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Abstract—Edge Computing (EC) enables a new kind of caching system in close geographic proximity to end-users by allowing app
vendors to cache popular data on edge servers deployed at base stations. This edge cache system can better support
latency-sensitive applications. However, transmitting data from the centralized cloud to the edge servers without proper transmission
strategies may cost app vendors dearly. Cost-effective data distribution strategies are of particular importance for applications, whose
data to be cached at the edge often changes dynamically. In this paper, we study this Online Edge Data Distribution (OEDD) problem,
aiming to minimize app vendors’ total transmission cost, while ensuring low transmission latency in the long term. We first model this
problem and prove its NP-hardness. We then combine Lyapunov optimization and game theory to propose a novel Latency-Aware
Online (LAO) approach for solving this OEDD problem over time in a distributed manner with provable performance guarantees. The

evaluation of LAO based on a real-world dataset demonstrates that it can help app vendors formulate cost-effective edge data

distribution strategies in an online manner.

Index Terms—edge cache system, data distribution, optimization, online algorithm.

1 INTRODUCTION

The number of mobile devices has increased exponentially,
approaching 500 billion by 2030 as predicted by CISCO
[1]. These devices generate an enormous load on networks.
Considerable network resources are required to transmit
such massive data. Conventional caching systems facilitated
by cloud computing cannot fulfill the rapidly-increasing
need for low latency raised by real-time applications [2],
such as virtual reality, real-time gaming, Industry 4.0, etc.
Edge Computing (EC) has emerged as the extension of cloud
computing to tackle this critical limitation. EC distributes
resources to edge servers deployed at base stations in geo-
graphic proximity to nearby end-users [3], [4]. App vendors
like Facebook Horizon can hire storage and computing
capacities on edge servers for caching popular data and
hosting their applications to serve users within those edge
servers’ coverage areas with low end-to-end data retrieval
latency [5].
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Data caching has been intensively investigated to reduce
data retrieval latency [6], [7]. A fundamental obstacle to
further advances in caching is the often unpredictable high
latency between end-users and the cache [8]. EC addresses
this issue by expanding the boundary of data caching to
reach geographical proximity to end-users [9], [10], [11].
As edge servers become the entry points for an increasing
number of devices, a lot of traffic go through edge servers.
Caching data on edge servers considerably reduces users’
data retrieval latency as there is no need to retrieve data
from remote cloud servers. Additionally, this could have the
effect of reducing the volume of data transmitted from the
cloud to users and decreasing the corresponding transmis-
sion costs [12].

Edge servers deployed in an area constitute an edge
cache system. Existing research on edge cache systems has
focused on caching data across edge servers for different
optimization objectives, e.g., maximizing hit ratio [6], [11],
minimizing caching cost [13] or minimizing retrieval latency
[14]. Excessive costs incurred by transmitting data to edge
servers from the cloud has been completely ignored. For
example, 1 GB data transferred out charges up to US$0.11
under Amazon Web Services price model. It is an important
consideration for app vendors when leveraging edge cache
systems. Moreover, taking too long to transmit data onto
edge servers impacts users’ data retrieval latency and causes
user abandonment [15].

Example. Consider the example of Facebook Horizon
(FH), a VR platform. FH application can benefit signifi-
cantly from caching data like popular® VR videos (and the

1. https:/ /aws.amazon.com/s3/ pricing/

2. Data popularity prediction has been investigated extensively in
the past two decades [16]. Thus, the data to be distributed by LAO is
assumed to be popular in this study.
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Fig. 1: Example EDD and OEDD processes. Note: This example presents the distribution of one VR video over time. The
processes for distributing different VR videos are not correlated. Thus, their strategies are individually formulated.

corresponding HTML, CSS, JS and image files) on edge
servers [17]. FH users in the edge cache system can retrieve
popular VR videos from edge servers with low data retrieval
latency. It also considerably reduces the data transmission
cost incurred by the data traffic between FH’s cloud server
and FH users. In Fig. 1(a), an edge cache system involves a
set of edge servers {vy, ..., v7} covering different geographic
areas. In the edge cache system, the edge servers constitute
the edge server network [17]. It overcomes single-point
failures in edge-cloud architectures , where edge servers can
communicate with others through a centralized macro base
station. In time slot ¢y, a VR video d is requested by many
of the FH users within edge server vs’s coverage areas. As
illustrated by Fig. 1(a), d is transmitted from the remote FH
cloud server to be cached in vs via a C2E (cloud to edge
server) transmission. Future FH users covered by wvs can
retrieve d with low latency.

In [17], we study an edge data distribution (EDD) problem,
aiming to transmit data cost-effectively to destination edge
servers, i.e., edge servers to cache that data, from the cloud.
However, the approach proposed in [17] is designed to
handle data transmissions in an offline manner without
considering temporal data dynamics in real-world: various
users’ demands on data over time [18]. Every time edge
servers request a piece of data in the system, it has to
be transmitted to the destination edge servers from the
cloud through intermediate ones. Take Fig. 1(b) for example,
where edge servers vy, vs and vg need to cache VR video
d after vs in time slot ¢;. As demonstrated, the approach
proposed in [17] has to transmit d from the cloud to vs
first via a C2E transmission. Then, vs will transmits d to
v1, and vg through vs via E2E (edge server to edge server)
transmissions. As d goes viral over time, d is requested
by many other edge servers in the system, e.g., v2,v4 and
v7. The inevitable and expensive C2E transmissions can
easily incur excessive transmission costs. In the meantime,
the E2E transmissions incur extra data retrieval latency for
users served by v; and vg compared to those served by v3
(and those served by vs in Fig. 1(a)). This undermines EC’s
pursuit of low data retrieval latency for users.

Data transmissions in a real-world edge cache system
must be handled in an online manner to overcome the
above critical limitations. The key is to source data for
destination edge servers from other edge servers rather

than the cloud if it is more cost-effective to do so. As
illustrated by Fig. 1(c), d can be transmitted from vs to vy,
v3 and vg. Compared with the strategy presented in Fig.
1(b), this strategy is more cost-effective, because it greatly
reduces the total transmission cost and transmission latency
by avoiding slow and expensive C2E transmissions when
possible. However, sourcing data from an edge server far
away from the destination servers may take excessive time
and incurs high transmission latency which are ignored in
[17]. Thus, to strike a proper balance, cost-effective online edge
data distribution (OEDD) must minimize the total transmission
cost while stabilizing low average transmission latency in the long
term.

This paper proposes LAO, a Latency-Aware Online ap-
proach, for app vendors to formulate cost-effective OEDD
strategies. As the first attempt at the OEDD problem, its key
contributions include:

o We formulate the OEDD problem and prove its N'P-
hardness.

e We propose an innovative online approach named
LAO for solving the OEDD problem based on
the Lyapunov optimization. Unlike conventional
Lyapunov approaches that model target systems
as queuing systems and pursue to minimize the
queue(s), LAO aims to stabilize data transmission
latency over time.

o Toaddress the issue of performance bottleneck raised
by centralized Lyapunov optimization, LAO tackles
the OEDD problem in a decentralized manner by
combining game theory and Lyapunov optimization
innovatively.

o We theoretically analyze the performance of LAO
and evaluate LAO with extensive experiments con-
ducted on a real-world dataset.

