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Workload and Capacity Optimization for
Cloud-Edge Computing Systems with Vertical and
Horizontal Of oading
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AbstractA collaborative integration between cloud and edge locally, near their sources. In other words, the concept allows
computing is proposed to be able to exploit the advantages of deploying virtualized resources of computing and communica-
both technologies. However, most of the existing studies have only i, oy mobile/loT devices, network edges, and core servers by
considered two-tier cloud-edge computing systems which merely leveraging virtualization technologies. By doing so, the end-
support vertical of oading between local edge nodes and remote . ) ; v
cloud servers. This paper thus proposes a generic architecture to-end delay for accessing the resources is reduced since the
of cloud-edge computing with the aim of providing both vertical network distance between them and end-users is signi cantly
and horizontal of oading between service nodes. To investigate shortened. Hence, edge computing is likely more suitable for
the effectiveness of the design for different operational scenarios, real-time or delay-sensitive services than cloud computing.

we formulate it as a workload and capacity optimization problem Furth d Hi bl irtualized
with the objective of minimizing the system computation and urthermore, eage computing enables vinualized resources

communication costs. Because such a mixed-integer nonlinearto be geographically distributed at network edges which can
programming (MINLP) problem is NP-hard, we further develop  potentially address the requirements of mobility and geo-

an approximation algorithm which applies a branch-and-bound distribution of mobile and loT services.
method to obtain optimal solutions iteratively. Experimental While cloud computing provides high availability, reliabil-

results show that such a cloud-edge computing architecture can it d d tilizati dh | t it
signi cantly reduce total system costs by about34%, compared iy, and good resource uufizaton, an as almost capacily

to traditional designs which only support vertical of oading. Our  limit, edge computing offers mobility and enhances perfor-
results also indicate that, to accommodate the same number mance. As a result, integration of cloud with edge computing

of input workloads, a hgterogeneous service allocation scenario has been proposed to exploit the advantages of both these tech-
;ig%';?iso about a 23% higher system costs than a homogeneous ,5|ogies [7]. Conceptually, the approach allocates computation
' and communication virtualized resources into th hierarchy,
Index Terms capacity optimization, edge computing, fog com-  sych as to end device, network edge, central of ce, and data
puting, optimization, workload of oading. center tiers, to handle incoming service workloads. By doing
so, cloud-edge computing can ef ciently accommodate differ-
I. INTRODUCTION ent types of services whose characteristics are diverse while

Cloud service providers traditionally rely on massive datrgai_ntaining availability and reliab_ility. In fact, al_though end
centers to provide virtualized computational resources to us@fYICes and network edges are suitable for real-time and delay-
with the advantages of high availability and rapid elasticity [l]s_erjsmve Services, Fhey may not be able to handle Services
Unfortunately, such an approach is not capable of accomrrYlSt"Ch demand a signi cant gmount of computing c;apacﬂy.
dating real-time and delay-sensitive services, such as higtie workloads of such services must thus be redirected to
quality video streaming or instant emergency alarms, whiggntral of ces or data centers for executions.
require immediate responses. In fact, the transmission of suci? Practice, a cloud-edge computing system must serve a

service workloads to and from remote data centers resuf@&St diverse, and ever-increasing volume of service workloads.
in long network latency which might signi cantly downgrade't is thus crucial and challenging to manage its capital expen-

their performance. Furthermore, the data centers, which pfitureé (CAPEX) and operating expenses (OPEX) ef ciently,

vide computational resources in a centralized manner, canfittl® guaranteeing service quality (e.g., delay constraints).

handle the requirements of mobility and geo-distribution ¢feS€arch papers such as [7][14] have attempted to address

mobile and Internet of things (IoT) services ef ciently. these requirements of cloud-edge computing. However, these
To overcome such issues of cloud computing, an edﬁ@‘d'es only considered simple two-tier systems, i.e., local

