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Abstract—In this paper, the problem of joint user scheduling
and computing resource allocation in asynchronous mobile edge
computing (MEC) networks is studied. In such networks, edge
devices will offload their computational tasks to an MEC server,
using the energy they harvest from this server. To get their tasks
processed on time using the harvested energy, edge devices will
strategically schedule their task offloading, and compete for the
computational resource at the MEC server. Then, the MEC server
will execute these tasks asynchronously based on the arrival of the
tasks. This joint user scheduling, time and computation resource
allocation problem is posed as an optimization framework whose
goal is to find the optimal scheduling and allocation strategy
that minimizes the energy consumption of these mobile comput-
ing tasks. To solve this mixed-integer non-linear programming
problem, the general benders decomposition method is adopted
which decomposes the original problem into a primal problem
and a master problem. Specifically, the primal problem is related
to computation resource and time slot allocation, of which the
optimal closed-form solution is obtained. The master problem
regarding discrete user scheduling variables is constructed by
adding optimality cuts or feasibility cuts according to whether
the primal problem is feasible, which is a standard mixed-integer
linear programming problem and can be efficiently solved. By
iteratively solving the primal problem and master problem, the
optimal scheduling and resource allocation scheme is obtained.
Simulation results demonstrate that the proposed asynchronous
computing framework reduces 87.17% energy consumption com-
pared with conventional synchronous computing counterpart.
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I. INTRODUCTION

Mobile edge computing (MEC) provides powerful comput-
ing ability to edge devices [1], [2]. Numerous works have
investigated MEC systems from the perspective of resource
allocation. In [3], computing offloading and service caching
are jointly optimized in MEC-enabled smart grid to minimize
system cost. Work [4] proposed a reverse auction-based of-
floading and resource allocation scheme in MEC. With the
aid of machine learning, a multi-agent deep deterministic
policy gradient (MADDPG) algorithm is designed to maxi-
mize energy efficiency in [5]. However, deploying computing
resources at edge servers of a wireless network faces several
challenges. First, due to limited energy of edge servers, they
may not be able to provide sufficient computation resource
according to devices’ requirements [6], [7]. Second, executing
all offloading tasks synchronously requires edge servers to wait
the arrival of the task with maximum transmission delay which
may not be efficient. Meanwhile, task scheduling sequence is
nonnegligible in synchronous task offloading, which will also
impact the network loads and task completion [8].

To address the first challenge, wireless power transfer
(WPT) technology that exploits energy carried by radio fre-
quency (RF) signals emerges [9]. Instead of using solar and
wind sources, ambient RF signals can be a viable new source
for energy scavenging. Harvesting energy from the environ-
ment provides perpetual energy supplies to wireless devices
for tasks offloading [10]. Thus, WPT has been regarded
as a promising paradigm for MEC scenarios. Combining
WPT with MEC, the authors in [11] proposed a multi-user
wireless-powered MEC framework aiming at minimizing the
total energy consumption under latency constraints. In [12],
considering binary computation offloading, the weighted sum
computation rate of all wireless devices was maximized by
optimizing computation mode selection and transmission time
allocation. The work in [13] proposed a multiple intelligent
reflecting surfaces (IRSs) assisted wireless powered MEC sys-
tem, where the IRSs are deployed to assist both the downlink
WPT from the access point (AP) to the wireless devices and
the uplink computation offloading. However, the above works
[11]-[17] assumed that all computational tasks offloaded by
users will arrive at the server at the same time and then
the server starts to process all tasks simultaneously, which
is not efficient and even impractical due to users’ dynamic
computational task processing requests [18].

Currently, only a few existing works [18]-[23] optimized
MEC networks under dynamic computation requests. The
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work in [18] designed a Whittle index based offloading al-
gorithm to maximize the long-term reward for asynchronous
MEC networks where computational tasks arrive randomly. In
[19], the authors studied the co-channel interference caused by
asynchronous task uploading in NOMA MEC systems. The
work in [20] investigated the energy efficient asynchronous
task offloading for a MEC system where computational tasks
with various latency requirements arrive at different time
slots. Task scheduling problem for MEC systems with task
interruptions and insertions was studied in [21]. However,
the above works [18]-[21] that focused on the asynchronous
task offloading neglected how the asynchronous task arrival
affects the computation at the MEC server. The authors in
[22] used a sequential computation method to solve the energy
consumption minimization problem under asynchronous task
arrivals. The work in [23] designed a computation strategy that
only allows a task to be executed after the completion of the
previous tasks. Yet, works in [22] and [23] are still constrained
by their limited usage of the server computation capacity, and
cannot act as resource efficient asynchronous task offloading
solutions.

The sequential computation strategy [24] has shown to have
the potential to improve the computation resource efficiency
and task execution punctuality in an asynchronous MEC
network. However, since the computation resource allocation
at the server depends on the arrival of the offloaded tasks, the
sequential scheduling of the tasks will inevitably affect system
performance, which is a fact that has been wildly ignored [22],
[25], [26].

The main contribution of this paper is a novel asynchronous
MEC framework that jointly schedules tasks and allocates
computation resource with optimized system energy efficiency.
In brief, our key contributions include:

o We develop a novel framework to manage computation
resource for the sequential computation in asynchronous
MEC networks. In particular, we consider a MEC net-
work in which the edge devices sequentially harvest
energy for transmission, offload their computational tasks
to a MEC server, and then compete for computation
source at the server to get their tasks accomplished. To
achieve the high energy efficient task execution, a policy
needs to be designed for determining the optimal task
scheduling sequence, time and computational resource
allocation. We pose this joint scheduling and resource
allocation problem in an optimization framework and
seek to find the strategy which minimizes the energy
consumption of the tasks.

o Then, a general benders decomposition (GBD) based
algorithm is proposed to solve the formulated mixed-
integer non-linear programming (MINLP) problem which
is decomposed into a primal problem that allocates com-
putation resource and time, and a master problem that
schedules user tasks. By iteratively solving the primal
problem and master problem, the optimal scheduling and
resource allocation scheme is obtained.

o To show the effectiveness of the proposed algorithm,
we prove that the optimal energy efficient scheduling
and resource allocation scheme also optimizes the task
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Fig. 1: An illustration about the flow chart of the ordered
TDMA system with asynchronous computing.

punctuality. Our analytical results also show that the
optimal allocation scheme for a given offloading task
follows a specific pattern: the computation frequency
allocated to each task remains constant initially, then
gradually decreases before eventually reaching zero. No-
tably, all tasks experience a simultaneous decrease, the
time of which is given in a closed form, in terms of their
required central processing unit (CPU) cycles. Leveraging
these identified properties, we introduce a computation
resource allocation algorithm that offers a low-complexity
solution.

Simulation results demonstrate that the proposed asynchronous
computing framework reduces 87.87% energy consumption
compared with conventional synchronous computing coun-
terpart. Moreover, computational complexity of the proposed
computation resource allocation algorithm is reduced by 100
times compared with conventional interior point method.

The rest of this paper is structured as follows. Section II
elaborates system model and problem formulation. In Section
III, we investigate the properties of asynchronous frequency
allocation with given time allocation and user scheduling. The
joint optimization of user scheduling, time allocation, and
computation resource allocation is rendered in Section IV.
Simulation results are presented in Section V. Finally, Section
VI draws the conclusions.

II. SYSTEM MODEL AND PROBLEM FORMULATION

Consider a MEC network consisting of one MEC server,
and a set £ = {1,2,---, K} of energy harvesting enabled
edge devices. Within this network, each device k € K needs
to execute an Ay bits computational task, and will offload its
computational task to the MEC server. As shown in Fig. 1, the
devices need to first harvest energy from the server to enable
such offloading. Then, using the time division multi-access
(TDMA) technique, the devices need to schedule their offload-
ing toward the MEC server. In other words, the computational
tasks offloaded by devices will arrive at the MEC server
asynchronously. To this end, the MEC server will process
each device’s computational task in an asynchronous manner.
In particular, the server will process devices’ computational
tasks according to the time that it receives each of these
computational tasks.

