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Abstract—In this paper, we aim to obtain the optimal tradeoff
among average delay, and average transmission and computation
power consumptions in a mobile computation offloading system.
A probabilistic approach is developed to jointly determine the
transmission and computation rate in each time-slot. We model
the queue lengths in the mobile device and computation resource
with a two-dimensional Markov chain. Based on this model,
we obtain the average delay and power consumption. Then,
we formulate a joint queues aware optimization problem to
minimize the average power consumption of the mobile device
given constraints on average delay of tasks and average power
consumption of the computation resource. By converting the
problem into a linear programming, we obtain the optimal
power-delay tradeoff and power-optimal Joint Transmission and
Computing Scheduling (JTCS) strategy. Finally, the optimization
results are validated by extensive simulations.

I. INTRODUCTION

In recent years, the demand for mobile devices to execute
high computation tasks is increasing rapidly. However, the
resources of mobile devices, e.g., battery life and computation
capability, are still poor due to the limited physical form
factor. To resolve the design issues between resource-hungry
applications and resource-poor mobile devices, the computa-
tion offloading is proposed to migrate computation to more
powerful computation resources (i.e., servers or more powerful
computing devices or facilities)[1][2].

Low latency and high energy efficiency are considered as
the critical performance metrics for the support of low latency
tolerance applications under the limited energy resource of
mobile devices in mobile computation offloading systems [3].
Since both of the accumulated delay and power consumption
are composed of transmission and computation partitions,
the traditional packet-switched transmission may not provide
the timeliness requirements with the best-effort service. In
contrast, the joint transmission and computing scheduling
holds the promise of meeting the above requirements by using
the state information of both transmissions and computations.

The joint optimization of transmission and computing has
been studied extensively in the past. Barbarossa et al.[5]
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proposed a centralized scheduling algorithm to jointly op-
timize the transmission and computation resource allocation
with latency requirements for the single user case. The joint
optimization was then extended to the multiuser scenario in
[6]; see also [7] for a recent survey on joint optimization for
computation offloading in a 5G perspective. Besides, in [8],
a joint allocation of transmission and computational resources
was proposed for femto-cloud computing systems , where each
computation task should be completed within required latency
tolerance. The power-delay tradeoff for multi-user mobile-
edge computing systems was investigated in [9] via joint
management of transmission and computational resources.
Furthermore, the probabilistic scheduling approach based on
queueing theory could hold the promise of improving the
system performance by jointly considering the transmission
and computation in the scheduling strategy.

In our previous work [10] and [11], we focused on finding
the optimal scheduling strategy and power-delay tradeoff in a
single queue system and multiple queues in parrel connection
based on a probabilistic scheduling strategy. In this paper, we
generalize this method to a computation offloading system
with one finite-buffer mobile device and one finite-buffer
computation resource. The considered system can be modeled
as two queues in series connection and then be formulated into
a two-dimensional Markov chain whose state is determined
by the state of queues. Our objective is to find the optimal
JTCS strategy to minimize the average power consumption of
the mobile device, i.e., transmission power consumption under
the constraints on average accumulated delay and average
power consumption in the computation resource, i.e., com-
putation power consumption, leading to the optimal power-
delay tradeoff. This optimization problem can be converted
into a linear programming problem so that optimal JTCS
and power-delay tradeoff can be obtained efficiently. Then, a
JTCS strategy is obtained to jointly determine the probabilities
of the transmission and computation rate according to the
queue states in the mobile device and computation resource.
Moreover, it will be shown that there exists a fundamental
tradeoff between average delay and power consumptions. It’s
also worth mentioning that our probabilistic approach can be
used in the scheduling in other queue systems with multiple
queues in series connection.
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II. SYSTEM MODEL

As shown in Fig. 1, we consider a computation offloading
system which is composed of one mobile device and one
computation resource. The mobile device is connected with
the computation resource over one wireless link and the
computation resource can run on a virtual machine that can ex-
ecute computing tasks on behalf of the mobile device through
computation offloading. Besides, a scheduler is implemented
to control the computation offloading.

Fig. 1. A scenario of computation offloading system.