computing paradigm [2] [6] aims to process service workloadd®Work edge nodes and remote cloud servers, or neglected
the horizontal of oading between service nodes in the same
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mance with different input workloads, service allocationglif culties, such as the horizontal of oad capacity modeling
and capacity price scenarios. Since the problem is a mixehd the loop situations between service nodes, while formu-
integer nonlinear programming (MINLP) problem, which idating both vertical and horizontal of oading between service
very difcult to address, we develop a branch-and-boundodes into their optimization models. To address the issues,
algorithm to obtain optimal solutions iteratively. Experimentahis paper de nes the de nitions of parent and sibling nodes
results show that our cloud-edge computing design, which sugi-a service node, to which it can do vertical and horizontal
ports both vertical and horizontal of oading, can signi cantlyof oading, respectively. Also, the node cannot receive the
reduce system costs for various operational scenarios by abwatkloads of a service from its siblings if it already horizon-
34%, compared to a traditional approach which only provideally of oads this type of workload in order to prevent loop
vertical of oading. situations. The consideration of both vertical and horizontal
Compared to related work, the contributions of this papef oading obviously increases the computational complexity
are across three aspects: (i) this paper is the rst study, @b our model, compared to those of existing studies. Thus,
the best of our knowledge, which considers both vertical amee develop an approximation algorithm applying a branch-
horizontal of oading in a cloud-edge computing system anand-bound approach to obtain solutions for our optimization
formally models its architecture into an optimization problengroblem.
(i) we derive a branch-and-bound algorithm to reduce the Table | summarizes those papers which address workload
complexity and obtain optimal solutions for the problem; anand cost optimization for cloud-edge computing. It must be
(iii) various experimental simulations were conducted to imoted that in this paper, we use the teredge computing
vestigate important operating scenarios along with signi caaind fog computinginterchangeably. Generally, the objectives
observations. of these cited papers are to minimize system costs or the end-
Although the proposed algorithm can solve our optimizatidie-end delay of services offered. For example, the paper [8]
problem ef ciently, its long-running time, especially in largepresented an integration approach to minimize service delay,
scale cloud-edge systems which consist of a large numbemdfich utilizes both VM migration and transmission power
service nodes and network connections, would be a limitatieontrol. Deng et al. [9] formulated a trade-off between power
of this work. Also, our architecture assumes that servig@nsumption and delay in a cloud-edge computing system
nodes fairly treat all submitted service requests. Thus, it & an MINLP problem. The authors of [10] considered four
not suitable for a situation in which some service node®mponents, the energy cost of cloud servers, cost of network
with special capabilities can process particular services mdrandwidth, propagation delay, and the compensation paid
quickly than the others. Besides, the implementation of hofr end devices, while formulating a total cost minimization
zontal of oading capability on end devices and network edggsoblem for a cloud-edge computing system. Lin et al. [11]
is an extremely complex task due to their greatly variedtroduced a two-phase iterative optimization algorithm which
characteristics [15], [16]. aims to minimize the capacity cost of a three-tier cloud-
The remainder of this paper is organized as follows. KBdge system. Resource allocation problems with the objective
Section 2, we review existing papers on workload and capaciif service delay minimization were studied by Souza et al.
optimizations for cloud-edge computing, which are closeip [12], [13]. The authors of [14] considered both vertical
related to our work. We then develop our architecture of oading between edge and cloud nodes and horizontal
cloud-edge computing and present the problem formulatiofioading between neighboring edge nodes in a study on
in Section 3. In Section 4, we elaborate a branch-and-boudiline workload optimization. Unfortunately, the authors only
algorithm to address the problem. Evaluation study and expéwvestigated a simple case of single service in this work.
imental results are presented in Section 5. Finally, Section 6To sum up, our optimization model shares the same ob-
concludes this paper. jective with related work [9] [11] which is to minimize
computation and communication costs, e@S and CN, of
the system, while satisfying the end-to-end delay constraints
of service requests. Note that some related work [7], [8], [12]
A variety of research papers [7] [14] has dealt with thg14] has reversed objective and constraints with our model. In
collaborative integration between cloud and edge computingher words, the studies aim to minimize the end-to-end delay
to exploit the advantages of both these technologies. Someof service requests while ensuring all service allocations.
of these papers have investigated simple two-tier systems
which considered only vertical of oading between local edge ||| GENERIC ARCHITECTURE OF COLLABORATIVE
nodes and remote clogd servers [7] [11]. The authors of [12], ~| 5 Up-EDGE COMPUTING AND OPTIMIZATION MODEL
[13] attempted to provide four-tier architectures of cloud-edge ) ] )
computing, wherein each tier has different capacity, vicinitﬁ‘- Generic architecture of collaborative cloud-edge comput-
and reachability for end-users. Unfortunately, the horizont4l9
of oading between the service nodes in the same tier was notOur proposed design of collaborative cloud-edge computing
addressed in these architectures. is described in Figure 1. The novel aspect of the design is
The reason for these limitations of existing studies, from otinat it deploys virtualized communication and computation
understanding, is to reduce the complexity of their optimizaervices to four different hierarchical tiers. The rst tier of the
tion models. Besides, the papers seemed to encounter sdreearchy is composed of end devices, such as smartphones,

Il. RELATED WORK
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TABLE I: Comparison of studies on workload and capacity optimization for cloud-edge computing

