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Abstract—Mobile edge computing (MEC) is an emerging
technology to improve the quality of computation experience for
mobile devices. As a promising paradigm to deal with latency-
sensitive and computation-intensive tasks, it provides cloud
computing capabilities in close proximity to mobile devices in the
fifth-generation (5SG) networks. As the radio and computational
resources are both limited in 5G networks, reducing system
latency by task scheduling and resource allocation has gained
renewed interests. To minimize the weighted-sum latency of all
users in multi-user MEC system, we formulate an optimization
problem based on partial offloading strategy. Since the
optimization problem is NP-hard, we transform it into a piecewise
convex problem and get the latency-optimal offloading strategy
using the sub-gradient method. We further put forward a
simplified algorithm which can achieve close-to-optimal
performance in linear time. Our proposed strategies are verified
by numerical results, which indicate that our algorithms
significantly reduce the weighted-sum latency compared with
other baseline strategies.

Keywords—Mobile-edge computing (MEC); task offloading;
5G networks; latency-optimal.

I. INTRODUCTION

The explosive popularity of smart mobile devices accelerates
the advent of many new mobile applications and services (e.g.,
virtual reality, augmented reality and ultra-high-definition video
streaming), most of which are latency-sensitive and computation
-intensive [1][2]. Although Cloud Computing and Mobile Cloud
Computing (MCC) both tried to reduce the computational
workload of mobile devices by migrating tasks to cloud servers,
central network congestion often leads to serious delay jitter [3].
In addition, the privacy and security have also become the key
problems of MCC system [4]. Compared with two paradigms
mentioned above, MEC can reduce system latency as well as
energy consumption of mobile devices, thereby improving the
quality of experience (QoE) for users [5]. By deploying servers
on the network edges (e.g. base stations and access points), MEC
provides computing capabilities for end-users and Internet
Content Providers (ICP) [2]. The short distance between servers
and mobile devices can hardly result in additional delay, which
makes MEC one of the most promising paradigms to improve
the performance of 5G heterogeneous networks.

Several studies have addressed the computation offloading
and resource allocation problems on both single-user [6]-[8] and
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multi-user MEC systems [9]-[13] in recent years. In [6], the
authors have formulated a task assignment problem by
constructing dependency relationships of transactions, which
can be solved by task graph scheduling. By means of queuing
theory and binary offloading (i.e., a task can be executed either
on a mobile device or on the edge cloud servers), the task
scheduling strategy in [7] significantly reduces the system
latency. In [10], the computation offloading strategy has been
further developed to minimize the weighted-sum energy
consumption of mobile devices. In addition, a stochastic task
arrival model based on the Lyapunov optimization [11] has been
proposed to solve the energy-latency tradeoff problem for a
multi-user MEC system. Based on binary offloading, an energy-
efficient offloading strategy for MEC system in 5G networks has
been proposed in [12]. Most aforementioned works focused on
the binary offloading model and the optimization of energy
consumption. However, a latency-optimal strategy based on
partial offloading model is also an urgent need of the near-future
5G wireless networks.

In this paper, we consider a multi-user MEC system in 5G
networks with multiple independent tasks. Under the radio and
computational resource constraints, the system needs to allocate
all the resources efficiently. We optimize the offloading
proportion and resource allocation for MEC systems through
partial offloading (i.e., every task can be arbitrarily divided for
local and remote executions), which improves the parallelism of
MEC systems. However, latency-optimal partial offloading can
hardly be achieved by basic optimization methods since the
resource allocation and task segmentation are tightly coupled. In
addition, network structure makes the optimization problem
rather difficult to be solved. Therefore, it’s a challenging work
to find out an effective way to achieve the lowest latency. By
analyzing the objective function, we transform the original
problem into a piecewise convex problem, which can be solved
by the sub-gradient method. To simplify the strategy and reduce
the scheduling time, a linear-time-complexity algorithm based
on a common scenario is further derived.