The rest of this paper is organized as follows. We present
system models, formulate the OEDD problem and prove its
N'P-completeness in Section 2. Section 3 presents LAO in
detail and analyzes its performance theoretically. Section 4
evaluates LAO experimentally. We review the related work
and conclude this paper in Section 5 and Section 6.



2 SYSTEM MODEL

We introduce the edge cache system architecture first in this
section. Then we formally define the transmission cost. After
that, we formulate the OEDD problem and prove its N'P-
hardness. The notations are summarized in Appendix A.

2.1 System Architecture

The edge server network in an edge cache system can be
modeled as a graph G(V,E), where V denotes the set
of edge servers and E denotes the set of links. The link
between edge servers and cloud servers is also modeled
as an edge. With one or multiple cloud servers, modeled
as node C, we use G(V,C, E) to represent the entire edge
cache system.

A piece of data d can be transmitted to a destination edge
server from either the cloud or another edge server in the
system. Denote V¢ as the set of source servers in time slot ¢,
including the cloud C' and the edge servers that have d in
cache, e.g., v5 in Fig. 1(b).

Let V}, denote destination edge servers in time slot ¢. Let
vector w' =< wf, ..., w!, >, where w{ = w, and w! € {0,1}
(0 < v < n), indicate whether node v is a transmission node in
time slot ¢, i.e., whether v is involved in the transmission of d
as the source node, the intermediate node or the destination
node. Similarly, let vector v =< 2 o, %6 15 s YV > (V0 €
{0,1}) denote whether transmitting d via edge e, in t.
Notice that v, , = 0if u = v or e, , ¢ E. For each node
v € V\ V&, d is transmitted through v if d is transmitted via
an edge connecting another edge server and v:

Zvﬁyvzwi,Vv€V\V§ 1)
ueV

If d is transmitted via e, , in time slot ¢, it will be
transmitted through v and v:

'yfw =uw! Wl Vu,v eV 2)

2.2 Transmission Cost

The prices for C2E and E2E transmissions are region-specific
and vary in edge cache systems built by different edge in-
frastructure providers. In this paper, we measure transmis-
sion costs in a generic manner, similar to [17]. In this way,
actual C2E and E2E transmission costs can be calculated
with specific pricing models, e.g., Amazon or Google’s. Let
cost, ,, represent the minimum transmission cost from u to
v and costc,, as that from the cloud C' to v. Denoted by
cost(v"'), the transmission cost incurred by the EDD strategy
~* in time slot ¢ is:

cost(y') = Z Ve, - COStOy + Z Z 'yfw -costy,  (3)

veV ueVveV

Please note that cache spaces on edge servers are expensive
because of limited sizes [19]. App vendors need to compete
for the storage spaces in the edge cache system. A common
practice is to reserve cache spaces in advance rather than
on-demand [12]. Thus, the expenses of storing data in the
edge cache system are fixed and not included in (3).

2.3 Transmission Latency

Let [ denote the time-averaged maximum transmission la-
tency expected by the app vendor, and lf denote the time
taken for transmitting the data to edge server v according
to EDD strategy 7'. As discussed in Section 1, cost-effective
OEDD must stabilize low transmission latency in the long
term. This is achieved by stabilizing the average time taken
to transmit data to each destination server below [ over T

time slots: .
T-1
1 Zve V[t) l;/

lim —
T—oo T tg(:) ‘Vlt)‘

<l @)

In particular, data d does not need to be transmitted to
any of the source servers because d is already in their cache:
1" =0,Yve Vi (5)

v

If d goes through edge ¢, , in G according to 7, the
times taken to transmit d to v and v fulfil:

t t
Yoyt
lu l'u _lu,'m

Vu,v € V,if ’yf“, =1 (6)

2.4 Problem Formulation and Hardness

As discussed in Section 1, the app vendor wants to minimize
the total transmission cost over time. Thus, in a time slot ¢,
d can go through any nodes in G only once. Accordingly, (1)
can be refined as follows:

Zviyv:wz,VveV\VSt (7)

ueV

For each destination edge server v € V}, it must be
included in 4?, i.e., the EDD strategy in ¢:

wt =1,Yv eV} (8)

In the dynamic edge cache system, edge servers may not
always be available, due to cyber attacks, software excep-
tions, hardware faults, etc. These edge servers will block the
data transmission unavailable and must be considered in
the OEDD problem. Let V. denote unavailable edge servers
in ¢. Since data d cannot go through an unavailable node,
we can obtain:

D A= . =0YveV ©)

ueV ueV

In the edge cache system, users’ data requests arrive
and leave randomly. Formulating edge data distribution
strategies in time slots individually may not ensure low
total transmission cost and time-averaged latency over time.
Thus, these must be considered and managed in the long
term. To achieve the minimum transmission cost over time,
the OEDD problem is formulated as:

171
. . . - t
P min Thm T ZO cost(y")

st Y wh € {O,I},Vu,v ev
2),(4),(5),(6),(7),(8),9)

Remark. Please note that the storage cost is not considered
in the OEDD problem. This is because the app vendor has



already determined which edge servers need the data, ie.,

the destination edge servers where data storage cost incurs.
Now, we introduce the {-OEDD problem, i.e., the sub-

problem of P; in an individual time slot ¢ without (4).

Theorem 1. The t-OEDD problem is A"P-hard.

The proof of this theorem is provided in Appendix B.

Based on Theorem 1, the OEDD problem is A'P-hard,
because the -OEDD problem is a special case of the OEDD
problem where T' = 1.

3 ONLINE ALGORITHM DESIGN AND ANALYSIS

Lyapunov optimization theory has been widely applied in
many domains by modeling dynamic systems as queuing
systems to stabilize queues like task queues and request
queues. In this section, we leverage Lyapunov optimization
theory innovatively to formulate an approximation problem
for stabilizing transmission latency over time. In addition,
game theory, as a powerful tool, is useful for solving edge
computing problems in a decentralized manner [20]. Thus,
we combine Lyapunov optimization and game theory here
to design a Latency-Aware Online (LAO) algorithm to solve
the approximation problem from the OEDD problem effec-
tively and efficiently.

3.1 Latency-Aware Model Translation

In Py, constraint (4) aims to stabilize the time-averaged max-
imum transmission latency. However, it requires complete
information about destination edge servers in all time slots,
which cannot be obtained in advance in real-world edge
cache systems. To tackle this challenge, we introduce the
accumulated latency in Definition 1.