Tizrs Serf/#ices %1? :)i;ginr:gl Variables (all)rjl?ni:yg) Oprfli’?tﬁ:;on Solution
[8] (Devicze/Edge) 1 No RA D NLP Integrated VM migration and TPQ
[9] (Devic§/CIoud) 1 No WO andCA | CS MINLP Decomposition algorithm
[7] (Edge?Cloud) Multiple No WO D MIP Simulated annealing algorithm
[10] (Devicé(:loud) Multiple No WO cS+cN MINLP Distributed Jacobian algorithm
[11] (Device/ESdge/CIoud) 2 No WO andCA | CS NLP Two-phase iterative optimization
[12] (Device/Edge41/Edge 2/Cloud Multiple No RA D ILP Solved by optimization tools
[13] (Device/Edge41/Edge 2/Cloud Multiple No Multiple RA D Knapsack Solved by optimization tools
[14] (Devictza/CIoud) 1 Yes WO D MINLP Online k-secretary algorithm
Ours (Device/EdeIOf ce/Cloud) Multiple Yes WO andCA | cS+cN MINLP Branch-and-bound algorithm

(Abbreviation -WO: workload of oading, C A: capacity allocationR A: resource allocationD : system delayC S: computation costCN : communication
cost, MINLP: mixed-integer nonlinear programming, MIP: mixed-integer programming, ILP: integer linear programming, NLP: nonlinear programming, TPC:
transmission power control)

IP cameras and loT sensors, which directly receive servioatlets across the whole city. If there is a lack of computation
workloads from their sources. In our design, a device caapacity, the server can send the data to nearby edge servers
by itself locally process (i.e., carry out local of oading) afor execution. In cases of serious situations, some data can also
fraction of the input workloads or horizontally of oad somebe redirected to central of ces or even to a remote data center
of the other workloads to neighboring devices, using variodier running trafc re-routing algorithms which need very
short-range wireless transmission techniques such as Liigh computation capacity. Note that the proposed architecture
D2D, Wi-Fi Direct, ZigBee, and Bluetooth. For the remainings generic which includes four different hierarchical tiers,
workloads, the device needs to vertically of oad to networkuch as end device, network edge, central of ce, and data
edge nodes (e.g., edge servers, switches, routers, base statmsrger which provide both vertical and horizontal of oading

in the second tier using access network technologies suchbasnveen service nodes. In real deployments, the design can
Ethernet, Wi-Fi, and 4G/5G. The edge nodes, in turn, can alse customized and adjusted by, for example, merging the
process a part of received workloads. Further, horizontal acentral of ce and the data center into a cloud tier or removing
vertical of oading can be carried out by the nodes to dispatdhe horizontal of oading capability between end devices. By
their workloads to nearby edge nodes, and to central of cél®ing so, the design becomes speci c architectures, such as
in the third tier, by leveraging core network technologie€dge server, Coordinate device and Device cloud [16] which
Similar to devices and edge nodes, a central of ce, which is rean accommodate different types of cloud-edge services and
structured as a small-size data center, can also carry out lcaaplications.

processing, and horizontal of oading to neighboring central In the following subsection, we provide an optimization
ofces and vertical of oading to a remote federated datanodel for the proposed cloud-edge computing architecture.
center in the fourth tier. In our design, the central of ces ar@/e then formulate a cost minimization problem for the model
connected to each other and to the data center using backb@hese important notations are summarized in Table II.
network technologies. The data center, which is located in

the top-most tier of the cloud-edge computing hierarchy, acts

as the backstop to the whole system. In other words, it B Optimization model

responsible for processing the remaining workloads which

cannot be handled by lower tiers. 1) Workload model:Let f 2 F denote an offered service

of a cloud-edge computing system. Each servicehas a

Oour aim is to develop a generic architecture which can f@mputation sizeZ which is the number of mega CPU
used to deploy different types of services. Taking a real-tinf¥cles required to process a request for serviceAlso,
vehicle congestion avoidance service in smart cities as g@mmunication sizZ indicates the data size of the request
example, IP cameras, which are used for traf ¢ monitorindg) megabytes. Let ;1 ;1 ; and| be the sets of devices,
can provide instant alarms of emergency events such rgfwork edges, central of ces and data centers of the system,
car accidents by detecting abnormal traf c behavior. Notéspectively. A service node 2 | could process a set of
that only a fraction of the volume of the captured data Berviceski  F, wherel is the set of all service nodes of
dispatched to an edge server for detailed analysis. The seitf system, iel =1 [ | [ | [ |
then processes the data to obtain more re ned information a) Local processing:Let pif denote the workload (in
which can be sent to automobile drivers or conveyed to neweqjuests per second) of a servitevhich is locally processed
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TABLE II: Summary of important notations

