
432 IEEE TRANSACTIONS ON MULTIMEDIA, VOL. 22, NO. 2, FEBRUARY 2020

Collaborative Content Placement Among Wireless
Edge Caching Stations With Time-to-Live Cache
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and Jie Xu , Member, IEEE

Abstract—Content caching at the Internet edge using a network
of wireless edge caching stations (ECSs) is recently considered
as a key solution to alleviating the backhaul traffic burden and
improving the quality of experience in 5G networks. This paper
studies wireless edge caching systems with the following features:
first, content files can be partitioned into many coded packets,
which then canbe cached inmultipleECSs for collaborative content
delivery; second, the service provider (SP) deploys time-to-live
cache at ECSs and each cached content file has an occupancy
time that needs to be guaranteed; third, the content-to-be-cached
arrives at the caching system following a stochastic process as
users request new content over time. Unlike existing works that
determine which content to cache, this paper focuses on how to
distribute the coded packets of content-to-be-cached among the
network of ECSs in order to reduce the content downloading time.
A novel content placement strategy, called stochastic collaborative
content placement is proposed based on Lyapunov techniques.
The proposed algorithm makes content placement decisions using
only currently available information without foreseeing future
content arrivals, takes advantage of the spatial content popularity
variation with coded caching, and achieves the provable close-to-
optimal long-term caching performance. Simulations are carried
out on a real-world YouTube video request trace and the results
demonstrate a tremendous caching performance improvement
against a variety of benchmark schemes.

Index Terms—Content placement, coded caching, wireless
network, online decision-making.

I. INTRODUCTION

DUE to the prevalence of smart mobile devices with ad-
vancedmultimedia capabilities and the trend towards high

data rate applications, wireless networks have been experienc-
ing a tremendous increase in data traffic, especially multimedia
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data traffic, in recent years. To keep up with the massive growth
of mobile data demand, there is a growing interest in caching at
the edge of the Internet. Wireless Edge Caching Stations (ECSs)
(e.g. caching-enabled small cell base stations or wireless infos-
tations [1], [2]) are being deployed as a supplement to the exist-
ing cellular architecture and content delivery networks (CDNs)
for caching popular content (e.g. videos) in close proximity to
end users, thereby reducing the content downloading time and
alleviating the backhaul traffic burden. Wireless environment
is very different from wired networks due to its broadcasting
nature and limited transmission range. Thanks to the recently
developed coded caching approach [3] and network densifica-
tion in 5G [4], collaborative caching among a network of ECSs
further improves the caching performance: content files can be
partitioned into many coded packets, which then are cached in
multiple collaborative ECSs. In this way, ECSs collaborate in
terms of not only sharing cache spaces but also the physical
transmission for content delivery.
Network service providers (SPs) offer caching-as-a-service

to content providers (CPs). Recent studies [5] have shown that
without explicit monetary compensation or incentive structures,
such CDNs do not operate effectively. However, standard cache
management policies such as Least Frequently Used (LFU) and
Least Recently Used (LRU) make it difficult for SPs to design
individualized contracts and for CPs to account for their valu-
ation of their content when contracting with SPs because these
policies treat different content in a strongly coupled manner.
This recently motivates the design of Time-to-Live (TTL) cache
management policies, which aim to ensure the occupancy time
of content and decouple the dependency of different content.
Specifically, the CP can negotiate with the SP to determine the
price and occupancy time of a content file when a caching re-
quest is issued. The SP then will ensure that this content file will
be cached for at least a certain amount of time [6], [7].
In this paper, we investigate content placement among a net-

work of wireless ECSs under a TTL cache management policy.
Different frommany existing works that consider which content
to cache, we focus on how to place the content-to-be-cached
among the ECS network to maximize the caching performance,
taking into account the content occupancy time requirements
and the limited storage/cache space in ECSs. The content occu-
pancy time requirements in TTL cache make the collaborative
content placement problem significantly different and more dif-
ficult: once a content file is chosen to be cached, it has to stay
in the cache for at least the negotiated occupancy time, which
may reduce the chance of caching a more popular content file
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forthcoming in the future. This is very different from existing
cache management policies where a content file can be replaced
by a new content file at any time. The fact that new content files,
which vary considerably in size and popularity, arrive at the net-
work (i.e. are requested by users for the first time) sequentially
in realistic scenariosmakes collaborative content placement par-
ticularly challenging, as any content placement decisions must
be made without foreseeing the size and popularity of new con-
tent files forthcoming in the future. This thus calls for an effi-
cient online algorithm that makes content placement decisions
on-the-fly. The main contributions of this paper are summarized
as follows:
1) We propose a stochastic collaborative content placement

(SCCP) framework. SCCP adopts the coded caching approach
which allows ECSs to cache a portion of coded packets of a
content file depending on the content popularity among their
serving regions as well as their spare caching spaces. SCCP aims
to optimize the long-term caching performance, explicitly taking
into account the fact that new content-to-be-cached arrives to
the system according to a stochastic process and the content
occupancy time requirements due to TTL cache.
2) The proposed content placement algorithm performs in an

online fashion without requiring the future information of forth-
coming new content files by leveraging and extending the per-
turbed Lyapunov optimization [8] technique. We prove that the
proposed algorithm achieves within a bounded deviation from
the optimal caching performance (in terms of minimizing con-
tent downloading time) that can be achieved by an oracle algo-
rithm that knows the complete future information.
3) As an integral part of the SCCP framework, a content cod-

ing strategy for distributed ECSs, namely spatial coded packets
reuse, is designed tominimize the coding overhead. The key idea
is to allow ECSs sufficiently apart from each other to cache the
same coded packets, thereby reducing the number of required
distinct coded packets. The proposed coding strategy is proved
to achieve optimal coding efficiency.
4) Simulations on real-world YouTube video request traces

are carried out to validate our analytical results and evaluate the
performance of the proposed algorithms. The results confirm
that our method significantly improves caching performance in
terms of downloading time against state-of-the-art benchmark
algorithms.
The rest of this paper is organized as follows. Section II

discusses related work. Section III presents the system model
and formulates the stochastic collaborative content placement
problem. Section IV develops a novel content placement algo-
rithm based on the perturbed Lyapunov technique and proves its
performance guarantee. Section V designs a coding strategy to
minimize the coding overhead. Simulations on real-world data
are carried out in Section VI, followed by the conclusion in
Section VII.

II. RELATED WORK

Recent effort has been made on caching policy design
in wireless CDNs to improve quality of experience for mo-
bile users. Authors in [9], [10] introduce the concept of
FemtoCaching/EdgeCaching and study content placement at
cache helpers at the network edge to minimize the content

downloading delay, utilizing coded caching. Geographical
caching is investigated in [11] to maximize the probability of
serving a user using the stochastic geometry model. The idea
of using caching to support mobility is investigated in [12].
Authors in [13] study context-aware resource allocation for
energy-efficient caching and [14] designs a caching policy for
base stations with energy harvesting. A common simplification
for content caching assumes that the content popularity follows
the Zipf distribution [13]. More complicated models employ
user-specific context and social information for popularity pre-
diction [15]. However, most of these works do not consider col-
laboration among multiple ECSs.
Due to the trend of the network densification in 5G, collabo-

rative caching amongmultiple ECSs is gaining increasing atten-
tion. For example, [16] considers a hierarchical structure where
the core caching network and a set of (possibly) interconnected
base stations work collaboratively to cache content. Authors in
[17] consider the energy consumption of Small-cell Base Sta-
tions (SBSs) when performing the collaborative caching [18].
Investigates the collaborative caching for multiple CPs such that
the payment of a CP for caching a number of content files is min-
imized. However, these works only consider caching schemes
under static offline settings where the content-to-be-cached is
already-known. Although authors of [18] also propose an on-
line algorithm for collaborative caching under unlimited cache
space, it is very different from our work since we consider the
limited cache capacities of ECSs, that new content files are re-
quested by users in a stochastic manner and that the system
employs TTL caches.
Many recent works also consider dynamic cache-enabled sys-

tems. For instance, [19] proposes an online proactive caching
strategy concerning the uncertainty of user activities. [20] jointly
optimizes content placement and request redirection with dy-
namic user request distribution. [21] designs amulticast schedul-
ing policy based on Markov Decision Process (MDP). [22]
designs a caching strategy based on Lyapunov criterion to sta-
bilize the service request queues thereby ensuring finite delay.
However, these works focus on the stochasticity of users’ con-
tent requests. In contrast, we focus on the stochastic content
arrival process and decision making, i.e. the content placement
decision is made when a new content file is to be cached un-
der the TTL cache management policy. Because the arrival
of new content-to-be-cached follows a stochastic process, the
content placement problem is a stochastic optimization prob-
lem where information about future content-to-be-cached is un-
known at the current decision time. The Lyapunov technique
is a widely used stochastic optimization technique. Originally
proposed for establishing control system stability, it was later
extended to achieve long-term queuing stability in networks [8],
with a salient feature that it does not require future informa-
tion when making control decisions. However, standard Lya-
punov technique cannot handle the causality constraint induced
by the cache dynamics and the occupancy time requirements. In
this paper, we develop our content placement algorithm based
on the perturbed Lyapunov optimization technique [23], which
was applied to address similar causality challenges in other ap-
plications [24], [25]. We introduce the concept of “free cache
space”, a type of virtual queue, and derive application-specific
performance bounds.
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T A B L E I
C O M P A RI S O N W I T H E XI S TI N G W O R K S

Fi g. 1. St o c h asti c c oll a b or ati v e c a c hi n g i n h et er o g e n e o us s m all c ell n et w or ks.

C o d e d c a c hi n g [ 3] is a f u n d a m e nt al t e c h ni q u e t h at e n a bl es c ol-
l a b or ati o n a m o n g  m ulti pl e  E C Ss. It h as b e e n s h o w n t h at c o d e d
c a c hi n g c a n eff e cti v el y e n h a n c e c a c hi n g ef fi ci e n c y b y p artiti o n-
i n g fil es i nt o p a c k ets a n d c a c hi n g t h e m i n c oll a b or ati v e  E C Ss.
T h e a ut h ors i n [ 2 6] c o m bi n e t h e c o d e d/ u n c o d e d c a c hi n g str at e g y
i n disj oi nt cl ust er- c e ntri c s m all c ell n et w or ks. I n [ 2 7], [ 2 8], t h e
m a xi m u m dist a n c e s e p ar a bl e ( M D S) c o d e d c a c hi n g is c o nsi d-
er e d  w h er e t h e o pti m al  M D S- c o d e d c a c h e pl a c e m e nt pr o bl e ms
ar e f or m ul at e d t o  mi ni mi z e t h e d o w nl o a di n g ti m e a n d t h e b a c k-
h a ul r at e, r es p e cti v el y.  O ur p a p er d o es n ot d e v el o p n e w c o d es
f or c oll a b or ati v e c a c hi n g. I nst e a d,  w e us e e xisti n g c o di n g  m et h-
o ds t o e n a bl e  E C S c oll a b or ati o n a n d f o c us o n d e v el o pi n g o nli n e
c o nt e nt pl a c e m e nt s c h e m es f or st o c h asti c c o nt e nt arri v als.  Ta-
bl e I s u m m ari z es t h e diff er e n c es of t h e pr o p os e d s c h e m e fr o m
t h e e xisti n g  w or ks.

III. SY S T E M M O D E L

A.  N et w or k  M o d el

We c o nsi d er a h et er o g e n e o us  wir el ess n et w or k (s e e Fi g. 1
f or ill ustr ati o n) c o nsisti n g of o n e  m a cr o b as e st ati o n ( M B S)
a n d N wir el ess  E d g e  C a c hi n g St ati o ns ( E C Ss), i n d e x e d b y
N = { 1 , 2 , . . . , N} .  T h e  M B S pr o vi d es c o v er a g e  wit h a l ar g e
c ell r a di us.  T h e  E C Ss ar e d e ns el y d e pl o y e d i n h ots p ots f or
c a c hi n g c a p a cit y e n h a n c e m e nt ( e. g. S B Ss).  We c o nsi d er t h at
t h e n et w or k is di vi d e d i nt o M disj oi nt r e gi o ns ( or h ots p ots), i n-
d e x e d b y M = { 1 , 2 , . . . , M} .  D u e t o t h e d e ns e d e pl o y m e nt of
E C Ss, us ers i n a r e gi o n ar e i n t h e tr a ns missi o n r a n g e of ( p ossi bl y)
m ulti pl e  E C Ss.  L et B m ∈ N b e t h e s et of  E C Ss t h at c a n s er v e
r e gi o n m a n d M n b e t h e s et of r e gi o ns t h at ar e s er v e d b y  E C S n .
B y  m a ki n g e a c h r e gi o n s m all,  w e c o nsi d er t h e e x p e ct e d tr a ns-
missi o n r at e b et w e e n  E C S n a n d r e gi o n m , d e n ot e d b y r m, n .