Definition 1. Denoted by o:1, the accumulated latency is
the overdue delay accumulated in an edge cache system
over t time slots, calculated by:

Ot4+1 = LO’t + Z (lgt — Z)J+ (10)
veVh
where og = 0, ie., the initial value of the accumulated

latency. The accumulated latency increases when the aver-
age transmission latency exceeds {, ie., the expected time-
averaged maximum transmission latency. According to Def-
inition 1, the long-term transmission latency constraint (4)
can be converted to:

1 T-1
lim — Y E[o] <0 (11)
=0

T—)ooTt

A

Based on (10), the Lyapunov function £(c(t)) £ 102(t)
is defined to measure the accumulated latency o(t). Next,
we define A(o(t)) below to introduce constraint (11) as part
of the optimization objective to strike the balance between
time-averaged transmission latency and total transmission
cost in the long term:

Afo) = B[L(o11) ~ L(o0)lon] = 5 BloFs — oo

=Bl Y2 07~ Dlo + 5B (@1~ D)o

veV} veVh

(12)
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Next, we combine A(c¢) with the optimization objective
of Pll

¢ - Elcost(")|oy] + A(oy) (13)

where ( is the app-specific parameter representing the ur-
gency to maintain the time-averaged transmission latency
by lowering current transmission latency when (11) was
violated in the previous time slot. In general, a lower
¢ will accelerate the stabilization at a potentially higher
transmission cost. Its impact on LAO will be experimentally
evaluated in Section 4.

According to (12), the calculation of A(o}) in time slot
t requires L(oy41), which is not available in time slot ¢. To
address this issue, we now try to find the upper bound on
(13) that can be Calculet\ted based on information availetlble_in
time slot ¢. Because [ is not lower than 0, 3, ¢y« (17 —1)*

is not higher than Zuevlg [2. Let us define a constant © =
i3, vy I2. Based on (12), the upper bound on A (o) fulfils:

Alor) <o¢-E[ Y. (17 = D]o] +6 (14)
veVh
Based on (14), the upper bound on (13) can be found:
¢+ Elcost(y")lov] + A(or) <
¢ Elcost(y))|o] — o B[S ([~ 1] )or) +©  (15)

veVh

It can be calculated based on the information available in
current time slot. Now, P; is approximated by finding the
solution to P, below that minimizes the upper bound on
(13) according to (15) in each time slot over T

P>: min C-cost(’yt)—Ut'Z(Z_lzt)"‘@

veV]

s.t.:(2),(5),(6),(8),(7)

(16)

3.2 Latency-Aware Online Algorithm Design

Finding the optimal solution to P, in each time slot is
computationally intensive in large-scale OEDD scenarios.
To find a solution quickly, we formulate an EDD game
in each time slot to solve P, effectively and efficiently. In
the EDD game, each participating node is simulated as a
player to submit its EDD decision consisting of a set of
edges, i.e., a path, based on a specific benefit function for
achieving objective (16) of Ps in each time slot. Nodes will
exchange information about their own data transmission
latency incurred by in implementing the EDD strategy in
each time slot and update their benefit functions based on
the accumulated latency. Then, they make decisions based
on the updated benefit functions. Finally, they formulate
the final solution by reaching a Nash equilibrium in a
decentralized manner.

Let «! denote v’s EDD decision in ¢ and ~’, denote
EDD decisions included in the EDD strategy except v’sin ¢ .
Given 4!, EDD decision 7} is made for node v to maximize
its benefit in terms of data distribution cost and latency,
calculated by benefit function (17):

0y, 7t,) = max{oy, 1} - ([ —17') — ¢ - Acost(4,7L,)
(17)



where Acost(v},~%,) denotes the cost incurred by transmit-
ting data to v based on vt and +* . Please note that when
oy = 0, pursuing the minimum cost without considering
latency is likely to incur high latency in time slot ¢ and cause
more costs in subsequent time slots to converge ;. To avoid
such situations, we use max{oy, 1} in this benefit function to
include latency-awareness in the EDD game. The advantage
of this setting is validated and analyzed experimentally in
Section 4.2.1.

According to (17), P2 can be formulated as
the EDD game Gamerao = A{V,C,E{V }oevy,
{n(vE. ") Yaeye }, where Vi is v’s finite set of poss1ble

EDD decisions. In the EDD game, admitting one Nash

equilibrium is significant due to Property 1 [21]:

Property 1. The EDD decision ~:
based on ~¢ ,, if the strategy v**

is v’s best choice in V!
is a Nash equilibrium.

Based on Property 1, a Nash equilibrium in the EDD
game can be employed as a self-enforcing solution. Here,
we introduce the potential game [22]:

Definition 2. A potential function ¢(7") = @(15,~,) exists
in a potential game, fulﬁlling:
N1, 7o) <n(H5) = (1) < é(nsvly)

(18)

for any v € Vi, 77, v, € Vi, and 7L, € [, Vii-

The Nash equ111br1um in an EDD game can be inter-
preted in different ways. An EDD strategy ’y*t is a Nash
equilibrium if (v;*,v*,) = max ey d(75,7,), Yo € V.
Now, we show that the EDD game is a potent1al game:

Theorem 2. With the potential function ¢(1}, 7%, ) below, the

EDD game is a potential game.

L) =— Z (max{oy, 1}lzt + ¢ - Acost(vE, 44 )
veV}

>

ueVE N ~{ueV}|i

D75,

(max{oy, l}lzt
">y N -{v)

+ (- Acost(75,74))
(19)

where V! is the set of destination nodes connecting to v
in time slot ¢.

The proof of this theorem is provided in Appendix C.

After a finite number of iterations, the Nash equilibrium
of a potential game can be found [22]. Here, we propose the
Latency-Aware Online (LAO) approach in Algorithm 1. Its
pseudo code is shown in Algorithm 1. LAO begins with
initializing EDD strategies and the accumulated latency
(Lines 3). In each time slot, it observes the status of all
nodes to find the source nodes V¢, destination nodes V}, and
unavailable nodes V. (Line 5). The algorithm creates a new
set of destination nodes V;{ by removing nodes with the
cached data from V}, (Line 6). Then, it creates a set of source
candidates V4, = C'|J V4, for distributing data from those
candidates to destination nodes V},, and set the benefit of
each node in VB“ to —oo (Lines 7-8).

Next, for each node v € Vg, it calculates the benefit
produced by its current EDD decision 7/ (Line 11). After
that, we use the weighted Dijkstra algorithm to find the
EDD decision with the maximum value of 7(v.!, 7% ) (Line

5

12). When the EDD decision n(v.f,7%,) produces a higher
benefit than v’s current EDD decision n(yt,+t,), it will be
submitted to contend for update (Line 14). For the winner,
all destination nodes added by ~/ are removed from V£,
and those visited by 7. are included in V., (Lines 16-17).
In each iteration, one submitted EDD decision is selected
randomly for implementation. The calculation in Lines 4-
22 is performed in parallel for individual users. It iterates
until no update request. At the end of each time slot, the
accumulated latency o; is updated, according to (10) (Line
25). Finally, the EDD strategy v is returned as the OEDD
solution (Line 27).