Computing tasks are generated in the mobile device ran-
domly and can be offloaded to the computation resource via
the wireless link. The total delay of each task incorporates the
time to upload the task to the computation resource, the time
necessary for the computation resources to execute the tasks,
and the time to return the results of computing tasks back
to the mobile device. For the sake of simplicity, we assume
that the time necessary for return the result of each task is a
fixed small value, which can be negligible. Hence, the delay of
each task can be considered as the sum of the time necessary
for transmission in the upload step and computation in the
resource. Then the considered system can be modeled by two
queues in series connection, which denote the mobile device
and computation resource, as shown in Fig. 2.

Fig. 2. System model.

The time horizon is divided into time-slots, whose length is
𝑇s. Assume that at the beginning of each time-slot, the task
packet arrives as Bernoulli Process with an arrival rate 𝛼, i.e.,{

Pr{𝑎[𝑛] = 1} = 𝛼,

Pr{𝑎[𝑛] = 0} = 1− 𝛼.
(1)

Each packet arrival contains 𝐴(𝐴 ≥ 1) tasks and each task
requires 𝐿 CPU cycles to execute.

Due to the constraints of the mobile device and computation
resource, we assume that at most 𝑆 and 𝐶 tasks can be trans-
mitted and computed in each time-slot. In order to guarantee
the stability of the system, we set 𝑆 ≥ 𝐴 and 𝐶 ≥ 𝐴. The
numbers of packets transmitted and computed in the 𝑛-th time-
slot, i.e., the transmission and computation rate, are denoted
by 𝑠[𝑛] ∈ {0, 1, . . . , 𝑆} and 𝑐[𝑛] ∈ {0, 1, . . . , 𝐶}, whose
corresponding power consumption functions are denoted by
𝑝s[𝑛] = 𝑓 (𝑠[𝑛]) and 𝑝c[𝑛] = 𝑔 (𝑐[𝑛]), respectively.

Assume the length of time-slot 𝑇s is long enough, hence
the ergodic channel is considered. From perspective of the
physical layer, to transmit more bits without increasing the
error rate, we should use a larger constellation diagram,
therefore more power be consumed for every bit in average.
Moreover, the power consumption per CPU cycle in each
computation resource can be expressed as [12]

𝑃c(𝑓c) = 𝜅𝑓c
2, (2)

where 𝑓c is the clock frequency and 𝜅 is the effective switched
capacitance depending on the chip architecture. The total CPU
cycles in the 𝑛-th time-slot should satisfy

𝑓c[𝑛]𝑇s = 𝐿𝑐[𝑛]. (3)

Then 𝑔 (𝑐[𝑛]) can be rewritten as

𝑔 (𝑐[𝑛]) = 𝑃c(𝑓c)𝑐[𝑛]𝐿 =
𝜅𝐿3

𝑇s
2 (𝑐[𝑛])3. (4)

Based on the above analysis, being able to capture the
convex relationship between 𝑝s[𝑛] and 𝑠[𝑛], and 𝑝c[𝑛] and
𝑐[𝑛], i.e., the power consumption functions 𝑓(𝑥) and 𝑔(𝑥) are
strictly increasing and convex.

The arrival tasks can be stored in the finite-buffers of
mobile device or computation resource, whose buffer size
is 𝑀 and 𝑁 tasks, respectively. Let 𝑞1[𝑛] and 𝑞2[𝑛] denote
the queue lengths, i.e., queue states, in the mobile device
and computation resource at the end of the 𝑛-th time-slot,
respectively. Consider the typical mobile computation system,
it is reasonable to assume that the buffer size of the mobile
device should be larger than the number of tasks in one data
arrival, i.e., 𝑀 > 𝐴. Then we have the basic relationship for
𝑞1[𝑛] and 𝑞2[𝑛] that{

𝑞1[𝑛+ 1] = min {𝑀, 𝑞1[𝑛]− 𝑠[𝑛] +𝐴𝑎[𝑛]} ,
𝑞2[𝑛+ 1] = min {𝑁, 𝑞2[𝑛]− 𝑐[𝑛] + 𝑠[𝑛]} . (5)

The computation offloading system works in the following
procedures. The incoming task packet information 𝐴𝑎[𝑛] can
be obtained at the beginning of each time-slot, hence it can be
taken into consideration along with the states of two buffers,
i.e.,𝑞1[𝑛] and 𝑞2[𝑛] by the scheduler to make a probabilistic
strategy for the current time-slot.