The server and edge devices must complete their com-
putational tasks within a time period 7" which is divided
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into (K + 2) time slots. The duration of each time slot
n € {0,---, N+1} is represented by At,,, with N = K. Each
device uses one time slot to offload its computational task.
Let ay,, be the index to indicate whether device k offloads
its task to the server at time slot ¢,. In particular, if device
k uses time slot ¢,, to offload its computational task, we have
ay,n = 1; otherwise, ay , = 0. Since each device uses only
one time slot and each time slot can only be allocated to
one device, we have Zszl agn =1, Vne {1,--- ,N}, and
ZT]:/:I ag,n, =1, Yk € K. Meanwhile, when ay,, = 1, device
k will harvest energy from time slot ¢y to ¢,_;. Once task
k arrives at the MEC server, i.e., at time slot slot ¢,,+1, the
server will process this computational task.

The task computation process of the server and a device
jointly completing a computational task k consists of three
stages: 1) energy harvesting, 2) task offloading, and 3) remote
computing. Next, we first introduce the process of the energy
harvesting, task offloading, and remote computing stages.
Then, the problem formulation is given.

A. Energy Harvesting Model

The path loss model is given by hj, = A (chCdk)@ , where
A represents antenna gain, ¢ denotes the speed of light, f.
is the carrier frequency, ¢ denotes the path-loss factor, and
dy, represents the distance between device k and the server
[27]. The instant channel gain between device k and server
denoted by hy, follows an i.i.d. Rician distribution with line-
of-sight (LoS) link gain equal to yhy, where ~ is Rician factor.
If device k offloads its task at time slot ¢,, (i.e., ar,n, = 1),
the harvested energy of device k is B} = Z?:_Ol At;hgnPy,
where 7 is the energy harvesting efficiency of each device,
which is assumed to be equal for all devices [28]. Py denotes
the transmit power of the server. Since each device has only
a single time slot for task offloading (i.e., there exists only
one n € N such that ap,, = 1 for a certain device k), the
energy harvested by device k can be reformulated by Ef =

Yooy Yy aknAtihin Py (Vk € K).

B. Tasks Offloading Model
Based on the monomial offloading power model [20], [29],

the transmit power of device k at its offloading time slot ¢,, is

Aren)®  AMAr)?
hy hi(Aty,)3’

Vk e K,vne{l,---,N},

(D

where 75, = Ai/At, is the transmission rate, A > 0 is
the energy coefficient related to the bandwidth and the noise
power, and the order 3 is the monomial order associated with
coding scheme. Since the transmit Rfower of devices comes
from harvested energy, we have E R TRAN Y T EH
(Vk € K).

Pen =

C. Computing Model

The MEC server is equipped with multiple CPUs such
that the computational tasks offloaded from different devices
can be executed in parallel [30]. Let I; be the computation
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Fig. 2: Asynchronous computation resource allocation.

intensity of task %k in terms of CPU cycles per bit. As shown
in Fig. 2, to sufficiently utilize asynchronous computing, the
computation resource of the server will be reallocated to the
computational tasks offloaded from devices at each time slot
from ty to ty4;. Intuitively, the first uploading task can
occupy the whole computation capacity of the server before
the second offloading task arrives, while all the tasks compete
for computation resource at time slot ¢5.1. At an arbitrary
time slot m € {2,--- ,N+1}, fom, Vn e {l,--- ,m—1}1is
set to be the computation resource allocated to the task that
arrives at the server at time slot ¢,,. Given these definitions,
we have ZT:_II fom < Fuax (Ym = 2,--- N + 1),
where Fi, . represents the maximum computation capacity
of the MEC server. To complete the task computation for
each device k, we have 22;1 ZyNniiH Ak fro.m Dt > F
(Vk € K), where F, = Ayl represents the computation
cycles of device k. Besides, the energy consumption of the
MEC server for all tasks computation can be formulated by
Eyvge = Zn 1 ZTNRJF:LH 3 Atn,, where k denotes the
energy coefficient of the MEC server.

D. Problem Formulation

Our goal is to minimize the MEC server’s energy consump-
tion of completing the tasks offloaded by all devices, which
is formulated as an optimization problem as

N N+1

: 3
N 3 N n-1

s.t. ZaMM <N arnAtihin Py, Vk € K,
n=1 hk (Atn)Q n=1 =0

(2a)

m—1
> fam < Faae, Ym=2,--- N +1, (2b)
n=1
N N+1
S0 aknfamAtm > Ay, VEEK, (20
n=1m=n+1
N+1
Z At; <T, (2d)
=0
K
> apn =1, Vne{l,--- N}, (2e)
k=1
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N
> arn =1, VkeKk, (20

=1
arn €1{0,1}, VkeK,vne{l,--- N}, (2g)
where At = [Atg, - - - 7AtN+1]T’ f =
(fn,m)VnG{l,m,N},mE{n+1,~“7N+1}’ and A = (akm)KXN'

In (2), (2a) is energy consumption causality constraint; (2b)
represents a computational resource allocation constraint;
(2c) ensures the completion of task computing; (2d) implies
that the execution time of all devices should be less than T
(2e)-(2g) are user scheduling constraints. Since the discrete
user scheduling variables aj, and continuous resource
allocation variables At;, f, ., are highly coupled, problem
(2) is a standard MINLP problem which is difficult to solve.
To handle this issue, we first analyze the optimal computation
resource allocation with given user scheduling and time
allocation in Section III, based on which an efficient low-
complexity computation frequency optimization algorithm is
proposed. Finally, in Section IV, we propose a GBD-based
algorithm to jointly optimize user scheduling and resource
allocation so as to solve problem (2). 1

III. ANALYSIS AND ALGORITHM OF THE OPTIMAL
COMPUTATION RESOURCE ALLOCATION

In this section, we first analyze the properties of the optimal
computation resource allocation, and then a low-complexity
computation resource allocation algorithm is accordingly pro-
posed. For ease of notation, we use F,, (Vn € {1,---,N})
to represent the computation cycles to complete the task
that arrives at the server with order n. With given time slot
allocation vector At and user scheduling matrix A, problem
(2) is simplified as follows:

N N+l
1 3
Imnin B frr i Db, 3)
Bl 2, 2, e
m—1
s.t. Z fn,m < Fhax, Vm=2,--- N +1, (3a)
n=1
N+1
Z fmmAtm > F,, Vne {17 . ,N}7 (3b)
m=n+1
faom>0,Yne{l,--- N},Vm=n+1,--- ,N+1.
(3¢)

Before solving problem (3), we provide the feasibility condi-
tion as follows.

Proposition 1. Problem (3) is feasible if and only if Fiax >
=n F'L

maXne(1,-- ,N} m

IFor multi-server edge computing systems, new indicator variables can be
introduced to denote the association between tasks and servers. Then the en-
ergy minimization problem can be formulated as a MINLP problem containing
two kinds of binary optimization variables for task-server association and
scheduling sequence, respectively. Despite being more complex, the problem
can be solved efficiently using conventional MINLP methods such as convex
relaxation and branch-and-bound, or latest approach using machine learning
(see e.g., [27]). It is worth noting that with given task-server association, the
proposed algorithm in this work is still applicable to scheduling and resource
allocation optimization for each server. The detailed transmission protocol and
algorithm procedure are left for future works.

Proof. Please refer to Appendix A. O

Denote {ay,}, {fn}. and {vn,m} as the non-negative La-
grangian multipliers associated with the maximum frequency
constraints (3a), task computation completion constraints (3b)
and non-negative frequency constraints (3c), respectively. The
optimal computation resource allocation is given by the fol-
lowing proposition.