[ Notation [ Meaning [ Attribute |
Service
fiF index and set of system services Input
; computation and communication size of service npu

z7,zf putati d ication size of servf Input
Service node - Capacity
il index and set of all service nodes Input
Fi set of services supported by a nade Input
[ N | sets of devices, network edge nodes, central of ces and data centers Input
Hi; Vi; Ki sets of sibling, parent, child nodes of a nade Input

iS computation capacity of a node2 | [ | Variable
ni; iS number of active servers and computation capacity of a server of aindde [ | Variable

i'\.‘j communication capacity of network connection froro | Variable
Workload

if input workload of service to a devicel 2 | Input
pif workload of servicef locally processed by a node Variable

if.j horizontal of oading workload of servicé from i to j, wherej 2 H; Variable
ujf.i horizontal of oading workload of servicé from j to i, wherej 2 H; Variable
yif,j vertical of oading workload of servicd fromi to j, wherej 2V; Variable
vif_j vertical of oading workload of servicd from j to i, wherej 2 K; Variable
Delay
DiS computation delay of a node Output
Di'\.‘j communication delay of a network connection frorno j Output
D ;D ;D ;D delay of device tier, edge tier, central of ce tier, and data center tier Output
D :D :D ;D delay thresholds of device tier, edge tier, central of ce tier, and data center tier Input
Cost
WS;WS;WS; WS | computation cost of a device, edge node, central of ce, and data center Input
WH JW;N ;W!\] » | communication cost of a device-to-device, a device-to-edge, edge-to-edge, edge-to om:el,Jt
wN ;wN wN of ce-to-of ce, and of ce-to-center connection P
cs;cN:c computation cost, communication cost, and total cost of the system Output

Ter 4 I""""""";: ________________ | ofoad its workloads. Also, Ietx be the workload of a
Federated | i, ¢ service f which is honzontally of oaded fromi to a service

data center |

nodej 2 H;. Similarly, letu’. be the workload of a service
f which is horizontally ofoaded fromj 2 H; to i. Here,
we assume that a service nodecan of oad the workload

Tier 3: i
C(e;:::c;ilece -[:.“[’ —————————— of a servicef to a sibling nodej on condition thatj is
data center) SO LA able to procesd, i.e,, f 2 Fj. In addition, to prevent loop
SN situations, a node cannot receive the workloads of a sefvice

from its siblings if it already horizontally of oads this type of
workload. Thus, we have

Tier 2:
Network edge

local ‘l N => €
B horizontal

|
|
|
|
|
|
|
|
|
|
|
|
|
| ° \
|
|
|
|
|
|
|
|
|
|
|
|

processing offloadin A N ( | . .Q; . Qi .
/\\\ ffloading /// \\\ //\\\ /// \\\ le _ 0 .If f2 Fj,8.J 2 Hi,s.l 21; (2a)
AN SN SN N =0 if f<F;8j 2H;8i21;
. CH--m E--§ --D (& f O if f2F;8)2H;8i21;
I u. = ) ; _ (2b)
h =0 if f<F;8j2H;8i2I,
Input workload
xif.j ujf_i =0 8f2F8i21I: (2¢)
Fig. 1: The generic architecture of collaborative cloud-edge oo
computin . . .
ptting c) Parent/child node and vertical of oadingThe set of
parentsV; of a service nodé 2 | consists of the nodes located
by a nodei. We have in the next tier up W|th and to whichi can vertically of oad
( its workloads. Lety be the workload of a servicé which
£ 0 if f2F;:8i2l; is vertically of oaded fromi to a nodej 2 Vi. The set of
P = =0 if f<F:8i21l: @) childrenK; of i consists of the nodes which are located in the

right lower-tier W|th| and from whichi receives incoming
b) Sibling node and horizontal of oadingThe set of workloads. Lelv denote the workload of a servidewhich
siblings H; of a nodei 2 | consists of service nodes whichis vertically of oaded fromj 2 K; toi. Since a device 2 |
are located in the same tieriggnd to which can horizontally directly receives service workloads from external sources, it
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has no child nodes, i.eKj = ;; 8i 2 | . Similarly, a data

5

is is the computation capacity of the servers which cannot

centeri 2 | is in the most-top tier of the system, and hencexceed the maximum valu¢*™** . Note that we assume that

has no parent nodes, i.8 = ;; 8i 2 | . Opposed to

the servers are identical and there is not constraint of an upper

horizontal of oading, a service node can carry out verticaimit for the number of active servers of a data center2 | .

of oading for all servicesf 2 F. In other words, it can

dispatch all types of workloads to its parents. Thus, we havg;

(3a)
(3b)

yi, O 8f2R8j2Vi8i2l [ [1;
f 8f 2F8j2K:8i21 [ [ :

vii @
Let If denote the submitted workload of a servitdrom

external sources to a devic | . We have
' o 8f2F8i2l @)

Hence, the workload balanced constraints of the system
de ned as

% ul o+ T = xI o+ yl +pf ifi2l ;

jor; UYL gamy B gy R 5)

§ u... + v.f,: x.f,.+ y.f,.+p.f ifi20 [ [1:

LT E N T £

2) Computation and Communication delay:
a) Computation delay of device and edge nodesthe
case of a service nodeas a device or a network edge, i.e2

I [ | ,where there is only a single server in the node which
is responsible for processing incoming workloads. Hence, the
M/M/1 queuing model [17, Ch. 2] is employed to compute the

node’s computation deIaDiS as

S _ o~ 1
1 IS f
i b

f2F;

; 6
25 (6)

@)

f
poZP< P

; iS:MAX;SiZI [1;

f 2F;

¢) Communication delay of network connectionset
j” be a network connection from a service nade another
node j, wherej 2 H;i [ Vi. Each connectioni;j” has a
communication capacityi'?‘j, i.e., network bandwidth, which
is measured in megabytes per second. The total amount of

: . - f N
data transmitted through; j” per second |sf - % Z or

yif;j ZfN .Thus, its communication deleiyi’?‘j is calculated

foF
by the M/M/1 queuing model as

are Ni-
é—f_iNj ”1.,- 7 + 38 if j2H;
DN = = (10)
d 21 + 02y
E i’\;lj fZFyif;J ZI!\‘ LS J I
X ZN< Nisj2Hisi2l [ [1; (l1a)
Vi, ZM < Nigj2wigi21 [ [1; (11b)
f2F
Where% is the propagation delay of a network connection

.1 j” and whereN;;; is the distance betwednand j, andLS
is the speed of light, i.e., approximatey 10°m s.

d) Computation and communication delay of the cloud-
edge computing systenThe delay of a tier in our cloud-edge
computing architecture which consists of its computation and

S . . . . . . .
where 2 is the computation capacity (in mega CPU cyclesommunication delay is de ned as

per second), i.e., service rate, of the noedand pif ZfS
. f 2F;i . _ 1 s 1 N .
is the total CPU cycles per second demanded for executing all D =75 " D7+ a5 - Dijp (29
. | | J i
Workloadspif; 8f 2 K, which have to be locally processed by '
i. Note that S cannot exceed the maximum valug ™% . . .
b) Computation delay of central of ce and data center D = T ° i Nt NI D}
nodes: In the case where a service ndds a central of ce or 2 2 J2Hi 1 2 (12b)
a data center, i.el,2 | [ | , there are multiple parallel servers i D
in the node which can process incoming workloads. Therefore, 12 Iz
we apply the M/M/n queuing model in [10] to compute the
node’s computation delaR> as D =1 DS+ 1 L N
: it UM o D NIy
1 1 i2l 21 j2H; i21 12V (12¢)
DiS = S z : s + - (8) +_i N+ Vi i'\;‘j + Hi Di";‘j;
n P Z i D T Wilia jav ilia jan
f2F;
1 s.n . 1 1 N
S f S q . D =-—  Di+Djj+ = YA Dy
n > pp Z8i21 [ 1 (9a) g T VI g T e,
f2F; 1 N 1 N 1 N
. . t—= I jt = Dy (12d)
iS iSyMAX;SI 2 | [ I : (9b) ]VIJi2| jav; JH|Ji2| j2H; ]V|Ji2| javi
1
ni 2 N; (9¢c) g DY
. 2 j2H
o nMA%8i 21 ; (9d) o

wheren; is the number of active servers of the nddeand where D ;D ;D , and D are the delay of device, edge,

which cannot exceed the maximum vaif8”%;8i 2 | ; and

central of ce, and data center tier, respectively. Since a cloud-
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edge computing system has to satisfy its delay constraints, amply the Branch-and-bound algorithm[18] to address the
then have problem. The general idea is to rel®xto a tree whose nodes
are nonlinear programming (NLP) subproblems, which are

D E ’ (13a) easier to tackle, by removing the integrality conditionsPqof
D D; (13b) i.e., variablesy; can be continuous. Each subproblem node in
D D; (13c) the tree is iteratively selected for solving using a depth- rst
D D: (13d) search strategy. When a feasible solution with variabjeas

o . integers is found, it provides an upper bound solution for the
whereD ;D ;D , andD are the delay thresholds of devicepriginal problemP. Other nodes that exceed this bound are
edge, central of ce, and data center tier, respectively. pruned, and the enumeration is conducted until all leaf nodes

3) Total Cost Minimization ProblemHere, we focus on of the tree are resolved or the search conditions are reached.
minimizing the total cost of a cloud-edge computing system Algorithm 1 shows the pseudo-code of our proposed algo-
which consists of the computation cost of service nodes arithm, in which C,N; O” denotes the current optimal solution
the communication cost of network connections. for P, whereN and O are the sets of determined integers

a) Computation cost of service nodes:Let and continuous variables of the solution, respectively. In the
WS; WS, WS, and WS be the computation capacity costalgorithm, we rst attempt to nd an initial solution by
(in money units/mega CPU cycles per second) of a deviagplying aFeasibility Pump[19] relaxation heuristic (lines
an edge node, a central of ce, and a data center, respectivéys), before starting the branch-and-bound procedure. If a