Algorithm 1 Latency-Aware Online (LAO) Approach

: Input: G(V,C,E),(,1, T
: Output: data distribution strategy v = {17, ...
00=0,t=0,v7v+ o
repeat
observe the source nodes V¢, destination nodes V},
and unavailable nodes V.
6: create a new set V{ = {v|v € VLN
17" =0,vv e VHN VL
7. create Vi, « CUVE /*VE,,.: the set of candidates*/
8 setn(yt,4",) = —oo for each node v € VJ

AT

SUEE S

-V} and set

9: repeat

10: for each node v € V! do

11: calculate v’s benefit n(y%, 7% ,)

12: obtain the set of EDD decision ~,! that includes

the set of edges from v to V%, with the max-
imum value of 7(v.!,~%,) by weighted dijkstra
algorithm under (9)

13: if (v, y ) > 1(7;,7%,) then

14: submit 7 7!t to the contend and wait

15: if v is selected to update 7, then

16: remove all destination nodes added into
V& o by 74 and set their benefits to 0

17: add all destination nodes visited by ~.! into
V4., and update their benefits according to
Ty

18: b At

19: end if

20: end if

21: end for

22:  until no EDD decisions are submitted

23 y=vU""

24: t=t+1

25:  calculate lgt for each edge server v € V};, and update
accumulated latency o, based on (10)

26: until t =T

27: return -y

Algorithm 1 can find the Nash equilibrium of an EDD
game within finite iterations. Let I, and cost,;, de-
note the minimum latency and minimum cost of any
edge in G, and I denote the upper bound of the iter-
ation number. In the LAO game, the iteration number
is no more than lVI ¢ where A¢ is the difference be-
tween the maximum and minimum Values of the poten-
tial function, calculated with max{¢(yi, 7L, )v € Vit €
T} — min{o(75,~v%,)|v € V,t € T}, and An is the mini-




mum increase in the value of the potential function, calcu-
lated with min{min{l}, ,le.., € EU{ecolv € V}, 1}, #
lmin7t S T} - lmm,C : (min{COStu,vleu,v € EU{GC,Ulv S
V'}, costy » # cOStmin} — COStmin)}-

Since the weighted Dijkstra algorithm takes O(|V] -
log|V|-|E|-log|V|) computation operations, the computation
complexity of the iteration process is also O(|V|-log|V|-| E),
according to Algorithm 1. Thus, the computation complex-
ity of LAO in each time slotis O(I - |V| - log|V| - |E|).

Considering the space complexity, LAO creates several

arrays to store the benefit, the EDD decision cost and the
EDD decision latency for each node. Since the EDD decision
contains at most |E| edges between the edge servers and
|[V| edges between the cloud and edge servers, the space
complexity of LAO is O(|V| - max{|E|, |[V|}).
Remark. In the EC environment, app vendors hire resources
on edge servers for hosting their data [20], [23]. They are not
responsible for detecting or fixing node failures at the edge,
which is the edge infrastructure provider’s responsibility,
e.g., Amazon and Google. App vendors formulate their edge
data distribution strategies based on the current network
status provided by the edge infrastructure provider. When a
node fails, the edge infrastructure provider will notify the
corresponding app vendors so that they can adapt their
edge data distribution strategies.

3.3 Theoretical Performance Analysis

In this section, we theoretically analyze LAO’s effectiveness
in minimizing the total transmission cost and stabilizing
the time-averaged transmission latency with Theorem 3 and
Theorem 4, respectively.

Theorem 3. LAQO’s total transmission cost over 7T time slots is
bounded by O(%) compared with the optimal solution.

The proof of this theorem is provided in Appendix D.

Theorem 4. The time-averaged accumulated latency
achieved by LAO is bounded by O(().

The proof of this theorem is provided in Appendix E.

Based on the analysis above, when ¢ — oo, the solution
found by LAO is the near-optimal one to P;. However,
with a higher value of ¢, the accumulated latency will
increase and more time slots are required to stabilize this
time-averaged transmission latency (11). The performance
analysis presented in this section is also validated and
analyzed experimentally in Section 4.

4 EXPERIMENTAL EVALUATION

We experimentally evaluated the performance of LAO in
different OEDD scenarios by varying different parameters.
We conducted all the experiments on a Windows-10 ma-
chine and a real-world dataset.

4.1 Experimental Settings

4.1.1 Benchmark approaches

Three representative approaches are implemented to be
compared against LAO:

e OEDD-IP: This approach finds the optimal solution
to Pz in Section 3.1 with IBM’s CPLEX Optimizer.
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o Latency-Oriented data distribution (LO): This approach
always finds the optimal solution with the minimum
data distribution latency in each time slot. It is orig-
inated from the optimal solution presented in [24]
with IBM’s CPLEX Optimizer.

o Enhanced-EDD-IP (EEI): This approach is the en-
hanced version of EDD-IP in [17]. Besides the cloud,
it may also source data for destination edge servers
from other edge servers in the system. If the long-
term transmission latency constraint (4) is fulfilled,
EEI aims to minimize the data distribution cost while
fulfilling constraints (2), (5), (6), (8) and (7), similar to
OEDD-IP. Otherwise, EEI finds the solution that min-
imizes the transmission latency to fulfill constraint
(4), similar to LO. EEI also finds the solution with
IBM’s CPLEX Optimizer.

4.1.2 Performance metrics

Three metrics are implemented in the experiments to evalu-
ate the performance of LAO:

e Time-averaged transmission latency, measured in
milliseconds and calculated according to the left side
of (4), the lower the better. We also observe whether
the approaches fulfill the long-term transmission la-
tency constraint (4).

o Total transmission cost, calculated with (3) over 7T,
the lower the better.

e Maximum overhead over T', consisting of the compu-
tation time taken to find a solution and the communi-
cation time incurred. It is measured in milliseconds,
the lower the better.

4.1.3 Dataset

The experiments are conducted on a real-world EUA
dataset, which is widely used to conduct experiments in
the field of edge computing [3], [17], [25]. The EUA dataset
includes the locations of 1,464 real-world base stations and
174,305 end-users within metropolitan Melbourne, Aus-
tralia. Specifically, the geographic locations of 125 base
stations (edge servers) in the Melbourne CBD area, Aus-
tralia are used to simulate EC environments. Similar to
many studies in the EC environment [3], [17], we measure
transmission cost in a generic manner. Specifically, E2E
transmission cost is 1 and C2E transmission cost is ratio.
To simulate real-world OEDD scenarios, we deploy virtual
machines in the ARDC Nectar Research Cloud® as edge
servers and an Amazon EC2 instance as the cloud. Links are
built between adjacent edge servers based on their locations
until the target density p is reached. In this experiment
environment, the E2E transmission latency ranges from 10
to 30 milliseconds and the C2E transmission latency from
160 to 200 milliseconds. In each experiment, the time slot
number is 100 (I' = 100). In each experiment, |V| edge
servers are randomly selected to simulate an edge cache
system. In each time slot ¢, data d is randomly decached
from each individual edge server according to probability
Ddec- The edge servers that still cache d will be the source
edge servers in t. In the meantime, a number of the other

