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Abstract— Mobile edge computing is popular for providing
services with low latency and high privacy. It becomes more
powerful by leveraging the widely deployed Small cell Base
Stations (SBS) with zooming cells for energy-efficient service
placement. However, the literature ignores the joint optimization
of SBS power control and service placement. The Quality
of Services (QoS) guarantee is also challenging, taking into
account the component dependency and parallelization in multi-
component services and the resource slicing for separated service
deployment. Moreover, prior works assume the same amount of
allocated resources of links on a placed path for service edge
allocation, leading to the ossification of resource allocation and
inevitable resource fragments. Towards the above challenges,
this paper addresses the energy-efficient and flexible service
placement in cell zooming enabled Mobile Edge Cloud (MEC)
networks. The delay of multi-component services is constructed
depending on the allocated resource slice. Besides, the joint opti-
mization of service placement and SBS power control is formu-
lated and transformed into a Mixed Integer Linear Programming
(MILP). More importantly, the equivalent bandwidth for an
edge allocation is defined and analyzed to obtain flexible edge
placement with minimum resource cost. Leveraging the results of
MILP, an Energy-efficient Service placement algorithm based on
equivalent Bandwidth in Cell zooming enabled MEC networks
(ESBC) is proposed to improve the probability of successful
service placement with QoS guarantee by optimizing the delay
distribution among components and edges and reducing resource
fragments. Finally, simulation results validate the effectiveness of
the proposed methods.

Index Terms—Service placement, mobile edge cloud, cell zoom-
ing, energy-efficient, equivalent bandwidth.

I. INTRODUCTION

HE highly developed communication technology 5G [1],

[2] has enabled unprecedented Quality of Services (QoS)
guarantee on a diversity of services for the ever-increasing
number of users. Facing the emergence of new applications in
big data, the Internet of Things (IoT), Virtual Reality (VR),
and Augmented Reality (AR) [3], etc., resources in networks
have evolved from single communication resource to multi-
dimensional resources including communication, computation,
and memory. Cloud computing [4] has provided a new pattern
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for service provisioning where users can request services from
cloud servers instead of processing data locally, resulting in
higher efficiency of resources, simplified user devices, and
easier service deployment. However, the central cloud features
a long transmission distance and high service delay, which is
intolerable for real-time applications. Towards the challenge,
mobile edge computing [5], [6], [7] emerges thanks to the
ubiquitous Small cell Base Stations (SBS) in 5G, low-cost
computation servers, high-capacity storage devices, and popu-
lar Graphic Processing Units (GPU) [8], [9]. It is a promising
technique for future multi-component services and intelligent
applications, promoting the development of edge intelligence
in 6G [10], [11], [12], [13].

In Mobile Edge Cloud (MEC) networks, edge servers are
deployed beside SBSs to support services placed in close prox-
imity to users, stimulating the low-latency service provisioning
with high privacy. Each service in MEC networks character-
izes multiple interconnected components. Edges in services
specify the dependency among components. The resource-
limited edge servers work cooperatively to provide large-scale
multi-component services with QoS guarantee [14]. Besides,
all SBSs construct a Voronoi diagram in MEC networks to
achieve the full coverage of users. There is a high potential for
a flexible user-SBS association through optimizing the Voronoi
diagram via cell zooming i.e., adjusting the transmitting power
of SBSs to coordinate the coverage of cells. Furthermore,
exploiting different power states of SBSs, i.e., active and sleep,
for energy-efficient service placement is also promising for
developing MEC networks with enormous SBSs. The multi-
component service placement in cell zooming enabled MEC
networks features the joint optimization of SBS power control
and service placement, which is neglected in prior works.

The QoS guarantee of multi-component services is also
challenging due to each service’s component dependency and
parallelization. For a user, it is more practical to consider the
delay constraint for the whole service rather than specifying
the delay request of every component and edge. As a result,
the delay distribution among the components and edges of
a service is reconfigurable, leading to new difficulties and
opportunities for successful service placement. Moreover, the
heterogeneity of physical resources, e.g., SBSs with different
transmitting powers and data rates and edge servers with
diverse computation capacities, poses challenges for service
placement. Specifically, works in the literature specify that
all links on the placed path of a service edge allocate the
same amount of resources to the edge. It leads to a high



probability of failed edge placement caused by bottleneck
links and inevitable resource fragments. Thus, flexible resource
allocation mechanisms are necessary.

Towards the above challenges, this paper aims to address
the multi-component service placement problem in cell zoom-
ing enabled MEC networks. We mainly make the following
contributions.

a) We mathematically formulate the delay of multi-component
services considering allocating separated resource slices for
each user;

b) The joint optimization of service placement and SBS power
control in MEC networks is formulated as a Mixed Integer
Non-Linear Programming (MINLP) and transformed into
a Mixed Integer Linear Programming (MILP) through
uniform delay splitting;

¢) For the first time, we define the equivalent bandwidth for
an edge placement to support flexible and diverse resource
allocation of links on a placed path. Theoretically, we prove
that the minimum resource consumption can be achieved
in the principle of equivalent bandwidth;

d) We propose the Energy-efficient Service placement algo-
rithm based on equivalent Bandwidth in Cell zooming en-
abled MEC networks (ESBC) to reduce resource fragments,
improve service acceptance ratio, and guarantee the QoS
of users. Iterative delay splitting and resource allocation
are applied, taking the reconfigurable delay distribution of
each service into account.

The remainder of this paper is organized as follows. The
related works are reviewed in Section II. Section III presents
the system models, including SBS power model and service
delay. Then, the problem of multi-component service place-
ment in cell zooming enabled MEC networks is formulated.
The problem is transformed into a MILP in Section IV to
achieve the joint optimization of SBS power control and
service placement. The equivalent bandwidth is defined for
service edges, based on which the edge allocation based on
equivalent bandwidth and the ESBC algorithm is proposed in
Section V. The simulation results are presented in Section VI.
Finally, Section VII concludes this paper.

II. RELATED WORKS

To satisfy the emerging high-QoS applications and ever-
increasing traffic demand for mobile communication systems,
the next-generation 5G networks have evolved into a hetero-
geneous structure., i.e., 5G HetNet [15]. Various SBSs, e.g.,
femtocell BS, microcell BS, and picocell BS [16], coexist
with Macrocell BS (MBS), posing new challenges to efficient
resource allocation [15]. Optimizing the Voronoi diagram of
SBSs has been investigated for supporting traditional commu-
nication traffics. The game theory [17] is utilized for construct-
ing the Voronoi diagram of SBSs for serving mobile users. The
constraint of outage probability [18] and the wireless energy
harvesting [19], [20] are also considered for optimizing the
power of zooming small cells.

Related works save energy through dynamic power control
for providing traditional unsplittable services, i.e., services
with only one component [21], to mobile users in MEC

networks. Authors in [22] have optimized the power allocation
in non-orthogonal multiple access (NOMA) based wireless
networks to guarantee the QoS of users and improve the
spectrum efficiency. Cell zooming is an effective technique to
ensure the continuity of service provisioning while users move
among multiple cells [23], especially for MEC networks with
massive and large-scale deployed devices [24]. When a user
moves out of the coverage of the current serving SBS, there are
two ways to ensure the QoS of the user: (a) the SBS increases
the transmitting power to enlarge its coverage, and (b) another
SBS is selected to serve the user. Given the distribution of
users, it is also promising to save energy by gathering users
into several SBSs through cell zooming. For the service provi-
sioning in cell zooming enabled MEC networks, prior works
have optimized the infrastructure cost with the constrained
probability of QoS violation [25]. The power state of SBSs has
also been investigated for energy consumption minimization
while guaranteeing the delay constraint of users [26]. However,
they have considered only the active and sleep states of SBSs
with fixed coverage.