Thus, the computation cost of the system is feasible solutiorC ,N ;O " is reached, it becomes the current
cS=wS S, S+wS n SewS n S optimal solutionC,N; Q" (line 4). After that, an NLP sub-
o o o ., ' problemSP, which is generated by removing the integrality

(14)  conditions of variables; of the problemP, is added to
b) Communication cost of network connectionket the tree data structuré (lines 6-7). Next, the branch-and-
W W W W W S and WY denote the communi- pound procedure starts to iteratively solve the sub-problem
cation capacity cost (in money units/MBps) of a device-tisp 2 T by the well-known Interior/Direct algorithm [20]
device, a device-to-edge, an edge-to-edge, an edge-to-of ggth parallel multiple initial searching points. Then we have
an of ce-to-of ce, and an of ce-to-center connection, respecfour possibilities. If a feasible solutio® ,N ;O " which is
tively. Thus, the communication cost of the system is smaller than the current optimal soluti@N; O” is obtained
cN=cN+cN+cN: (15) andN are integer_s, it becom_es the current optimal sqlution
and the nodeSP is pruned, i.e., we remov&P and its
where sub-nodes froml (line 13-14). IfN is not an integer, a
N _ N N N N. branching operation is performed on a variahje2 N . In
= 2 oy, W it 2 j2m Wi i (163) Giher words, two new sub-problerSP 1 andSPP 2 of SP
' ' are created and added irifo using thePseudo-cost branching
method [19] (line 16). In cases whe& ,N ;O " is equal to
cN = wh N+ wN M. (16b) or greater thaiC,N; O", or there is no a feasible solution, the
i21 j2v i21 j2H; nodeSP is also pruned. The branch-and-bound procedure is
repeated until all nodes af have been resolved (line 8).
Note that we solve an NLP problel8P 2 T using
the Interior/Direct algorithm which can just yield a local
optimal solutionC ,N ;O ”. To address this issue, we apply
c) System total costThe total system co<T of a cloud- the parallel multiple-start point method which attempts to
edge computing is de ned as obtain a global optimal solution by running the Interior/Direct
c=cS+cN: 17) algorithm with different initial values of the variables of the
' problemSP. In this paper, the values are randomly generated,
Since we aim to minimize the total cost of the cloud-edg&hich satis es the lower and upper bound constraints of the
computing system while guaranteeing its delay constraints, wariables.
hence have an optimization problem which is de ned as

cN = Wi+ wh N (16c)
i21 j2v 21 j2H;

V. NUMERICAL RESULTS

In this section, we present the numerical results which were
obtained from simulation experiments carried out to investi-
gate the performance of our proposed cloud-edge computing
architecture.

WP O fmin G (18a)
R U T

st. 1" ,5";,7%.,9%,11%,13"™ (18b)

IV. ALGORITHM DESIGN- BRANCH-AND-BOUND WITH
PARALLEL MULTI -START SEARCH POINTS A. Experiment parameter settings

As can be seen, the problehas integer variablesg and For simplicity, but without the loss of generality, we carried
nonlinear delay constraint functions. Thug,is an MINLP out simulation experiments using a tree topology of a cloud-
problem, which is generally very dif cult to solve. We thusedge computing system whose number of service nodes and
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Algorithm 1: Branch-and-bound with parallel multi-start TABLE IIl: Service nodes and their distances in experiments

search points [ Service node [ Value T] Distance [ Value |

FCNOT LT L
. e . Vice-10-
[+ Attemp to find an initial solution 7 central of ces 3 edge-to-edge TRm
* [ # data center 1 edge-to-central ofce| 10 Km

2 Solve P by Feasibility Pumpheuristic; of ce-to-of ce 100 Km
3 if nd a feasible solutionC ,N ;O " then of ce-fo-data center | 1000 Km
4 \ C,.N;O” C,N ;07
5 end

/+ Begin branch-and-bound procedure x/ of network connections. It obviously is the main performance
6 SP Relax integrality constraints d?: metric of our experiments. We also present the results of other
7 Add.T :SP™ ’ metrics such as computation capacity allocation, workload

g while 9SP 2 T has not been reached or prune allocation, and horizontal of oading workloads to explain the

o Select a subprobler8P 2 T by depth- rst strategy: phenomenon observed from the experiments.
10 Solve SP by Parallel Multi-start Interior/Direct

algorithm; B. Analysis of results
1 | if nd a feasible solutionC ,N ;O "< C,N;O" then The simulation results presented in this section evaluate the
12 if N 2N then effectiveness of WH and NH designs under three different
13 C.N;O" C,N ;O™ operational scenarios. We rst investigate their performance
14 PruneT ;SP”; in the unbalanced and balanced input workload scenarios.
15 else Then, two service allocation strategies, i.e., homogeneous and
16 Create 2 subproblem nod&SP 1, SPP2 of  heterogeneous, are tested. Finally, the impact of different