3. https:/ /ardc.edu.au/services/nectar-research-cloud /



TABLE 1: Parameter Settings

V] P ratio I Pdec Preq ¢
Set #1 20 1.0 10 80 0.5 0.20 1
Set #2 10,15,20,25,30 1.0 10 80 0.5 0.20 1
Set #3 20 1.0,1.1,1.2,1.3,14,1.5 10 80 0.5 0.20 1
Set #4 20 1.0 6,8,10,12,14 80 0.5 0.20 1
Set #5 20 1.0 10 60,70,80,90,100 0.5 0.20 1
Set #6 20 1.0 10 80 0.7,0.6,0.5,0.4,0.3 0.20 1
Set #7 20 1.0 10 80 0.5 0.10,0.15,0.20,0.25,0.30 1
Set #8 20 1.0 10 80 0.5 0.10 10,1,0.1

edge servers randomly request d according to probability
Dreq and become destination edge servers in ¢. As discussed
in Section 2.4, edge servers may not always be available. In
the experiments, we assume that the unavailable rate of an
edge server is 0.05. Then, the four approaches are performed
to formulate corresponding EDD strategies in time slot .

4.1.4 Experiment Parameters

To comprehensively analyze the performance of LAO, we
conduct eight sets of experiments, i.e., Set #1 to Set #8, to
simulate various real-world edge cache systems and OEDD
scenarios. In our experiments, we vary the values of the
seven parameters below to observe their impacts on LAO
in different OEDD scenarios. Except in Set #1, we vary the
value of one setting parameter while fixing the other six
parameters in each set of the experiments, as summarized in
Table 1. When the value of one setting parameter varies, we
repeat the experiments for 30 times and obtain the averaged
results.

o Number of edge servers (]V|) - Set #2. This parameter
decides the size of the edge cache system.

o Edge density (p) - Set #3. This parameter represents
the density of graph G(V, E) that represents the edge
server network in the system. It is calculated by p =
[EI/IV].

o Ratio of C2E transmission cost over E2E transmis-
sion cost (ratio) - Set #4. This parameter simulates
different pricing models from edge infrastructure
providers for data transmissions.

e Time-averaged maximum transmission latency () -
Set #5. Used in Eq. (10), this parameter is the app
vendor’s expected time-averaged maximum trans-
mission latency. A low [ indicates app vendor’s high
priority for pursuing low latency.

o Data decache probability (pgec) - Set #6. This param-
eter determines the probability for an edge server to
remove d from its cache. It simulates the scarcity of
app vendor’s cache spaces in the system and impacts
the number of source edge servers in each time slot.

e Data request probability (p,e,) - Set #7. This pa-
rameter controls the probability that an edge server
becomes a destination edge server in each time slot.
A high p,.4 represents high popularity of d.

o Trade-off parameter (¢) - Set #8. As discussed in Sec-
tion 3.3, this parameter is used in (16) to represent the
urgency to stabilize the time-averaged transmission
latency when (11) was violated.

4.2 Experimental Evaluation
4.2.1 Performance Comparison

The results of Set #1 is shown in Fig. 2. Fig. 2(a) depicts
that LAO quickly stabilizes the transmission latency and
keeps it below [, fulfilling the long-term transmission la-
tency constraint (4). We can also see that LAO does this
at the lowest of the total transmission cost among all the
four approaches. OEDD-IP, LO and EEI can also fulfil (4)
over time. Fig. 2(b) demonstrates that LAO significantly
outperforms EEI and LO in minimizing transmission cost,
by an average of 37.79% and 50.81% over T, respectively,
across 100 time slots. Interestingly, the advantage of LAO is
1.89% over OEDD-IP. This is because that the time-averaged
latency incurred by LAO is higher than that incurred by
OEDD-IP. Another reason is that the benefit function (17)
employed by LAO always considers the latency even when
oy = 0. This may incur costs in time slot ¢ but can reduce the
cost of converging o; in subsequent time slots, as discussed
in Section 3.2. LAO’s superior performance demonstrated in
Fig. 2 validates the importance of tackling the EDD problem
in an online manner.

The results of the time-averaged latency achieved by all
the four approaches in Sets #2 - #7 are similar to Fig. 2(a).
Thus, we summarize the average results in Table 2. It shows
that LAO is second only to LO in all the experiments. Next,
we focus on the total transmission costs incurred by the
approaches in Sections 4.2.2 - 4.2.7.

TABLE 2: Time-averaged Latency

Set #1 Set #2 Set#3 Set#4 Set#5 Set#6 Set#7

OEDD-IP 7048 7548 69.06 7489 7630 79.51 78.61
LAO 7210 76.89 70.61 7555 7745 7996 79.33
EEI 7111 7690 68.13 83.74 79.00 80.09 84.87
LO 6756 7318 63.16 7441 7376 7756 78.05

4.2.2 Impact of number of edge servers (|V|)

Fig. 3 compares the transmission costs incurred by the four
approaches when the size of the edge cache system |V|
varies from 10 to 30. It is clear that LAO incurs the lowest
total transmission costs over time when |V| increases from
15 to 30 and LAO, and the cost incurred by LAO is slightly
higher than that incurred by OEDD-IP when |V is 10. On
average, the advantages of LAO are 2.98% over OEDD-IP,
32.17% over EEI and 48.56% over LO. When |V| increases



_ 250 —— OEDD-IP EEI 2
ézzs —— LAO —— Lo "
o
2200 o3
8 S
8175 ]
© €1.0
%150 §
S125 =
s 505
it B
g 100 '2
[ |- o
75 0.0
0 20 40 60 80 100 0 20 40 60 80 100
Time Slot t Time Slot t
(a) Latency over T' (b) Cost over T’
Fig. 2: Set #1
e 300 e
§3-5 B OEDD-IP 8 EEN OEDD-IP =3 EEl 8 BN OEDD-IP
. A0 25 . A0 =m0 "' 2.5{ HE LAO
Il'3.0 I 1 = e
= 1 EEl = = == o
$2.5) B Lo 72,0 720
o 2.0 &) (]
B | s he ]
& 5 7
1 21 4l
é i I I §1.0 £1.0
s m N NIRIEM e M INIRIRIRI
Eos Cos Cos
8 2 8
'9 (s} (s}
0.0 o0 Fo.0
10 15 20 25 30 1.0 11 12 13 14 15 6 8 10 12 14
Vi P ratio

Fig. 3: Cost vs. |V| (Set #2)

Fig. 4: Cost vs. p (Set #3)

Fig. 5: Cost vs. ratio (Set #4)

35 e 35
3 EEm OEDD-P [ EEI S35| mm OEDD-IP =3 EEIl 8 EEN OEDD-P [ EEI
— -

) 301 mmm LAO = L0 I 3.0/ HEE LAO BN L0 y 307 mmm LAO B L0
= = =
25 = T2
p 725 72°
8,0 § §
22 z2.0 g2.0
f1s 2 815
Qo ©v15 L}
. @l gl » e : I
oI CELRE N
= [ =
s05 5 0.5 0.5

0.0 Fo.0 Fo.0

60 70 80

1

90 100

Fig. 6: Cost vs. [ (Set #5)

from 10 to 30, more edge servers will request data d on
average in each time slot and it takes more time to transmit
d to all the destination edge servers in general. LAO can
source d for destination edge servers close to them and
thus does not incur much more transmission costs when
|V| increases. Specifically, when |V| increases from 10 to 30
by 300%, LAO’s total transmission cost increases from 806 to
1,214 by only 54.07%, much lower than OEDD-IP’s 66.93%
increase from 798 to 1,332, EEI’s 160.38% increase from 848
to 2,208 and LO’s 134.10% from 1,264 to 2,959.