Formulating the delay of multi-component services [27],
[28], [29] with online tasks is essential for designing QoS-
guaranteed service placement mechanisms. Considering only
processing and/or propagation delay for services [30], [31],
[32], [33], [34], [35], [36], [37] is not practically enough as
tasks of a service arrive randomly, leading to non-negligible
queuing delay. The M/M/1 [38][39][40] and M/G/1 [41][42]
queuing systems play important roles in the queuing delay
formulation for tasks that arrive according to Poisson distri-
bution and be served with different processes [43]. Besides,
the delay of a multi-component service should take the service
architecture, component dependency [44], [45], [46], [27], and
allocated resources into account [14]. The resource sharing
mechanism is also not trivial. Traditional resource sharing
mechanism is considered in [14], where all services that are
placed on the same infrastructure, i.e., edge servers or wireless
links, are put into a common queue. Therefore, there exists
interference [29] among services in queuing delay. However,
the new resource slicing mechanism based on network vir-
tualization [47], [48] allows reserving different resources for
different services. Tasks of each service are queued separately.
Thus, the interference among services is avoided.

The equivalent bandwidth for a wireless link is initially de-
fined as the maximum available arrival rate of data packets that
the link can support under the constraint of delay satisfaction
rate [49]. The equivalent bandwidth of a two-hop wireless path
has also been investigated [50]. In this paper, we define the
equivalent bandwidth for an edge in a service to facilitate the
edge allocation on a multi-hop physical path and ensure the
delay constraint of the edge is guaranteed.

There are mainly three-category approaches for multi-
component service placement, i.e., two-stage approach, one-
stage approach, and meta-heuristic algorithm. The two-stage
service placement first assigns all the components in a service
and then finds routing paths for all edges. The components can
be placed according to different rules. For example, assigning
components to edge servers with higher general resource
capacity in priority [51] results in better load balancing of
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Fig. 1: Network architecture

edge servers. While leveraging Page rank for component
assignment [52] takes the connectivity of a service graph into
account, which benefits the edge routing in the second stage.
Unlike two-stage approaches, the one-stage service placement
assigns components and edges simultaneously. To be specific,
a component is assigned together with all the edges that are
linked to the component [53]. Last but not least, the meta-
heuristic algorithms such as Ant Colony Optimization (ACO)
[14] searches the near-optimal service placement results in
an iterative exploration and exploitation way. To the best of
our knowledge, the multi-component service placement in the
cell zooming enabled MEC networks for energy efficiency
optimization has not been addressed in the literature. The
potential of utilizing the equivalent bandwidth for flexible
resource allocation and resource fragment reduction is also
neglected.

III. SYSTEM MODELS AND PROBLEM FORMULATION
A. MEC networks

The MEC networks contain multiple MBSs and SBSs that
follow homogeneous Poisson Point Process (PPP) distribution
[40] as shown in Fig. 1. Each MBS acts as the controller
responsible for transmitting control signals for resource allo-
cation and management of SBSs located within its coverage.
SBSs are equipped with multiple transceivers to communicate
with each other via wireless channels. The data transmission
between MBS and SBSs uses the traditional microwave com-
munication in 4G/Long Term Evolution (LTE). SBSs use the
millimeter wave to communicate with users and other SBSs
to achieve a high data rate. Each SBS is connected to a co-
located edge server with negligible communication delay. We
use edge nodes to represent both SBSs and edge servers for
ease of presentation when it is clear from the context.

Table I shows the notations used in this paper. Let N and £
denote the set of edge nodes and wireless links, respectively.
The node set N' = N'M U N UNY consists of MBSs in
NM_SBSs in A, and user devices in AN'V. The computation
capacity of the node indexed by n € NS is represented by
C, CPU cycles/s. Similarly, denote £ = LM U L% U LY the
set of links, where £, £5, and £V indicate the sets of links
between MSBs and SBSs, links among SBSs, and links from
SBSs to users respectively. The data rate of link [ € L is given
by Rl.

TABLE I: Notations

Symbol(s) Description
N =NMy Set of edge nodes where N, N5, and AN’V denote
NS UNU the sets of MBSs, SBSs, and users respectively
L=LMy Set of wireless links where £M, £ and £U denote
L£suryv the sets of links between MBSs and SBSs, links among
SBSs, and links from SBSs to users respectively
Ch The computation capacity of node n € N7
H The bandwidth of wireless links I € £5 U LU
No The power density of white noise
g The channel gain of wireless link [ € £suLv
R The data rate of wireless link [ € £
« The constant path loss factor of wireless links
B The path loss multiplier of wireless links
& Transmitting distance of wireless link [ € £
PE The maximum transmitting power of SBSs
A The static power of an active SBS
plT The transmitting power of wireless link [ € £
pC The power for processing per CPU cycle
pS The power of a sleep SBS
01 The load factor of wireless link I, p; € [0, 1]
Pn The load factor of edge server n, p, € [0, 1}
Iy Set of links that flow into node n
On Set of links that flow out of node n
F The average packet size
X2 The expected second moment of service time of packets
Q A very big value
11 The residual bandwidth capacity of wireless link [
gn The residual computation resource of edge server n
K Set of services
Kn Set of services of user n € N'U
G = The task graph of the service indexed by k, where Vy,
Vi, &k} and & are sets of components and edges respectively
U The user that requests G,
Nk The arrival rate of G,
d The delay request of Gy,
Ty The duration of Gy,
Chk,i The computation resource request of component ¢ € Vj,
b j The data size to be transmitted on edge 5 € &
Xk,m The mth branch of Gy,
W ; The expected queuing time of computation units on
component i € Vi
W 5.1 The expected queuing time of data packets on j € &
TX i The delay of component ¢ € Vy,
TkEj The delay of edge j € &,
2 The delay of branch m € Gy,
Js The source component of edge j € &
IiD The destination component of edge j € &
Vi,z The weighted height of z € Vi or z € &
Sk,m The weighted length of branch m € Gy,
Yi,j The placed path of edge j € &
Y. The path length of Y}, ;
di,» The assigned delay constraint of z € Vi, or z € &
Uk, The resource request of component ¢ € Vj based on
the delay constraint dj, ;
C,j The resource request of edge j € £ based on the delay
constraint dy,_;
QL.in Binary variable, taking 1 if component i € Vy, is placed
to edge server n € ¥ and 0 otherwise
Pk, i1 Binary variable, taking 1 if edge j € & is placed to a
path that contains the wireless link [ € £5 U £V and 0
otherwise
Vk,i,n The amount of computation resource that edge server
n € NS allocates to component i € Vj,
C,j,l The amount of communication resource that wireless
link I € £5 U LU allocates to edge j € &
ok Binary variable, taking 1 if service k € K is placed
successfully and O otherwise
On Binary variable, taking 1 if SBS n € N5 is in active

state, and O for sleep state
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B. Multi-component services

1) Service graph: The set of services is denoted by K.
Any service k& € K can be described using a call graph
Gr = {Vk, &} , where Vi, and &, are the set of components
and edges, respectively. Each service Gy contains multiple
homogeneous tasks with the arrival rate of 7 in a duration of
Ty.. Each edge in a service specifies the dependency between
its start and end components. We assume the first and last
components (which are the same component) in any service,
e.g., data pre-processing and results demonstration, should be
executed locally in a user device uy € N'YV. The computation
resource request of the ¢th component in V), is ¢y ; in the unit
of CPU cycle, and the data size to be transmitted on the edge
indexed by j is denoted by by, ; bits. Note that the data size for
the upstream and downstream transmissions of a bidirectional
edge in a service can be asymmetric.