Proposition 2. Given the optimal {a,}, {55}, the optimal
solution of problem (3) is given by

nm — -

oo PR G
3k 3rAL,

+
} ,VnekK,Vvme{2,--- | K+1}.

4)

Proof. Since (4) can be effectively obtained by solving
Karush-Kuhn-Tucker (KKT) and Slater conditions, the proofs
is omitted here. O

According to Propostion 2, we can use the sub-gradient
method to obtain the optimal {a,} and {8}} so as to
acquire the optimal computation resource allocation. To further
reduce the computational complexity and provide some design
insights, the properties of the optimal solution of problem (3)
are summarized in the following theorem.

K F,

n=i—1

Zi72 Fn +

=l Y i At | R At
(2 <i < K +1). The optimal computation resource has the
following properties:

Theorem 3. Denote f (i) =

1) The optimal solution of problem (3) satisfies f; 1
L= *’>“'>f:z<,j:'“:f;,l(+1:0 (n+1

n,t
i < j < K+1), where t; is referred as “transition pomt
Oé

SIA

. % . _ oéf _ _ ¥
2) T}ie optimal {sz} satisfies 0 = ;7 = -+ = x5 <
Xig1 AR 41
At Atg41”

3) The transition point is ¢; (3 <7 < K + 1) if and only if
F(i — 1) < Frax < F (4).

Proof. The proofs of 1), 2) and 3) are provided in Appendix
B, C, D, respectively. O

According to property 1) in Theorem 3, the optimal fre-
quency allocation scheme for a certain offloading task always
follows a specific pattern: the frequency allocated to each
device remains constant initially, then gradually decreases
and eventually reaches zero. This property motivates us to
deduce the condition f, > f;,.;. The property 2) in
Theorem 3 implies that the computation resource of the server
is redundant at time slots from ¢, to ¢;, while the maximum
computation resource Fj,,y is utilized at slots from ¢;4; to
tK+1.

According to property 1) in Theorem 3, unless f; ., =

“= fo k1 (Vn € K), there always exists a special time
slot ¢, we called “transition point” such that f7 ., =--- =

me—1 > Jno > fokyr B < e < K+ 1)
The transition point indicates the number of time slots that
the computation resource remains the same. The computation
resource decreases for all tasks at the transition point. The
method to find out the transition point when it exists is given
by property 3) in Theorem 3.
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Fig. 3: Properties of the optimal computation resource alloca-
tion.

Property 3) in Theorem 3 also shows that the transition point
is impacted by the computation ability of the server. We can
directly determine the transition point ¢,, utilizing property 3)
in Theorem 3 without the need of solving problem (3). After
determining the transition point, we have o, =0 (2 < m <
» — 1) according to property 2) in Theorem 3.

Fig. 3 depicts an illustration of properties in the optimal
computation resource allocation. As can be seen, before the
transition point ¢,,, the optimal «j, = 0 and f}, keeps
unchanged as m = 2,---,3 — 1. Based on Theorem 3,
a low-complexity algorithm is proposed in Algorithm 1.
First, we check the feasibility of problem (3) according to
Proposition 1. Then, we determine the transition point %,,
based on property 3) in Theorem 3. If there is no transition
points, which means that the computation resource of server
is abundant, we can directly obtain the optimal solution

_ _ Fy .

notl = nK+1 = SR 2 At forn=1,--- ,K;
otherwise, we obtain the transition pomt t,. and have o, =0
for m = 2,--- , 5 — 1. Hence, we only need to find out the

optimal o, (m = »,--- , K +1) and 8% (n =1,--- ,K).
Note that with given 8% (n = 1,---, K), we can obtain the
optimal «, by solving the following (K — s + 2) equalities

Bn Am
Gm, am) Z [3/{ 36AL,

(m:%7...

+
:| = Fmax7

K+1), 9

since the maximum frequency is utilized at time slots from
t,, to txy1. Since G(m,a,,) decreases with respect to ,,
the bisection method is adopted. It should be noticed that

B ~ when

G(m, oy, achieves the maximum value of "
Q/m >
At =

0 and the minimum value of 0 when
,m—1Pn. Therefore, the upper bound of - is

Qypy, —

maXp=i,...
aub
set as =
At
lb m

= MaXp=1,... m—1 Pn. For the lower bound, we

Xm—1

set A = A according to property 2) in Theorem 3.
After obtaining «,,, for m = s, --- K + 1, 3, is updated
by a sub-gradient method [31], where ¢,, is the dynamically
chosen step-size. Through repeating Steps 5 to 13 until the
objective of (3) converges, we can obtain the optimal o}, for

m=2,--- ,K+1and g forn=1,--- K.
The complexity of Algorithm 1 is O L\;}‘) log,y (£ )),

where €g denotes the accuracy of the bisection method and
€1 is the accuracy of the objective of problem (3). Compared

Algorithm 1: Optimal Computation Frequency Allo-
cation Algorithm

K
i=n

W, £0 to Step 2

1 If Flnax > maxne{1,.--,K}

otherwise, problem (3) is 1nfea51ble
2 According to Theorem 3, if there is no transition point, the
optimal solution is given by

* * F,
fn,n+1 :"':fn,K+1 - ZK+1 = At for
. m=n+1"="mT .
n=1,---, K; otherwise, obtain transition point ¢,. and let

ay, =0form=2,---,—1.

2
itiali —(— _Fn —1....
3 Initialize 8, = (Zfiiiﬂ Atm) forn =1, , K and
required precision eg.
4 repeat
5 for m =,--- K+ 1do
l Q1 a“b
6 = Ato; and A;“n = maxp=1,...,m-1 Bn-
. aub al
7 wh11e¢—ﬁ>eo do
™ b Qb
8 Set 3 (& + &0)/2
9 Calculate f = By _om |7
n,m — B kAt :
am .
10 It 5505 frm > Fmax, AP
otherwise, let ’" — A"‘;" .

tm,
11 end
12 end

K+1 +
13 Update 8y, < |Bn + ¢n [ Frn — Zm:nﬂ Fr,mAtm

forn=1,---, K.

14 until the objectlve of (3) converges;
15 Output the optimal {f;; ,,, }.

with the complexity of O ((K 2+ K )3‘5) by the interior point
method, the complexity of the proposed algorithm is signif-
icantly reduced. Moreover, when s¢ is large, the complexity
can be further reduced since more numbers of «;;, are zeros.

IV. JOINT USER SCHEDULING AND RESOURCE
ALLOCATION ALGORITHM

In this section, we employ the GBD method to solve
problem (2). The core idea of GBD method is decomposing
the original MINLP problem into a primal problem related to
continuous variables and a master problem associated with in-
teger variables, which are iteratively solved?. Specifically, for
problem (2), the primal problem is a joint communication and
computation resource optimization problem with fixed user
scheduling. The master problem optimizes user scheduling by
utilizing the optimal solutions and dual variables of the primal
problem. Next, we describe the detailed procedures.

A. Primal Problem

With given user scheduling A, problem (2) is reduced to
the following optimization problem:

K K+1
min YN Af A, (©6)
At’f n=1m=n+1

)\Aﬂ 3 n—1
s.t. M (6a)

< E At;hy nPy, Vn €K,
2 — n
hﬂn(Atn) s

Interested readers may refer to [29], [32]-[34] for details.
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K+1

> famAty > Ap L VneK, (6b)
m=n-+1
(2b), (2d), (6¢)

where 7, denotes the index of the n-th offloading device, i.e.,
we have 7,, = k if a3, = 1. Since the user scheduling scheme
A is known, the value of 7, (Vn € K) can be deduced and
substituted into problem (2). Since problem (6) is non-convex
due to the constraints (6a), (6b) and the objective, we introduce
Tpnm = fn,mAtm(vn =1, ,K,Vm =n+1,--- 7K+ 1)
to represent computation amounts of the n-th offloading task
at time slot m. Hence, problem (6) is equivalent to

K K+1
EBEZE:“ ™
n=1m=n+1
m—1
st Y Tnm < FraxQty,Vm =2,--- K +1, (7a)
n=1
K+1
> nm > ArIr,, Vnek, (7b)
m=n-+1
(2d), (62), (7¢)

where & = (Tpm)vnek,me{n+1,- ,k+1} is the collections of
Zp,m. It can be proved that problem (7) is convex utilizing the
tricks of perspective function [35]. To further provide useful
insights and reduce computation complexity, we utilize the
block coordinate decent (BCD) method to iteratively optimize
time allocation and computation resource. Since the low-
complexity computation resource allocation algorithm with
given time allocation has been provided in Algorithm 1, next
we propose time allocation algorithm with fixed computation
resource allocation.