The rest of this paper is organized as follows. In Section II,
we introduce the system model which includes computation and
communication models. The latency optimization problem
based on resource allocation and data segmentation is
formulated in Section III. Problem-solving methods are
discussed in Section IV, where both optimal and close-to-
optimal algorithms are proposed. Numerical results are shown
in Section V and conclusions are drawn in Section VI.
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Fig. 1. MEC system in 5G networks

II. SYSTEM MODEL

A multi-user MEC system in 5G networks shown in Fig. 1
consists of a single macro base station (MBS) that covers a
macrocell, multiple small base stations (SBS) that cover
different microcells, and multiple mobile devices with
computation-intensive applications. SBS and MBS are equipped
with small edge servers (SES) and large edge servers (LES)
respectively. SBSs are connected with MBS through optical
cables. Mobile devices in microcells are connected with SBS,
while devices outside these microcells are connected with MBS.
The MEC system will re-arrange computation offloading
strategy at intervals and transmit different data segments to LES,
SES and local devices for parallel computing. Finally, all
processed data will be aggregated on user’s mobile devices.

A. Task Model

Consider an MEC system including N mobile devices.
Denote the task set as T = {Ty, T, ..., Ty}, where T, represents a
task requested by device d. Each task is characterized by a
three-tuple of parameters (Sy, C4, B4), Where S, (in bits) and €,
(in CPU cycles/bit) denote size and workload of the task
respectively, while 8, € (0, +) indicates the data growth ratio
(i.e., one-bit raw data will be processed into B, bits).

B. Computation Model

Suppose there are M SBSs denoted by a set M = {1, 2, ..., M}.
Let V4, Vj,, and V. (in CPU cycles/sec) be the computing capacity
of device d, SES m and LES respectively. We define edge as a
microcell or a single device connected with MBS, and V, as its
computing capacity. In a multi-user MEC system, servers are
used by many devices at the same time. Assume V;¢ denotes the
computing capacity of SES m allocated to device d, while V¢
denotes the computing capacity of LES allocated to edge e.
Since we can’t get the cooperative computing capacity of a
microcell directly, V, is estimated by means of context-
awareness. We suppose that MEC servers are equipped with
multi-core CPUs and can be virtualized into several virtual
machines (VMs), hence the concurrent of multi-tasks is feasible.

C. Communication Model

Assume that in an OFDMA system, all BSs operate in the
same frequency band with a bandwidth W. The spectrum is
divided into K orthogonal sub-channels denoted as a set X =
{1,2,..,K}. The bandwidth of each sub-channel is identical.
Denote af = {0,1} as a state indicator of sub-channel k, that is,

if sub-channel k is allocated to device d , then af =1,

otherwise, af = 0. So the data transmission rate can be
expressed as
w Pk'|gg |2
Ta = k=1 af -~ 10g (1 + N—>' M
0

where P, and N, denote the transmission power of BS in
channel k and the variance of additive white Gaussian noise
(AWGN), while g¢ indicates the channel gain of device d on
channel k. Since g¢ is a random variable, data transmission rate
1, is also a random variable. According to [14], we get the
expected value to evaluate transmission rate r;. For ease of
notion, we define p; = % - YK_, af which represents the channel
occupancy of device d.

Transmission rates between BSs are considered as ¢ .
Communication resource constraints are not considered therein
because of the large transmission capacity of optical cables.

D. Two-step Optimization Model

For device d in a microcell, both resource allocation and task
segmentation strategies are sequentially executed twice. The
first and the second segmentation proportions are denoted by
210€[0,1] and u4€[0,1]. Define Step 1 and Step 2 as two
optimization strategies executed at MBS and SBS respectively.
The detailed procedure can be described as follows:

e Step 1: After receiving S; bits raw data from ICP, MBS
processes 1.5, bits data on LES and transmits the remaining
(1—-2.)S; bits raw data to SBS. Then, B;A.S; bits
processed data will also be transmitted to SBS.

e Step 2: SBS receives (1 — 4,)S, bits raw data from MBS,
and then processes (1 — A.)uqS, bits data on SES, while
(1= 2.)( — uy)S, bits are transmitted to device d for local
computing. Then, B4 (1 — A,)uqL4 bits processed data will
be transmitted to device d.

In particular, for device i which connects to MBS directly,
the optimization strategy will only be executed once. That means
A;S; bits data will be processed on LES, while the other part will
be transmitted to device and then processed locally.