2) Service tree: Any call graph of a service can be orga-
nized using a service tree [54]. We can transform a service
graph into a service tree by merging all the predecessor
components of any component. The resource requests of the
merged component and the related edges are determined by
adding up all the resource requests of the predecessor com-
ponents/input edges. For example in Fig. 2 where the original
service graph contains 5 components indexed by {1,---,5},
the component 5 has two predecessor components, i.e., 3
and 4, which are expected to be merged as 3'. The directed
edges indicate the dependency between components, and the
transmitted data size is marked beside the corresponding
edge with by,by, and b3. Note that the processing results
of components should be returned according to the reverse
direction of the edges. There are three cases considering the
relationships among the predecessor components, resulting in
different merging results:

a) When the predecessor components of the target component
are dependent, as shown in Fig. 2 (a) where compo-
nent 4 requires the output of component 3, merging the
predecessor components saves the resource of the inter-
connected edges between the predecessors, i.e., b; for the
edge <3 —4>.

100 200 300 400
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Fig. 3: SBS states and Voronoi diagram. Left: original distribution of SBSs;
Right: Voronio diagram of SBSs considering cell zooming and SBS sleeping

b) When the predecessors of the target component have differ-
ent predecessors, as shown in Fig. 2 (b) where components
3 and 4 depend respectively on components 1 and 2,
merging the predecessor components gives the same total
resource request as before.

¢) When the predecessors of the target component have the
same predecessor, as shown in Fig. 2 (c) where both com-
ponents 3 and 4 depend on component 1, the transmitted
data size from component 1 to the merged component 3’
equals the output of component 1. Thus, the communica-
tion resource for transmitting multiple copies of the output
of component 1 (to components 3 and 4) is avoided.

Overall, the benefits of converting service graphs to service
trees are twofold. First, we can save the communication
resources for placing services by avoiding redundant data
transmission. More importantly, organizing services with trees
allows for efficient service placement algorithms as presented
in Sections IV and V.

Therefore, we can model any service £k € K as Gy =
{Xk,m,Vm} where Xy, indicates the mth branch in Gj.
Branches of a service G, have the following properties,

a) The root of the tree corresponds to the input and the output
of a service, i.e., the first and last components, which
should be processed locally;

b) Each branch in G, contains a set of continuous components
and edges, constructing a path from the root of Gy, to one
of its leaf components. All components in a branch should
be executed in sequence;

¢) The number of branches of a service equals the number of
leaf components in the service tree;

d) Different components on different branches can be exe-
cuted in parallel.

3) The delay of services: The delay request of Gy, is dg,
constraining the total time for completing all components in
the service. Taking the service tree (for the kth service without
loss of generality) in Fig. 1 for example where the number
and arrow beside an edge between two components indicate
the index and two directions of the edge. Let 7}’ i T,f], and
Tk ., denote the delay of component i, edge j, and branch
m respectively. There are three branches in the service, that
iS, Xk,1 = {1}1 L d UQ}, Xk,2 = {Ul <> V3 > U4} and Xk,3 =
{v1 ¢+ v3 <> v5} with respective delay of 75, = T,Xl +T£1 +
7'152"’712{2’ 7'152 = lel +TI£S+TIE4+TIXB+Tk 5+T£6+TIX4 and
Ths = Tk‘.fl+T£3+Tk,4—‘r7’1¥3+Tk77+7'k78+7'k75. Thus, the delay
of a service Gy, is equivalent to the largest accumulated delay

of branches on Gy, i.e., max{r,fl,Tlfz,Tkg} The delay

constraint of the service G, is max {Tk 1 Tk 9 Tie, 3} < dj.



C. Power models

The MBSs are always powered on for controlling SBSs.
Each SBS has two power states: active and sleep. An active
SBS is capable of transmitting/receiving data to/from other
SBSs and users within its coverage. According to Shannon’s
formula, the transmitting power of a wireless link indexed by
lis N,

G - (2Rz/H — 1)’

where H denotes the spectrum width, Ny indicates the power
density of white noise, and G; is the channel gain, which is
related with path-loss factor «, path-loss exponent 5 and the
link transmission distance ¢; as shown in Eq. (2).

G = a+ plog¢;. 2

The power of an active SBS n € N is composed of the
static power p and the load dependent transmitting power
of its transceivers. When a SBS n € N is zero loaded, it
can be switched into sleep state with the power of p°. The
power amplifier, radio frequency transceivers, and most of
hardwares will be turned off for a sleep SBS to reduce power
consumption. Let §,, be the power state of SBS n, i.e., there
are 0, = 1 for an active SBS and §,, = 0 for a sleep SBS, the
total power of a SBS is

pl = (1)

Pn = 671 ' pA + E plT + Z
leLVNO, 1eL5N0O,
+pnCrp®) + (1= 8,) p®,

where O,, indicates the set of links that flow out of SBS n, p,
and p© are the load factor of node n and the power consump-
tion per CPU cycle, respectively. The maximum transmitting
power of a transmitter on a SBS is represented by pL and
p1 is the load factor of link /.

Fig. 3 demonstrates the power states and Voronoi diagram
of SBSs. The blue and black triangles indicate the active and
sleep SBSs, respectively, and the small black squares represent
users. On the left-hand side of Fig. 3, each SBS has a hexagon-
shaped coverage, guaranteeing the full coverage of the whole
area. Each user gets access to the nearest SBS by default,
shown in red lines. SBSs that do not serve any user are
switched into sleep state. However, the Voronoi diagram can
be optimized not only by adjusting the transmitting power of
SBSs, i.e., cell zooming, but also by controlling the power
states of SBSs, as shown in the right-hand side of Fig. 3.
More SBSs are in sleep state by gathering users to several
SBSs. In this process, we can guarantee the delay requests of
users by using the appropriate transmitting power of SBSs. As
a result, we can save more energy.

T
(PPmax) (3

D. Delay models

The processing units of computation and communication
resources are a CPU cycle and a data packet, respectively.
Computation (communication) units of each service on an (a)
edge server (wireless link) are put into a separate queue and
be executed according to First-In-First-Out (FIFO) as shown
in Fig. 4 such that there is no interference among services.

Service 3 Service 2 Service 1
NN D/ |

MmO OEdm &

— —>
Tasks Tasks
arrive [ leave
Waiting Process
queue node

Fig. 4: Queue model of edge servers and wireless links

Computation unit ~ Waiting time
A Processing time
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T 1 —
Component : > ¢
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7 >
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Fig. 5: Delay of a component

We decouple the placement of components and edges into
two sets of variables for binary assignment indicators and con-
tinuous resource allocation, respectively. Specifically, let ay ; »
be the binary variable of component assignment, indicating if
component ¢ in service k is placed onto the edge node n or
not. Similarly, ¢y, ; ; is the binary variable for edge assignment,
taking 1 if edge j in service k traverses wireless link [ and 0
otherwise. Moreover, denote vy, ; , the amount of computation
resources that node n allocates to the component ¢ in service k.
Ck,j,1 Tepresents the amount the bandwidth that link [ allocates
to the edge j in service k. Let a, ¢ , v and ¢ be the set of
Qk,in> Pk,jls Vkin and (g j respectively.