III. DELAY AND POWER ANALYSIS BASED ON JTCS

In this section, the JTCS strategy is introduced in a rigorous
way firstly. The computation offloading system can be formu-
lated as a two-dimensional Markov chain, based on which, the



average delay and power consumptions of the transmission
and the computation can be obtained by the steady-state
distribution of the Makov chain.

A. Joint Transmission and Computing Scheduling

In the sense of the average delay, the power-optimal strategy
is only aware of how many packets waiting for transmissions,
irrespective of when the packet arrives at the queue. Hence,
we denote the queue state of the mobile device by

𝜁[𝑛] = 𝑞1[𝑛− 1] +𝐴𝑎[𝑛], (6)

where 𝜁 ∈ [0,𝑀 + 1]. From Eq. (5), we have

𝜁[𝑛] = max {𝜁[𝑛− 1]− 𝑠[𝑛− 1], 0}+𝐴𝑎[𝑛]. (7)

On the other hand, the probabilistic scheduling strategy can be
determined by the probability 𝑓𝑠,𝑐

𝑘1,𝑘2
of 𝑠[𝑛] = 𝑠 and 𝑐[𝑛] = 𝑐

given that 𝜁[𝑛] = 𝑘1 and 𝑞2[𝑛] = 𝑘2, which can be written by

𝑓𝑠,𝑐
𝑘1,𝑘2

= Pr {𝑠[𝑛] = 𝑠, 𝑐[𝑛] = 𝑐∣𝜁[𝑛] = 𝑘1, 𝑞2[𝑛] = 𝑘2} . (8)

Furthermore, the normalization condition always holds for all
𝑘1 = 1, 2, . . . ,𝑀 + 1 and 𝑘2 = 1, 2, . . . , 𝑁 .

𝐶∑
𝑐=1

𝑆∑
𝑠=1

𝑓𝑠,𝑐
𝑘1,𝑘2

= 1. (9)

There are some constraints on the JTCS strategy. To avoid
the overflow and underflow, the probabilistic scheduling strat-
egy should satisfy

𝑓𝑠,𝑐
𝑘1,𝑘2

= 0 if 𝑘1 < 𝑠 (10.a)

𝑓𝑠,𝑐
𝑘1,𝑘2

= 0 if 𝑘2 < 𝑐 (10.b)

𝑓𝑠,𝑐
𝑘1,𝑘2

= 0 if 𝑘1 − 𝑠+𝐴 ≥ 𝑀 + 1 (10.c)

𝑓𝑠,𝑐
𝑘1,𝑘2

= 0 if 𝑘2 + 𝑐− 𝑖 ≥ 𝑁 + 1, (10.d)

where Eqs. (10.a-b) mean that the transmission and compu-
tation rate cannot exceed the number of tasks in buffers and
Eqs. (10.c-d) are proposed to avoid packet dropping.

The system model with computation offloading procedure
have been formulated so far. According to the description of
the JTCS strategy, the problem can be formulated as a two-
dimensional Markov chain with 𝜁[𝑛] and 𝑞2[𝑛] as its states.
The state space of the Markov chain is given by

M = {(𝜁, 𝑞2)∣0 ≤ 𝜁 ≤ 𝑀 + 1, 0 ≤ 𝑞2 ≤ 𝑁}. (11)

For ease of understanding, a instance with transition di-
agram of one state that 𝜁[𝑛] = 3 and 𝑞2[𝑛] = 3 is
given in Fig. 3. To keep the figure legible, we denote
(𝑎[𝑛], 𝑠[𝑛], 𝑐[𝑛]) = (𝑎, 𝑠, 𝑐) as (𝑎, 𝑠, 𝑐) for each link. More-
over, the state 𝜁[𝑛] = 3 and 𝑞2[𝑛] = 3 cannot transfer to
the states that do not have a link with it, e.g., 𝜁[𝑛] = 2 and
𝑞2[𝑛] = 1.