TABLE L. LATENCY EXPRESSIONS
No. Latency Expressions Sub-processes
® LS =341 (Cs;d) Ae Process raw data on LES
@ LL=y"_, (E:—jd) Ae Transmit processed data to edge
® Ly = 3:1(2—:) (1-2) Transmit raw data to the edge
@ LS=Yn_, (C“’/—jd) 1-2,) Process raw data on the edge
® LG = Ci—; (1= 2uq Process raw data on SES
® L= % (1 —-2)uqg Transmit processed data to device
@ Ly = ;zj_fed (1-2.)(1 = pg) | Transmitraw data to device
Ly = Cs—zd (1—=2.)(1 —pg) | Process raw data on device

The latency expressions of eight sub-processes in Fig. 2 are
shown in TABLE L
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Fig. 2. Two-step Optimization Model

III. PROBLEM FORMULATION

In this section, we formulate the optimization problem by
analyzing the concurrency relations of different sub-processes
mentioned in Section II. Since mobile devices can hardly receive
raw data and processed data at the same time, local computing
part and cloud computing part can be transmitted at any moment
while not simultaneously. Therefore, the latency expression of
edge e can be shown as

¢
L, < LS,

L= {max{LfE + LS, L+ LS},
€ Lt > IS,

2
L% + max{Lt, 15}, @

Since edge e could be a microcell, we should further consider
the optimization of Step 2. According to TABLE I. , the latency
for cooperative computing in microcell m can be shown as

_(max{Ly + LG, L%, + LS},
7Ly + max{Lt, , L9},

Step 1 and Step 2 both try to minimize the weighted-sum
latency under radio and computational resource constraints,
which indicates that two optimization problems can be
formulated in the same form. Denote a positive weight factor set
{w,} which satisfies YX_, w,, = 1. Therefore, the optimization
problem is shown as

Ly < Ly,
LY > LS,

3)

min Y3_1 Wy Ly, (4a)
s.t Zﬁ:l Pn < 1' Pn > 0' (4b)
n=1h SV, 1,20, (4¢)

where (4b) and (4c) are the radio and computational resource
constraints respectively. For ease of notion, the discrete variable
pn should be converted into a continuous variable by relaxation
and rounding method.

We formulate the optimization problems of two steps by
substituting (2) and (3) into (4a) respectively. The weighted-sum
latency can be minimized by solving the two problems.

IV. PROBLEM SOLVING

As we can see from Section III, the problem-solving
methods of two steps are exactly the same and the optimization
of Step 1 can be derived from Step 2. Thus, we mainly focus on
Step 2, which is relatively easy to be illustrated. Both optimal
and close-to-optimal strategies are discussed in this section.

A. Problem Transformation

The piecewise expression of L, is quite complicated with
three variables (i.e., g, pg and V,¢) coupled with one another,
so the optimization problem (4a) can hardly be solved directly.
Consider a special case

{Lfi =15,
a =L,

)

which means that the equivalent processing capability of device

d equals to its transmission capacity (i.e., RgpgCq = / BaVi2Vy).
Thus, two special segmentation proportions are solved as

1_ vig

Ha = Vi +RapaCd’ (6)
2 _ RapaCa

Ha BaVa+RapaCa

The optimization problem can be discussed in two cases.

o Case A: p} < u? (e, RgpaCq = v BaV3Vy).

When ug € [0,u)), LY > LS, and L > LY, . We get Ly =
LY + LS, which decreases with uy. When ugy € (u3,1], LE, >
LS and LS, > LY. We get Ly = L%, + LS, which increases
with ;. When pg € (pku3), we get Ly = max{L} +

o L + LS.} As LY + L decreases with py while L, + LS,
increases with u;, the minimum value can be achieved
when LY + LG = L&, + LS,.

e C(Case B: #tli > ,U‘Zi (i.e., dedCd < W’ﬁdVTng)

When pg € [0,u3), LY > LS, and LG > L, We get Ly = L +

¢ which decreases with ;. When uy € (u3,1], we get
Lg = max{Lt, + LS, LY, + LY}, which increase with pgy. So
the minimum value can be achieved when pg = u3.