SP by Pseudo-cost branchingn ani 2N ;  situations of computation capacity costs on WH and NH

17 end designs is observed.
18 else 1) Unbalanced vs. Balanced workload scenarid/e ob-
19 \ PruneT ;SP”; served the performance of WH and NH designs unaer
20 end balancedand balancedworkload scenarios. As can be seen
21 end in Figure 2, in an unbalanced scenario, the input workloads

if of a devicei 2 I were randomly generated according
to an exponential distribution with different mean valu_efs

their network distances are summarized in Table IIl. In trg@lculated using Equations 19 and 20 whereas the workloads

topology, a service node has only one parent node, and tiiere exponentially distributed with the same value pfln

nodes with the same parent can carry out horizontal of oadirg balanced scenario. In the unbalanced scenagcand 0

to each other. Note that the topology can be extended were set td:1 and2:0 for all workload cases, andwas set to

more service nodes with similar results. Table IV show@5; 1:0, and1:5 for light, medium, and heavy workload cases.

the important parameters applied in our experiments, refggthe balanced workload scenarlqf was set t®:5;10:0 and
ing [9] and [10]. All optimization problems were modeled b)Q50 for these cases.

AMPL [21], [22], and the algorithm 1 was implemented using (_s -
Knitro [23] optimization solvers. —f_ (f); it i=0 (19)
In these experiments, we compared our cloud-edge com- ' i1 j; otherwise8i 2 K;;8j 21 ;
puting architecture design (WH) which supports horizont?\llhere (
of oading to a traditional design (NH) which does not suppor o if j=0
horizontal of oading between service nodes. The optimization ji= ' ) L ) (20)
model of NH is similar to the problerR, but its service nodes j1+; otherwise8j 21 :
have no sibling nodes, i.et}i = ;; 8i 2 1. Consequently, the As can be seen in Figure 3a, the design with horizontal

nodes can only carry out local and vertical workload of oadef oading WH can signi cantly reduce the total system cost in
ing. It is appropriate because NH shares common charactaf-unbalanced workload scenario, compared to the NH design
istics with related work [7] [14]. Two designs WH and NH which has no horizontal of oading ability. In the case of a light
were evaluated unddaght medium, antheavyworkload cases workload, for example, the cost was decreased approximately
in which the arrival rate was adjusted to generate submitted:4 (i.e., from 15:9 to 11:5) ten thousands of a money unit
service workloads Whose total demanded computation capaditythe WH design, which means abouP&% decrease. The
was aboutl0% 50%, andl00%, respectively, of the maximumcost difference wa%2:6 and27:0 ten thousands of money unit,
capacity of all service nodes in device, edge, and central of gghich means about5% and10% lower in medium and heavy
tiers. workload cases. The improvement is explained in Figure 3b,
Note that the objective of our optimization model is td8c, and 3d. Compared to the NH design, the WH approach
minimize the total system cosC which consists of the can process more workloads in the service nodes of lower
computation cost of service nodes and the communication ctists instead of vertical of oading to those in higher tiers,
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TABLE IV: Experiment parameters

Notation [ Meaning [ Value [ Unit
jFj # offered services 4 n/a
ZfS computation size of services [1 100 1 100] Mcycles/request
ZfN communication size of services| [1515] MBytes/request
STMAXT, SIMAX maximum computation capacity [1000 3000] Mcycles
nMAX maximum # servers 10 n/a
WS WS, wS;ws computation cost [5.0 10.0 15.0 20.0] | money units/Mcycles
wN ;W;N ;W!\l , W!\' ;WN ;W;N communication cost [1.0 2.0 3.0 4.0 5.0 6.0] money units/MBytes
D ;D ;D ;D delay constraints [1.0 1.0 1.0 5.0] ms
if arrival rate of service workloads exponential if " requests/ms
//// ////
//// _///
P i
[ _ ‘[gll Ty —————————_
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N
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(a) Unbalanced scenariog =10 =20 =05)

(b) Balanced scenario iE = 2:5)