Denote 𝜆𝑞1,𝑞2
𝑘1,𝑘2

as the transition probability from state
(𝑘1, 𝑘2) to state (𝑞1, 𝑞2) in the two-dimensional Markov chain,
which is summarized in the following theorem.

Fig. 3. Transition Diagram of 𝜁[𝑛] = 3 and 𝑞2[𝑛] = 3 (𝑀 = 3, 𝑁 = 4,
𝑆 = 3, 𝐶 = 2, 𝐴 = 3).

Theorem 1 The transition probability 𝜆𝑞1,𝑞2
𝑘1,𝑘2

satisfies

𝜆𝑞1,𝑞2
𝑘1,𝑘2

= 𝛼𝑓𝑠1,𝑐1
𝑘1,𝑘2 {𝑠1∈𝒮,𝑐1∈𝒞} + (1− 𝛼)𝑓𝑠2,𝑐2

𝑘1,𝑘2 {𝑠2∈𝒮,𝑐2∈𝒞},
(12)

where ⎧⎨
⎩

𝑠1 = 𝐴+ 𝑘1 − 𝑞1,

𝑐1 = 𝐴+ 𝑘1 + 𝑘2 − 𝑞2,

𝑠2 = 𝑘1 − 11,

𝑐2 = 𝑘1 + 𝑘2 − 𝑞2.

(13)

Proof: The core idea of this proof is that the transition of
the sate only relies on the transmission and computation rate,
and the packet arrival in the next time-slot, i.e.,

𝜁[𝑛+ 1]− 𝜁[𝑛] = 𝐴𝑎[𝑛]− 𝑠[𝑛],

𝑞2[𝑛+ 1]− 𝑞2[𝑛] = 𝑠[𝑛]− 𝑐[𝑛].
(14)

Consider 𝑎[𝑛] = 1 whose probability is 𝛼, we have

𝑠[𝑛] = 𝐴𝑎[𝑛] + 𝜁[𝑛]− 𝜁[𝑛+ 1] = 𝐴+ 𝑘1 − 𝑞1,

𝑐[𝑛] = 𝑠[𝑛] + 𝑞2[𝑛]− 𝑞2[𝑛+ 1] = 𝐴+ 𝑘1 + 𝑘2− 𝑞2.
(15)

Similarly, we can obtain 𝑠[𝑛] and 𝑐[𝑛] in the case that 𝑎[𝑛] = 0.

B. Delay and Power Analysis

When the conditions (9) and (10) are satisfied, one can
always find a single close positive recurrent aperiodic class
in this Markov chain [11]. In this way, the steady-state
distribution always exists and is independent of the initial state.

Denote 𝜋𝑘1,𝑘2
as the steady-state distribution probability of

state (𝑘1, 𝑘2) in the Markov chain. The steady-state distribu-
tion of this Markov chain is denoted as

𝝅𝑀+2×𝑁+1 =

⎡
⎢⎢⎢⎢⎣

𝜋0,0 ... 𝜋0,𝑛 ... 𝜋0,𝑁

...
𝜋1,0

...

...
... 𝜋𝑚,𝑛 ...

...

...
𝜋𝑚,𝑁

...
𝜋𝑀+1,0 ... 𝜋𝑀+1,𝑛 ... 𝜋𝑀+1,𝑁

⎤
⎥⎥⎥⎥⎦ .

(16)
For convenience, we convert the matrix 𝝅𝑀+2×𝑁+1 into

a column vector, i.e., the vectorization of a matrix. Then we
have the column vector

𝝅(𝑀+2)(𝑁+1)×1 = vec(𝝅𝑀+2×𝑁+1). (17)



For simplicity, we refer to 𝝅(𝑀+2)(𝑁+1)×1 as 𝝅, where

𝝅 = [𝜋0,0, 𝜋0,1, . . . , 𝜋0,𝑁 , . . . , 𝜋𝑀+1,0, . . . , 𝜋𝑀+1,𝑁 ]𝑇 . (18)

Moreover, 𝝅 satisfies

𝑯𝝅 = 𝝅, (19.a)