Therefore, the data segmentation proportion is shown as

V& (Va+RapaCa)

1 2
<
g = (A+BaVaVi+RapaCaarvdy  Ha = Hd (7)
d RapaCa ,ul > #2
BaVa+RapaCa’ a a

Substitute (7) into (3), the latency expression can be written as

[6.va
BaVi& (Va+RapaCa)+Va(RapaCa)®Sa(1-Ae) > BaVmVa
(1+B)VaVE+RapaC)*(Va+Vid) "Pd =" Rycq ,(8)

d =
- .

<
aVa+RapaCa’ Pa R4Cq

o~

B. Optimal Strategy

The transformed latency expression (8) is continuous but
non-differential at piecewise point so the classical KKT
conditions can’t be applied. We substitute (8) into (4a) and then
solve the optimization problem of Step 2 by means of the sub-
gradient method. Sub-gradient function is shown as

6(23=1 Wdzd)'
g =9 0(%G=1pa), ©)
0(XG=1 VD),
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where @(X%_,wyLy) is a piecewise expression. According to
non-differential convex optimization theory, the problem can be

solved by iteration expression shown as
x(n+1) = x(n) + ¢ng(n)‘ (10)

where x denotes the resource allocation strategy. The whole

procedure of sub-gradient algorithm is presented in Algorithm 1.

Algorithm 1 Sub-gradient algorithm

1: Input V; = [Vy,...,Vy], Vsgs = Vg1, ooes Vom)s Pgs = Po,
Ty = [Ty, ..., Ty), Rg = [Rq, ..., Ry], € = €y and n = 0.

2: Output x™ and p = [uy, ..., Uy].

3: Do

4 Set F(old) = F(new)~

5:  Update x™D =x™ 4 ¢ g™,

6:  Update Fnewy = Yi—1 WaLq.

7:  Update p according to (7).

8 Update g™ according to (9).

9: Set n=n+1.

10: While Fio1ay — Fanew) = €o-

’

Pa = RaCa(Va+vid)

(JEEd_Vd)RdeCd
d

BaVa+RapdaCa

(13)

I (J—Bd Zg:; Wde_ﬁdVd)V’r‘ril
|

Since pg and V¢ are still coupled, we substitute their

expressions into each other. After transforming (12b) and (12¢)

into equality constraints, we get the optimal resource allocation

of Step 2 by solving a linear system of equations. Substitute (13)
into (7), the offloading proportion p,; can be solved.

The whole procedure of close-to-optimal strategy is
presented in Algorithm 2.

Algorithm 2 Close-to—optimal offloading algorithm

Although it is an algorithm with polynomial time complexity
0 (ﬁ), €o has to be an infinitesimal value to achieve the optimal

latency. That would cause a tremendous execution delay, which
is completely intolerable in practical scenarios.

C. Close-to-optimal Strategy

In practical scenarios, locations of mobile devices and their
requested contents are constantly changing so the resource
allocation and data segmentation are dynamic. The algorithm
needs to be executed every few seconds. Therefore, we try to
simplify Algorithm 1 by considering a common case.

Since computation-intensive applications usually take a
long execution time, some of the new features in 5G (e.g. higher
bandwidth, massive MIMO and beamforming technology)
guarantee that the data transmission rate is far greater than
processing rate, which means LY, « LS and LY « LS. Therefore,
uy < p? is always true. Besides, the equation LY + LG = L, +
LS, can also be approximatively written as L§ = L, + LS, so that
a new approximate segmentation proportion can be calculated.
Substitute the new proportion into (3) and L, can be shown as

7o (RapaCa+tBaVi)Ta(1-2e)
& BaVaVi+RapaCa(Va+Vidy

(11D

which is a differential function. Thus, the convex problem can
be solved by classic KKT condition. Construct a Lagrange
function of ).7_, wyLy shown as

Fy=X0_ iwaLlg+t6(Xho1 pa — D+eETho1 Vid — Vi), (12a)
st Xa=1Pa <1,p4>0, 6QXG=1pa—1) =0, (12b)
nVA<V, e >0, e(ER_ V2 -V,) =0, (12c)

where § > 0 and ¢ > 0 are Lagrange multipliers associated with
radio and computational resource constraints respectively.

