (8)

It is easy to see that, when w = −∞, J(si,t) = −∞, and when w = +∞, J(si,t) = +∞. Then

the indexability can be proved if the monotonicity of J(si,t) holds. Thus, we only need to show

that
∂J(si,t)

∂w
≥ 0.

Before proving theorem 1, we first give two lemmas to describe the existence and the char-

acteristics of the Whittle index in some special states.

Lemma A.1 Given the state si,t = [Li,t, Bi,t] of the i-th P2P pair, for any channel state cm ∈ C,

the following statements hold.

(a) When Li,t = 0, the Whittle index of state si,t exists;

(b) When Li,t ̸= 0, Bi,t = 0, the Whittle index of state si,t exists;

(c) When Li,t = 1, the Whittle index of state si,t exists.

Proof. (a) When Li,t = 0, it must be Bi,t = 0, and then

V w(0, 0) = max{w + βUw,−h(cm) + βUw}, (9)

where Uw = E[QiV
w(Li, Bi) + Q̄iV

w(0, 0)].

From (9), we obtain J(0, 0) = w + h(cm), and then

w∗
i (0, 0) = −h(cm). (10)

The statement (a) is proved.

(b) When Li,t ̸= 0, Bi,t = 0, let Li,t = k, similar to (a), we get

V w(k, 0) = max{w + βEcm [V
w(k − 1, 0)],

− h(cm) + βEcm [V
w(k − 1, 0)]}
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then

w∗
i (k, 0) = −h(cm). (11)

The statement (b) is proved.

(c) When Li,t = 1, two cases should be considered:

(c.1) When Bi,t = 0, we have

V w(1, 0) = max {w + βUw,−h(cm) + βUw} .

Similar to (a), we can obtain

w∗
i (1, 0) = −h(cm). (12)

(c.2) When Bi,t ̸= 0, we have

J0(1, Bi,t) =w − f(Bi,t) + βUw,

J1(1, Bi,t) =rp(cm)− h(cm) + βUw − p̄(cm)f(Bi,t)

− p(cm)f(Bi,t − 1),

and then

J(1, Bi,t) =w − rp(cm) + h(cm)− p(cm)f(Bi,t)

+ p(cm)f(Bi,t − 1).

Denote δ(Bi,t − 1) , f(Bi,t)− f(Bi,t − 1), and noting J(1, Bi,t) = 0, we then get

w∗
i (1, Bi,t) = rp(cm)− h(cm)− p(cm)δ(Bi,t − 1). (13)

The statement (c) is proved. �

Lemma A.2 Given the state si,t = [Li,t, Bi,t] of the i-th P2P pair, for any channel state

cm ∈ C, when Li,t ≥ 2, the Whittle index w∗
i (si,t) of state si,t is existence. Define

υ(si,t) = V w(Li,t, Bi,t + 1)− V w(Li,t, Bi,t),

then the following inequality holds

∂E[υ(Li,t − 1, Bi,t − 1)]

∂w
≥ −

1

βp(cm)
. (14)

Proof. Two cases should be considered:
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(I) The first case: Bi,t = 0.

In this case, the lemma is obvious by Lemma A.1.

(II) The second case: Bi,t ≥ 1.

In this case, we have

J0(Li,t, Bi,t) =w + βE[V w(Li,t − 1, Bi,t)],

J1(Li,t, Bi,t) =rp(cm)− h(cm)

+ βp(cm)E[V
w(Li,t − 1, Bi,t − 1)]

+ βp̄(cm)E[V
w(Li,t − 1, Bi,t)].

Thus,

J(Li,t, Bi,t) =βp(cm)E[υ(Ti,t − 1, Bi,t − 1)]

− rp(cm) + h(cm) + w.

Taking the derivative of J(Li,t, Bi,t) with respect to w, we have

∂J(Li,t, Bi,t)

∂w
= βp(cm)

∂E[υ(Li,t − 1, Bi,t − 1)]

∂w
+ 1.

By the existence of the Whittle index, we have

1 + βp(cm)
∂E[υ(Li,t − 1, Bi,t − 1)]

∂w
≥ 0.

Based on (I)and (II), when Li,t ≥ 2, we get

∂E[υ(Li,t − 1, Bi,t − 1)]

∂w
≥ −

1

βp(cm)
.

The lemma is proved. �

Proof of Theorem 1. The existence of Whittle index is proved by mathematical induction.

When Li,t = 0 and Li,t = 1, the conclusion holds by Lemma A.1.

We suppose that the conclusion holds when Li,t = k, then from Lemma A.2, it holds

∂E[υ(k,Bi,t − 1)]

∂w
≥ −

1

βp(cm)
. (15)

Now, we prove the existence for Li,t = k + 1, and two cases are investigated:

Case 1: Bi,t = 0. From J(k + 1, 0) = w + h(cm), we can get

w∗
i (k + 1, 0) = −h(cm).
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Case 2: Bi,t ≥ 1. We have

J(k + 1, Bi,t) =p(cm)E[υ(k,Bi,t − 1)]− rp(cm)

+ h(cm) + w.