We f urt h er ass u m e t h at t h e i nt er- E C S i nt erf er e n c e is h a n dl e d b y
st at e- of-t h e- art i nt erf er e n c e  miti g ati o n s ol uti o ns, e. g. s u c c essi v e
i nt erf er e n c e c a n c ell ati o n [ 3 1].  D e p e n di n g o n t h e l o c ati o ns of t h e
E C Ss a n d r e gi o ns, t h e e x p e ct e d tr a ns missi o n r at e diff ers a cr oss
E C S-r e gi o n p airs. S p e ci fi c all y, t h e e x p e ct e d d o w nli n k tr a ns mis-
si o n r at e b et w e e n  E C S n a n d r e gi o n m is

r m, n = E h m , n
W n l o g 1 +

h m, n P n

N 0 + I
, ( 1)

w h er e W n i s t h e c h a n n el b a n d wi dt h of  E C S n , h m, n i s t h e c h a n-
n el g ai n, P n i s t h e tr a ns missi o n p o w er of  E C S n , N 0 i s t h e
n ois e l e v el, a n d I is t h e i nt erf er e n c e fr o m ot h er  E C Ss.  At t h e
c o nt e nt pl a c e m e nt d e cisi o n ti m e, t h e c h a n n el c o n diti o n u n d er
w hi c h us ers  will d o w nl o a d t h e c o nt e nt is n ot r e ali z e d.  T h er e-
f or e,  w e c o nsi d er t h e e x p e ct e d r at e r at h er t h a n i nst a nt a n e o us
r at e.

If t h e c o nt e nt fil e r e q u est e d b y a us er is c a c h e d at t h e n e ar b y
E C Ss, t h e n t h e us er c a n a c c ess t h e c o nt e nt q ui c kl y, b e ari n g o nl y
t h e  E C S-t o- us er tr a ns missi o n d el a y.  Ot h er wis e, t h e us er h as t o
r etri e v e t h e c o nt e nt b y t ur ni n g t o t h e c a c h e e ntiti es at t h e  M B S
(if c a c h e d at t h e  M B S) or t h e c o nt e nt pr o vi d er (if n ot c a c h e d at
t h e  M B S),  w hi c h i n c urs t h e l ar g er tr a ns missi o n d el a y.  L et r m, 0

d e n ot e t h e d at a r at e f or c o nt e nt r etri e v al vi a t h e  M B S,  w hi c h
is ass u m e d t o b e l o w er t h a n r m, n .  T his is b e c a us e t h e  M B S
oft e n c a n o nl y pr o vi d e li mit e d r a di o r es o ur c es t o e a c h us er a n d
h e n c e, t h e  M B S tr a ns missi o n r at e is us u all y l o w er t h a n t h e  E C S
tr a ns missi o n r at e [ 3 2].

B.  C o nt e nt  Arri v al a n d  P o p ul arit y  M o d el

Fr o m a n o p er ati o n al p ers p e cti v e,  w h e n a us er r e q u ests s o m e
c o nt e nt, if t h e c o nt e nt is n ot i n t h e c a c h e, t h e n t h e S P n e e ds t o
f et c h t h e c o nt e nt fr o m t h e  C P a n d f or w ar d it t o t h e us er.  T h er e-
f or e, t his is a n at ur al ti m e f or t h e S P t o n e g oti at e c o ntr a cts  wit h
t h e  C P a n d d et er mi n e c a c hi n g d e cisi o ns f or f ut ur e r e q u ests.  T his
l e a ds t o a n e v e nt- dri v e n s yst e m i n  w hi c h c o nt e nt c a c hi n g a n d
pl a c e m e nt d e cisi o ns h a v e t o b e  m a d e s e q u e nti all y o v er ti m e. I n
t his p a p er,  w e c o nsi d er o nl y c o nt e nt fil es t h at t h e S P d e ci d es t o
c a c h e i n  M B S/ E C Ss a c c or di n g t o s o m e c o ntr a ct- b as e d c a c hi n g
m e c h a nis m a n d f o c us o n h o w t o pl a c e t h e c o nt e nt p a c k ets a m o n g
t h e  M B S/ E C Ss.  H e n c e,  w e ar e n ot d e ci di n g w h et h er or n ot t o
c a c h e c o nt e nt b ut r at h er  w h er e t o pl a c e t h e c o nt e nt-t o- b e- c a c h e d,
w hi c h is s u bst a nti all y diff er e nt fr o m  m a n y e xisti n g  w or ks.  T o
b ett er s e e t h e li n k b et w e e n c o nt e nt pl a c e m e nt a n d tr a diti o n al
c a c hi n g pr o bl e ms, c o nsi d er s c e n ari os  wit h a n d  wit h o ut  E C Ss.
I n t h e s c e n ari o  wit h o ut  E C Ss, c a c hi n g o c c urs o nl y o n t h e  M B S
a n d e xisti n g  T T L- b as e d c a c hi n g p oli ci es c a n b e dir e ctl y a p pli e d.
I n t h e s c e n ari o  wit h  E C Ss, c a c hi n g c a n o c c ur o n b ot h t h e  M B S
a n d  E C Ss,  w hi c h pl a y as c a c hi n g h el p ers t o  m o v e c a c h e d c o n-
t e nt e v e n cl os er t o t h e e n d us ers.  T h e d e cisi o n of  w h et h er or n ot

A ut h ori z e d li c e n s e d u s e li mit e d t o: N e w J er s e y I n stit ut e of T e c h n ol o g y. D o w nl o a d e d o n F e br u ar y 2 3, 2 0 2 0 at 0 4: 2 6: 1 6 U T C fr o m I E E E X pl or e.  R e stri cti o n s a p pl y. 
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Fi g. 2. Ill ustr ati o n of c o nt e nt arri v al, o c c u p a n c y ti m e a n d p o p ul arit y.

t o c a c h e is t h e s a m e as b ef or e a n d h e n c e t h e s a m e  T T L- b as e d
c a c hi n g p oli c y c a n b e us e d.  T h e diff er e n c e is t h at  w h er e t o pl a c e
t h e c o nt e nt is n ot a si m pl e d e cisi o n of p utti n g t h e c o nt e nt i n t h e
M B S, b ut r at h er i n v ol v es a  m or e c o m pl e x d e cisi o n of distri b ut-
i n g c o nt e nt p a c k ets a m o n g t h e  E C Ss gi v e n t h eir c a p a cit y a n d
l o c ati o n c o nstr ai nts.

L et k = 0 , 1 , 2 , . . . b e t h e s e q u e n c e of n e w c o nt e nt fil es t h at
t h e c a c hi n g p oli c y d e ci d es t o c a c h e o v er ti m e.  T h e si z e of c o nt e nt
fil e k is d e n ot e d b y s k ∈ ( 0, sm a x ] ( m e as ur e d i n p a c k ets of t h e
s a m e si z e),  w hi c h diff er a cr oss c o nt e nt fil es.  E a c h c o nt e nt fil e t o
b e c a c h e d h as a n o c c u p a n c y ti m e r e q uir e m e nt as a r es ult of s o m e
c o ntr a ct- b as e d  m e c h a nis m d et er mi n e d b y t h e  C P a n d t h e S P.  T h e
o c c u p a n c y ti m e d o es n ot n e e d t o b e a pr e d et er mi n e d c o nst a nt.
It c a n als o b e v ari a bl e (r e n e w e d/ pr ol o n g e d) as i n [ 6].  W h e n
t h e c o nt e nt h as b e e n c a c h e d b y t h e S P f or t h e c orr es p o n di n g
o c c u p a n c y ti m e, t h e c o nt e nt e x pir es s o t h e S P is all o w e d t o
r e m o v e it fr o m t h e c a c h es of t h e  M B S/ E C Ss, t h er e b y  m a ki n g
r o o m f or n e w c o nt e nt.  L et g k

n d e n ot e t h e n u m b er of e x pir e d
p a c k ets i n t h e c a c h e of  E C S n w h e n a n e w c o nt e nt fil e k arri v es.
We ass u m e t h at e a c h  E C S n h as a li mit e d c a c h e c a p a cit y, d e n ot e d
b y C n ( m e as ur e d i n p a c k ets), a n d t h e  M B S h as a s uf fi ci e ntl y
l ar g e c a c h e c a p a cit y t o s u p p ort all c o nt e nt fil es t h at ar e t o b e
c a c h e d.  N ot e t h at t h e  M B S d o es n ot c a c h e t h e  w h ol e c o nt e nt
c at al o g; it o nl y n e e ds t o c a c h e c o nt e nt t h at t h e  T T L c a c hi n g
p oli c y d e ci d es t o c a c h e.  H o w e v er, d u e t o t h e li mit e d  E C S c a c h e
c a p a cit y a n d t h e r e q uir e d c o nt e nt o c c u p a n c y ti m e, t h e s yst e m
h as t o j u di ci o usl y d e ci d e h o w t o pl a c e e a c h c o nt e nt fil e i n t h e
E C S n et w or k b as e d o n t h e a v ail a bl e c a c h e s p a c es, t h e c o nt e nt
si z e as  w ell as t h e p o p ul arit y of t h e c o nt e nt a m o n g us ers i n or d er
t o  mi ni mi z e t h e e x p e ct e d d o w nl o a di n g ti m e.

T o f a cilit at e t h e c o nt e nt pl a c e m e nt d e cisi o ns a m o n g t h e  E C Ss,
t h e r e gi o n- wis e p o p ul arit y of e a c h c o nt e nt fil e k will h a v e t o b e
pr e di ct e d.  H er e,  w e ass u m e t h at a n a c c ur at e e n o u g h pr e di cti o n
al g orit h m [ 1 5], [ 3 3] is us e d a n d d o n ot d e v el o p n e w pr e di cti o n
al g orit h ms. I n t his p a p er, t h e p o p ul arit y of c o nt e nt fil e k is d e-
s cri b e d b y (p k

1 , . . . , pkM ) w h er e p k
m ∈ [ 0, pm a x ] i s t h e pr o b a bilit y

t h at c o nt e nt k will b e r e q u est e d b y us ers i n r e gi o n m wit hi n its o c-
c u p a n c y ti m e.  H o w e v er,  w e n ot e t h at t h e p o p ul arit y a n d t h e si z e
of f ort h c o mi n g c o nt e nt fil es (i. e. c o nt e nt k + 1 , k + 2 , . . .) ar e
n ot k n o w n a n d c a n n ot b e pr e di ct e d b y t h e s yst e m.  T h e f a ct t h at
n e w c o nt e nt fil es b e c o m e a v ail a bl e s e q u e nti all y  m a k es t h e pr o b-
l e m v er y c h all e n gi n g si n c e c o nt e nt pl a c e m e nt d e cisi o ns  m ust b e
m a d e  wit h o ut f or es e ei n g f ort h c o mi n g n e w c o nt e nt fil es .

Fi g. 2 ill ustr at es t h e c o nt e nt arri v al pr o c ess.  W h e n c o nt e nt k
arri v es t o t h e s yst e m ( n a m el y it is r e q u est e d b y s o m e us er i n t h e
c ell f or t h e first ti m e a n d t h e c a c hi n g p oli c y d e ci d es t o c a c h e it),

its r e gi o n- wis e p o p ul arit y is pr e di ct e d.  At t his p oi nt, t h e s yst e m
d o es n ot k n o w  w h at c o nt e nt fil e k + 1 , k + 2 , . . . ar e,  w h e n t h e y
will arri v e or  w h at t h eir si z es ar e a n d h e n c e als o c a n n ot pr e di ct
t h eir p o p ul arit y.