1𝑇𝝅 = 1, (19.b)

where 𝑯 is the transition matrix of the Markov chain and the
elements of which are defined by Eq. (12), e.g., the first row
of 𝑯 is given by

𝒉1 = {𝜆0,0
0,0, 𝜆

0,0
0,1, . . . , 𝜆

0,0
0,𝑁 , . . . , 𝜆0,0

𝑀+1,𝑁}. (20)

Denote I as the identity matrix, 1 = [1, . . . , 1]𝑇 , and 0 =
[0, . . . , 0]𝑇 . Moreover, we won’t specify their size if there is
no ambiguity. Hence,

𝝅 = G−1c, (21)

where G =

[
1𝑇

H− I

]
and c = [1,0]𝑇 . In other words, 𝑯

can be used to represent a certain strategy, i.e., 𝑓𝑠,𝑐
𝑘1,𝑘2

. It will
determine the value of 𝝅.

In the 𝑛-th time-slot, when 𝜁[𝑛] = 𝑘1 and 𝑞2 = 𝑘2, the
power consumption for the mobile device and computation
resource is given by 𝑓s(𝑠) and 𝑔c(𝑐) with probability 𝑓𝑠,𝑐

𝑘1,𝑘2
,

∀𝑠 ∈ 𝒮 and ∀𝑐 ∈ 𝒞. Then, the average power consumptions
and average delay are summarized in the following Proposition
and Theorem.

Proposition 1 The average transmission and computation
power consumptions are given by

𝑃 ava
s =

𝑀+1∑
𝑘1=0

𝑁∑
𝑘2=0

𝑆∑
𝑠=0

𝐶∑
𝑐=0

𝜋𝑘1,𝑘2
𝑓𝑠,𝑐
𝑘1,𝑘2

𝑓s(𝑠), (22.a)

𝑃 ava
c =

𝑀+1∑
𝑘1=0

𝑁∑
𝑘2=0

𝑆∑
𝑠=0

𝐶∑
𝑐=0

𝜋𝑘1,𝑘2
𝑓𝑠,𝑐
𝑘1,𝑘2

𝑔c(𝑐). (22.b)

Theorem 2 The average delay is given by

𝐷 =
1

𝛼𝐴

𝑀+1∑
𝑘1=0

𝑁∑
𝑘2=0

(𝑘1 + 𝑘2)𝜋𝑘1,𝑘2
. (23)

Proof: The queue length of the computation offloading
system is the sum of queue lengths in the mobile device and
computation resource. Therefore, the average queue length 𝐿
is given by

𝐿 = lim
𝑛→∞E{𝑞1[𝑛] + 𝑞2[𝑛]}

= lim
𝑛→∞E{𝜁[𝑛+ 1]−𝐴𝑎[𝑛+ 1] + 𝑞2[𝑛]}

=
𝑀+1∑
𝑘1=0

𝑁∑
𝑘2=0

(𝑘1 + 𝑘2)𝜋𝑘1,𝑘2
−𝐴𝛼.

(24)

According to Little’s Law, the average length 𝐿 is equal to
the arrival rate 𝜆𝐴 multiplied by the average time 𝑇 that a

task spends in the queue that a task spends in the offloading
system. Therefore, the average delay in steady state can be
directly expressed as

𝑇 =
𝐿

𝜆𝐴
=

1

𝛼𝐴

𝑀+1∑
𝑘1=0

𝑁∑
𝑘2=0

(𝑘1 + 𝑘2)𝜋𝑘1,𝑘2
− 1. (25)

Moreover, the total delay is the sum of waiting time in the
queue and serving time of each task, i.e., one time-slot. Finally,
we have 𝐷 = 𝐿 + 1 and then this theorem has been proved.

Based on the above analysis of the average delay, and power
consumptions in transmission and computation, an optimal
JTSC strategy can be obtained in the next section.