By computing the partial derivatives of (12a) and let them
equal to zero, the close-to-optimal resource allocation strategy
can be expressed as

: Step 1

Update Vy, T;, R, and R; by using context-awareness
Calculate V%, p, and A.

: Step 2

Calculate V¢, p; and p4 according to (13).

Calculate L, according to (11).

Set V, = =1 Sa /max{Ly}.

A el e

Since explicit expressions have been given in (7) and (13),
the time complexity of Algorithm 2 is 0 (n), which is determined
by the number of mobile devices.

V. NUMERICAL RESULTS

To verify our proposed two strategies, we first compare
weighted-sum latency between different strategies and then
evaluate resource allocation between mobile devices with
different computing capacities. To reduce the randomness, we
perform 500 independent repeated trails. Major simulation
parameters are listed in TABLE II.

TABLE II. MAYIJOR SIMULATION PARAMETERS
Parameters Value Parameters Value

Macrocell radius 800 m MBS power 44 dBm
Microcell radius 150 m SBS power 34 dBm
Optical-cable rate 8000 Mbit/s | LES capacity 102 cycles/s
Noise power density -174 dB/Hz | SES capacity 10*? cycles/s
Pathloss Exponents 4.0 Bandwidth 1.0 GHz
Number of microcells 6 Data growth ratio 3

. [1,10] [102,10%]
Task size Mbits Task workload cycles/bit

A. Weighted-sum system latency

In this subsection, simulations on weighted-sum system
latency of five models (i.e., latency-optimal partial offloading
model, close-to-optimal partial offloading model, binary
offloading model in [7], cloud computing model and local
computing model) are demonstrated. Computing capacities of
all devices follow the uniform distribution with V,; € [0.5 X
10%,4.5 x 10°]. The locations of mobile devices follow the two-
dimension uniform distribution. Simulations on system latency
versus the number of devices and task workload of five different
models are shown in Fig. 3.
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Fig. 3(a) shows the latency of five models all increase with
the number of devices since computational and radio resources
are limited. The derivative of local computing model is the
smallest since the radio resource is relatively adequate compared
with the computational resource. With the increment of mobile
devices, the latency of cloud computing model becomes longer
than that of local computing model since computing capacity of
MEC server is limited, once the number of devices is high
enough, computing capacity allocated to each device would be
much smaller than the computing capacity of local device. Two
partial offloading models (i.e., optimal and close-to-optimal
models) both perform better than binary offloading model since
the binary offloading model always chooses a better way (i.e.,
offload the task or not) while partial offloading model processes
every task in parallel. We can see that partial offloading models
reduce 10.8% to 39.3% latency compared with binary offloading.

As shown in Fig. 3(b), with the increment of task workload,
system latency becomes longer, the performance gaps between
our strategies and other strategies become more evident.
Compared with cloud computing, partial offloading reduce more
than 40% latency and thereby can significantly improve QoE for
end-users who require computation-intensive services.

B. Resource Allocation

In this subsection, we analyze the radio and computational
resource allocation of tasks requested by five mobile devices
with different computing capacities. Note that Device 3 is a
baseline with a constant task size S; = 5 Mbits.
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(a) Radio resource allocation (b) Computational resource allocation

Fig. 4. Resource allocation proportion vs. task size

Fig. 4 illustrates that more resources will be allocated to
devices with heavier tasks. Besides, the system prefers to
allocate resources to devices with inadequate computing
capacities. What’s more, the proportion gaps between five
devices in Fig. 4(b) are much larger than that in Fig. 4(a) because
the limitation of computational resource is the major problem for
computation-intensive services.

VI. CONCLUSION

In this paper, we investigated the latency optimization of
MEC system in 5G heterogeneous networks. We formulated the
optimization problem based on partial offloading. After being
transformed into a piecewise convex problem, the problem can
be solved by sub-gradient method. To reduce the complexity of
the strategy, a simplified algorithm based on a common scenario
was derived, which has a great potential for practical
implementation. The effectiveness of our proposed strategy is
verified by numerical results of our experiments.
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