C.  C o d e d  C a c hi n g a n d  C o nt e nt  D o w nl o a di n g  M o d el

W hil e  m a n y c o d es c a n b e us e d f or c oll a b or ati v e c o nt e nt pl a c e-
m e nt,  w e us e  M a xi m u m  Dist a n c e S e p ar a bl e ( M D S) c o d e as a
s p e ci fi c e x a m pl e,  w hi c h is als o  wi d el y us e d i n t h e lit er at ur e [ 1 7],
[ 3 4]. S p e ci fi c all y, a c o nt e nt fil e k is di vi d e d i nt o s k s m all p a c k ets
a n d t h e n Q k ≥ s k c o d e d p a c k ets ar e g e n er at e d usi n g t h e  M D S
c o d e at t h e  M B S.  T h e n t h e c o d e d p a c k ets  will b e distri b ut e d
a m o n g t h e n et w or k of  E C Ss.  T h e  M D S c o d e all o ws a us er t o
r e c o v er t h e ori gi n al c o nt e nt fil e b y d o w nl o a di n g a n y s k disti n ct
c o d e d p a c k ets. I n g e n er al,  w e  w o ul d li k e t h e c o di n g o v er h e a d,
d e fi n e d as Q k / s k , t o b e s m all i n or d er t o r e d u c e t h e c o di n g c o m-
pl e xit y. I n t h e f oll o wi n g s e cti o ns,  w e first d et er mi n e h o w  m a n y
c o d e d p a c k ets e a c h  E C S s h o ul d c a c h e f or a p arti c ul ar c o nt e nt
fil e. I n S e cti o n  V,  w e d esi g n a c o di n g s c h e m e t o  mi ni mi z e t h e
c o di n g o v er h e a d.

L et x k
n ≤ s k d e n ot e t h e n u m b er of c o d e d p a c k ets c a c h e d i n

E C S n f or c o nt e nt fil e k . We l et x k
0 = s k s o t h at t h e us ers c a n

al w a ys r etri e v e t h e  w h ol e c o nt e nt fr o m t h e  M B S.  A us er  m a y
h a v e t o a c c ess  m ulti pl e  E C Ss t o a c q uir e a t ot al of s k disti n ct
p a c k ets f or c o nt e nt r e c o v er y.  We ass u m e t h at t h e us er d e vi c e is
e q ui p p e d  wit h a si n gl e r a di o a n d h e n c e, it c a n n ot d o w nl o a d fr o m
m ulti pl e  E C Ss at t h e s a m e ti m e.  T o e x a mi n e t h e t ot al d o w nl o a d-
i n g ti m e f or a t y pi c al us er i n r e gi o n m w h e n it r e q u ests fil e k ,
l et a k

m, n ≤ x k
n d e n ot e t h e n u m b er of c o d e d p a c k ets d o w nl o a d e d

fr o m  E C S n b y t h e us er.  T h e n, t h e us er c a n r e c o v er t h e ori gi-
n al c o nt e nt k b y f oll o wi n g t h e  M D S d e c o di n g r ul e if t h e t ot al
n u m b er of d o w nl o a d e d c o d e d p a c k ets is gr e at er t h a n s k , i. e.

a k
m, 0 +

n ∈ B m

a k
m, n ≥ s k ( 2)

w h er e a k
m, 0 d e n ot es t h e n u m b er of c o d e d p a c k ets r e c ei v e d fr o m

t h e  M B S.  D e p e n di n g o n t h e tr a ns missi o n r at es b et w e e n  E C Ss
a n d r e gi o n m , t h e t ot al d o w nl o a di n g ti m e of c o nt e nt k f or a us er
i n r e gi o n m is t h us

d (a k
m ) =

n ∈ B m

a k
m, n

r m, n
+

s k − n ∈ B m
a k

m, n

r m. 0

=
s k

r m, 0
−

n ∈ B m

1

r m, 0
−

1

r m, n
a k

m, n ( 3)

T h e o pti m al d o w nl o a di n g str at e g y t h at  mi ni mi z es t h e d o w n-
l o a di n g ti m e b y us er i n r e gi o n m gi v e n t h e c a c hi n g str at e g y
x k = ( x k

1 , . . . , xkN ) c a n t h er ef or e b e o bt ai n e d b y s ol vi n g t h e
f oll o wi n g li n e ar pr o gr a m:

mi n a k
m

d ( a k
m ) ( 4 a)

s.t. a k
m, n ≤ x k

n , ∀ m,  n ( 4 b)

n ∈ B m

a k
m, n ≤ s k , ∀ m,  n ( 4 c)

T h e s ol uti o n t o t h e a b o v e li n e ar pr o gr a m is i nt uiti v e: t h e
us er r a n ks its r e a c h a bl e  E C Ss a c c or di n g t o t h e tr a ns missi o n
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r at e i n t h e d es c e n di n g or d er.  T h e n, it d o w nl o a ds as  m a n y c o d e d
p a c k ets as p ossi bl e f oll o wi n g t his r a n ki n g u ntil s k disti n ct
c o d e d p a c k ets h a v e b e e n d o w nl o a d e d. If t h e n u m b er of c o d e d
p a c k ets c a c h e d at all r e a c h a bl e  E C Ss is s m all er t h a n s k , t h e n
t h e us er t ur ns t o t h e  M B S t o d o w nl o a d t h e r e m ai ni n g c o d e d
p a c k ets.  We d e n ot e d m ( x k ) as its o pti m al d o w nl o a di n g ti m e
of c o nt e nt fil e k f or us ers i n r e gi o n m a c hi e v e d b y t h e o pti m al
ass o ci ati o n/ d o w nl o a di n g str at e g y gi v e n t h e c o nt e nt pl a c e m e nt
str at e g y x k . Si n c e c o nt e nt p o p ul arit y diff ers a cr oss r e gi o ns, t h e
e x p e ct e d d o w nl o a di n g ti m e of all us ers f or a gi v e n c oll a b or ati v e
c o nt e nt pl a c e m e nt str at e g y x k i s d k ( x k ) = m p k

m d m ( x k ) .
I n t his p a p er,  w e us e t h e c o nt e nt d o w nl o a di n g ti m e as t h e
p erf or m a n c e  m etri c.

D.  M o d el  Ass u m pti o ns a n d J usti fi c ati o ns

We s u m m ari z e t h e ass u m pti o ns  m a d e i n t h e a b o v e  m o d el
a n d t h eir j usti fi c ati o ns. 1) I nt er- E C S i nt erf er e n c e is h a n dl e d b y
st at e- of-t h e- art i nt erf er e n c e  miti g ati o n s ol uti o ns :  A si m pl e i n-
t erf er e n c e  miti g ati o n s c h e m e is t o assi g n ort h o g o n al fr e q u e n c y
b a n ds t o a dj a c e nt  E C Ss.  A  m or e a d v a n c e d ( b ut  m or e c o m pli-
c at e d) s ol uti o n c a n b e s u c c essi v e i nt erf er e n c e c a n c ell ati o n. 2)
D at a r at e f or c o nt e nt r etri e v al vi a  M B S is l o w er t h a n  E C S : T his
is a st a n d ar d ass u m pti o n a n d  w h at  m oti v at es c a c hi n g o n  E C Ss. 3)
E a c h  E C S h as a li mit e d c a c h e c a p a cit y a n d t h e  M B S h as a s uf fi-
ci e ntl y l ar g e c a c h e c a p a cit y t o s u p p ort all c o nt e nt-t o- b e- c a c h e d :
It is a n at ur al ass u m pti o n t h at a n  E C S h as a li mit e d c a c h e c a p a c-
it y. F or t h e s e c o n d p art, n ot e t h at t h e  M B S c a c h es o nl y c o nt e nt
t h at t h e  T T L c a c hi n g p oli c y d e ci d es t o c a c h e. 4) A n a c c ur at e
e n o u g h pr e di cti o n al g orit h m is us e d t o pr e di ct c o nt e nt p o p ul ar-
it y of t h e c urr e nt r e c ei v e d c o nt e nt:  M a n y e xisti n g c o nt e nt p o p-
ul arit y pr e di cti o n al g orit h ms h a v e b e e n d e v el o p e d i n t h e p ast
r e c e nt y e ars, e. g. [ 1 5], [ 3 3].  O ur al g orit h m t a k es t h e o ut p ut of
t h es e al g orit h ms t o  m a k e c o nt e nt pl a c e m e nt d e cisi o ns.  D e v el o p-
i n g pr e di cti o n al g orit h ms is ort h o g o n al t o t his eff ort. 5) T h e us er
d e vi c e is e q ui p p e d  wit h a si n gl e r a di o s o it c a n n ot d o w nl o a d fr o m
m ulti pl e  E C Ss at t h e s a m e ti m e :  M ost c urr e nt c o m m er ci al  m o bil e
d e vi c es h a v e a si n gl e r a di o t h at c a n o nl y c o m m u ni c at e  wit h o n e
ot h er d e vi c e at a ti m e.  T h e  m o bil e d e vi c e  m a y h a v e  m ulti pl e
a nt e n n as t o l e v er a g e  m ulti pl e-i n p ut  m ulti pl e- o ut p ut ( MI M O),
b ut t h e c o m m u ni c ati o n is still b et w e e n o n e tr a ns mitt er a n d o n e
r e c ei v er at a ti m e.

E.  Pr o bl e m  F or m ul ati o n

As t h e  E C Ss h a v e li mit e d st or a g e c a p a cit y, t h e n u m b er of
c o nt e nt p a c k ets t h at c a n b e c a c h e d i n a n  E C Ss is li mit e d b y
t h e c urr e nt fr e e c a c h e s p a c e at t h e pl a c e m e nt d e cisi o n ti m e.  We
d e fi n e c k

n a s t h e fr e e c a c h e s p a c e of  E C S n at t h e d e cisi o n ti m e f or
c o nt e nt k ,  w hi c h e v ol v es as ol d c o nt e nt p a c k ets e x pir e a n d n e w
c o nt e nt p a c k ets ar e p us h e d i nt o t h e c a c h e o v er ti m e.  N ot e t h at
c k

n i s n ot t h e c o nt e nt si z e alr e a d y c a c h e d i n  E C S n ; r at h er, it is
t h e s p a c e a v ail a bl e f or c a c hi n g n e w c o nt e nt.  T o u n d erst a n d h o w
c k

n e v ol v es o v er ti m e,  w e ill ustr at e t h e e v e nts o c c urr e d b et w e e n
arri v als of c o nt e nt k a n d c o nt e nt k + 1 .

1)  C o nt e nt-t o- b e- c a c h e d k arri v es t o t h e s yst e m.  T h e c urr e nt
fr e e c a c h e s p a c e of  E C S n is c k

n .
2)  E a c h  E C S n p us h es x k

n ≤ s k p a c k ets i nt o its l o c al c a c h e
w h er e  w e  m ust als o h a v e x k

n ≤ c k
n s atis fi e d.

Fi g. 3. P o p, p us h a n d c a c h e s p a c e e v ol uti o n.