4.2.3 Impact of edge density (p)

Fig. 4 presents the impacts of p on the total transmission
costs. Overall, LAO achieves the lowest total transmission
cost. On average, the advantages of LAO are 7.75% over
OEDD-IP, 45.43% over EEI and 57.00% over LO. When p
increases from 1.0 to 1.5, the total transmission costs of
all the four approaches decrease, by 35.74% from 1,066 to
685 for LAO, by 31.31% from 1,070 to 735 for OEDD-IP,
by 20.43% from 1,635 to 1,301 for EEI and by 31.04% from

Fig. 7: Cost vs. pge. (Set #6)
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2,281 to 1,573 for LO. The reason is that, with an increase in
p, each edge server is connected to more others averagely.
In this case, the average distance between edge servers is
shortened, and data can be sourced to destination edge
servers with lower transmission costs.

4.2.4 Impact of ratio of C2E transmission cost over E2E
transmission cost (ratio)

Fig. 5 compares the total transmission costs when ratio
increases from 6 to 14 in Set #4. Overall, LAO outperforms
OEDD-IP by 1.92%, while outperforming EEI and LO with
large margins, i.e., 23.97% against EEI and 43.37% against
LO. The increase in ratio increase the cost of C2E transmis-
sions over E2E transmissions and consequently increases the
total transmission costs incurred all the four approaches.
Fig. 5 also shows that given different ratio values, LAO
can always formulate the most cost-effective solutions by
finding the best combinations of C2E and E2E transmissions.
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4.2.5
tency |
Fig. 6 illustrates the impact of / on the total transmission
costs in Set #5. Again LAO is the clear winner, with its
34.57% transmission cost decrease from 1,316 to 861 when
increases from 60 milliseconds to 100 milliseconds. OEDD-
IP and EEI’s costs also decrease, from 1,285 to 985 by 23.35%
and from 1,752 t0 1,364 by 22.15%, respectively. The increase
in [ relaxes the constraint for low data retrieval latency.
LAO, OEDD-IP and EEI can source data for destination edge
servers from edge servers further away to lower their total
transmission costs. LO does not consider [ and thus are not
impacted by the value of [.

Impact of time-averaged maximum transmission la-

4.2.6 Impact of data decache probability (pge.)

Fig. 7 shows the impact of pge. on the four approaches in
Set #6. Overall, LAO outperforms OEDD-IP, EEI and LO,
by 2.55%, 26.51% and 43.95% respectively. As pq.. increases,
it is more likely for LAO, OEDD-IP, EEI and LO to source
data from within the system rather than the cloud. Using
this advantage, their costs decrease with the increase in pge.
significantly, from 1,545 to 703 by 54.50% for LAO, from
1,516 to 826 by 45.51% for OEDD-IP, from 1,855 to 1,284 by
30.78% for EEI and from 2,534 to 1,449 by 42.82% for LO.

4.2.7 Impact of data request probability (p,eq)

Fig. 8 demonstrates the impact of p,., on the total trans-
mission costs. Overall, the advantages of LAO are again
significant, in terms of the total transmission cost, i.e. 1.01%
over OEDD-IP, 23.23% over EEI and 40.92% over LO. With
a higher request,, there are more destination edge servers
in each time slot. Thus, total transmission costs incurred by
all approaches increase when request, increases from 0.10
to 0.20. However, when request, increases from 0.20 to 0.30,
the total transmission costs incurred by LAO, OEDD-IP, EEI
and LO decrease. This is because more edge servers become
source edge servers due to a fixed data decache probability
at 0.5. In this way, there is a higher chance for destination
edge servers to obtain data from within the system and the
costs incurred by LAO, OEDD-IP, EEI and LO decrease.

4.2.8 Impact of trade-off parameter (C)

Fig. 9 shows the impact of ¢ (introduced by (13) into P2) on
LAO. As discussed in Section 3.2, a lower ¢ will accelerate
the stabilization of the time-averaged transmission latency
at a potentially higher transmission cost. It is validated

experimentally by the results presented in Fig. 9(b) and
Fig. 9(a). As shown in Fig. 9(a), at the very beginning of
the experiments, the average latency is high because data
d has to be sourced from the cloud. When ¢ = 10, LAO
takes 92 time slots to decrease the average latency to below
[ before it is stabilized. When ¢ = 1 and 0.1, LAO takes
only 38 and 30 time slots, respectively, to do the same. Fast
stabilization comes the price of high cost, as demonstrated
in Fig. 9(b). When ¢ = 0.1, LAO incurs the highest cost
of 11,647, 7.71% and 12.57% higher than when ( = 1 and
¢ = 10, respectively.

4.2.9 Efficiency

TABLE 3: Maximum overhead over T'. The values in the
parentheses are the communication overhead incurred.

OEDD-IP LAO EEI LO
Set #1 12,004 (84) 426 (420) 12,351 (90) 19,174 (94)
Set#2 192,137 (102) 642 (629) 267,228 (101) 297,333 (104)
Set#3 277,065 (80) 475 (465) 674,619 (82) 938,134 (86)
Set #4 8,026 (81) 424 (408) 10,392 (86) 33,052 (83)
Set #5 6,996 (80) 453 (437) 25,726 (84) 38,709 (81)
Set #6 8,123 (95) 550 (546) 35,719 (94) 36,034 (95)
Set#7 30,760 (98) 618 (600) 38,043 (106) 41,190 (101)

Table 3 presents the results of Set #1 - #7. It demonstrates
that LAO takes multiple-order-of-magnitude less computation
overhead than others. The maximum computation overheads
taken by OEDD-IP, EEI and LO are 277,065 milliseconds,
674,612 milliseconds and 938,134 milliseconds, respectively,
in Set #3, while the maximum computation overhead taken
by LAO is 642 milliseconds. This shows that LAO can solve
very large-scale OEDD problems efficiently.

LAO incurs the most communication overhead, i.e., 629
milliseconds, while OEDD-IP, EEI and LO take 80-106 mil-
liseconds to find a solution. The reason is that LAO is
the only decentralized approach, which requires frequent
decision exchanges between edge servers to achieve a Nash
equilibrium. Compared with the maximum overheads in-
curred by other three approaches, such minor differences in
the communication overhead are negligible.