IV. OPTIMAL POWER-DELAY TRADEOFF

In typical system, the computing task has the delay tolerance
𝐷th before the computation offloading should be completed,
which is a fixed design value. In other word, we only need to
guarantee that the delay does not exceed the delay tolerance
instead of minimizing the delay. Moreover, as we mentioned
in the Section II, the battery life of the mobile device is poor,
hence it is necessary to conserve the power consumption of
the mobile device as soon as possible, i.e., to minimize the
average transmission power consumption. Furthermore, there
also should be a constraint of average power consumption of
the computation resource, i.e., the average computation power
consumption constraint 𝑃 th

c .
Therefore, we aim to the minimize the average transmission

power consumption under the constraints on average delay
tolerance and the average computation power consumption-
Generally speaking, to achieve lower delay, the mobile device
and the computation resource should conduct transmission
and computation at higher rate, resulting in consuming more
energy. Hence there is a fundamental tradeoff between the
average delay and average power consumptions. Then, we
have the following optimization problem:

min
𝝅,𝑓𝑠,𝑐

𝑘1,𝑘2

𝑃 ava
s =

𝑀+1∑
𝑘1=0

𝑁∑
𝑘2=0

𝑆∑
𝑠=0

𝐶∑
𝑐=0

𝜋𝑘1,𝑘2
𝑓𝑠,𝑐
𝑘1,𝑘2

𝑓s(𝑠) (26.a)

s.t
1

𝛼𝐴

𝑀+1∑
𝑘1=0

𝑁∑
𝑘2=0

(𝑘1 + 𝑘2)𝜋𝑘1,𝑘2
≤ 𝐷th (26.b)

𝑀+1∑
𝑘1=0

𝑁∑
𝑘2=0

𝑆∑
𝑠=0

𝐶∑
𝑐=0

𝜋𝑘1,𝑘2
𝑓𝑠,𝑐
𝑘1,𝑘2

𝑔c(𝑐) ≤ 𝑃 th
c (26.c)

1𝑇𝝅 = 1 (26.d)

𝑯𝝅 = 𝜋 (26.e)
𝐶∑

𝑐=1

𝑆∑
𝑠=1

𝑓𝑠,𝑐
𝑘1,𝑘2

= 1 ∀𝑘1, 𝑘2 (26.f)

𝑓𝑠,𝑐
𝑘1,𝑘2

≥ 0 ∀𝑘1, 𝑘2, 𝑠, 𝑐 (26.g)

𝜋𝑘1,𝑘2
≥ 0 ∀𝑘1, 𝑘2, (26.h)

where constraints (26.b) and (26.c) denote the constraints



of delay torlerance and computation power consumption, re-
spectively. Clearly, the objective function and constraints in
optimization (26) are linear combinations of {𝜋𝑘1,𝑘2

𝑓𝑠,𝑐
𝑘1,𝑘2

}
{𝑓𝑠,𝑐

𝑘1,𝑘2
}, or {𝜋𝑘1,𝑘2

}. By recalling the normalization condition
of {𝑓𝑠,𝑐

𝑘1,𝑘2
} in Eq. (9), 𝜋𝑘1,𝑘2

can also be expressed as

𝜋𝑘1,𝑘2
=

𝐶∑
𝑐=1

𝑆∑
𝑠=1

𝜋𝑘1,𝑘2
𝑓𝑠,𝑐
𝑘1,𝑘2

=

𝐶∑
𝑐=1

𝑆∑
𝑠=1

𝑦𝑠,𝑐𝑘1,𝑘2
. (27)

By substituting Eq. (27) into Eq. (26), the equation constraints
(26.d) and (26.e) can be expressed as a matrix equation
Qy = 0 with 𝑦𝑠,𝑐𝑘1,𝑘2

= {𝜋𝑘1,𝑘2
𝑓𝑠,𝑐
𝑘1,𝑘2

} as variables, where
the constant matrix is denoted by Q and can be derived from
H. In this way, the optimization (26) is converted into a linear
programming which is summarized in the following theorem.