The Lagrangian function of problem (7) with respect to At
is given by

K K+1

EZZR

n=1m=n+1

3 n—1
+Z o <7r))2 72 Atih,rnnP())
K+1 K+1
+£ (Z At; T) -+ Z Wm, (Z Tnm — FmaxAtm> 5
1=0
®)

where p,, w,, and & are dual variables related to constraints
(6a), (7a) and (2d), respectively. Taking the derivative with
respect to At, we have

oL X
=— *he,nPo+ & =
N ;pn WP+ € =0, ©
0L L 2XM(An)? e . .
OAE iy (AL nzpnhmpo +£=0, (10
oL —. (2n.)? 5
=—) 2 2l E NP,
DAL ; H(Atf)3 2 1+1pn » 110
+§*—w?*me:0 (2§2§K—1), (11
oL an )? o 2A(Arg)?
- - - Fmax: 5
BN Z Bt)F P E (At )p T TR 0

(12)

oL

3
_ % (xn,KJrl)
oA, 2

(At* )3 +£* _w;(-i—lFmax =0. (13)
n=1 K+1

Through solving above equations, the optimal At} (Vi) is
obtained in the following proposition.

Proposition 4. The optimal At* is given by

K+1
Aty =T - At}

i=1

2"€h77i Zfz;ll

(14)

(xn,i)s + 2:0;)‘(147&-)3

* 3
i

€, = Ynzir P, )1 Po = @ i Fros

(VZ € {23 e 7K - 1})a (15)
Ath = ¢ 26N 25;11(xn K)3+2P?(>‘(Am<)3 (16)

K — * )

§* My — Wil Finax
26 3 p (T i 11)?
At* = 3 n=1 ? , (17)
K+1 \/ 5* _ W;(_;,_lFmax

and At} is the null point of W(x), where
W) = (T-SEAL) 22 (he) P — MA),

< (03 (r-T5' an)

Proof. The proof of Proposition 4 is provided in Appendix H.
O

Through iteratively optimizing time allocation and compu-
tation resource allocation, we can obtain the optimal solution
of primal problem (7). However, if problem (7) is infeasible,
we formulate the corresponding ¢;-minimization problem as
follows:

K
i 1
At,;zl;%,L>o,;“’““’“>’ "
K n-1
s.t. Zakn 2_Ck+zzaknAt hinPo,
n=1 =0
vk € K, (18a)
K K+1
Lk"‘z Z ak,nxn,'rnZAka7Vk € K:a (18b)
n=1m=n+1
Qd), (7a). (18¢)

Since problem (18) is convex and always feasible, we can use
the interior point method to obtain the optimal solution and
corresponding dual variables.

Furthermore, we can observe that the solution of primal
problem always provides a performance upper bound for
problem (2) since user scheduling is fixed. Then the upper
bound is updated as UBY) «+ min{UBU~Y fU)} where
f\) denotes the objective value of primal problem (6). As can
be seen, the upper bound is always non-increasing as iteration
proceeds. Subsequently, we construct master problem using
the solutions and dual variables of primal problem (7) and
feasibility problem (18).
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B. Master Problem

At each iteration, optimality cut or feasibility cut are added
to master problem depending on whether the primal problem
is feasible. Denote (/7 and J5 as the set of iteration indexes
indicating the primal problem is feasible and infeasible, re-
spectively. Specifically, the optimality cut for each j € J; of
feasible iterations is defined as

K K+1 ( (j)

=2 2 -

n=1m=n+1

O(A,pm,ﬂ(])

> [ Lo

k=1 n—=1 hi (At(]))

K ) K K+1
+ Z/B](C]) (Aklk: - Z Z af, er(]) ) )
k=1

n=1m=n+1

19)

@) and B(] ) represent the dual variables related to

where p;’
primal problem at the j-th iteration, xﬁf )m and At%) denote
the solution of primal problem at the j-th iteration. The terms
irrelavant to A are omitted based on complementary slackness
theorem [31]. Similarly, the feasibility cut for each j € J5 of

infeasible iterations is defined as

K K+1
(A, p, ) Zﬂm (Ak[k_z S ammm)

n=1m=n+1
) K n-—1 o
n Z ~(4) Z Ak (AE(J)) nz::l ; ak,nAtEJ)hk??Po
(20)

59) and B(j ) represent the dual variables related to

where p;
feasibility problem at the j-th iteration, zgf 371 and Aﬂ(f@)
denote the solution of feasibility problem at the j-th iteration.

Therefore, master problem is formulated as

I£l£ P, (21)
st. 0(A,pY) BU)) < Vi e Ji, (21a)
04,987y <0, Viedm  @lb)
(2e) — (6g). (21¢)

In particular, (21a) and (21b) denote the set of hyperplanes
spanned by the optimality cut and feasibility cut from the
first to the j-th iteration, respectively. The two different types
of cuts are exploited to reduce the search region for the
global optimal solution [36]. Master problem (21) is a standard
mixed-integer linear programming (MILP) problem, which
can be solved by numerical solvers such as Gurobi [37] and
Mosek [38]. Since master problem is the relaxing problem
of MINLP problem (2), solving master problem provides a
performance lower bound for problem (2). The lower bound is
given by LBY) < ). Since at each iteration, an additional cut
(optimality cut or feasibility cut) is added to master problem
which narrows the feasible zone, the lower bound is always
non-decreasing. As a consequence, the performance upper

Algorithm 2: Joint User Scheduling and Resource
Allocation Algorithm

1 Initialize arbitrary feasible user scheduling AW and set
j=1LUB=+00, LB = —o00, J1 = Ja = {;

2 repeat
3 if problem (7) is feasible then
4 repeat
5 Obtain the optimal computation resource f <2
and dual variable ,6’,2] ) according to
Algorithm 1;
6 Obtain the optimal time allcation AtY) and dual
variable p(] )
7 until the objective of (7) converges;
Update UB and J1;
9 else
10 Solve feasibility problem (18) and update J>;
11 Obtain the corresponding optimal solution #9) and
At as well as dual variables p A(]) and B%);
12 end
13 Solve master problem (21) by adding optimality cuts
(19) and feasibility cuts (20);
14 Setj<«j+1;
15 Update A9 and LB;

16 until UB and LB are sufficiently close;
17 Output the optimal f*, At* and A*.

bound obtained by primal problem and the performance lower
bound obtained by the master problem are non-increasing
and non-decreasing w.r.t. the iteration index, respectively. As
a result, the performance upper bound and the performance
lower bound go to converge [29]. Therefore, through iteratively
solving primal problem and master problem, we can obtain
the optimal solution when the upper bound and lower bound
are sufficiently close [33], [36]. The detailed algorithm is
summarized in Algorithm 2.