1) Delay of service components: According to the Little’s
formula for M/M/1 queuing system [40], for component ¢ in
service k with allocated resource vy, ; ,, from edge server n, the
expected queuing delay of computation units on component ¢
in Gk is

W, = yJagsn = 1. 4

Uk,i,n — Ck,iTlk
The delay of a component i in service k includes the

expected queuing delay and the processing delay, i.e.,
v Ch,i
= in i . 5
Thyi > kg, (wk + vkm> o)

neNSUNU
2) Delay of service edges: For service edges, the packet
arrival process follows Poisson distribution and the packet
processing follows any distribution. According to Pollaczek-
Khinchin (P-K) formula of M/G/1 queuing system [55], the
expected queuing delay of data packets on edge j in service
k with allocated bandwidth (j ;; from link [ € £5U LY is

Wk, 5,1 = bkﬁjnkﬁ/F
A 2(1 = br,jni/Cr,j1)

where F is the average packet size and X2 denotes the second
moment of service time for data packets.

The delay of any edge j in G, includes the expected packet
queuing delay and the data transmitting delay of all links on
the placed path of the edge, that is,

b ) @)
75l

E k,Jj
Tk = § : Pk,j,l <Wk,j,z+ c
k,j

leLsuLv

, Jorg0 =1, (6)




It should be noted that wy, ; represents the expected queuing
delay of computation units whose arrival process follows the
Poisson distribution. However, a service component contains
multiple computation units to process. The delay of a com-
ponent T,X ;, 1s the duration from the time when the first
computation unit arrives to the time when the last computation
unit leaves. Considering that all the computation units arrive
almost at the same time, the waiting time and processing time
of computation units overlap with each other, as shown in
Fig. 5. Thus, the component delay is the sum of the expected
waiting time of a computation unit and the total processing
time of all the computation units of the component, which is
given by

wi= Y L | ki ) ®)
nENSUNU Ukin

We omit the middle term in the above parentheses, i.e., the
processing time of one computation unit, as each compo-
nent generally contains several Megacyles (i.e., ci; >> 1).
Therefore, we obtain (5). Similarly, the data transmitted on a
service edge contains multiple data packets. The total delay
of a service edge is formulated as (7).

Ak in <wk,i - v
k,i,n

E. Problem formulation

The objective of service placement is to minimize the
total power consumption while accepting as many services
as possible defined as

P(a,v,go,()z Z pn_QZO—k

neNs kex

A T

6n' p + Z p;
leLvno,

Pk,5,1Ck, 4,1

>
kEK,JEE, T
+ Z R, " Pmax (9)
leL5N0O,

+ >

ke, i€V,

- > Qoy.

kel

- T

neNs

Gk inVkin * pc> + (1 - 5n>psl

where @) is a big value to facilitate accepting more service
requests, in case no service is accepted gives the minimum
power consumption.
The problem of service placement is formulated as P1.
P1l:

min P (a,v,,(). (10)
s.t.
Ok i, uy, =0, Vk € K0 € Vi, 1 =0, (11
> akin =0k, Yk € K,i € Vi, #0, (12)
neNs
Y Pkl — D Pkl = —0kjs;n + Ok jp o,
lel, l€o, (13)
VkeK,je&,ne NSUNY,
> ki <oR k€K, jE€Ene NTUNY,  (14)
l€l,
ZgOkJ‘;lSdk,VkGK,jegk,TLENSUNU7 (15)

leO,

Pr.ji = Prj s if js = jp and jp = jp, (16)
Co— > Wkin>0,YneN?, (17)
ke, i€V
Ri— > (rju>0Viel?, (18)
keK,je€
On > Apin, Yk € K,i € Vi,n € N, (19)
On > i, Vk €K, j € ExmeN® 1€0,,  (20)
T HNg
Py 2 , )
: keic%:esk P! ke)c%:egk (a+Blog 1) (245171 —1)
vie LY,
(21)
0< > pf <phae¥neNS, 22)

leLVno,,

ma’X{ Z (TIXz + T]fj)avXk,m € Gk:} < dk,Vk/’ S IC,
1,7 EXk,m

akim = 10,1} ,Vk € K,i € Ve,n € NSUNY, Eiii
o1 =10,1},Vk € K,j € &,le LU LY, (25)
or ={0,1} ,Vk € K, (26)

60 ={0,1},¥n e N9, (27)

Vim > 0,Vk € K, i € Vi,n e NSUNY,  (28)
Crju > 0VEeK,je&,leLduLy. (29)

Solving the problem P1 is equivalent to finding the place-
ment results of components (i.e., variables a and v) and edges
(i.e., variables ¢ and ¢) with the minimum power consumption
and the maximum placed services. Processing the first (also the
last) component locally is specified in (11) where /C,, denotes
the set of local services of edge node n € N U. Constraint (12)
specifies that every component in a service should be assigned
to one and only one edge node. The flow conservation in (13)
aims to assign each edge in a service to a continuous and loop-
free physical path between the placed edge nodes of its start
and end components. Constraints (14) and (15) specify that
the edge assignment is not splittable, namely one edge to one
physical path. Constraint (16) indicates that each bidirectional
edge should be placed to the same path in different directions.
The computation and bandwidth resource capacity constraints
of edge server and wireless links among SBSs are formulated
in (17) and (18) respectively. Any SBS that carries services
should be in active state as described in (19) and (20). The
transmitting power of wireless link [ from a SBS to a user
is formulated in (21) and the maximum transmitting power
constraint is specified in (22). The delay constraints of services
are shown in (23), restricting the delay of each branch to be
lower than dj. All placement variables are constrained to be
binary as in (24) and (25). The service placement indicators
ok, Vk € K and SBS power state variables d,,Yn € N
are also binary as in (26) and (27). The resource allocation
variables are positive as in (28) and (29).

Based on the problem P1, there are possibilities to reduce
the total power consumption by adjusting the transmitting
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power of wireless links from SBSs to users in (21) through
optimizing the placement of services. We can save energy by
allowing as many as SBSs to switch into sleep state.

IV. ENERGY-EFFICIENT SERVICE PLACEMENT BASED ON
CELL ZOOMING

The problem P1 is a Mixed Integer Non-Linear Program-
ming (MINLP) due to the power and delay constraints (21)
and (23), which is hard to be solved within exponential time.
Thus, we transform the problem P1 to be a Mixed Integer
Linear Programming (MILP) through delay splitting. Lots of
existing methods, e.g., branch and bound can be applied to
a MILP to find the optimal solution. To be specific, we first
decouple the constraint (23) through delay splitting and then
reformulate the problem P1 with computed resource requests
Uk,; and ék,j,Vk e K,i € Vi,j € & that satisfy the delay
constraints.