4.3 Threats to Validity
4.3.1 Threats to Internal Validity

Whether the experiment setting favors LAO over other
approaches is the main threat to the internal validity. Thus,
various OEDD scenarios were simulated by changing seven
parameters to tackle this threat. This way, we could compre-
hensively and fairly compare different approaches. More-
over, we repeated the experiments for 30 times when a
parameter was changed. Another one is the data popularity
in the experiments. Data popularity prediction is a research
topic orthogonal to this study. Thus, we employ pge. and
Dreq to generically indicate the results of data popularity
prediction. Their values may vary, depending on the data
popularity prediction approaches and data storage strate-
gies, and impact the performance of the approaches. The
last main threat is the EUA dataset used in the experiments.
This is because user and edge server distributions are dif-
ferent across various cities. Different user and edge server
distributions can thus lead to different OEDD strategies
and impact the performance of the approaches. However,
the values of pge. and py¢q, and the distributions of users
and edge servers do not impact the performance differences
between these approaches in general.

4.3.2 Threats to External Validity

To the external validity, LAO’s generalization and applica-
tion in different OEDD scenarios are the main threats. To
reduce such threat, the unit transmission cost was used
to measure the C2E transmission cost and E2E transmis-
sion cost, similar to [17], and specific cost models can be
easily interpreted, e.g. Amazon or Google’s price model.
Furthermore, the EUA dataset was adopted to execute the
experiments. We also vary the size and the complexity of
the OEDD scenarios by changing parameters to improve the
comprehensiveness of the evaluation and mitigate the threat
to external validity.

5 RELATED WORK

The evolution of broad and mobile communications in the
past two decades has continuously lowered the expenses
of bandwidth and latency has become the main obstacle
to improving service performance [8]. In large-scale con-
tent delivery infrastructures like content delivery networks
(CDN ), end-users still have to retrieve data from the public
internet and it is difficult to predict, control or reduce their
data retrieval latency [8]. It is the main barrier to further per-
formance improvement of data caching for latency-sensitive
applications like gaming and VR.

Edge computing (EC) enables 5G to break that barrier
by caching data on edge servers [4]. The caching system
facilitated by edge servers reduces the physical distance
between end-users and data to hundreds of meters [6]. In
very recent years, edge data caching has attracted great
quantity of attention [12]. Similar to studies of conventional
cloud cache systems like CDN, existing studies of edge
cache systems try to achieve various optimization goals,
e.g., maximizing caching revenue [12] and minimizing data
retrieve latency [14]. The approaches proposed in these
studies leverage the short physical distance between data
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and end-users in edge cache systems. However, the impacts
of the long distance between the cloud and edge servers on
edge cache systems have been ignored completely, including
the potentially high costs and latency incurred by the data
transmission from the cloud.

Game theory is a well-acknowledged mathematical tool
for solving optimization problems distributively in edge
computing [26]. To name a few, the authors of [27] inves-
tigated the resource allocation problem for fulfilling service
providers’ resource requirements in edge computing with
consideration of fairness. Based on game theory, they de-
signed a convex programming approach to achieve a Nash
equilibrium. Cui et al. [28] studied edge demand response,
aiming to maximize user coverage, minimize energy con-
sumption and maximize users’ data rate. They solved the
problem in a distributed manner by a game-theoretically ap-
proach. However, those approaches can only solve problems
in quasi-static scenarios, without consideration of system
dynamics over time.

Lyapunov optimization has been proven to be a power-
ful tool for solving online problems by building a queuing
system [29]. Kwak et al. [30] investigated a content caching
problem and applied Lyapunov optimization to control
caching on the cloud side or edge side, based on the length
of the data request queue. In [25], the authors also studied
an edge data caching problem. An online approach based
on Lyapunov optimization was proposed to minimize total
cost while guaranteeing users’ low latency. Similarly, Asher-
alieva et al. [31] studied the edge data caching and sharing
problem, considering wireless communication. They min-
imized both caching and sharing costs while stabilizing
request queuing system based on Lyapunov optimization.
However, those centralized approaches are standard imple-
mentations of Lyapunov optimization and suffer from high
computational overheads.

Recently, some researchers have attempted the leverage
of game theory and Lyapunov optimization to solve op-
timization problems [32], [33], [34], [35]. To name a few,
Liu et al. [35] investigated the task offloading and resource
allocation problem in edge computing. They designed a
matching game to allocate user devices to edge servers,
considering task queue, edge servers’ available resources
and communication interference. According to the user al-
location strategy obtained by the matching game, they em-
ployed a Lyapunov-based approach to minimize the power
consumption in task offloading, while stabilizing the queue
length. The authors of [34] studied the content delivery
problem among devices and unmanned aerial vehicles in a
cloud-based content delivery network. They first proposed
a game-theoretical approach to minimize the transmission
cost, and then proposed a Lyapunov-based approach for
the network operator to maximize its revenue and stabilize
the cache queue. These studies utilize the advantages of
game theory and Lyapunov optimization in different phases
separately, unlike LAO that integrates game theory into
Lyapunov optimization to combine their advantages.

To help app vendors utilize edge cache systems cost-
effectively in the long term, this study tackles the online
edge data distribution (OEDD) problem with a new ap-
proach named LAO. It allows data to be sourced from
within the edge cache system. It innovatively combines



Lyapunov optimization and game theory to solve the OEDD
problem in a distributed and online manner. The experimen-
tal results presented and discussed in Section 4 demonstrate
its superior performance in minimizing data transmission
costs and stabilizing data transmission latency over time.

6 CONCLUSION

In this paper, we studied an online edge data distribution
(OEDD) problem from the app vendor’s perspective in the
Edge Computing (EC) environment. We first formulated the
OEDD problem and proved its NP-hardness. Then, we pro-
posed a new Latency-Aware OEDD algorithm, named LAO,
that formulates cost-effective EDD strategies online over
time. It combines game theory and Lyapunov optimization
to tackle the OEDD problem effectively and efficiently in
a decentralized manner. Its performance is evaluated both
theoretically and experimentally. This research builds a solid
foundation for enabling edge cache systems in the real
world and opens up a number of new research directions
along the line. In our future work, we will investigate
the distribution of streaming data in OEDD scenarios and
consider fault-tolerant and failure detection during the data
distribution process.
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APPENDIX A
SUMMARY OF NOTATIONS

TABLE 4: Summary of Notations

Notation | Description

c remote cloud servers

cost(y%) | transmission cost incurred by ~*

costy,v minimum cost of transmission through edge e«

d data to be cached

E set of links/edges existing in G

eu,v edge from node u to v

G graph presenting a particular area

! time-averaged maximum transmission latency

I, time taken to transmit the data via edge ey, in time
slot ¢

llt time taken to transmit the data to v according to v

%3 set of destination edge servers in time slot ¢

Vi set of unavailable servers in time slot ¢

Vi set of source servers in time slot ¢

Vi s set of destination nodes retrieving data from a source
node in time slot ¢

t time slot ¢

T number of time slots

U,V nodes u, v in graph G

\% set of edge servers

¥ EDD strategy

~t set of binary variables indicating whether data is
transmitted through any edge in E in time slot ¢