C. Complexity Analysis

The complexity of solving problem (2) by Algorithm 2
lies in solving the primal problem, feasibility problem, and
master problem at each iteration. For primal problem, where
we iteratively update time allocation variables and frequency
variables. The frequency optimization method is given in

K+2—
2= log, (1/0) ) as
analyzed in Section III. The time allocation optimization is
according to Proposition 4, whose complexity is estimated

as O (K logy(T)). Therefore, the total complexity of solv-

(2222 10, (1/e0) K logy(T) L1 ),
where L; denotes the iteration number in the primal prob-

lems. For the feasibility problem, the complexity is given by
3.5
@) (% + 3K + 1) by the interior point method.

For the master problem, the computational complexity is
O (2K) by the Branch and Bound (BnB) method [39].

Algorithm 1, whose complexity is O

ing primal problem is O

V. SIMULATIONS

In this section, we perform simulations to validate the
proposed scheme and algorithm. There are K = 10 devices
around the server. The task size A and computation intensity
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obey uniform distribution on [10,50] Kbits and [500, 1500]
cycles/bit, respectively. The transmit power of BS is Py = 3 W.
The energy coefficient of the MEC server and energy conver-
sion factor of devices are set as k = 1072¢ and 7 = 0.51.
We set the energy constant of transmission A = 10725,
Furthermore, the maximum computation resource is Fiax = 1
GHz and the allowable delay is 7" = 1 second. In channel
model, we set antenna gain A = 3, carrier frequency f. = 915
MHz, path-loss factor ¢ = 3, speed of light ¢ = 3 x 10% m/s,
and the Rician factor is v = 0.3. The following benchmarking
schemes are provided:

e JSORA [26]: The joint sensing-and-offloading resource
allocation algorithm, where the allocated frequency for
each device keeps unchanged during its computation
duration, i.e., frnt1 =+ = fo.x41 (Vn € K).

o JCCRM-Sync [11]-[17]: The joint communication and
computation resource management algorithm, where the
computing of server will not begin until all tasks are
received, which is adopted by most of the literature.

e Random scheduling scheme [22], [25]: We randomly set
the user scheduling for offloading.

e Exhaustive search: We randomly choose multiple initial
points for Algorithm 2 and select the smallest result as
output. The results of exhaustive search method can be
regarded as global optimal solutions.

Besides, all accuracies used in the simulations are set as 10~°
for fairness.

Fig. 4 demonstrates the energy consumption performance
comparisons between different schemes under different num-
bers of devices. We can observe that the energy consump-
tion of the proposed scheme as well as benchmark schemes
increases with the number of devices getting large. This is
because that devices have to compete for fixed communi-
cation and computation resource. As the number of devices
increases, the average transmission time and computation
time of each device get small, thus average computation
resource becomes large. Therefore, larger energy consumption
of server is required in order to finish devices’ tasks within
the required delay. Moreover, as can be seen in Fig. 4, the gap
between the proposed algorithm and exhaustive search scheme
is small. This indicates that the proposed algorithm achieves
close-to-optimal solutions. Compared with JSORA scheme,
random scheduling scheme and JCCRM-Sync scheme, the
proposed scheme achieves 30.88%, 19.51%, 87.87% energy
reductions, respectively. This can be explained by that the
proposed algorithm can take full advantage of the flexibility
of asynchronous computing and user scheduling. Particularly,
compared with the proposed scheme, JCCRM-Sync scheme
wastes the idle computation resource from time slots o to
tr. Similarly, JSORA scheme can not make full use of
computation resource from time slots to to tx. Hence, its
performance is better than JCCRM-Sync but worse than the
proposed scheme. Additionally, random scheduling, as most of
the existing literature does, can not utilize the heterogeneity of
tasks size and computation intensity well in MEC networks.

In Fig. 5, we depict the energy consumption curves of
different schemes versus the maximum allowable delay. As
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—=&— Proposed scheme
JSORA
- Random scheduling
+- JCCRM-Sync

Exhaustive search
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Fig. 4: Energy consumption versus number of devices.
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Fig. 5: Energy consumption versus maximum delay.

can be seen, the energy consumption of all schemes decreases
as the maximum delay becomes large. This is because as delay
gets large, the server has more time to finish tasks. Thus,
the fewer computation resource is allowable. Hence, energy
consumption can be reduced. From Fig. 5, it can be veri-
fied that the proposed algorithm outperforms benchmarking
schemes in terms of energy consumption in the considered
region of delay, especially in resource-scarce scenarios. This
phenomenon can be observed in Fig. 4 and Fig. 5 that
the difference in energy consumption between the proposed
algorithm and benchmark schemes gets small when resource
is abundant. This is because the flaws of benchmark schemes
compared with the proposed algorithm can be appropriately
compensated by utilizing additional sources. Furthermore, it
should be noticed that JSORA scheme is equivalent to the
proposed scheme when computation resource is abundant
according to Theorem 3.

Fig. 6 illustrates a specific case of the allocated frequency of
each device at each computation slot under different maximum
computation frequencies when K = 5. It can be seen that as
the maximum frequency F,.x becomes large, the transition
point is gradually postponed, and finally no transition point
exists when computation resource is sufficiently large which is
in accordance with Theorem 3. Specifically, for each subfigure,
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Fiuax = 0.63 GHz

(a) Transition point: t3 (b) Transition point: t5

Fuax = 0.72 GHz Fiuux = 0.8 GHz

(d) No transition point

(c) Transition point: tg

Fig. 6: Illustrations of different transition points under different
maximum frequencies.
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Fig. 7: Comparisons of computational complexity with K =
10.

we can find that before the transition point, the allocated
frequency for each device being computed remains unchanged
and the maximum frequency constraints do not work. From
the transition point to the end, the allocated frequency for
each device becomes small and the maximum frequency of
the server is used. This verifies Theorem 3.

Fig. 7 depicts the computational complexity comparisons
between the proposed Algorithm 1 and the interior point
method under different transition points. As can be seen,
the computational complexity of Algorithm 1 is significantly
reduced compared with the interior point method, by more
than 100 times on average. As the transition point becomes
larger, the complexity further decreases. For example, when
the transition point sz = 11, the complexity of Algorithm 1 is
reduced by 1000 times. This is because the proposed computa-
tion resource allocation algorithm fully utilizes the properties
in Theorem 3 to reduce algorithm complexity, especially when
the computation resource of the server is abundant.

To test the compatibility of the proposed algorithm under
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Fig. 8: Energy consumption versus minimum task size.

different task scale differences, the energy consumption versus
minimum task size A, is shown in Fig. 8, where task
size obeys uniform distribution on [Apin, Amax] With fixed
mean value % = 30 Kbits. With a large A,
the task scale difference is small. In Fig. 8, the proposed
scheme and exhaustive search scheme achieve nearly the same
performance, and outperform other schemes. One can observe
that the energy consumption increases as task scale difference
gets large. This can be explained by that the resources have
to be tilted towards the devices with large task sizes, thus
resulting in more energy consumption.

VI. CONCLUSION

In this paper, we have investigated a joint user scheduling
and resource optimization framework for MEC networks with
asynchronous computing. An optimization problem of joint
user scheduling, communication and computation resource
management has been solved aiming to minimize the energy
consumption of server under the delay constraint. Simulations
verified that the proposed algorithm yields significant perfor-
mance gains compared with benchmark schemes. This work
establishes a new principle of asynchronous computing and
verifies the superiority over its synchronous counterpart. For
future works, we will generalize the proposed asynchronous
computing framework to heterogeneous task deadlines scenar-
ios so as to further activate its potential. As another direction,
the extension to online algorithm design and accommodate
new coming devices deserve further investigation.

APPENDIX A
PROOF OF PROPOSITION 1

The feasibility problem of (3) can be constructed as

m—1
min | omax ; Frms (A.D)
K+1
st. Y famAtn > F, VYnek, (A.la)
m=n+1
fam =0, YneK,Vm=n+1,--- , K+1.