A. Delay splitting

1) Uniform delay splitting: Multiple online tasks can be
executed in parallel for each service to improve resource
efficiency and reduce delay. Namely, components in different
tasks of a service can be processed simultaneously as different
components are allocated with separated resource slices. It
is plausible to improve resource utilization by maximizing
the probability of task parallelization. It happens when the
delay of different components and edges are the same, i.e.,
uniform delay splitting, as shown in Fig. 6. The service has
three components connected with two edges, and there are
three online tasks for the service. Note that all tasks of the
service have the same request architecture as the service tree.
Assume that components 1 and 2 are placed to edge server 1,
and component 3 is assigned to edge server 2. In Fig. 6 (a),
all the components have the same length in terms of time, that

is, uniform delay splitting. While different components have
different delay in Fig. 6 (b). Online tasks that are assigned
to different edge servers can be processed in parallel, e.g.,
component 3 of the first (white) task and component 1 of the
second (purple) task are processed simultaneously on edge
servers 2 and 1, respectively. It can be obtained that even
though different delay splitting mechanisms have the same
service delay, the uniform splitting allows a higher degree of
parallelization among tasks. Thus, higher resource utilization
can be achieved.

2) Weighted heights of components and edges: The total
delay constraint is averagely distributed among all elements,
i.e., components and edges, on a branch for uniform delay
splitting. The allocated delay of an edge is weighted by the
placed path length of the edge. We define a weighted height
Yy, for each component and edge z of a service to facilitate
uniform delay splitting. For example in Fig. 7, the service
has six components (i.e., the squares). The first number in
the parentheses beside each edge indicates the path length
|Y,;| that the edge j € & is placed. The weighted height
of any component or edge is shown in blue. The height of the
root component is 0 by default. Bi-directional edges share the
same weighted height, which equals the weighted height of its
father component plus 1. The weighted height of a component
considers the placed path length of two directional edges
between the component and its father. Thus, the weighted
height of component 2 is 1+2*2=5. For component 3, its
weighted height is 6+2%2=10.

Algorithm 1 shows the computation of weighted heights
of components and edges in a service. The procedure As-
sign_Height() aims to assign the element z, i.e., either a
component or an edge, with weighted height h. It is called
recursively according of depth-first traversal of the service tree
(lines 10 and 16). The weighted heights of bidirectional edges
are same (line 14). The Algorithm 1 can also be used for the
weighted height computation given partial placement decision
a and ¢ to facilitate delay re-spitting. When the resource
allocation of some components and edges has been completed,
ie, Vgin > 0,3ag;n = 1 and (g j; > 0,39k ;; = 1 for
some ¢ € Vg,j € &, the actual delay of these components
and edges is subtracted from the total delay. The residual
delay is split among all elements whose resource allocation
has not been completed, as described in Algorithm 4. Thus,
only elements whose resource allocation have not completed
are considered for the weighted height computation (lines 5
and 12).

3) Algorithm description: The total delay of a service is
split layer by layer using the weighted heights of components
and edges. Define the weighted length of branch xy ,,,, denoted
by Sk,m, as the maximum weighted height of components
along the branch. Let & ,, be the residual delay of branch
Xk,m- The assigned delay constraint of component ¢ can be
formulated as

dk,z < fk/ (max {gk,mavXk,m; Jz e Xk,m} _7/%,2) V2 € V.
(30)



Algorithm 1: Weighted_Height_Computing

Algorithm 2: Delay_Splitting

Input: Gy, dg, Yk i, Ok ins Pk,j,l Vk,in Ck,j,1, Vi € Vi, J €
Sone NSUNU e LSuLl
Output: wk,z,v,z €V U&
1 Initialize z < 0, for z € Vi, h + 0;
2 Assign_Height(z, h).

3 Assign_Height(z, h):
4 if z € Vj then

5 ifvg 2 <0,3ak 2 =107 ag,.n =0,¥n € N then
6 ¢k,z — h;

7 h<+ h+1;

8 if z is not a leaf component then

9 for j € E,js = z and jp is a son of js do

10 |  Assign_Height(j, h);
11 else
12 if Cony <0,30k,.0 =10k .1 =0,Vl€L5ULY then
1 Yrs b

14 Vg, < h, 32" € Ex, 25 = zp and 2|, = zs;

15 h < h+2x|Y; |+ 1;

16 Assign_Height(zp, h).

For a service edge, the allocated delay is weighted by its
placed path length:

dk’,z S |Yk,z| : gk/ (max {gk,mavXk,ma dz e Xk,m} 7wk,z) )
Vz € &,

(€29)
By allocating delay for each element with the minimum
average residual delay of all belonged branches, the total delay
of all branches is not higher than d;. We achieve the delay
splitting in an iterative way as in Algorithm 2. Initially, we
have arin = 0,0k,51 = 0,050 = —1,(k 0 = —1,Vi €
Vij € Een € NSUNY 1 € £5U LY for a service
k. However, Algorithm 2 is also used for the delay re-
splitting when the resource allocation of a service is partially
completed, as described in Algorithm 4. The delay of a
component or an edge whose resource allocation has been
completed is determined according to the actual delay based
on the allocated resources (lines 9, 15, and 16).

B. Problem transformation

1) Transforming delay to resource requests: Based on the
split delay, we can transform the delay constraint of services
into the computation and bandwidth resource requests for
components and service edges, ie., Uy ; and CA;W'. Since the
placed path lengths of service edges are unknown initially, we
assume that each edge is placed on a one-hop path. Thus, the
delay constraint in (23) can be replaced by

1 i )
dri=————+ L yheKieVy, (2
’ Vk,i — CkiMk  Vk,i
by iMeCr i X2 bie ;
d}c,j _ ke, kG k,j VkeK,je&, (33)

2F (ék; - bk,jnk) +CA’€J

Recall that 9y ; and CA;W- represent the resource requests of
component ¢ and edge j respectively. The quadratic equation
with one unknown in (32) can be rearranged as

2
C,i7
di

s

. 1+ ek .
’UI%,Z' - (Ck,mk + k’+) Ug,i + =0, (34)

di,i

Input: Gk,dk,wk,z,v,z € Vi U&,
Ak i s Phjls Vk,i kaﬂ,lvVi €Vy,j €&,n¢€
NSUNUTetSuL
Output: d, ,,Vz € Vi U &
1 Initialize & < dg,z < 0, for z € Vg;
2 Assign_Delay (&g, 2).

3 Assign_Delay (&, 2):
4 if z € Vj, then

5 if z = 0 then
6 \ dy,. < the actual delay of local component;
7 else
8 ifvg > n >0,3ag ., =1 then
9 dy,, . < the actual delay of the component z by (5);
10 else
1 di,. +
i/ (max {Sk,ms VXk,m> 32 € Xkem | —Ph,2)3
12 Ek < &k — dk,2;
13 else
14 if €1 > 0,Vpy 1 =1 then
15 dy,,, < the actual delay of the edge z by (7);
16 dj,, + < the actual delay of the edge
2,32 € &, 2 = zp and 2}, = zs by (1);
17 else
18 di,. +
[Yi,2| - €&/ (max {Spm, YXk,ms 32 € Xk,m } —¥k,2):
19 dy < di,», 32" € Ep, 2, = zp and 2, = zs;
20 &k < &k —di,z —dp 213
21 if z € Vy, then
2 for 2’ € £, 24 = z and 2 has not been assigned with a
delay constraint do
23 Assign_Delay (&g, 2');

24 else

35 | Assign_Delay(&g, zp).

whose solutions are

2 2
14cp,i 1+ck,i dey Mk
Ch,il Tdki \/(Ck,ﬂ]k + d,i ) T diy
Vk,i = 2 )
(35)
or
) 1+ck,; ) 1+cp,i 2 4‘3%,1‘77’6
. Ch,illl T dg,i + Ch,illk T d,i T dyy
Vk,i =

2 )
(36)
with ¥ ; > ¢ sm,. Comparing 9y ; in (35) to cx ;n gives

2
14ck,i deg Mk degink
0< 4Ck,i77k di,i - dkli - dk71 ’
2 2
1+cg,: ) ) 1+ck,i Ay M
d,i Chillk < \/(Ck,znk + d,i ) dii
14ck,i 1+ck,i 2 4ci, ;nw
dri Ch,iTk + d,i T dk < Ch,ik,
Itek,i Thep, \2_ 4h i
ChoviTle T =g — (ck""nkJrT.;) T Tk
: 5 : — < CkiMk-

Based on the fact that the allocated resources should be higher
than the required resource cy, ;7y, the final solution of (32) is
(36). Similarly we can find the resource request of ékj for
communication resource.