3)  Us ers r e q u est a n d d o w nl o a d u n e x pir e d c o nt e nt u p t o k .
4)  B y t h e ti m e  w h e n c o nt e nt-t o- b e- c a c h e d k + 1 arri v es, g k

n

p a c k ets i n  E C S n ’s c a c h e b e c o m e e x pir e d a n d y k
n of t h e m

ar e r e m o v e d fr o m t h e c a c h e of  E C S n .  T h us, t h e fr e e c a c h e
s p a c e e v ol v es t o c k + 1

n = c k
n − x k

n + y k
n . Fi g. 3 ill ustr at es

t h e e v ol uti o n of t h e fr e e c a c h e s p a c e.
F or e a c h n e wl y arri v e d c o nt e nt k , e a c h  E C S n m a k es t w o

c a c hi n g d e cisi o ns: t h e p us h d e cisi o n x k
n a n d t h e p o p d e cisi o n

y k
n .  T h e o bj e cti v e of o ur s yst e m is t o  mi ni mi z e t h e a v er a g e c o n-

t e nt d o w nl o a di n g ti m e b y j u di ci o usl y  m a ki n g c o nt e nt pl a c e m e nt
d e cisi o ns ( p us h/ p o p) f or t h e n et w or k of  E C Ss. F or m all y, t h e
st o c h asti c c oll a b or ati v e c o nt e nt pl a c e m e nt ( S C C P) pr o bl e m is
f or m ul at e d as f oll o ws:

S C C P mi n
x k ,y k ,∀ k

li m
K → ∞

1

K

K

k = 1

d k ( x k ) ( 5 a)

s.t. x k
n ≤ s k , ykn ≤ g k

n , ∀ n, ∀ k ( 5 b)

x k
n ≤ c k

n , ∀ n, ∀ k ( 5 c)

c k + 1
n = c k

n − x k
n + y k

n , ∀ n, ∀ k ( 5 d)

T h e S C C P pr o bl e m ai ms t o  mi ni mi z e t h e a v er a g e c o nt e nt

d o w nl o a di n g ti m e, i. e., 1
K

K
k = 1 d k ( x k ) , f or a t ot al of K c o n-

t e nt fil es arri vi n g s e q u e nti all y. F or t h e d e cisi o n pr o bl e m  wit h
r es p e ct t o c o nt e nt k , t h e d e cisi o n v ari a bl es ar e p us h d e cisi o n
x k = ( x k

1 , . . . , xkN ) a n d p o p d e cisi o n y k = ( y k
1 , . . . , ykN ) . Al-

t h o u g h t h e p o p d e cisi o n y k i s n ot e x pli citl y r e fl e ct e d i n t h e
o bj e cti v e f u n cti o n, it i n dir e ctl y aff e cts t h e  m a xi m al n u m b er of
p a c k ets t h at c a n b e p ut i n t h e  E C Ss t hr o u g h t h e fr e e c a c hi n g
s p a c e d y n a mi cs.  We us e K → ∞ t o  m o d el a l o n g p eri o d of
ti m e d uri n g  w hi c h t h er e ar e  m a n y c o nt e nt arri v als.  O ur  m o d el
als o c a pt ur es t h e d y n a mi c s yst e m  w h er e i n di vi d u al us ers c a n
m o v e b e c a us e  w e c o nsi d er c o nt e nt d o w nl o a d b et w e e n  E C Ss a n d
us er r e gi o ns.  T h e S C C P pr o bl e m is a st o c h asti c o pti mi z ati o n
pr o bl e m b e c a us e i nf or m ati o n a b o ut c o nt e nt k + 1 , k + 2 , . . . is
u n a v ail a bl e at d e cisi o n ti m e f or c o nt e nt k .  T h er ef or e, it c a n n ot
b e s ol v e d usi n g a c o n v e nti o n al of fli n e o pti mi z ati o n a p pr o a c h.
L et d ∗ b e t h e i n fi m u m a v er a g e d o w nl o a di n g ti m e a c hi e v a bl e
b y a n y c o nt e nt pl a c e m e nt p oli c y t h at  m e ets t h e r e q uir e d c o n-
str ai nts, p ossi bl y b y a n or a cl e p oli c y t h at h a v e c o m pl et e i n-
f or m ati o n of f ut ur e c o nt e nt.  We  will c o m p ar e t h e p erf or m a n c e
a c hi e v e d b y o ur al g orit h m  wit h d ∗ i n t h e n e xt s e cti o n.  B ef or e
pr o c e e di n g  wit h t h e al g orit h m,  w e  m a k e s e v er al r e m ar ks o n t his
f or m ul ati o n:

C a us alit y  C o nst r ai nt :  C o nstr ai nts ( 5 c) a n d ( 5 d) i m p os e a
fr e e c a c h e s p a c e c a us alit y c o nstr ai nt o n t h e f e asi bl e c a c h e p us h
a cti o ns.  T his c o nstr ai nt  m a k es S C C P a p arti c ul arl y c h all e n gi n g
pr o bl e m t o s ol v e si n c e t h e s yst e m’s d e cisi o ns ar e n o w i ntri c at el y
i nt ert wi n e d a cr oss diff er e nt c o nt e nt k d u e t o t h e fr e e c a c hi n g
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s p a c e d y n a mi cs ( 5 d).  E v e n if t h e i nf or m ati o n of f ut ur e c o nt e nt
si z e a n d p o p ul arit y  w er e k n o w n, s ol vi n g S C C P i n v ol v es 2 N K
d e cisi o n v ari a bl es c o u pl e d vi a ( 5 d) f or a n u m b er of K c o nt e nt
fil es.  T h er ef or e, s ol vi n g S C C P c a n b e i ntr a ct a bl e  w h e n K is
l ar g e.  T h e pr o bl e m b e c o m es e v e n  m or e c o m pli c at e d d u e t o
t h e f a ct t h at c o nt e nt fil e k + 1 , k + 2 , . . . ar e u n k n o w n b y t h e
arri v al of c o nt e nt k , a n d h e n c e t h eir c o nt e nt si z es a n d p o p ul arit y
ar e u n k n o w n.

C o nt e nt  E x pi r ati o n  P r o c ess :  T h e n u m b er of e x pir e d p a c k-
ets g k

n i n  E C S n d uri n g d e cisi o n c y cl e k is a r a n d o m v ari a bl e
d e p e n di n g o n c o nt e nt 1 , . . . , k’s p o p ul arit y c h a n g es a n d t h eir as-
s o ci at e d c o ntr a ct r e n e w al pr o c ess es (if t h e  T T L- b as e d c a c hi n g
p oli c y all o ws r e n e w al).  Gi v e n t h e c urr e nt fr e e c a c h e s p a c e c k

n ,
it is cl e ar t h at g k

n m u st b e n o  m or e t h a n C n − c k
n .  T o e n a bl e o ur

s u bs e q u e nt a n al ysis,  w e  m a k e t h e f oll o wi n g ass u m pti o n.
Ass u m pti o n 1: F or e a c h  E C S n , t h er e e xists a r a n d o m pr o c ess

g̃ k
n s o t h at ( 1) g̃ k

n ∈ [ 0, gm a x ] i s i.i. d. o v er k , ( 2) g k
n = g̃ k

n if g̃ k
n ≤

C n − c k
n , a n d ( 3) g k

n = C n − c k
n if g̃ k

n > C n − c k
n .

T his ass u m pti o n st at es t h at g k
n i s a tr u n c at e d v ersi o n (tr u n c at e d

b y C n − c k
n ) of a n i.i. d. r a n d o m v ari a bl e g̃ k

n .  We n ot e t h at t his
ass u m pti o n is r e q uir e d t o p erf or m ri g or o us p erf or m a n c e a n al-
ysis of o ur al g orit h m, b ut o ur al g orit h m c a n still r u n  wit h o ut
t his ass u m pti o n.  M or e o v er,  w e s h o w t h at t h e i.i. d. ass u m pti o n
r o u g hl y h ol ds b y usi n g r e al- w orl d d at a tr a c es. Si m ul ati o ns i n
S e cti o n  VI- E s h o w t h at g k

n it s elf is alr e a d y i.i. d. a n d h e n c e, si m-
pl y t a ki n g g̃ k

n = g k
n j u sti fi es t his ass u m pti o n.

P o p  A cti o n : I n a d diti o n t o t h e p us h d e cisi o n, e a c h  E C S als o
h as t o  m a k e a p o p d e cisi o n  w hi c h r e m o v es p art of t h e e x pir e d
p a c k ets fr o m t h e c a c h e. I n pr a cti c e, h o w e v er, all e x pir e d p a c k ets
c a n b e r e m o v e d t o  m a k e  m or e r o o m f or n e wl y arri v e d c o nt e nt.
T h e p o p d e cisi o n is o nl y i ntr o d u c e d a n d n e e d e d t o f a cilit at e t h e
a n al ysis. I n p arti c ul ar, b y a p pr o pri at el y d e ci di n g t h e n u m b er of
p a c k ets t o r e m o v e fr o m t h e c a c h e, t h e fr e e c a c h e s p a c e c k

n c a n
b e k e pt b o u n d e d i n o ur pr o bl e m ( w hi c h  will b e s h o w n l at er).
T h er ef or e, t h e t ot al r e q uir e d c a c h e c a p a cit y c a n b e  m a d e fi nit e,
t h er e b y e n a bli n g pr a cti c al i m pl e m e nt ati o n.  A p p ar e ntl y, r e m o v-
i n g all e x pir e d p a c k ets  will r e q uir e a s m all er c a c h e c a p a cit y t o
i m pl e m e nt t h e al g orit h m.

O bj e cti v e  F u n cti o n :  w e c o nsi d er c o nt e nt d o w nl o a di n g ti m e
as t h e o bj e cti v e f u n cti o n.  N e v ert h el ess, o ur fr a m e w or k c a n
b e e asil y a d a pt e d t o h a n dl e diff er e nt o bj e cti v e f u n cti o ns. F or
i nst a n c e, i nst e a d of t h e d o w nl o a di n g ti m e,  w e c a n assi g n ot h er
t y p es of c osts ( e. g. e n er g y, b a n d wi dt h or  m o n et ar y c ost) t o d o w n-
l o a di n g t h e c o nt e nt fr o m t h e n et w or k e d g e a n d fr o m t h e c or e
n et w or k (i. e.  wir e d I nt er n et b a c k b o n e a n d t h e  M B S).  M or e o v er,
i nst e a d of  mi ni mi zi n g c ost, o ur fr a m e w or k c a n als o b e us e d t o
m a xi mi z e us er s atisf a cti o n or t h e S P’s pr o fit.

I V. ST O C H A S TI C C O L L A B O R A TI V E C O N T E N T P L A C E M E N T

I n t his s e cti o n,  w e d e v el o p t h e st o c h asti c c oll a b or ati v e c o n-
t e nt pl a c e m e nt al g orit h m f or  E C Ss b as e d o n t h e p ert ur b e d  L y a-
p u n o v o pti mi z ati o n t e c h ni q u e.  We  will h a v e t o s ol v e t h e S C C P
pr o bl e m i n v ol vi n g b ot h t h e s p ati al c orr el ati o n a m o n g  E C Ss d u e
t o c o d e d c a c hi n g a n d t h e t e m p or al c orr el ati o n d u e t o t h e fr e e
c a c h e s p a c e c a us alit y c o nstr ai nt, y et t h e pl a c e m e nt d e cisi o n of a
c o nt e nt fil e h as t o b e  m a d e  wit h o ut f or es e ei n g t h e f ort h c o mi n g
c o nt e nt fil es i n t h e f ut ur e.