(A.1b)
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If the optimal objective of problem (A.1) is less than or equal
to Fi.ax, problem (3) is feasible; otherwise, it is infeasible.
Subsequently, we analyze the optimal solution of problem
(A.1). First, when K =1, i.e., there exists only one task, the
optimal objective of problem (A 1) is A . When K = 2,

we consider two cases: 1) If ATQ < Af.;’ this indicates
that the optimal scheme is computing task 2 after task 1
is finished. Therefore, the optimal solution is fi2 = Ailz
and fo, 3 = <. Hence, the optimal objective is & 2) If
Af2 > At , thls implies that part of task 1 can be processed

in parallel with task 2. Hence, the optimal solution i 1s glven

_ _ _F+Fy : M+
by fi2 = fis+ f2,3F—+%t2+At3- Since AtotAts = At , the
1 2

optimal objective is ;-5 In conclusion, when K = 2, the

optimal objective is max{ﬁ&, A 21 Similarly, by recur-

sion, we can deduce that when there exist K TD, the optlmal

; ; Fi+--+Fk Fot-+Fk
solution is max{ Rist TACTT Aly o TALSTD
That completes the proof.

" At}(+1 }

APPENDIX B
PROOF OF PROPERTY 1) IN THEOREM 3

Before that, we give the following two corollaries to facil-
itate the proof.

Corollary 5. [Row property] The optimal computation re-
source of each task is non-increasing during its computation

period, ie., f3 11 > frnge = 2 [ g (VR EK).
Proof. Please refer to Appendix E. O

Corollary 6. [Column property] Denote the sum computation
cycles of the n-th offloading device in time slots t,, and
tme1 by Fy form =3,---  Kandn =1,--- ,m—1.If
F, > 0holds for alln = 1,--- ,m—1, the optimal frequency
shifts & £ fr . — frne1 (n=1,--+ ,m —1) are either all
zeros or all positive, i.e., have the coincident zero or positive
characteristics.

Proof. Please refer to Appendix F. O
First, applying the KKT conditions gives
3’%(.](* )ZAt + Oy — BnAtm - ’Yn,m = 0; (Bl)
(679 Z fn m max = 07 (BZ)
K+1
R ey Ve (B.3)
m=n+1
Yomfom =0, ¥n €K, (B.4)
A >0, Br >0, vn,m > 0. (B.5)
Based on (B.1), we obtain that
577, TYn,m — Qm
==+ . B.6
m 3K + 3kAt,, (B.6)
In case of fr,,, >0 (YR e K,Vm=n+1,--- K+ 1),

we have 7, »,, = 0 according to (B.4). Furthermore, /3, > 0 is
derived from (B.6). According to Corollary 5, the optimal so-
lution satisfies f; ,, > f5 41 Thus, we have £ < Sod)

= Atyyr”
Assume that there exists a certain ¢ € {3, -+ | K } such that

wi = fniy1- We have 35 = §t++11 If 34 = Ao‘till > 0,
ie, a; > 0 and a;41 > 0, we should have Z;;ll fni =
22:1 fn,i+1 = Fmax according to (B.2). Furthermore, due
to fom > 0 (Yn € K,Vm €= n+ 1,--- | K + 1),
the computation cycles f, ;At; + frn 1At > 0 (Vn €
1,---,i—1). According to Corollary 6, we have f,,; = fn.i+1
(n=1,---,i—1). Hence, it can be derived that f; ;11 =0
which contradicts that f; ;1 is positive. Therefore, we have

R ) — Qi Xit1 i Q|
a; = oz‘,+1 = 0, ie., AL T D T 0. Since Aty <

- < K‘t’? and ao,--- ,a;_1 > 0, we can further obtain that
ag = -+ = a;41 = 0. This indicates that if there exists a

certain i € {3,---, K} such that f¥, = f* ., >0, we have

;:,n+1 = f:,n-&-Q = = f;:,iJrl'
Additionally, if there exists a certain ¢+ < 5 < K + 1 such
that fn; = 0, we can deduce that f ;

. K4l 0 since ITniZIniz1 > Zf;,za-l-

Comblng the above two cases, we complete the proof. W

f;:,jJrl = ... =

APPENDIX C
PROOF OF PROPERTY 2) IN THEOREM 3

According to Appendix B, we can obtain that aj =
¥ 0. Moreover, since f,_1,, > [i_ 1,41 =

= ai =
y Bn 1 Yn— Qi
0 ¢ < m < K), we have + ?mAtn >
Bn_l 'Yﬂ,—l.,n+1_04n+1 .
+ 3RALL according to (B 6). Due to that
Yn—1,n = 0 and vn 1,n+1 > 0, we can deduce that — g >
Yn—1,n+1—"Qn41 _ OQn41 Qnt1
Aot > —ai ie., At < Rins (i<n S*K).
o 9y
O\ierall, we c§n conclude that 0 = Ay = = an <
Xig1 AR 41
Ati+1 At}(ﬁ—l’ .
APPENDIX D

PROOF OF PROPERTY 3) IN THEOREM 3

We first prove the “only if” part. According to property
1) in Theorem 3, if ¢; is the transition point, we have
41 = foicn > fhi > Iy =
Fisr =0 (n+1<i<j<K+1)and Y00 frm =
Fuax (i < m < K +1). Since Y80 fr A, =

K+1
F,,, we can obtain that ZKH IomAty < %
m=n41 tm

(1 < n < i—2). Thus, we have (ZK+ZI At m) Fnax =
1—2 K+1 K K+
Z:L 1 m= z ;mAt + Zn i—1 Zm n+1 At <
F,, ie., FmaX<F()

i—2 Fp (Zm 1At,.,,)
Zn 1 ZK+1+1 tm +Zn i—
Similarly, if ¢;_; is the transition point, we have Fl.x <

_ . Fi_2 Zn i lF"
F(K ). Since £ (i Z{ Fi-1) = Stion Btm SR AL
., F Fy, Fy,
n=i—21n n=i—1 _ n=i—1
SRT L Atn T SATTAL,  SAT Ar, o O We should

have f (i — 1) < Fiax < F (4).
For the “if” part, if Fihax < F('), we can deduce that
i A
(ZK+1 At ) max < Zn 21 % + Zn i—1
m n+1 m
Moreover, since Zn;l 5;1 omAtm + Z” i1 Fn <
(ZKH Atp)Fnax, We have Z’ 2 K+l At +

n=1 m=1 Jn,m
K i—-2 Fo (XK At,,,) .
Domein Fn < D00 1# + Zn i1 Fns i,
m=n
i—2 K+1 i—2 F, (KL Atm) .
Zn:l fn mAt < Zn 1 W Since
m=n+1 m
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;,n+1 > 2 ;Lkz—l > > f;K+1 (n+1 <
i < K 4 1), we can obtain that Y.°*! Dt <
K+1
W (1 < n < 4 — 2). Therefore, to let
m=n+41
i—2 ~K+1 i—2 F, (KL At
Zn:l m=i ;,JnAtm < Zn:l Zfiiiﬁl At,, hold, we
F’VL KtlA/m
should have Zfi;l o Qtm < % (1 <n<
i — 2). Further, it can be deduced that m+11 1S m At
Fo(Cmti ) Atm .
% (1<n<i-3).
m=n-+1
Additionally, since F(i — 1) < Finax
L — Fy K+l Aty
we can deduce  that 22:31 % +
m=n+1
K K+1
D neio2 Ff} 5 fﬂ_l (X mtio1 Atm)Fmax.  Thus,  we
i
have Enihl -1 f;: mAt + Zn:if2 F, <
i—3 Fn(Cnlis Atm) K
ZZ — K+1 L + Zn:7_2 FTL S

n=1 Zm*n«#l At
(Zfiii Atp)Fmax, which indicates that the computation
resource is abundant from ?;_; to tx 1. Therefore, we can
deduce that f; 1 == fy, 1 (n <i—2). Assume that
t; (1 > i) is the transition point. We have f (i — 1) < Fiax.
Since [ (i — 1) — F (i) > 0, Finax is infeasible, which breaks
the assumption. Therefore, we can conclude that ¢; is the
transition point.