R 2) MILP problem: Based on the resource requests 0y ; and
Ck,j> we then have problem P2:



min P’ (CL,QO) = Z |f$z : <pA + Z plT
neNs leLVnNno,

ke}CXj:es Wk"j'lék‘j T
+ Z —_— . Pmax
lecsho,, fi (37)
+ > GkinOki 'pc> + (1 - 5n)pS]
kEK, i€V
- Qo
ke
S.t.
(12) — (16), (19) — (20), (22), (24) — 27),
Co— > arinbri>0,¥neNS, (38)
kEK,iEV
Ri— Y ¢rjule; >0,V € LS, (39)
keEK,jEE

HN,
Pk,j,1 Z 5
J rekFee, (a+610g¢l)<25k‘]/H71)

vie LY.

(40)
The problem P2 leverages the split delay from constraint (23)
and the computed vy, ; and C;;j,Vk e ,i €Vy,j € E. Thus,
the constraints (17) and (18) in the original problem P1 are
transformed into (38) and (39) respectively. Constraint (21)
becomes (40). Consequently, the problem P2 is a MILP where
we only need to determine the binary assignment variables a
and .

pl> X

- keK,jeg,

)

V. FLEXIBLE SERVICE PLACEMENT BASED ON
EQUIVALENT BANDWIDTH

Solving the problem P2 gives a candidate placement for
services. However, the solution of P2 may not be feasible
and optimal for the original problem P1 for the following
reasons.

a) We assume each edge is placed on a one-hop path to
calculate the resource request fk,j based on dj, ;, which
may be inconsistent with the final placement result. The
delay constraint may be violated.

b) When multiple components of a service are placed to the
same edge server, the actual delay of their intermediate
edges is negligible. Reserving delay to the intermediate
edges is unnecessary. More than needed resources may be
allocated to the service.

Thus, we need to reconfigure the delay splitting of services to
avoid resource waste and guarantee the total delay constraint.
Moreover, to improve the flexibility of resource allocation, we
use the equivalent bandwidth to allocate resources to edges
that are placed to paths with multiple hops.

A. Equivalent bandwidth

Assume the edge j in service G is placed to a physical
path Y}, ;. In order to bring the superiority of flexible resource
allocation into full play, the diversity in terms of the amount of
allocated resources for links on Y}, ; is allowed, that is (j j; =

Crjir, V1,1 € Yy j,1 # 1" is not always true. Therefore, the
equivalent bandwidth is defined as follows.

Definition 1. The equivalent bandwidth of any edge j in
service Gy, with delay constraint dy, ; is a set of resources
{Ck,j1, YVl € Yy, ;} that satisfies

argminge, . vievy ;} {Eley,w. Cgil s < di g Crojt < i,
Vi e Ykﬁ'} ,

(4D

where f; denotes the residual bandwidth capacity of link 1

defined as the total maximum data rate R; minus the current

load of link I.

The equivalent bandwidth intends to find a set of allo-
cated resources along Y ; to minimize the total resource
consumption while satisfying the delay request of the edge.
By allocating different amounts of resources to links on
each placed path, bottleneck links whose residual bandwidth
capacity is lower than others would not lead to placement
failure. In order to find the optimal equivalent bandwidth in
(41), we propose the following theorem.

Theorem 1. The problem in (41) is equivalent to

argminge, ., vievi ;} { > Gkt = CollTE; < diyj,
ZGYk‘j

Cji < fi.Vl € Y},
(42)

where (o ensures the delay request dj ; is satisfied when
Cr,jt = Co, VI € Y ;.

Proof. See Appendix VII-A. O

B. Edge allocation based on equivalent bandwidth

It can be drawn by Theorem 1 that the edge placement with
the minimum resource cost is to allocate the same amount of
resources from all links on the placed path. However, when the
resources of some links are not enough, allocating the amount
of resources as similar as possible is desirable for the objective
of resource consumption minimization. Thus, we propose the
edge allocation algorithm based on equivalent bandwidth as
in Algorithm 3.

Algorithm 3 allocates resources for links with less residual
bandwidth in priority to make sure the delay constraint of
the edge is guaranteed and reduce the differences between
the allocated amount of resources of physical links. Binary
search is used for computing (y (lines 5-16), where the initial
maximum and minimum values of (g, i.e., {max and (nin are
set to be the maximum residual bandwidth capacity and 0
respectively. In each iteration, the center of the search space
[Cmin, Cmax] 1s taken to compute the delay, based on which the
search space is narrowed till its range is less than a small value
€. Given the computed (y, links whose residual bandwidth
capacity is less than ¢y will allocate all the residual bandwidth
capacity f; to the edge (line 19). After that, a new (y is
computed for the left unallocated links, where the delay of
already allocated links is determined based on the allocated
resources (line 12).



Algorithm 3: Edge allocation based on equivalent
bandwidth

Input: bk,jv F,ﬁ, Nk » dk,j7 kajfl,Vl S Yk,j7 €

Olltpllt: Ck’j’l,Vl S Yk,j o
1 Initialize Ck,j,l +— —1,Vvle Yk_’j,M — nkX2bk,j/ (2F),i +— 0

2 while 3 j; = —1,YI € Yy, j ori < Yy ;| do
3 Cmin — 0;

4 (max%max{fl,VleYk,j};

5 while [(max — (min| <& do

6 Co + (Cmax + Cmin) /2;

7 d() <+~ 0;

8 for I € Y3, ; do

0 if ¢, ;1 = —1 then .

10 ‘ do <= do + Co—bk,; o’
1 else

12 ‘ do < do + Choi—be; T Thga’
13 if dg < dk,j then

14 ‘ Cmin — CO

15 else

16 ‘ Cmax < Co

17 for | € Yy,; do

8 if ¢; 5,0 = —1 and f; < (o then

19 ‘ Crgt = Jis

20 Jo < i — g

21 i1+ 1

2 if {Ck,j,la vl e Yk,j} satisfies the delay constraint of edge j then
23 | return succeed;
24 else

25 \ return fail;

C. ESBC algorithm

On the basis of the problem P2 and Algorithm 3, the ESBC
algorithm is proposed. In Algorithm 4, the continuous time
is divided into multiple time windows. Services that arrive in
each time window collected as K’ are placed simultaneously.
For each service, Algorithms 1 and 2 are executed first to split
the whole delay constraint to every component and edge (lines
6-7), based on which the resource requests of components and
edges are computed (line 8). The problem P2 is then solved
to obtain the placed servers and paths for all components
and edges (line 9). In order to satisfy the delay constraint of
services and avoid resource waste, the delay of each service is
re-split. For each service with candidate placement solution,
we iteratively do the following till all the delay constraints of
components and edges can be satisfied (line 25).

a) Fix the allocation of components (line 18) or edges (line
23) whose placed servers or paths are short of resources.

b) Re-split the delay of the service by considering the fixed
delay of already allocated components and edges (lines 12-
14). In the process, the allocated delay of service edges are
weighted by the placed path length and the delay of edges
whose end components are placed together is set to 0 such
that the delay of services is strictly guaranteed.