I nst e a d of s ol vi n g t h e ori gi n al S C C P pr o bl e m,  w e  will first
i n v esti g at e a r el a x e d pr o bl e m (R- S C C P ) b el o w:

R- S C C P mi n
x k ,y k ,∀ k

li m
K → ∞

1

K
k

d k ( x k ) ( 6 a)

s.t. x k
n ≤ s k , ykn ≤ g̃ k

n , ∀ n, ∀ k ( 6 b)

x k
n ≤ c k

n , ∀ n, ∀ k ( 6 c)

li m
K → ∞

1

K
E

k

( x k
n − y k

n ) = 0 , ∀ n ( 6 d)

R- S C C P is a r el a x e d pr o bl e m of S C C P si n c e t h e c o nstr ai nt
( 5 b) is r el a x e d d u e t o y k

n ≤ g̃ k
n a n d t h e c a us alit y c o nstr ai nt ( 5 d)

is r el a x e d t o ( 6 d).  D e n ot e d † a s t h e i n fi m u m a v er a g e d o w n-
l o a di n g ti m e a c hi e v a bl e b y a n y c o nt e nt pl a c e m e nt p oli c y t h at
m e ets t h e r e q uir e d c o nstr ai nts i n R- S C C P .  T h er ef or e,  w e  m ust
h a v e d † ≤ d ∗ .  B e c a us e g̃ k

n m a y b e l ar g er t h a n C n − c k
n , t h e

c a c h e c a p a cit y c o nstr ai nt  m a y b e vi ol at e d.  T h er ef or e,  w e as-
s u m e C n = ∞ , ∀ n f or n o w b ut  w e  will s h o w l at er t h at o ur al-
g orit h m o nl y r e q uir es a fi nit e c a c h e c a p a cit y  w hil e  m e eti n g all
c o nstr ai nts i n S C C P .  As a r es ult, o ur al g orit h m  will als o b e a
f e asi bl e c o nt e nt pl a c e m e nt p oli c y f or t h e ori gi n al pr o bl e m. Si m-
il ar t e c h ni q u es ar e als o a d o pt e d i n [ 2 5].  We d e fi n e p ert ur b e d fr e e
c a c h e s p a c e f or e a c h  E C S n as c̃ k

n = c k
n − θ n w h er e θ n i s a p er-

t ur b ati o n t er m f or e a c h  E C S.  We c h o os e θ n a s f oll o ws:

θ n V p m a x

m ∈ M n

1

r m, 0
−

1

r m, n
+ s m a x ( 7)

w h er e V is a c o ntr ol p ar a m et er, a n d t h e e x a ct r ati o n al e b e hi n d
t his c h oi c e  will b e e x pl ai n e d l at er.  T h e  m ai n p ur p os e of t h e p er-
t ur b ati o n p ar a m et er is t o st a bili z e t h e o c c u pi e d c a c hi n g s p a c e
a n d  m e a n w hil e  mi ni mi zi n g t h e a v er a g e d o w nl o a di n g ti m e.  T h e
r e q uir e d c a c hi n g c a p a cit y c a n b e d et er mi n e d b as e d o n t h e p er-
t ur b ati o n.  T h e q u a dr ati c  L y a p u n o v f u n cti o n ass o ci at e d  wit h t h e
p ert ur b e d fr e e c a c h e s p a c e is d e fi n e d as:

Ψ k =
1

2
n

c k
n − θ n

2
. ( 8)

We n o w e x a mi n e t h e  L y a p u n o v drift Δ k w hi c h r e pr es e nts t h e
e x p e ct e d c h a n g e i n t h e  L y a p u n o v f u n cti o n:

Δ k E [ Ψk + 1 − Ψ k |c k ] ( 9)

w h er e t h e e x p e ct ati o n is  wit h r es p e ct t o t h e r a n d o m pr o c ess
es ass o ci at e d  wit h t h e s yst e m, gi v e n t h e fr e e c a c h e s p a c e c k .
M or e o v er, d u e t o t h e fr e e c a c h e d y n a mi cs ( 5 d),  w e als o h a v e
c k + 1

n − θ n = c k
n − θ n − x k

n + y k
n . S q u ari n g b ot h si d es of t h e

a b o v e e q u ati o n,  w e o bt ai n (c k + 1
n − θ n ) 2 = ( c k

n − θ n ) 2 + ( x k
n −

y k
n ) 2 − 2( c k

n − θ n ) ( x k
n − y k

n ) . T h e t er m (x k
n − y k

n ) 2 ≤ s 2
m a x +

g 2
m a x i s u p p er- b o u n d e d b y a c o nst a nt.  Usi n g t his b o u n d a n d

r e arr a n gi n g t h e a b o v e e q u ati o n,  w e h a v e (c k + 1 − θ ) 2 − (c k −
θ ) 2 ≤ s 2

m a x + g 2
m a x − 2 ( c k − θ )( x k − y k ) .  Usi n g t his i n e q u al-

it y a n d t h e d e fi niti o n of Δ k , w e h a v e

Δ k ≤ D − E
n

c̃ k
n x k

n − y k
n | c k ( 1 0)

A ut h ori z e d li c e n s e d u s e li mit e d t o: N e w J er s e y I n stit ut e of T e c h n ol o g y. D o w nl o a d e d o n F e br u ar y 2 3, 2 0 2 0 at 0 4: 2 6: 1 6 U T C fr o m I E E E X pl or e.  R e stri cti o n s a p pl y. 
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w h er e D N (s 2
m a x + g 2

m a x ) / 2 is a c o nst a nt.  We t h e n a d d t h e
t er m V E d k ( x k ) | c k t o b ot h si d es a n d d e n ot e

Δ k
V = Δ k + V E d k ( x k ) | c k , ( 1 1)

w hi c h is k n o w n as t h e drift- pl us- p e n alt y .  We f urt h er h a v e

Δ k
V ≤ D + E V d k ( x k ) −

n

c̃ k
n x k

n − y k
n | c k ( 1 2)

F oll o wi n g t h e t h e or y of  L y a p u n o v o pti mi z ati o n ( drift- pl us-
p e n alt y  m et h o d) [ 8], t h e c o ntr ol a cti o ns ar e c h os e n f or e a c h
c o nt e nt k t o  mi ni mi z e t h e b o u n d o n t h e drift- pl us- p e n alt y .  T h er e-
f or e, f or e a c h c o nt e nt k ,  w e s ol v e t h e pr o bl e m b el o w:

mi n
x k ,y k

V d k ( x k ) −
n

c̃ k
n x k

n − y k
n ( 1 3 a)

s.t. x k
n ≤ s k , ykn ≤ g̃ k

n , ∀ n ( 1 3 b)

x k
n ≤ c k

n , ∀ n, ∀ k ( 1 3 c)

w h er e V is a p ositi v e c o ntr ol p ar a m et er t o a dj ust t h e tr a d e- off
b et w e e n t h e d o w nl o a di n g ti m e a n d t h e c a c h e c a p a cit y r e q uir e-
m e nt.  T his pr o bl e m c a n b e c o n v ert e d t o a li n e ar pr o gr a m t a ki n g
i nt o a c c o u nt t h e o pti m al d o w nl o a di n g str at e gi es of i n di vi d u al
us ers i n ( 4 a) as f oll o ws

mi n
x k ,y k ,a k

− V
m

p k
m

n ∈ B m

1

r m, 0
−

1

r m, n
a k

m, n

−
n

c̃ k
n x k

n − y k
n ( 1 4 a)

s.t. x k
n ≤ s k , ykn ≤ g̃ k

n , ∀ n ( 1 4 b)

a k
m, n − x k

n ≤ 0 , ∀ m,  n ( 1 4 c)

n ∈ B m

a k
m, n ≤ s k , ∀ m ( 1 4 d)

T h e o bj e cti v e f u n cti o n c a n b e f urt h er si m pli fi e d t o

−
n

V
m ∈ M n

p̃ k
m, n a k

m, n + ˜c k
n x k

n +
n

c̃ k
n y k

n ( 1 5)

w h er e  w e d e fi n e p̃ k
m, n p k

m ( 1 / r m, 0 − 1 / r m, n ) .  Cl e arl y, t h e

c a c h e p o p a cti o ns y k c a n b e d e c o u pl e d fr o m t h e c a c h e p us h
a cti o ns x k a n d t h e d o w nl o a di n g a cti o ns a k .  N e xt,  w e dis c uss
t h e s ol uti o ns f or y k a n d x k s e p ar at el y.

S ol uti o n of t h e  P o p a cti o ns y k .  T h e o pti m al p o p a cti o ns c a n
b e o bt ai n e d b y s ol vi n g

mi n
y k

n

c̃ k
n y k

n s.t. y k
n ≤ g̃ k

n , ∀ n ( 1 6)

D e p e n di n g o n t h e si g ns of c̃ k
n , t h e s ol uti o n is

y k, ∗
n =

g̃ k
n , if c k

n < θ n

0 , ot h er wis e
( 1 7)

T h at is,  E C S n r e m o v es all e x pir e d p a c k ets fr o m t h e c a c h e if t h e
fr e e c a c h e s p a c e c k

n i s s m all er t h a n a t hr es h ol d θ n . Ot h er wis e, it
si m pl y l e a v es t h es e p a c k ets i n t h e c a c h e t e m p or all y.  A g ai n,  w e
n ot e t h at i n a ct u al i m pl e m e nt ati o n, all e x pir e d p a c k ets c a n b e
r e m o v e d fr o m t h e c a c h e.

Al g o rit h m 1: S C C P

I n p ut :  C urr e nt fr e e c a c h e s p a c e (c k
1 , . . . , ckN ) , c o nt e nt

si z e s k , tr a ns missi o n r at es r m, n , ∀ m,  n ;
1: f o r e a c h n e w c o nt e nt fil e k d o
2: Pr e di ct c o nt e nt p o p ul arit y p k

m, n , ∀ m,  n ;

3:  E a c h  E C S n p o ps y k
n = g̃ k p a c k ets if c k

n < θ n a n d
y k

n = 0 ot h er wis e;
4:  O bt ai n t h e p us h d e cisi o n x k

n , ∀ n a n d d o w nl o a di n g
str at e gi es a k

m, n , ∀ m,  n b y s ol vi n g t h e li n e ar pr o gr a m
( 1 8);

5:  U p d at e c k + 1
n = c k

n − x k
n + y k

n , ∀ n ;
6: e n d f o r

S ol uti o n of t h e  P us h a cti o ns x k .  T h e o pti m al p us h a cti o ns
c a n b e o bt ai n e d b y s ol vi n g t h e f oll o wi n g li n e ar pr o gr a m

L P m a x
x k ,a k

n

V
m ∈ M n

p̃ k
m, n a k

m, n + ˜c k
n x k

n ( 1 8 a)

s.t. x k
n − s k ≤ 0 , ∀ n ( 1 8 b)

a k
m, n − x k

n ≤ 0 , ∀ m,  n ( 1 8 c)

n

a k
m, n − s k ≤ 0 , ∀ m ( 1 8 d)

I n p arti c ul ar, b e c a us e V m ∈ M n
p̃ k

m, n a k
m, n + ˜c k

n x k
n ≤

V m ∈ M n
p̃ k

m, n + ˜c k
n x k

n , w e m ust h a v e x k
n = 0 if

V m ∈ M n
p̃ k

m, n + ˜c k
n < 0 . I n ot h er  w or ds,  E C S n d o es

n ot p us h a n yt hi n g i nt o t h e c a c h e if t h e c urr e nt fr e e
c a c h e s p a c e c k i s s m all er t h a n a t hr es h ol d θ k

n d e fi n e d as
θ k

n θ − V m ∈ M n
p k

m ( 1 / r m, 0 − 1 / r m, n ) .  N ot e t h at θ k
n i s

n ot a c o nst a nt b ut is c h a n gi n g d e p e n di n g o n t h e p o p ul arit y of
c o nt e nt k a m o n g t h e us ers s er v e d b y  E C S n . If t h e c o nt e nt
is s uf fi ci e ntl y u n p o p ul ar (i n t h e s e ns e of  w ei g ht e d a v er a g e
p o p ul arit y a m o n g all us er r e gi o ns  w h er e t h e  w ei g ht f or r e gi o n
m is 1

r m , 0
− 1

r m , n
), t h e n  E C S n will n ot c a c h e t h e c o nt e nt

at all t o s a v e c a c h e s p a c e f or f ut ur e ( p ossi bl y  m or e p o p ul ar)
c o nt e nt.  H o w e v er, e v e n if t h e c o nt e nt is s uf fi ci e ntl y p o p ul ar,
E C Ss  m a y n ot  w a nt t o p us h t h e e ntir e c o nt e nt i n t h e c a c h e.  B y
c oll a b or ati n g  wit h ot h er  E C Ss, e a c h  E C S o nl y n e e ds t o c a c h e
a p orti o n of t h e c o nt e nt, a n d t h e t h e e x a ct n u m b er of p a c k ets
t o b e c a c h e d is d et er mi n e d b y L P .  We s u m m ari z e t h e pr o p os e d
S C C P al g orit h m i n  Al g orit h m 1.

A.  Perf or m a n c e  A n al ysis

First,  w e s h o w t h at b y e m pl o yi n g t h e pr o p os e d al g orit h m, g k
n

i n f a ct e q u als g̃ k
n f or all k b y c h o osi n g a n a p pr o pri at e V pr o vi d e d

t h at t h e c a c h e c a p a cit y is  m o d er at el y l ar g e.
L e m m a 1: F or a n y C n > V p m a x m ∈ M n

( 1 / r m, 0 −

1 / r m, n ) + s m a x + 2 g m a x , w e h a v e g k
n = g̃ k

n , ∀ k,  n b y c h o osi n g

0 ≤ V ≤ mi n
n

C − s m a x − 2 g m a x

p m a x m ∈ M n
( 1 / r m, 0 − 1 / r m, n )

( 1 9)

θ n = V p m a x

m ∈ M n

1

r m, 0
−

1

r m, n
+ s m a x , ∀ n ( 2 0)

Pr o of: S e e i n o nli n e  A p p e n di x  A [ 3 5].
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L e m m a 1 is a cr u ci al r es ult b e c a us e it s h o ws t h at o ur al g o-
rit h m n ot o nl y l e a ds t o a f e asi bl e c o nt e nt pl a c e m e nt p oli c y f or
t h e r el a x e d R- S C C P pr o bl e m b ut als o a f e asi bl e p oli c y f or t h e
ori gi n al S C C P pr o bl e m.  B as e d o n t his r es ult,  T h e or e m 1 b el o w
pr o v es a p erf or m a n c e g u ar a nt e e f or o ur al g orit h m.