Combining the proofs of “if” and “only if” part, we com-

plete the proof. ]

APPENDIX E
PROOF OF COROLLARY 5

To find out the optimal computation resource allocation
scheme, we first investigate the property of the most energy-
efficient scheme without the maximum frequency restriction
in Lemma 7, whose proof is provided in Appendix G.

Lemma 7. Regardless of At,,, At,4+1 and with given
computation cycles F,, in time slots t¢,, and %,,4;, scheme
nm = Jnmt1 consumes the least energy among all the
solutions satisfying fy, Aty + fromt1Qtmy1 = Fy.

For Corollary 5, we first prove that fi, > f7 5 with given
computation cycle F; and f; 3. Denote the sum computation
cycles in t5 and t3 of the first offloading device as Fy. Through
relaxing the maximum computation resource constraint, the
energy consumption is the least when fi 2 = fi13 = ﬁlma
according to Lemma 7. Since constraint (3a) should be satis-
fied, we have

f1,2 SFmaxv f1,3+f2,3 SFmax-

We consider the following two cases; otherwise, f1 2 and f; 3
have no feasible solution with the given F}.

Case 1: ﬁ + f2.3 < Fhax. In this case, we can
deduce that f;2 = fi3 ﬁ satisfies (E.1). Since
fie=fiz= ﬁlmg, is the most energy efficient solution,
the optimal solution in this case is f{, = fi 5=

(E.1)

Fy
Ato+Ats*

Case 2: m + f2 3 > Fmax- ObVlOuSly, fl,Q
fis = m is infeasn)le in 'thIS case. We then prove that
fi,2 < fi,3 is also impossible. Since fi 2 Ato + f1 3Ats = Fi,
fi,2 increases as f3 decreases. If fio < fi3, we can

deduce that f13 > ﬁ. Therefore, we have fi35 +
fo,3 > #lmg + f2,3 > Finax which violates the maximum
frequency constraint. As a consequence, the optimal solution is
Ji2 > fi 3. According to Lemma 7, the energy consumption
E increases with §; = f1 2 — f1,3 in the considered region 0 <
01 < Fy/Ats. Therefore, in order to achieve the fewest energy
consumption, we should let §; as small as possible. Hence, we

. — At
can obtain that f} 3 = Finax fg sand ff, = Bofishts e
corresponding optimal §; = 1= (Fmax th (At2+m2>

Summarizing the above two cases, we can obtain that
Jia = fi3. Subsequently, we prove that in ¢, and t,,41
(m = 3,---,K), we always have f; . > f» ., for all
n=1,---,m—1.

Denote the sum computation cycles of the n-th offloading
device in time slots ¢,, and ¢,,4+;1 by F,, i.e.,

fimAtm + fimy1D8m41 = 1,

fn,mAtm + fn,erlAthrl - Fna (EZ)

fm—l,mAtm + fm—l,m+1Atm+1 - Fm—l-
According to Lemma 7, when fy, , = fn,m+1 = #&H

foralln =1,--- ,m — 1, the minimum energy consumption
of the n-th offloading device can be achieved, thus the total
energy consumption is minimum. Moreover, the following
constraints should be satisfied:

anm_

We consider two cases.

F .
Case 1: Zn 1 m+fmm+1 < Fluax. In this case,

— F,
we can deduce that f'n,m = fomt+1l = o, v for.all
n=1,---,m — 1 satisfies (E.3). Thus, the optimal solution
. . . * o F'n. o
in this case is f , = XA An for all n =
1,-- -1
Fn
Case 2: Zn 1 m + fmm+1 > Fmax Ob-

F, .
VlOuSly, fn’m = fn,erl = m is infeasi-
ble in this case.

We then prove that 2?2—11 >
Zf}l n.m-+1 DY contradiction By summing all the equalities
in (E 21) we have At'm Z fn m"i_At'm—i-l Z fn m+1 =
S F,. Thus, Y77 1 fnm is negatively correlated with
L
S famt. I Zm 1 fam < E fn m41, it can be
Fy

1nferred that Zn 1 fn m+l > En 1 m We can
further have Y"1 fr i1+ fomt1 > Somy N tAtmn
fmme1 > Fmam which violates constraint (E 3). Simi-
larly, 1if Zn 1 fnm = Zzl_ll nmetL, we can obtain that

m— m— F,
anl n,m — Z fn m+1 — Zn 1 Atm"riAthd Hence,

m—1 m—1 F,

we have anl fn,m+1 .+ fmm+1 = Zn . . —
fmm+1 > Fmnar which breaks constraint (E.3). As a
consequence, the optimal solution in this case satisfies

m—1
anl f;m > Zn 1 fn ,m—+1-

Next, we prove that f; ., > f; ., foralln=1,--- m—
1. With given At,, and At,,11, we denote the energy con-
sumption of the n-th offloading device by E,, (F,,d,), where

max» an m—+1 < Fmax

n=1

(E.3)

= f;:,m+1

n,m
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n = fn,m
expressed by

— fam+1. According to (G.2), E,(F,,d,) is

(Fo + 0 Aty1)3
(At + Aty
(F, — 6, At,)3

Aty + Atyyi)?

which decreases when —F,, /At,,+1 < d, < 0 while increases

when 0 < 6, < F,,/Aty,.
Furthermore, since Zn 1 fn m+1 < Frax —

En(Fna 5n) = Atm

At?n-{-la (Tl = 17 e, M — 1)7 (E4)

fm,m—i—l’ we

have
m—1 m—1
Z fn,m - Z fn,m—l—l
n=1 n=1
m— m— m—1
Z _11 Fn - Atm—i—l Z _11 .fn m—+1
> n= n= ’ _
= Atm nzz:l fn,m+1
m—1
F,— (A A Frax —
2 Zn:l n ( tm + thrl)( max fm7m+1). (ES)
Aty
According to  (E.5), we have ZT_ll Sn >

net Fn (At’"JrAtm“)(Fm‘“‘ fmomi1) & ) Next, we utilize

contradiction to prove that 97 > 0 foralln =1,- - L
Assume in the optimal solution §; there exists a certain
0, < 0. We can suitably decrease other positive 9;; and
increase the negative d,, < 0 to zero while keeping Z On
unchanged. In this case, the total energy consumpt1on is
effectively reduced, which contradicts the optimality. That
completes the proof of 45, > 0, ie., f; ,, > fn 41 for all
n=1,---,m—1.

In summary, since we have proven fi, > f{ 3 and f; >
Jamer form =3,--- K andn =1,---,m — 1, we can
deduce Corollary 5. ]

APPENDIX F
PROOF OF COROLLARY 6

In case of Zn 1 m =+ fm m+1 < Fhax, the
optimal ¢} (n = 1,---,m — 1) are all zeros according
to Corollary 5. Therefore, we only need to justify the case
of Zn 1 m + fm,m+1 > Fmax. In this case, we
first prove that the optimal """ 6% = (. Assume that the
optimal ) /" "5 > Q. We can sultably reduce the positive
0, such that the energy consumption is further reduced, which
contradicts the optimality. Therefore, we can construct the
following energy consumption minimization problem:

m—1

i E,(F, F.1

min Z:l o (Fr, 6) (F.1)
m—1

st Y =10, (F.1a)
n=1

0< 5n < Fn/Atvm

where § = 01, ,0m_1]7T.
Based on (G.3), the second derivative of E,,(F,,d,) with
respect to d,, is given by

d?E,(Fy,6,)  66AL, Aty

= A n
d(6,)? (At + Atyi1)? 0n (A1

Vn=1,---,m—1, (Flb)

(F2)

- Atm) + Frb] .