Vi binary variable indicating whether data is transmitted
through ey, in time slot ¢

w? set of binary variables indicating whether data
transmission strategy visits node v € V' in time slot ¢

w? binary variable indicating whether data transmission
strategy visits node v in time slot ¢

APPENDIX B

PROOF OF THEOREM 1

Proof To do this proof, we first introduce a known N'P-
hard problem, the Rooted Minimum Steiner Tree (RMST)
problem. Given a set of nodes V, a set of edges E and
a graph G(V, E, R,W,r) where R is the set of destination
nodes R € V, and W is the weights of edges Ve € FE, the
RMST problem is to find a Steiner tree from G that starts
from node r with minimum weights. Now we present how
to reduce the ¢-OEDD problem to the RMST problem. We
first include a virtual node 7’ into graph G. Then, we add
an edge to connect this virtual node to each of the source
nodes in G. In the t-OEDD problem, each edge e, , has a
specific transmission cost cost, ., which can be treated as
the weight of the corresponding edge in the RMST problem.
In this way, the {-OEDD problem is converted to: given a
graph G and a starting point 7/, find the Steiner tree with
the minimum total weight (the minimum transmission cost).
A solution that fulfills this reduced ¢-OEDD problem also
fulfills the RMST problem. This indicates that the t-OEDD
problem can be reduced to the RMST problem and the ¢-
OEDD problem is thus N'P-hard. O
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APPENDIX C
PROOF OF THEOREM 2

Proof Assuming two EDD decisions ~! and 7.} that fulfill
n(v5,vh,) < n(ytA4t,). In this case, this node should
change its EDD decision from 7/ to /. Based on (17), we

can obtain:
max{oy, 1} + ¢ - Acost(v4,7",)

i (20)
> max{or, 117" + ¢ Acost(v!,1L,)

Once node v needs to update its EDD decision, the
benefits of nodes V!, might be impacted by v’s new latency .
Thus, we analyze the following two cases: 1) lzlt > 17 ‘;and
ot <t

Case1: 17 > 17 .

In this case, the latencies of all nodes in V! increase.
Thus, those nodes are not in the set of V5 —{u € V17" >
17°} N —{v}. In this way, we can obtain:

>

ueVh N ~{ueVely >12 y N -~{v}

(max{oy, 1}th +

¢ Beost(+7 ) > > @
weVE N ={ueVe iy >17" Y N ~{v}
(max{oy, 1" + ¢ Acost(v/,4" )
Based on (19), (20) and (21), we can obtain:
P70 7Ly) < (0,75 (22)

Case 2: lzlt < l;’t.

In this case, nodes in V) would keep their current
decisions because their benefits increase, due to the lower
latency and same cost. Thus, we also can obtain (21) and

prove (22).

According to Definition 2, ¢(v%,~%,) is a potential func-
tion and this theorem stands. |
APPENDIX D
PROOF OF THEOREM 3
Proof Let v* = {9, ...,7*T71} denote the optimal

solution to P;, which incurs transmission cost cost*! and
v = {y O,...,*y’ T_l} denote the optimal solution to Po,
which incurs transmission cost cost’. The solution to Ps
from its solution space contains the solution space of P;.
Now, we deduce the upper bound on (13) with respect to
cost*t:

¢ - Elcost" |oy] + A(oy)
e

) - ¢

< ¢ - Elcost’|oy] — Eloy - Z (=1 )|ot] +©

vER?
< C-Eleost™ o] —Eloy - > (1~ 1 )oe] +©

P (23)
D) -
< ¢ - Elcost™|oy] — oy - Z (=1 )+e

vER?

® )
< ¢ - Elcost™|o:] + ©

Note that the optimal solution «* is independent of the
accumulated latency. Thus, inequality (f) in (23) stands.
Inequality (f) holds because constraint (4) must be fulfilled



by the optimal solution v* to problem P; while o; > 0 based
on (10). By summing (23) across ¢ € [0,T—1], we can obtain:

T-1
lim = - E[costt o]
T—o00
t=0
( « E[L(or) — £(0)]
< lim = - E[cost*!|oy] + @ — ———2—"— (24)
T—oo T Pt T
=
< 1 S *t
Th_r}nC>C T E[cost™|o¢] + ©

~
[}

where L(or) — £(0) is always non-negative according to
definition of £(oy).

Thus, the margin between the solution 7" found by Ps
and the optimal solution v* is bounded by %:

lim —

T—1
. E " *t <
Jim E [cost’ — cost™|oy] <

t=0

(25

~| @

Now, we analyze the margin between ~y found by LAO
and the optimal solution v* found by P;. Let costym
denote the maximum value of the minimum transmis-
sion cost between any two nodes in G, calculated with
max{cost, »|u,v € VJC}. Please note that the strategy
found by LAO in time slot ¢ does not impact the sets of
source nodes, destination nodes and unavailable nodes in
the following time slot. Thus, the difference between the
total cost incurred by LAO and that incurred by the optimal
solution 7/ found by Ps is at most AV - (costmm — COStmin),
where AV = limr_,o0 |[VH- VL]

E[cost’ — cost’ o] < AV - (costpm — cOStmin)
(26)

Based on (25) and (26), we can obtain the margin be-
tween « found by LAO and v* found by P;:

T—1
lim — - Z E[cost" — cost*|oy] <
T—oo T =0 (27)
]
AV - (costym — €OStmin) + Z

As mentioned in Section 3.2, © is a constant of
%EveRt [2. Since coStmm, cOStmin and AV are also con-
stants in an EDD scenario, the margin between v and v* is

O((costymm — coStimin) - AV + %) _ O(%) 0

APPENDIX E
PROOF OF THEOREM 4

Proof According to (10) and (11), let us assume a positive
value X and the existence of a 7" that fulfill:

E[Y (17" = Do) < —& (28)

Let costin and costp,q, denote the lowest and highest
transmission costs achieved by the all the possible solutions
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to P, respectively. Introducing cost,,i, and costp,,, into

(15) leads to:
A(o)+C - costpmin <

O + (- coStmar + o1 - E| Z A
veV]

1t =

~Dloy @)

Define ©' = © + ( - (coStmaz — COStimin ). We have the
following;:

Alor) <O + 0 E[ > (1" = Do]
veVH (30)

(28)

<O -X 0

The upper bound on the average accumulated latency
across all the time slots can be obtained:

T-1 ) T-1
S
t=0 (31)
a2 ©  E[L(or) — E[L(00)] _ ©
X TX - X

Considering the fact that O(%) = 0((), the averaged
accumulate latency across all the time slots of LAO is
bounded by O((). With a lower (, the time-averaged ac-
cumulate latency is also lower, indicating the acceleration of
the stabilization. O