T h e or e m 1: If t h e c a c h e c a p a cit y s atis fi es

C n ≥ V p m a x

m ∈ M n

1

r m, 0
−

1

r m, n
+ s m a x + 2 g m a x ( 2 1)

t h e n S C C P yi el ds a f e asi bl e c o nt e nt pl a c e m e nt p oli c y.  M or e-
o v er, t h e a c hi e v a bl e a v er a g e d o w nl o a di n g ti m e s atis fi es

li m
K → ∞

1

K

K − 1

k = 0

E [d k ] ≤ d ∗ +
D̃

V
( 2 2)

w h er e d ∗ i s t h e o pti m al a v er a g e d o w nl o a di n g ti m e t h at c a n b e
a c hi e v e d b y s ol vi n g t h e ori gi n al S C C P pr o bl e m a n d D̃ i s a
c o nst a nt l ess t h a n D .

Pr o of: S e e i n o nli n e  A p p e n di x  B [ 3 5].
T h e or e m 1 pr o vi d es a str o n g p erf or m a n c e g u ar a nt e e f or o ur

pr o p os e d al g orit h m. It pr o v es t h at t h e a c hi e v a bl e a v er a g e d o w n-
l o a di n g ti m e is  wit hi n a b o u n d e d d e vi ati o n of t h e o pti m al p erf or-
m a n c e a c hi e v e d b y a p oli c y t h at p ossi bl y k n o ws t h e i nf or m ati o n
o n f ut ur e c o nt e nt.  M or e o v er, b y t u ni n g t h e c o ntr ol p ar a m et er
V , S C C P c a n e asil y  m a k e a [O ( 1/ V ), O(V )] tr a d e off b et w e e n
t h e c o nt e nt d o w nl o a di n g ti m e a n d t h e r e q uir e d c a c h e s p a c e, i. e.
a v er a g e d o w nl o a di n g ti m e is i n v ers el y pr o p orti o n al t o t h e c o n-
tr ol p ar a m et er V a n d t h e r e q uir e d c a c h e c a p a cit y of  E C S is
pr o p orti o n al t o t h e c o ntr ol p ar a m et er V .  T h e r es ult c a n b e i n-
t uiti v el y u n d erst o o d: a str o n g er p erf or m a n c e g u ar a nt e e (i. e. a
ti g ht er b o u n d) c a n b e o bt ai n e d if t h e c a c h e c a p a cit y is l ar g er.
I n p arti c ul ar,  w h e n  w e h a v e a n u nli mit e d c a c h e s p a c e, S C C P
a c hi e v es t h e o pti m al p erf or m a n c e a n d t h e p oli c y b e c o m es si m-
pl y t o c a c h e t h e e ntir e c o nt e nt fil e k o n e v er y  E C S,  w hi c h is
i nt uiti v el y o pti m al.

V. S P A TI A L C O D E D P A C K E T S R E U S E

T h e S C C P al g orit h m d e v el o p e d i n t h e pr e vi o us s e cti o n d et er-
mi n es t h e n u m b er of c o d e d p a c k ets t h at s h o ul d b e c a c h e d i n t h e
E C Ss f or e a c h c o nt e nt k . F or a us er t o s u c c essf ull y d e c o d e t o
o bt ai n t h e ori gi n al c o nt e nt, t h e c o d e d p a c k ets d o w nl o a d e d fr o m
p ossi bl y  m ulti pl e  E C Ss  m ust b e disti n ct .  T o e ns ur e t h at t h e us er
c a n d o w nl o a d disti n ct c o d e d p a c k ets e v e n fr o m  m ulti pl e  E C Ss,
c ar ef ul  M D S c o d e d esi g n is ess e nti al. I n t his s e cti o n,  w e d es cri b e
a n  M D S c o d e d esi g n t h at f ul fills t his p ur p os e  w hil e  mi ni mi zi n g
t h e c o di n g o v er h e a d.

T h e  M D S c o d e is d es cri b e d b y a t u pl e (s,  Q ) w h er e s is t h e
n u m b er of ori gi n al p a c k ets a n d Q is t h e n u m b er of c o d e d p a c k-
ets.  T his c o d e all o ws t h e ori gi n al s p a c k ets t o b e r e c o v er e d usi n g
a n y s disti n ct c o d e d p a c k ets fr o m t h e Q c o d e d p a c k ets, a n d Q / s
r e pr es e nts t h e c o di n g o v er h e a d.  A str ai g htf or w ar d  M D S c o d e

d esi g n is t o  m a k e Q = N
n = 1 x n + s disti n ct c o d e d p a c k ets. I n

t his  w a y, e a c h  E C S n h as x n c o d e d p a c k ets a n d t h e  M B S h as s
c o d e d p a c k ets,  w hi c h ar e all disti n ct fr o m e a c h ot h er.  H o w e v er,
t his str ai g htf or w ar d d esi g n is i n ef fi ci e nt:  w h e n t h e n u m b er of
E C Ss N is l ar g e, t h e o v er h e a d Q / s c a n als o b e l ar g e.  T o a d dr ess

Fi g. 4.  C o n fli ct gr a p h of c oll a b or ati v e c o nt e nt pl a c e m e nt

t his iss u e,  w e pr o p os e “s p ati al c o d e d p a c k ets r e us e ”, si mil ar t o
“s p ati al s p e ctr u m r e us e ” i n  wir el ess c o m m u ni c ati o ns, a n d pr o-
vi d e t h e o pti m al  M D S c o d e d esi g n t h at  mi ni mi z es Q f or gi v e n s
a n d x 1 , . . . , xN .  T h e k e y i d e a is t h at  E C Ss a p art fr o m e a c h ot h er
f ar e n o u g h d o n ot h a v e c o m m o n s er vi c e r e gi o ns a n d h e n c e, t h e
s a m e c o d e d p a c k ets c a n b e c a c h e d o n t h es e  E C Ss, t h er e b y r e-
d u ci n g t h e t ot al n u m b er of r e q uir e d c o d e d p a c k ets.  N e v ert h el ess,
t h e s p ati all y c o m pl e x n et w or k str u ct ur e still d e m a n ds a c ar ef ul
d esi g n of t h e c o d e d p a c k ets all o c ati o n a m o n g t h e  E C Ss.

A.  Wei g ht e d  C o n fli ct  Gr a p h f or  C oll a b or ati v e  C a c hi n g

D e p e n di n g o n t h e l o c ati o ns of t h e  E C Ss a n d t h eir c o m m o n
s er vi c e r e gi o ns,  w e c o nstr u ct a  w ei g ht e d c o n fli ct gr a p h G =
V , E , W f or  E C Ss a n d t h e  M B S f or e a c h c o nt e nt k ,  w h er e t h e

el e m e nts ar e d e fi n e d as f oll o ws:
Ve rti c es : e a c h c a c hi n g e ntit y ( E C S or  M B S) c orr es p o n ds
t o a v ert e x n ∈ V
E d g es : f or e v er y p air of v erti c es, a d d a n e d g e b et w e e n
t h e m if a n d o nl y if t h er e e xist c o m m o n s er vi c e r e gi o ns t h at
c a n a c c ess b ot h of t h e m.  Cl e arl y, t h er e is a n e d g e b et w e e n
M B S a n d e v er y  E C S.
Wei g hts : f or e a c h v ert e x, assi g n a  w ei g ht w (n ) as t h e s o-
l uti o n of t h e c o nt e nt pl a c e m e nt d e cisi o n f or t his c o nt e nt
d eri v e d i n S C C P. I n p arti c ul ar, w (n ) = x n if n ∈ N is a n
E C S a n d w (n ) = s if n = 0 is t h e  M B S.

Fi g. 4 ill ustr at es a n e x a m pl e of t h e  w ei g ht e d c o n fli ct gr a p h of
c oll a b or ati v e c o nt e nt pl a c e m e nt.  T h e  w ei g ht e d c o n fli ct gr a p h is
diff er e nt f or diff er e nt c o nt e nt b e c a us e of t h e  w ei g hts.  H o w e v er,
t h e c o n n e cti o n r el ati o ns hi p r e m ai ns t h e s a m e f or all c o nt e nt fil es.
T h e f oll o wi n g c o n c e pts i n gr a p h t h e or y ar e i m p ort a nt f or o ur
M D S c o d e d esi g n.

D e fi niti o n 1: A n i n d e p e n d e nt s et (I S) is a s et of v erti c es i n
w hi c h n o p air is c o n n e ct e d b y a n e d g e.

L et I (G ) d e n ot e t h e s et of all I Ss of gr a p h G , a n d I (G,  n )
d e n ot e t h e s et of I Ss of G t h at c o nt ai n t h e v ert e x n .  A fr a c-
ti o n al c ol ori n g of G is a f u n cti o n f : I (G ) → R + t h at assi g ns
e a c h i n d e p e n d e nt s et a n o n- n e g ati v e r e al n u m b er s u c h t h at f or
a n y v ert e x n of G , t h e s u m of r e al n u m b ers assi g n e d t o it is n o
l ess t h a n its  w ei g ht, n a m el y I ∈ I ( G, n ) f ( I ) ≥ w (n ), ∀ n . A p-
p ar e ntl y, t h er e ar e  m a n y f e asi bl e fr a cti o n al c ol ori n g f u n cti o ns.
T h e  mi ni m u m p ossi bl e s u m I ∈ I ( G ) f ( I ) o v er all I Ss of a fr a c-

ti o n al c ol ori n g is c all e d t h e fr a cti o n al c hr o m ati c n u m b er χ f ( G ),

A ut h ori z e d li c e n s e d u s e li mit e d t o: N e w J er s e y I n stit ut e of T e c h n ol o g y. D o w nl o a d e d o n F e br u ar y 2 3, 2 0 2 0 at 0 4: 2 6: 1 6 U T C fr o m I E E E X pl or e.  R e stri cti o n s a p pl y. 
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Al g o rit h m 2: S p ati al  C o d e d P a c k ets  R e us e

1:  C o nstr u ct t h e  w ei g ht e d c o n fli ct gr a p h G = V , E , W
2:  D et er mi n e t h e s et of I Ss I (G ) a n d I (G,  n ), ∀ n
3: f o r e a c h c o nt e nt k d o
4:  D et er mi n e x k b y r u n ni n g S C C P
5:  D et er mi n e f ∗ a n d χ f ( G ) b y s ol vi n g ( 2 3 a)
6:  C o nstr u ct  M D S c o d e (s k , χf ( G ))
7:  Distri b ut e c o d e d p a c k ets a m o n g I Ss a c c or di n g t o f ∗

8:  E a c h  E C S/ M B S n pi c ks x k
n c o d e d p a c k ets fr o m its

ass o ci at e d I Ss t o p us h i nt o its c a c h e
9: e n d f o r

w hi c h c a n b e o bt ai n e d b y s ol vi n g t h e f oll o wi n g  mi ni mi z ati o n
pr o bl e m:

mi n
f

I ∈ I ( G )

f ( I ) ( 2 3 a)

s.t.
I ∈ I ( G, n )

f ( I ) ≥ w (n ), ∀ n ∈ V ( 2 3 b)

f (I ) ≥ 0 , ∀ I ∈ I (G ) ( 2 3 c)

B.  O pti m al  M D S  C o di n g vi a S p ati al  C o d e d  P a c k ets  R e us e

N o w  w e ar e r e a d y t o pr es e nt o ur  M D S c o d e d esi g n vi a s p ati al
c o d e d p a c k ets r e us e. F or e a c h c o nt e nt,  w e c o m p ut e t h e fr a cti o n al
c ol ori n g f u n cti o n f ∗ t h at a c hi e v es t h e fr a cti o n al c hr o m ati c n u m-
b er χ f ( G ) b y s ol vi n g ( 2 3 a).  T h e n  w e c o nstr u ct a  M D S c o d e
(s,  Q ) s u c h t h at Q = χ f ( G ) f oll o wi n g t h e st a n d ar d  M D S c o n-
str u cti o n pr o c ess.  N e xt,  w e distri b ut e t h e χ f ( G ) c o d e d p a c k ets
a m o n g t h e I Ss  wit h o ut o v erl a p pi n g s o t h at e a c h I S I ∈ I (G ) g ets
f ∗ ( I ) c o d e d p a c k ets.  T h e n e a c h  E C S n pi c ks a n y w (n ) c o d e d
p a c k ets o ut of t h e t ot al n u m b er of I ∈ I ( G, n ) f ∗ ( I ) c o d e d p a c k-
ets t h at it c a n us e t o p us h i nt o its c a c h e.  T h e  w h ol e pr o c ess is
s u m m ari z e d i n  Al g orit h m 2.