From (15), we can get

∂J(k + 1, Bi,t)

∂w
= 1 + βp(cm)

∂E[υ(k,Bi,t − 1)]

∂w
≥ 0.

Thus, when Lt = k + 1, the index w∗(si,t) exists. The theorem is proved. �

APPENDIX B

PROOF OF THEOREM 2

Proof of Theorem 2. The first two expressions of equation (7) can be obtained from (10)-(13).

We now prove the third expression of equation (7). To do that, we first give the function

g(Li,t, Bi,t) under different cases.

When Bi,t = 0, from Lemma 1, we have w∗
i (Li,t, 1) ≥ w∗

i (Li,t, 0) = −h(cm), and then

υ(Li,t, 0) =



















































βp̄(cm)E[υ(Li,t − 1, 0)] + rp(cm)

w < −h(cm),

βp̄(cm)E[υ(Li,t − 1, 0)] + rp(cm)− h(cm)

−w − h(cm) ≤ w < w∗
i (Li,t, 1),

βE[υ(Li,t − 1, 0)] w ≥ w∗
i (Li,t, 1).

(16)

Similarly, when Bi,t ̸= 0, we have w∗
i (Li,t, Bi,t + 1) ≥ w∗

i (Li,t, Bi,t), and then

υ(Li,t, Bi,t)

=



















































βp(cm)E[υ(Li,t − 1, Bi,t − 1)]

+βp̄(cm)E[υ(Li,t − 1, Bi,t)] w < w∗
i (Li,t, Bi,t),

βp̄(cm)E[υ(Li,t − 1, Bi,t)] + rp(cm)− h(cm)− w

w∗
i (Li,t, Bi,t) ≤ w < w∗

i (Li,t, Bi,t + 1),

βE[υ(Li,t − 1, Bi,t)] w ≥ w∗
i (Li,t, Bi,t + 1).

(17)
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Thus, it can be obtained

υ(1, 0) =







































rp(cm)− p̄(cm)δ(0) w < −h(cm),

rp(cm)− h(cm)− p̄(cm)δ(0)− w

− h(cm) ≤ w < w∗
i (1, 1),

−δ(0) w ≥ w(1, 1).

(18)

υ(1, Bi,t) =



















































−p̄(cm)δ(Bi,t)− p(cm)δ(Bi,t − 1)

w < w∗
i (1, Bi,t),

rp(cm)− h(cm)− p̄(cm)δ(Bi,t)− w

w∗
i (1, Bi,t) ≤ w < w∗

i (1, Bi,t + 1),

−δ(Bi,t) w ≥ w∗
i (1, Bi,t + 1).

(19)

We prove the third expression of equation (7) by the following two cases.

(I) When Li,t > 1, Bi,t = 1, it holds

J(Li,t, 1) =βp(cm)E[υ(Li,t − 1, 0)]− rp(cm)

+ h(cm) + w. (20)

For ∀cn ∈ C, taking the second item of equation (16) and substituting it into equation (20), we

can get

J(Li,t, 1) = w − rp(cm) + h(cm) + βp(cm)E[rp(cn)

− h(cn) + βp̄(cn))E[υ(Li,t − 2, 0)]− w].
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Similarly, for ∀cn, cn′ , · · · , c
n
Li,t−2 ∈ C, we have

J(Li,t, 1) =w − rp(cm) + h(cm) + βp(cm)E[rp(cn)

− h(cn) + βp̄(cn)E[υ(Li,t − 2, 0)]− w]

=w − rp(cm) + h(cm) + βp(cm)E[rp(cn)

− h(cn) + βp̄(cn)E[rp(cn)− h(cn′ )

+ βp̄(cn′ )E[υ(Li,t − 3, 0)]− w]− w]

= · · ·

=w − rp(cm) + h(cm) + βp(cm)E[rp(cn)

− h(cn) + βp̄(cn)E[rp(cn′ )− h(cn′ ) + · · ·

+ βp̄(c
n
Li,t−3)E[υ(1, 0)]− w] · · · − w]− w].

Substituting the second term of equation (18) and taking J(Li,t, Bi,t) = 0, and Theorem 2 is

proved.

(II) When Li,t > 1, Bi,t > 1, it holds

J(Li,t, Bi,t) = βp(cm)E[g(Li,t − 1, Bi,t − 1)]

+ w − rp(cm) + h(cm). (21)

Similar to the proof of (I), substituting the second term of equation (17) into equation (21) for

Li,t − 1 times, we obtain

J(Li,t, Bi,t) =w − rp(cm) + h(cm) + βp(cm)E[rp(cn)

− h(cn) + βp̄(cn)E[υ(Li,t − 2, Bi,t − 1)]− w]

=w − rp(cm) + h(cm) + βp(cm)E[rp(cn)

− h(cn) + βp̄(cn)E[rp(cn′ )− h(cn′ ) + · · ·

+ βp̄(c
n
Li,t−3))E[υ(1, Bi.t − 1)]− w] · · · − w].

Replacing υ(1, Bi.t − 1) with equation (19) and taking J(Li,t, Bi,t) = 0. Thus, the proof is

completed. �
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