Note that Algorithm 3 is used to achieve flexible edge
allocation.

D. Complexity analysis

Algorithm 1 iteratively carries out the Assign_Height()
procedure for each component and edge in a service, costing
[Vi| + |Ex| steps. The time complexity of Algorithm 1 can be
expressed as O (|Vg|) due to |Ex| = |Vi| — 1, Vk. Similarly,
Algorithm 2 conducts Assign_Delay() with the same time

Algorithm 4: ESBC algrithm

Input: Gy, ni, di, T, Vk € IC, F,X2,N,L,p3;ax,6
Output: ay ; n, Pk, j 15 Vk,in,Ck,jl, Ok, Yk € K, 1 € Vi, j €
Eene NS 1eLSULY
1 Initialize vy ; 5, < —1,(g, 51 < —1,Vk € K,i € Vi, j € E,n €
NS lerSucy;
2 fort=1,2,--- do

3 Collect all services that arrive in the last time slot ¢ as set K';
4 for k € K’ do
s Vi j| 4 1,Vj € &
6 Obtain vy, ., Vz € Vi or z € &, using Algorithm 1;
7 Obtain di, ,,Vz € Vi, or z € & using Algorithm 2;
8 | Compute dy;,Cr, 5, Vk € K',i € Vi, j € &
9 Solve the problem P2 and extract
Ak,ins Ph,jls Yh,z, Ok, Yk € K/ i € Vi, j € Egs
10 for k € K’ with o, = 1 do
1 while Evkmn =—1or Ck,j,l = —1,
Vk €K ,i€Vy,jE€E,neNS e
£5U EU,ak’i,n = 17<Pk,j,l =1do

12 Obtain ¢y, ,,Vz € Vi or z € &, using Algorithm 1;
13 Obtain di, .,Vz € V}, or 2z € & using Algorithm 2;
14 Compute 9y, 4, Ck,j, Vi € Vi, J € Ek;
15 Qp < 0; // Judge the resource constraint
16 for : € Vi, do
17 if Oy ; > gn,3ag i n =1 and vy ; , = —1 then
18 ‘ Vk,i,n < gns
19 Qp < 1;
20 for j € & do
21 Execute Algorithm 3 and obtain

{Crjs VL€ Yy 1
22 if Algorithm 3 succeeds then
23 ‘ C,ji < fi, VI € Yy 53
24 Qp < 1;
25 if Qi = 0 then
26 Vk,in Q/J\k,i,VZ‘ € Vi, Hak,i,n =

1 and vg ;0 = —1;
27 Fix Cx,j,1, V] € &k, 1 € Yi,; according to

Algorithm 3;
28 Update gn,, fi,Yn e NS 1e £5uLV.

complexity of O (|Vx|). In algorithm 3, the complexity of
the binary search for computing ¢y is O (logs (Cmax — Cmin))
where (pnax and Cpin correspond to the highest data rate of
physical links R; and O, respectively. The binary search pro-
cess is executed multiple times (at most |Y% ;|) in Algorithm 3,
resulting in the overall time complexity of O (log, R;).

The worst case of ESBC algorithm happens when all
services in /C arrive simultaneously. The initial delay splitting
of Algorithms 1 and 2 costs O (|K|[Vx|) steps. Besides, the
problem P2 can be solved using existing methods with poly-
nomial complexity. Moreover, the resource reconfiguration
costs O (|Vi| + |Vi| + [Ek| logs Ri) = O (|Vi| + |Vi| log, Ri)
each time (including Algorithms 1, 2, and 3) and is car-
ried out |Vi| 4+ |Ex| times at worst case. Finally, the
time complexity of ESBC except for solving the problem
P2 is given by O (IK[ (Vi + [€kl) (Vkl + [Vi|logy Ri)) =
0 <|IC| Vi (14 |Vi| log, Rg)) Overall, the time complexity
of the proposed ESBC algorithm is polynomial to the size of
both MEC networks and services.

VI. SIMULATION RESULTS
A. Parameter settings

In the simulation, 1 MBS and 50 SBSs are generated over
a 200 x 200 m? area. Each BS is equipped with an edge
server. The computation capacity of each edge server is 10
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Fig. 10: Delay satisfaction rate under different
average service sizes
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Gigacycles/s. The path loss of wireless links over millimeter
wave is o = 157.4 and 5 = 32. The power density of white
noise is Ny = —174.0 dBm/Hz. The spectrum width for each
wireless link is 20MHz. The maximum transmitting power
of SBS transmitter is pl, = 30dBm. The power of unit
computation is p¢ = 8.2 x 10~"W/cycle. The static power
of an active SBS is p* = 14.9W and the power of a sleep
SBS is p° = 5W.

Services arrive according to Poisson distribution. The com-
putation requests of components and the transmitting data
size of edges follow uniform distributions in [100, 1000]

Service size

Fig. 12: SBS sleep rate under different average
service sizes

Service size

Fig. 13: Number of SBS state switches under
different average service sizes

Megacycles and [0.5, 1] Mbits, respectively. The task arrival
rate of each service is 1, and the average duration of services
is 10 according to an exponential distribution. The delay
requests of services are uniformly distributed in [0.1, 0.5]s.
Moreover, we set F' = 20 Bytes and X2 = 1.137 (us)®. In
all simulations, totally 100 services are generated, each of
which locates randomly in the 200 x 200 m? area. We use
the IBM CPLEX optimizer to solve the MILP of problem P2.
We conduct multiple runs with different random seeds for each
approach under specific parameter settings and take an average
as the final results.

B. Comparative approaches

We compare the proposed ESBC with the following ap-
proaches:

a) ESC: The ESBC without the edge allocation based on
equivalent bandwidth, i.e., all links on the placed path of
an edge allocate the same amount of resources to the edge;

b) ES: The ESC without cell zooming. Namely, all SBSs are
initially in the active state in problem P2. Zero-loaded
SBSs are switched into sleep state after placement;

¢) ACO [14]: Using ACO with residual capacity-based dy-
namic pruning to search the placement of services. Zero-
loaded SBSs are switched into sleep state after placement;

d) OS [53]: Place the components and edges of a service
simultaneously using backtracking method. Zero-loaded
SBSs are switched into sleep state after placement;

e) TS_GRC [51]: First, assign all components in a service to
the physical nodes with higher general resource capacity,
which is a combination of node computation capacity and



the sum of bandwidth capacities on its neighbor links.
Then, assign edges to the shortest paths. Zero-loaded SBSs
are switched into sleep state after placement;

f) TS_PR [52]: First, assign all components in a service using
Page rank. Then, assign edges to the shortest paths. Zero-
loaded SBSs are switched into sleep state after placement.