We dis c uss a c o u pl e of i m pl e m e nt ati o n iss u es r e g ar di n g t h e
a b o v e al g orit h m as f oll o ws. First,  Al g orit h m 2 is r u n f or e a c h
c o nt e nt arri v al,  w hi c h i n v ol v es s ol vi n g t h e S C C P pr o bl e m a n d
( 2 3 a).  B ot h pr o bl e ms ar e li n e ar pr o gr a ms s o e as y t o s ol v e. I n
or d er t o s ol v e ( 2 3 a), t h e s et of I Ss n e e ds t o b e d et er mi n e d first,
w hi c h c a n b e c o m pl e x if t h e n u m b er of  E C Ss ar e l ar g e.  H o w-
e v er, c o m p uti n g t h e I Ss is a o n e-ti m e t as k t h at c a n b e c arri e d o ut
of fli n e b ef or e t h e s yst e m st arts gi v e n t h e c o v er a g e r el ati o ns hi ps
of t h e  E C Ss a n d t h e us er r e gi o ns.  M or e o v er, t h er e e xist v ari o us
gr a p h c ol ori n g a p pr o a c h es t h at c a n b e us e d t o o bt ai n a n a p pr o x-
i m at e s ol uti o n of χ f ( G ) wit h l o w c o m pl e xit y. S e c o n d, si n c e t h e
c o nt e nt is c a c h e d i nt o t h e  E C Ss, br o a d c asti n g c a n b e utili z e d t o
r e d u c e d u pli c at e d tr a ns missi o ns. S p e ci fi c all y, t h e  M B S br o a d-
c asts a str e a m of χ f ( G ) c o d e d p a c k ets t o all  E C Ss, a n d o nl y
w h e n t h e c o d e d p a c k ets ar e f or t h e I Ss t h at  E C S n b el o n gs t o
d o es t his  E C S p us h t h es e p a c k ets i nt o its c a c h e.  T his c a n b e d o n e
b y si m pl y a d di n g a f e w bits t o t h e br o a d c ast e d str e a m,  w hi c h
i n di c at e t h e I S t h at e a c h c o d e d p a c k et b el o n gs t o.

We n o w pr o v e t h e o pti m alit y of t h e pr o p os e d  M D S c o di n g
s c h e m e i n t er ms of  mi ni mi zi n g t h e c o di n g o v er h e a d Q / s .

T h e or e m 2: T h e pr o p os e d  M D S c o di n g s c h e m e  mi ni mi z es
t h e c o di n g o v er h e a d Q / s .

Pr o of: S e e i n o nli n e  A p p e n di x  C [ 3 5].

VI. S I M U L A TI O N

We c arr y o ut si m ul ati o ns o n r e al- w orl d  Yo u T u b e vi d e o r e-
q u est tr a c es [ 3 6] t o e v al u at e t h e p erf or m a n c e of t h e pr o p os e d
al g orit h m ( S C C P).  We si m ul at e a 5 0 0  m × 5 0 0  m ar e a s er v e d
b y 5  E C Ss  w h os e l o c ati o ns ar e r a n d o ml y c h os e n.  We s plit t h e
vi d e o r e q u ests i nt o 4 gr o u ps a c c or di n g t o t h eir I P a d dr ess es.
T o b e s p e ci fi c, t h e r e q u ests ar e gr o u p e d b y  N et w or k I D (i. e.,
t h e first 1 6 bits of I P a d dr ess). F or e x a m pl e, gi v e n t hr e e us ers’
I P a d dr ess es 2 5 4. 2 1 2. 2 5. 1 4 1, 2 5 4. 2 1 2. 3 1. 3 6, a n d 6 3. 2 2. 6 7. 1 1 1,
t h e first a n d s e c o n d us ers b el o n g t o t h e s a m e gr o u p si n c e t h e y
h a v e t h e s a m e  N et w or k I D 2 5 4. 2 1 2.  T h e r ati o n al e b e hi n d t his
gr o u pi n g s c h e m e is t h at us ers  wit h t h e s a m e  N et w or k I D b e-
l o n g t o t h e s a m e  L A N a n d t h er ef or e ar e g e o gr a p hi c all y cl os er
t o e a c h ot h er ( e. g. e m pl o y e es of t h e s a m e c o m p a n y).  T h er e-
f or e, e a c h gr o u p c a n b e a bstr a ct e d as a r e gi o n.  We f urt h er d e-
pl o y a n  M B S  w h os e l o c ati o n is r a n d o ml y g e n er at e d a n d is at
l e ast 1 K m a w a y fr o m t h e  E C Ss.  T h e  M B S a n d  E C Ss  w or k at
a fi x e d tr a ns missi o n p o w er a n d t h e d o w nli n k c h a n n el c o n diti o n
h m, n i s c al c ul at e d b y t h e p at h-l oss  m o d el  wit h l o g- n or m al s h a d-
o wi n g: P L ( dist )[d B ] = P̄ L ( dist 0 ) + 1 0 γ l o g (dist / dist 0 ) + X δ ,
w h er e dist is t h e a v er a g e dist a n c e b et w e e n a r e gi o n a n d a n  E C S
a n d dist 0 = 1 k m, X δ ∼ N ( 0, δ2 ) is t h e r a n d o m s h a d o wi n g ef-
f e cts, γ = 2 is t h e p at h-l oss e x p o n e nt, P̄ L ( dist 0 ) = 2 8 d B.  Ot h er
p ar a m et ers f or  wir el ess c o m m u ni c ati o n  m o d el i n ( 1) ar e: n ois e
p o w er N 0 = − 1 7 4 d B m/ H z, tr a ns missi o n p o w er of  E C S n is
P n = 2 0 d B m, a n d c h a n n el b a n d wi dt h W n = 2 0  M H z.  We e m-
pl o y t h e p oli c y i n [ 3 7] t o d et er mi n e t h e o c c u p a n c y ti m e of c o n-
t e nt fil es.  T h e o c c u p a n c y ti m e L k f or c o nt e nt fil e k is c al c ul at e d
as L k = e x p( 2 5 0 · p k − 1) / p k ,  w h er e p o p ul ar c o nt e nt fil es t e n d
t o h a v e a l o n g er o c c u p a n c y ti m e.  H o w e v er, S C C P is als o c o m-
p ati bl e  wit h ot h er str at e gi es t h at d et er mi n e t h e o c c u p a n c y ti m e
of t h e c o nt e nt i n diff er e nt  w a ys.  We c o m p ar e t h e p erf or m a n c e
of S C C P  wit h t h e f oll o wi n g b e n c h m ar ks:

First I n First  O ut ( FI F O) [ 3 8]:  E a c h  E C S p o ps o ut t h e
e arli est arri v e d c o nt e nt a n d p us h es as  m a n y c o d e d p a c k ets
as p ossi bl e i nt o t h e c a c h e u p o n arri v al of a n e w c o nt e nt fil e.
L e ast Fr e q u e ntl y  Us e d ( L F U) [ 3 9]:  E a c h  E C S h as a n or-
d er e d list t o tr a c k t h e n u m b er of a c c ess es of c a c h e d c o n-
t e nt fil es.  L F U p us h es as  m a n y c o d e d p a c k ets as p os-
si bl e i nt o t h e c a c h e u p o n arri v al of n e w c o nt e nt fil es.
T h e l e ast fr e q u e ntl y us e d o n e is r e pl a c e d  w h e n t h e c a c h e
is f ull.
Lif e-ti m e  B as e d  C a c hi n g ( L B C) [ 3 7]:  E a c h c o nt e nt fil e
is ass o ci at e d  wit h a n e x p e ct e d o c c u p a n c y ti m e L k =
( e x p( 2 5 0 · p k ) − 1) / p k d et er mi n e d b y its p o p ul arit y p k .
U p o n t h e arri v al of a c o nt e nt fil e,  L B C p us h es as  m a n y
p a c k ets as p ossi bl e i nt o e a c h  E C S a n d e ns ur es t h eir o c c u-
p a n c y ti m e.  L B C p o ps o ut p a c k ets  w h e n t h e y e x pir e.
M y o pi c S C C P ( S C C P- M): S C C P- M is a  m y o pi c v ersi o n
of S C C P  w h er e  E C Ss c oll a b or ati v el y c a c h e c o d e d p a c k-
ets t o  mi ni mi z e t h e c o nt e nt d o w nl o a di n g ti m e b ut d o es n ot
c o n c er n t h e f ort h c o mi n g c o nt e nt. S p e ci fi c all y, u p o n t h e ar-
ri v al of c o nt e nt fil e k ,  E C Ss s ol v e a  m y o pi c o pti mi z ati o n
pr o bl e m mi n x k d k ( x k ) + w x k s u bj e ct t o c urr e nt c a c h e
s p a c e c o nstr ai nts.  T h e t er m w x k i s a d d e d t o a v oi d e x-
c essi v e p us hi n g,  wit h o ut  w hi c h t h e pr o bl e m d e g e n er at es
t o  L B C.  T h e  w ei g ht is s et t o w = [ 3 , 3 , . . . , 3] w hi c h is
e m piri c all y o pti m al.
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Fi g. 5. St atisti cs of  Yo u T u b e d at a.

N o n- c oll a b or ati v e S C C P ( S C C P- N C): S C C P- N C is a n o n-
c o o p er ati v e v ersi o n of S C C P  w h er e e a c h  E C S d e ci d es o n-
li n e c o nt e nt pl a c e m e nt d e cisi o ns i n d e p e n d e ntl y usi n g t h e
L y a p u n o v t e c h ni q u e.  M or e o v er, t h e us ers c a n o nl y r e q u est
c o nt e nt fr o m o n e  E C S or t h e  M B S.
N o n- c a c hi n g:  T h e us ers dir e ctl y r e q u est c o nt e nt fil es vi a
M B S  wit h o ut e x pl oiti n g  E C Ss.

I n o ur si m ul ati o n, FI F O,  L F U,  L B C ar e s e mi- c oll a b or ati v e
c a c hi n g s c h e m es i n t h e s e ns e t h at us ers ar e all o w e d t o d o w nl o a d
fr o m  m ulti pl e  E C Ss f b ut t h e c o nt e nt pl a c e m e nt d e cisi o ns of
E C Ss ar e n ot j oi ntl y o pti mi z e d.