Theorem 3 The optimization problem (26) is equivalent to
the following linear programming problem

min
𝑦𝑠,𝑐
𝑘1,𝑘2

𝑃 ava
s =

𝑀+1∑
𝑘1=0

𝑁∑
𝑘2=0

𝑆∑
𝑠=0

𝐶∑
𝑐=0

𝑦𝑠,𝑐𝑘1,𝑘2
𝑓s(𝑠) (28.a)

s.t
1

𝛼𝐴

𝑀+1∑
𝑘1=0

𝑀∑
𝑘2=0

𝐶∑
𝑐=1

𝑆∑
𝑠=1

(𝑘1 + 𝑘2)𝑦
𝑠,𝑐
𝑘1,𝑘2

≤ 𝐷th (28.b)

𝑀+1∑
𝑘1=0

𝑁∑
𝑘2=0

𝑆∑
𝑠=0

𝐶∑
𝑐=0

𝑦𝑠,𝑐𝑘1,𝑘2
𝑔c(𝑐) ≤ 𝑃 th

c (28.c)

𝑁+1∑
𝑘1=0

𝑀∑
𝑘2=0

𝐶∑
𝑐=1

𝑆∑
𝑠=1

𝑦𝑠,𝑐𝑘1,𝑘2
= 1 (28.d)

𝑸y = 0 (28.e)

𝑦𝑠,𝑐𝑘1,𝑘2
≥ 0 ∀𝑘1, 𝑘2, 𝑠, 𝑐, (28.f)

where y is a column vector with 𝑦𝑠,𝑐𝑘1,𝑘2
as components.

Proof: Firstly, we proceed to prove each component in
those two problems can be converted equivalently. Define
𝑦𝑠,𝑐𝑘1,𝑘2

= {𝜋𝑘1,𝑘2
𝑓𝑠,𝑐
𝑘1,𝑘2

} and 𝜋𝑘1,𝑘2
can be expressed as

𝜋𝑘1,𝑘2
=

∑𝐶
𝑐=1

∑𝑆
𝑠=1 𝑦

𝑠,𝑐
𝑘1,𝑘2

. Therefore, each component in
optimization problem (26) can be converted into the corre-
sponding form in the optimization problem (28).

Then we need to prove that all the feasible solution of those
two problems are bijective. For each feasible solution 𝜋𝑘1,𝑘2

and 𝑓𝑠,𝑐
𝑘1,𝑘2

in problem (26), 𝑦𝑠,𝑐𝑘1,𝑘2
= {𝜋𝑘1,𝑘2

𝑓𝑠,𝑐
𝑘1,𝑘2

} is still
feasible to problem (28). For each feasible solution 𝑦𝑠,𝑐𝑘1,𝑘2

of problem (28), the corresponding solution of problem (26)
can be obtained by 𝜋𝑘1,𝑘2

=
∑𝐶

𝑐=1

∑𝑆
𝑠=1 𝑦

𝑠,𝑐
𝑘1,𝑘2

. Moreover,
another part of feasible solution of problem (26), i.e., 𝑓𝑠,𝑐

𝑘1,𝑘2
,

is considered in the following Eqs. (30) and (31).
Therefore, all the feasible solutions of those two problems

can be converted equivalently, i.e., bijective.
After the optimal solution 𝑦𝑠,𝑐𝑘1,𝑘2

∗ of the linear programming
(28) is obtained, the corresponding steady-state distribution
can be represented as

𝜋∗
𝑘1,𝑘2

=

𝐶∑
𝑐=1

𝑆∑
𝑠=1

𝑦𝑠,𝑐𝑘1,𝑘2

∗
. (29)

To obtain the power-optimal strategy, we can derive 𝑓𝑠,𝑐
𝑘1,𝑘2

∗

from 𝑦𝑠,𝑐𝑘1,𝑘2

∗, which is presented as follows.

Case 1 When 𝜋∗
𝑘1,𝑘2

∕= 0, the optimal strategy is given by

𝑓𝑠,𝑐
𝑘1,𝑘2

∗
=

𝑦𝑠,𝑐𝑘1,𝑘2

∗

𝜋∗
𝑘1,𝑘2

. (30)

Case 2 When 𝜋∗
𝑘1,𝑘2

= 0, which means that the state (𝑘1, 𝑘2)
is a transient state. Then, a simple strategy can be used, i.e.,

𝑓𝑠,𝑐
𝑘1,𝑘2

∗
=

1

(1 + 𝑘1)(1 + 𝑘2)
0 ≤ 𝑠 ≤ 𝑘1, 0 ≤ 𝑐 ≤ 𝑘2. (31)

In conclusion, the optimal JTCS strategy is obtained and the
optimal power-delay tradeoff can be achieved by this strategy.