Taking the queuing delay into account, the allocated re-
sources of both components and edges should be higher than
the requests such that the expected queuing delay in (4) and

(6) will not be infinite. However, the amount of additional

reserved resources is unknown due to the unknown delay

splitting. Thus, we analyze different amounts of additional
reserved resources for ACO, OS, TS_GRC, and TS_PR as
follows:

a) ACO_1, OS_1, TS_GRC_1, TS_PR_1: Allocate additional
2000M CPU cycles for each component and 100Mbits for
each edge;

b) ACO_2 and OS_2: Allocate additional 2500M CPU cycles
for each component and 150Mbits for each edge;

¢) TS_GRC_2 and TS_PR_2: Allocate additional 1000M
CPU cycles for each component and 10Mbits for each
edge;

C. Performance metrics

We compare the ESBC algorithm with others on the fol-
lowing performance:

a) Service acceptance rate: The number of successfully placed
services over the total number of services;

b) Delay: The average actual delay of all accepted services;

c) Delay satisfaction rate: The number of services whose
actual delay satisfies its delay constraint over the total
number of accepted services;

d) Power: Total power consumption;

e) SBS sleep rate: The number of sleep SBSs over the total
number of SBSs;

f) Number of state switches of SBSs: The total number of
state switches, i.e., from active (sleep) state to sleep (active)
state, of all SBSs.

D. Performance analysis

1) Performance over varying service size: The comparison
between ESBC and other methods under fixed service arrival
rate and varying service size (i.e., the average number of
components in each service) is shown in Figs. 8-15. It is
demonstrated from Fig. 8 that the service acceptance rate
decreases with the increase of service size on account that
it becomes harder to place services with more components,
more complex topology, and higher resource consumption.
If we increase the additional reserved resources, the service
acceptance rates decrease due to resource capacity limitation
comparing ACO_2 to ACO_1, OS_2 to OS_1, TS_GRC_1
to TS_GRC_2, and TS_PR_1 to TS_PR_2. More importantly,
compared to OS, ACO, TS_GRC, and TS_PR, the service ac-
ceptance rates of ESBC, ESC, and ES decrease less while the
service size increases. More services are placed successfully
in ESBC than ESC due to flexible edge allocation based on

equivalent bandwidth. A similar number of services are placed
successfully in ESBC and ES. However, ES experiences higher
power consumption as shown in Fig. 11.

For methods with fixed additional reserved resources, i.e.,
ACO, OS, TS_GRC, and TS_PR, the delay of services rises
with the increase of service size, as shown in Fig. 9, resulting
in the decrease of delay satisfaction rate as shown in Fig. 10.
Increasing the additional reserved resources brings lower delay
and higher service acceptance rate. However, finding a fixed
amount of additional reserved resources for different services
with different delay constraints is difficult. ESBC, ESC, and
EC execute the delay splitting and resource allocation iter-
atively to satisfy the delay constraints of all services. The
average delay is lower than 0.4s, and a 100% delay satisfaction
rate is performed.

The power consumption of all methods goes up while the
service size increases, as depicted in Fig. 11. In OS, ACO,
TS_GRC, TS_PR, and ES, services are placed to the SBSs that
locate close users, resulting in lower SBS sleep rates as shown
in Fig. 12. Higher SBS sleep rate and lower power are achieved
in ESBC and ESC. Note that TS_GRC_1 and TS_PR_1 have
lower power consumption and higher SBS sleep rate because
their service acceptance rates are extremely low as shown in
Fig. 8. The power consumption and SBS sleep rate of ESBC is
slightly worse than ESC due to its higher service acceptance
rate. As high as 0.96 of SBS sleep rate can be achieved in
ESBC and the SBS sleep rate can still be 0.78 for large scale
services.

The number of SBS state switches of ESBC is also smaller
than other methods, as shown in Fig. 13. That is because
the current state of SBSs is considered at the beginning of
each time window in ESBC to prevent from unnecessary state
switches. Overall, ESBC outperforms OS, ACO, TS_GRC, and
TS_PR in service acceptance rate, delay, delay satisfaction
rate, SBS sleep rate, and the number of state switches of
SBSs. A higher service acceptance rate is achieved in ESBC
compared to ESC, with similar performance in other aspects.
Compared to ES, lower power consumption, higher SBS sleep
rate and lower state switches of SBSs are performed by ESBC.

The minimum and maximum delay of different approaches
under different service sizes is depicted in Fig. 14 using
the dashed area behind each curve. Compared to ASO, OS,
TS_GRC, and TS_PR, ESBC has a remarkably narrower error
interval, which is comparable to ESC and ES. Moreover, the
error interval of power consumption for different approaches
under varying service sizes is demonstrated in Fig. 15 where
ESBC also performs the best. Due to page limitations, we will
not put all the interval error results of all curves. Instead, the
variance of all the performance metrics for all approaches with
different service sizes is shown in Fig. 23 in Appendix VII-B.

2) Performance over varying arrival rates of services:
ESBC outperforms others for varying arrival rates of services
while the service size stays in [2,8] randomly as shown in
Figs. 16-22. We fix the total running time to 10 time windows
and vary the number of services for each arrival rate setting.
The service acceptance rate of ESBC reaches almost 100%
while the arrival rate of services changes from 1 to 12. The
average delay of services for ESBC is below 0.5s, which 100%
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satisfies the delay constraints of services. However, the delay
satisfaction rates of ACO, OS, TS_GRC, and TS_PR are lower.
The power consumption of all approaches increases with the
increase of arrival rate of services, as shown in Fig. 19. ESBC
consumes the least power compared to others except for OS_2
and ACO_2 whose service acceptance rates are extremely low.
The highest SBS sleep rate of ESBC reaches 87% when the
arrival rate of services is 1 and still 50% for the arrival rate
of 12. ESBC also shows a lower number of state switches
of SBSs than others. Furthermore, the error intervals of power
consumption and delay of ESBC under different service arrival
rates as shown in Figs. 19 and 22 are relatively small. More
results about the variance of different metrics for approaches
with different service arrival rates can be found in Fig. 24 of
Appendix VII-B.

VII. CONCLUSION

In this paper, we have proposed the ESBC algorithm to
achieve energy-efficient and flexible service placement in
MEC networks with cell zooming. First, an efficient delay
splitting strategy is designed to transform the joint service
placement and SBS power control problem into a MILP.
Furthermore, the equivalent bandwidth for an edge is defined.

switches of SBSs. In future work, we will consider the
mobility of users and more advanced intelligent services that
feature neural network architectures to enable more efficient
edge intelligence.
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APPENDIX

A. Proof of Theorem 1
Proof. Define M := n;, X2by ;j/2F, by the definition of (o,

we have,
M
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another link {’ should be increased by A’ > 0 such that the The left-hand side of the above can be rearranged as
total delay request can still be hold. Thus,
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Based on the fact that higher A leads to higher A’ and
AA’, it can be observed from (46) that, in order to maintain
the equality for given by ;, F, X2 and 7, A’ — A should
be higher too, meaning that >, Cp ;1 = >, ¢ + A — A’
will increase for increasing A. Therefore, min Zl Ch,j, 1s
equivalent to min (A — A’) as well as min ), ¢ 1 — >, Cos
that is min >, [(x,;1 — Co|- Thus, the theorem is proved. [

B. Additional simulation results

The variance of different performance metrics for ap-
proaches with varying service sizes and service arrival rates
are respectively shown in Figs. 23 and 24.
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