We can infer that the second derivative of E,, (Fy,d,) is
always positive in the considered region —F,, /At 11 < 6, <
F,/At,,, no matter At,, is larger than or smaller than, or
equal to At,,+1. Hence, E,(F,,d,) is convex with respect
to &,,. Thus, problem (F.1) is convex. The partial Lagrangian
function of this problem is expressed as

m—1 m—1
> EBu(Fndn)+ T (Z On — o> : (F3)
n=1 n=1

st. 0<6, <F,/Aty,, Vn=1,--- ,m—1, (FE3a)

where Y is the dual variable with respect to constraint (F.1a).
Problem (F.3) can be decomposed into a series of (m — 1)
parallel problems:

Hgin En(Fru Jn) + T(Sn» (F.4)
st 0< 8, < Fy/Atm, (E4a)

Denote the objective of (F.4) by .J,,. Taking the derivative of
J,, with respect to ¢,,, we have

dJ,  dEn(Fy,6n)
do, ddy,

o 3I£Athtm+1
(At + Atpgr)?

+ 7,

On (0n (At a1 —Aty)+2F,)+ 7.
(F5)

It can be deduced that % is non-negative when

0 <6, < F,/At,,. If T > 0, we have gg” >= 0.
Thus, the optimal solution is achieved when §, = 0 for
aln = 1,--- ,m — 1, which co2ntradicts (E.la). Hence, we
should have T < 0. Due to % = % > 0 in the
region of [0, F,/At,,], i ‘3‘;: monotonously
increases. Moreover, we have %\gnzo =T < 0. Therefore,
we consider the following two cases.
,dJ,,L . 3k Aty 1 F2

Case 1: Sp=Fn /Aty <0, le, T < — —(Atm+At,:i1)At

In this case, dé" <=0 in the region of 0 < ¢,, < F,/Aty,.

Therefore, the optimal solution is 0F = F,/At,,
dJ, SKAtm+1F3
Case 2: 5 ‘67L_Fn/At7n 0 2 e, T > = (At +At7n+1)At7n

In this case, 4/n

has a null point in the region of 0 < §,, <

’ d6
F,/Aty, Thus "J,, decreases first and then increases. Through
solving T 5, = 0, we obtain that
—Fp +\/F2 = YE(Atmg1 — At)
f Aty < At
Abpirr — At ! < Bbmi
o = or Aty > Atpia,
T= .
_ E’ if Atm = Atm+17

(F.6)

Aty +Atm . .
where E = W Meanwhile, the optimal T* should

satisfy constraint (F.1a). Obviously, both the above two cases
satisfy 0 >0 (n=1,---,m — 1), completing the proof. B
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F F, IF ¢
net A, A, -AnL,

(@) Aty > Atym41

2F, F, F

N, =My A At M, A,

(b) Atm, < At'm,+l (C) Atm, = Atrn«!»l

Fig. 9: Illustrations of three cases for the analysis of energy
consumption in Appendix G.

APPENDIX G
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Denote 571 fn,m - fn,m+1~ Since fn,m and fn,m+1
should be larger than or equal to zero, we can deduce that
—F, /Aty <6, < F,/At,,. Hence, we can obtain that
Fn + 6nAtm+1 Fn - 5n,Atm
Aty + Aty Aty + Aty
Therefore, the energy consumption in time slot ¢,, and ¢,,11
can be given by

fn,m = (G.1)

5 fn,m—i—l =

E, = Fv’ff{ mAt +I€f7§, m+1Atm+1’

(Fo + 0 Atmyr)?
= At,,
VBl T Al p o

(F, — 6, 0t,)3
(Aty, + Atpi1)3

(G.2)

Taking the first derivative of E,, with respect to J,,, we have

dEn 3;‘£Athtm+1
= On (0n(Atmyr — Aty,) +2F,) .
A6, (Aty + Atyysr)? (On(Bbm1 ) )
(G.3)
Equation (G.3) has two null points: 0 and #&W. We

consider the following three cases.
Case 1: At,, > At;41. In this case, we have 0 <

2F, .
Ao AT The2 Iinergy consumption decreases when J,, < 0

and §,, > J

2F, . . . .
A AL 8 shown in Fig. 9(a). Since we can easily
2F),

prove that —=7% - > F,/At,,, the minimum energy
consumption is obtained when 4,, =0, i.e., f; ., = fr i1
Case 2: At,, < At,yi. In this case, we have

2Fn . .
Ao AnT < 0. The energy consumption increases when
2Fy and ¢,

5n < At'"l
<, <0, as shown in Fig. 9(b). Similarly, since

while increases when 0 < 4, <

R > (0 while decreases when
2F _Atm+1

At _AfWL+1 -

Atir.

we can prove that %&H < —F, /Aty 41, the minimum

energy consumption is obtained when §,, = 0.

Case 3: At,, = At,,+1. In this case, two null points coin-
cide, i.e., x7- QFAth = 0. Therefore, the energy consumption

decreases when 0n < 0 while increases when §,, > 0, as
shown in Fig. 9(c). §, = 0 is the solution that minimizes
energy consumption.

In summary, the energy consumption when f7 = =

Fy is the most energy efficient solution.

* p—
nm+1 = Aty t At

APPENDIX H
PROOF OF PROPOSITION 4

According to Theorem 3, we have z;,_;,; > 0 (Vi €
{2,---,K + 1}). Hence, according to (11), we have

K P —
5* B Zn i+1 P;hwnﬁpo - w:‘F‘max = Z:L=112

(mn 1)
@t T

pz% > (0. Therefore, it can be derived that
At* — 3 2kha; Zn 1(171 7)3+2P AN Ax ) (\V/Z c

&Py =3 p_ i1 P (o )20 Po— wfhﬂ Frnax
{2,---, K —1}). Similarly, based on (12) and (13), we have

w328 ST (@0 k)34 205 A(An g )® * —
Aty = it P A Atpeyy =
3263500 (w0 K 41)?

5*_W}((+1Fmax :

Besides, according to (13), we have ¢&* =
K n :
Sooe 12/@% + Wiy Fnax > 0 since

K
2o 1(mnK+1) > (xKKJrl) = (Anclne)® > 0.

Therefore, we can obtain that ;" Kl Aty = T. Furthermore,
based on (10), we have &* = Zn 1 Prhr, mPy. Due to that
&* is positive, there exists at least an n € K such that p}, > 0.
This indicates that for energy causality constraints (6a), at least
a device is run out of energy after offloading, i.e., this device
uses all the harvested energy for transmission. Substituting

(9) into (10), we have pl% = pthenPo. If pt > 0,

we can deduce that At = WA,U Moreover, since

A(Ary)?  x
W = AtohTrIT]P(), we have Ato = 2 WATH

If p7 =0, % = 0 can be guaranteed for arbitrary At
C e /\(Awll):‘
satisfying Fim, (AE1)Z

< Atphr,nPy. That means any pairs
3

of Aty and At; satisfying % < Atghr,nPy and

Atg + Aty = T — ZK+1 At are the optimal solutions.

Hence, according to Aty + Aty = T — ZKH At;, we

should have )‘(’?7&)3)2 < (T ZK+1 At; — Atl) hr,nPo,
ie., U(AL) 2 (T SEITAL - Atl) (A2 (i, )20 Py —

A(Ar,)? > 0. Taking the derivative of W(At;), we have

V(AL) = Ah (2T—2ZK+1Ati—3At1) (hw, )20 P,
which has two null oints Aty = 0 and
At; = (T ZKH At; ). Thus, WU(At;) increases in

the region of (0, Z (T ZKHAt and decreases in
( (T K At) (T KA ) Additionally,
we can obtain that U(0) = ¥ (T ZKH At ) Therefore,
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we can choose At} as the unique null point of ¥(At;) in
the range of Aty € (07 2 (T — R Ati) } without loss of
generality. ]
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