Remark 1 Our proposed model and approach can be ex-
tended and applied to a more generalized scenario whose
problem has considered the download step into the analysis.
The preocess of downloading results can also be modeled by
a new queue whose input is connected with the output of the
queue of computation resource in Fig. 2. Then the optimal
power-delay tradeoff and JTCS strategy can be obtained using
a similar approach in this section.

V. NUMERICAL RESULTS

In this section, we validate our theoretical results by the
simulation studies, and explain the outcomes in a more com-
prehensive way. Throughout this section, we set 𝛼 = 0.5,
𝐴 = 3, 𝑀 = 6, 𝑁 = 5, 𝑆 = 4, 𝐶 = 3, 𝑓(𝑥) = 2(2𝑥 − 1),
and 𝑔(𝑥) = 𝑥3. Based on the optimization problem (28), the
optimal JTCS strategy can be obtained.

The optimal tradeoff between average delay and average
computation power consumption constraint with different av-
erage transmission power consumption 𝑃 ava

s = 5, 6 and 8
are shown in Fig. 4. The optimization results obtained by
the optimal JTCS strategy based on linear programming and
simulation results are given by Monte-Carlo simulation. The
optimization results match perfectly well with the simulation
results, which confirms the optimal JTCS strategy. With the
increase of the 𝑃 th

c , the average delay decreases and then
approach to the different asymptotic lines and the line with
a higher 𝑃 ava

s has the lower value. In particular, the values of
the average delays in asymptotic lines for 𝑃 ava

s = 5 and 6 are
approximately 125% and 111% of that for 𝑃 ava

s = 8.
The optimal tradeoff among average delay, average trans-

mission and computation power consumptions is shown in
Fig. 5. As it is expected, the average transmission power
consumption decreases when both average delay constraint and
computation power consumption constraint increase, which
is also matched with the results in Fig. 4. When the 𝑃 th

c

and 𝐷th are small enough, the average transmission power
consumption approaches to 7, i.e., 𝑠[𝑛] = 3 when 𝑎[𝑛] = 3.
Moreover, when 𝑃 ava

s and 𝑃 th
c are large enough, the tasks can

be transmitted as soon as each packet arrives, i.e., transmission
rate is always min{𝜁[𝑛], 𝑆}, and then be computed at the
maximal computation rate min{𝑞2[𝑛], 𝐶} in each time-slot.
Hence, the average delay is only two time-slot.



Fig. 4. Comparison of Optimization and Simulation Results.

Fig. 5. Optimal Power-Delay Tradeoff.

The relationship between the transmission and computation
power consumptions with varying average delay is shown in
Fig. 6, which is the cross-sections of Fig. 5. For a given
average delay, there are different available requirements on the
required average power consumptions. Moreover, for a given
average delay constraint, the required average transmission
power consumption decreases with the increase of average
communication or transmission power consumption and vice
versa. Therefore, there is also a tradeoff between the trans-
mission and computation power consumptions with a given
average delay. Besides, both minimal available average power
consumptions in transmission and computation are decreasing
with the increase of the average delay constraint.

VI. CONCLUSION

In this paper, we have investigated a power-optimal joint
transmission and computing scheduling strategy in a mobile
computation offloading system. The transmission and compu-
tation rates are scheduled according to the buffer states of the
mobile device and computation resource. This system can be
formulated as a two-dimensional Markov chain. Based on this
formulation, the average delay and power consumptions have

Fig. 6. Optimal Transmission-Computation Power Tradeoff with Different
Average Delays.

been analyzed. Then, the optimization problem is solved to
minimize the average power consumption of the mobile device
under the constraints on the average delay and computation
power consumptions of the computation resource. In this way,
a JTCS strategy is obtained to obtain the optimal power-
delay tradeoff in the computation offloading system, which
is validated by simulations. Our future work will focus on a
more generalized model combining adaptive transmission and
computation rates with fading channels.
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