Fig. 2: Unbalanced and balanced input workload scenarios

by carrying out horizontal of oading to utilize lower tiers’ 2) Service allocation - Homogeneous vs. Heterogeneous:
nodes. In other words, the WH approach can allocate mdMe conducted a further experiment to investigate the per-
computation capacity in the service nodes of lower tiers formance of the WH and NH designs in homogeneous and
process the workloads, and since the costs of the computati@terogeneous service allocation scenarios. In a homogeneous
capacity of lower tiers are lower than those of higher tiers, tlseenario, all service nodds2 | have the same capability
total system cost was signi cantly reduced using this approackihich can process all servicds2 F, i.e.,FF = F,8i 21. On

the other hand, in a heterogeneous scenario, their capability

Figure 3a also clearly shows that in a balanced worklodd ¢@n differ .from each othe.r. Note that this experiment was
scenario, the total system cost of the WH and NH desighgnducted with unbalanced input workloads.
was roughly the same in every workload case. The numericalAs anticipated, Figure 4a shows that a heterogeneous service
results in Figures 3b and 3c also illustrate that the computatialiocation scenario required higher system cost in both WH
capacity and workload allocation were approximately equal and NH designs, compared to a homogeneous scenario. For
these two approaches. The reason why the WH design did egample, in the case of a light workload, the cost increased
produce much improvement is that its service nodes receiMayg about12% and 23% (i.e., from 11:5 to 12:9, and from
the same input workloads. As a result, horizontal of oading5:9 to 19:6 of ten thousands of money unit) in WH and
did not contribute to a decrease in the total system cost B designs. This phenomenon can be explained by the fact
utilizing the service nodes in lower tiers; it might increase thihat in a heterogeneous scenario, a service node might receive
cost by adding extra communication cost. The nodes either thd workload of a service which it cannot accommodate.
to process by themselves or vertically of oad their receivedhe workloads were then horizontally or vertically of oaded
workloads to parents, and had almost no horizontal of oadinghich resulted in an increase in total system cost. As can
operations (see Figure 3d). In other words, the WH and Nb& seen in Figure 4c, in the homogeneous scenario, more
designs behaved similarly in a balanced workload scenavimrkloads were vertically of oaded from lower to higher tiers
which led to their performance being roughly the same. for processing. Consequently, the two designs had to allocate

1932-4537 (c) 2019 |EEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TNSM.2019.2937342, IEEE
Transactions on Network and Service Management

IEEE TRANSACTIONS ON NETWORK AND SERVICE MANAGEMENT 9
(a) Total system cost (b) Computation capacity allocation
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(c) Workload allocation (d) Horizontal of oading

Fig. 3: Performance of WH and NH designs in unbalanced and balanced workload scenarios.(WH-Un: With horizontal of oading
in unbalanced scenario, NH-Un: Without horizontal of oading in unbalanced scenario, WH-Ba: With horizontal of oading in
balanced scenario, NH-Ba: Without horizontal of oading in balanced scenario)

more computation capacity to higher ties this scenario (s#®at the WH design did not produce any noticeable improve-
Figure 4b). ment, compared to the NH design. In other words, the system
Figure 4a also shows that in a heterogeneous scenadost of two designs was approximately the same in every
compared to the NH design, the WH design decreased therkload case in both computation capacity cost situations.
system cost more in light and medium workload cases. Thégure 5d illustrates that there was almost no horizontal
cost was decreased by abd@4% (i.e., from 19:6 to 12:9) of oading by the WH design in the decreased cost scenario.
and 18% (i.e., from 97:2 to 80:1), in these two cases. TheAlthough the design still carried out some horizontal of oad-
corresponding numbers for a homogeneous scenario288e ing operations in the equal-cost scenario, it did not lead to a
(i.e., from 159 to 11:5) and 15% (i.e., from 86:9 to 73:5). signi cant decrease in the system cost.
However, in the case of heavy workload, the cost improvementFigure 5b clearly shows that most of the computation
for the heterogeneous scenario was only ali8at instead of capacity was allocated to the data center tier in the decreased
10% as for the homogeneous scenario. cost scenario since it had the cheapest computation cost. A
3) Impact of computation capacity costén this exper- signi cant number of workloads was processed by lower tiers,
iment, the performance of the WH and NH designs wasich as device, edge, and central of ce (see Figure 5c). It
investigated in decreased and equal computation capacity apstant that the workloads of small computation size were
situations. In other words, the costs of computation capacityocessed by lower tiers. On the other hand, those of large
of lower tiers were more expensive than those of higher tisize were of oaded to the data center tier for processing in
in a decreased cost situation. On the other hand, the casiis computation cost situation.
were the same in every tier in an equal-cost situation. The
costsWS; WS; WS; WS were set to [20.0 15.0 10.0 5.0] and
[12.5 12.5 12.5 12.5] in money units, in the decreased and
equal computation capacity cost situations, respectively. Noteln this paper, we have developed a cloud-edge computing
that the homogeneous service allocation and unbalanced inaughitecture which includes vertical and of oading to ef-
workload scenarios were used for this experiment. ciently and promptly process different virtualized computing
As can be seen in Figure 5a, experimental results showsstvices. The workload and capacity optimization model of

VI. CONCLUSION
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