A. Y o u T u b e  D at a

We us e t h e  Yo u T u b e d at a fr o m t h e st u d y c o n d u ct e d at t h e
U ni v ersit y of  M ass a c h us etts’  A m h erst c a m p us [ 3 6].  T h e st u d y
r e c or ds  Yo u T u b e r e q u ests arisi n g fr o m t h e c a m p us n et w or k f or
s e v er al d a ys.  We us e t h e d at a r e c or d e d o n 0 9/ 1 5/ 0 7.  T h e r e q u est
tr a c es c o nt ai n 9 2 8 u ni q u e us ers (s o ur c e I P a d dr ess); e v er y us er
r e q u est h as a st art ti m est a m p, d ur ati o n (i n s e c o n d), r e q u est e d
c o nt e nt ( c o nt e nt s er v er I P), a n d t h e si z e of t h e r e q u est e d c o n-
t e nt.  T h e d at a c o nt ai ns 1, 7 6 6 vi d e o fil es a cr oss t h e o p er ati o n al
ti m eli n e  w hi c h is e q u all y di vi d e d i nt o 2 0, 0 0 0 ti m e sl ots.  E a c h
c o nt e nt pl a c e m e nt d e cisi o n c y cl e b e gi ns  wit h a r e q u est f or a n e w
vi d e o.  T h e distri b uti o n of t h e c o nt e nt fil es is pr es e nt e d i n Fi g. 5.
As c a n b e s e e n fr o m Fi g. 5( a) a n d Fi g. 5( b), t h e p o p ul arit y dis-
tri b uti o n of t h e a d o pt e d  Yo u T u b e vi d e o d at a f oll o ws a  Zi pf’s
distri b uti o n  wit h a n e x p o n e nti al c ut off.  B as e d o n t h e c o nt e nt r e-
q u ests of us ers i n f o ur r e gi o ns,  w e a n al y z e t h e c o nt e nt p o p ul arit y
f or e a c h r e gi o n a n d d e pi ct t h e c orr el ati o n of c o nt e nt p o p ul arit y
a cr oss f o ur r e gi o ns i n Fi g. 5( c). F or e x a m pl e, t h e c ol or bl o c k
at t h e gri d ( 1, 3) d e n ot es t h e c orr el ati o n of c o nt e nt p o p ul arit y
v e ct ors (p 1

1 , p21 , . . . , pK1 ) a n d (p 1
3 , p23 , . . . , pK3 ) .  We s e e t h at t h e

c orr el ati o n v al u e at gri d ( 1, 3) is v er y s m all,  w hi c h  m e a ns t h at t h e
c o nt e nt p o p ul ariti es of r e gi o n 1 a n d r e gi o n 3 ar e v er y diff er e nt.
It c a n b e o bs er v e d i n Fi g. 5( c) t h at t h es e f o ur r e gi o ns h a v e n o-
ti c e a bl e diff er e n c es i n c o nt e nt p o p ul arit y as h as b e e n c o nsi d er e d
i n o ur  m o d el.

B.  Perf or m a n c e  C o m p aris o n

Fi g. 6 s h o ws t h e a v er a g e d o w nl o a di n g ti m e (t h e o bj e cti v e
of t h e S C C P pr o bl e m i n ( 5)) of S C C P a n d 6 b e n c h m ar ks
o n t h e  Yo u T u b e d at a u p o n t h e arri v al of e a c h c o nt e nt fil e k

(i. e., 1
k

k
i = 1 d i ( x i ) ).  T h e c a c h e c a p a cit y of e a c h  E C S is s et

Fi g. 6. P erf or m a n c e c o m p aris o n.

t o 6 0 0 p a c k ets. It c a n b e o bs er v e d fr o m Fi g. 6 t h at S C C P
si g ni fi c a ntl y o ut p erf or ms ot h er b e n c h m ar k s c h e m es, pr o vi di n g
a 5 2. 5 % d o w nl o a di n g ti m e r e d u cti o n c o m p ar e d t o t h e N o n-
c a c hi n g s c h e m e. I n g e n er al, tr a diti o n al c a c hi n g s c h e m es, i. e.
L F U,  L R U, a n d FI F O, i n c ur l ar g e d o w nl o a di n g ti m e, si n c e t h es e
s c h e m es si m pl y c a c h e c o nt e nt fil es as t h e y arri v e  wit h o ut a n a-
l y zi n g t h e p o p ul arit y of c o nt e nt.  As a r es ult, t h e c a c h e s p a c e at
E C Ss is  m or e li k el y t o b e o c c u pi e d b y u n p o p ul ar c o nt e nt d u e
t o o c c u p a n c y ti m e i n  T T L s etti n g.  B y c o m p ari n g S C C P a n d
S C C P- N C,  w e s e e t h at e n a bli n g t h e c oll a b or ati o n a m o n g  E C Ss
dr a m ati c all y r e d u c es t h e c o nt e nt d o w nl o a di n g ti m e.  C o m p ari n g
S C C P a n d S C C P- M,  w e s e e t h at t h e c o nt e nt d o w nl o a di n g ti m e
c a n b e f urt h er r e d u c e d b y pr o a cti v el y c o nsi d eri n g f ort h c o mi n g
c o nt e nt  w hil e  m a ki n g c o nt e nt pl a c e m e nt d e cisi o n f or t h e c urr e nt
c o nt e nt fil e.

B esi d es t h e c o nt e nt d o w nl o a di n g ti m e,  w e als o r e p ort a n  M B S
of fl o a di n g p erf or m a n c e of S C C P a n d ot h er b e n c h m ar ks i n Fi g. 7.
S p e ci fi c all y, t h e  M B S of fl o a di n g p erf or m a n c e s h o ws t h e fr a c-
ti o n of c o nt e nt p a c k ets d o w nl o a d e d fr o m  E C Ss a n d t h e fr a cti o n
of c o nt e nt p a c k ets d o w nl o a d e d fr o m t h e  M B S. Fi g. 7 s h o ws
t h at S C C P h as t h e hi g h est fr a cti o n of p a c k ets d o w nl o a d e d fr o m
E C Ss.

C. I m p a ct of  C o ntr ol  P ar a m et er V

We ar e als o i nt er est e d i n  w h et h er t h e t h e or eti c al p erf or m a n c e
g u ar a nt e e of S C C P still h ol ds i n a r e alisti c s c e n ari o.  We v ar y

A ut h ori z e d li c e n s e d u s e li mit e d t o: N e w J er s e y I n stit ut e of T e c h n ol o g y. D o w nl o a d e d o n F e br u ar y 2 3, 2 0 2 0 at 0 4: 2 6: 1 6 U T C fr o m I E E E X pl or e.  R e stri cti o n s a p pl y. 
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Fi g. 7.  C o nt e nt p a c k et  M B S of fl o a di n g.

Fi g. 8. I m p a ct of c o ntr ol p ar a m et er V .

t h e c o ntr ol p ar a m et er V i nst e a d of s etti n g a fi x c a c h e c a p a c-
it y C . Fi g. 8 s h o ws t h e  K- a v er a g e d o w nl o a di n g ti m e (i. e.,
1
K

K
k = 1 d k ( x k ) ,  w h er e K is t h e t ot al n u m b er of c o nt e nt fil es

i n  Yo u T u b e d at a) a n d r e q uir e d c a c h e c a p a cit y u n d er diff er e nt
v al u es of c o ntr ol p ar a m et er V .  T h e r es ult s h o ws cl e arl y t h at
t h e p erf or m a n c e of S C C P f oll o ws a [O ( 1/ V ), O(V )] tr a d e off
b et w e e n t h e c o nt e nt d o w nl o a di n g ti m e a n d t h e r e q uir e d c a c h e
c a p a cit y as c h ar a ct eri z e d i n  T h e or e m 1.  Wit h a l ar g er V , S C C P
e m p h asi z es  m or e o n  mi ni mi zi n g t h e d o w nl o a di n g ti m e a n d a
l ar g e c a c h e c a p a cit y is r e q uir e d t o i m pl e m e nt t h e al g orit h m.

D. I m p a ct of  C a c h e  C a p a cit y

Fi g. 9 s h o ws t h e  K- a v er a g e d o w nl o a di n g ti m e (i. e.,
1
K

K
k = 1 d k ( x k ) ,  w h er e K is t h e t ot al n u m b er of c o nt e nt fil es

i n  Yo u T u b e d at a) of S C C P a n d ot h er b e n c h m ar ks  wit h diff er e nt
c a c h e c a p a citi es. Fi g. 9 s h o ws a g e n er al tr e n d t h at t h e d o w n-
l o a di n g ti m e d e cr e as es as t h e c a c h e c a p a cit y i n cr e as es f or all
c o nt e nt pl a c e m e nt s c h e m es.  T h e r e as o n is i nt uiti v e:  wit h l ar g er
c a c h es at  E C S,  m or e c o d e d p a c k ets c a n b e d o w nl o a d e d at a
hi g h er tr a ns missi o n r at e. I n a d diti o n, it is  w ort h e m p h asi zi n g
t h at S C C P is  m or e eff e cti v e  w h e n t h e c a c h e c a p a cit y is s m all:
w h e n t h e c a c h e c a p a cit y is ar o u n d 2 0 0, t h e d o w nl o a di n g ti m e
of S C C P is  m u c h l o w er t h a n ot h er b e n c h m ar ks; h o w e v er,  w h e n
t h e c a p a cit y is i n cr e as e d t o 1 6 0 0,  m a n y b e n c h m ar ks c a n a c hi e v e
si mil ar d o w nl o a di n g ti m e as S C C P d o es.

Fi g. 9. I m p a ct of c a c h e c a p a cit y o n d o w nl o a di n g ti m e.

E.  A n al ysis of  E x pir ati o n  Pr o c ess

T h e c o nt e nt e x pir ati o n pr o c ess g k
n i s ass u m e d t o b e i.i. d. pr e-

vi o usl y f or e as e of p erf or m a n c e a n al ysis of S C C P.  H er e,  w e a n-
al y z e t h e c o nt e nt e x pir ati o n pr o c ess  w h e n r u n ni n g t h e pr o p os e d
al g orit h m o n t h e  Yo u T u b e d at a t o s e e if t his i.i. d. ass u m pti o n
h ol ds tr u e. Fi g. 1 0( a) d e pi cts t h e n u m b er of e x pir e d p a c k ets at
E C S 1 u p o n t h e arri v al of c o nt e nt fil e k .  T o c h e c k  w h et h er t h e
e x pir ati o n pr o c ess i n Fi g. 1 0( a) is i.i. d.,  w e s h o ul d as k t w o q u es-
ti o ns: 1) ar e t h e o bs er v ati o ns i n d e p e n d e nt ? 2) d o t h e y all h a v e
t h e s a m e distri b uti o n ?  As f or t h e first q u esti o n, t h e a ut o c orr el a-
ti o n f u n cti o n c a n b e us e d t o i n v esti g at e t h e i n d e p e n d e n c e of t h e
e x pir ati o n pr o c ess.  T h e i n d e p e n d e n c e is as c ert ai n e d b y c o m p ut-
i n g a ut o c orr el ati o ns f or t h e e x pir ati o n pr o c ess at v ar yi n g ti m e
l a gs. If i n d e p e n d e nt, s u c h a ut o c orr el ati o ns s h o ul d b e n e ar z er o
f or a n y a n d all ti m e-l a g s e p ar ati o ns. Fi g. 1 0( b) gi v es a l a g pl ot of
a ut o c orr el ati o n f u n cti o n of e x pir ati o n pr o c ess.  We c a n s e e t h at
t h e v al u e of a ut o c orr el ati o n f u n cti o n is eff e cti v el y 0 f or all l a g
s e p ar ati o ns,  w hi c h  m e a ns t h e o bs er v ati o ns ar e i n d e p e n d e nt. F or
t h e s e c o n d q u esti o n,  w e d o a st ati o n ar y t est f or t h e e x pir ati o n
pr o c ess. If t h e e x pir ati o n pr o c ess is st ati o n ar y (i. e., t h e distri-
b uti o n of t h e e x pir ati o n pr o c ess d o es n ot c h a n g e o v er ti m e), it
m e a ns t h at t h e o bs er v ati o ns ar e fr o m a n i d e nti c al distri b uti o n.
We utili z e a  m o vi n g- wi n d o w t o s h o w t h e c h a n g es i n t h e st atisti c
p ar a m et ers, n a m el y  m e a n a n d st a n d ar d d e vi ati o n, of t h e e x pi-
r ati o n pr o c ess o v er ti m e.  T h e l e n gt h of t h e  m o vi n g  wi n d o w is
s et t o 4 0 0 a n d t h e st e p is 1.  T h e r es ult is gi v e n i n Fi g. 1 0( c)
a n d it s h o ws t h at t h e  m e a n a n d st a n d ar d d e vi ati o n st a y al m ost
t h e s a m e o v er ti m e,  w hi c h i n di c at es t h at t h e e x pir ati o n pr o c ess
is st ati o n ar y.  Wit h t h e a b o v e a n al ysis,  w e c a n c o n cl u d e t h at t h e
e x pir ati o n pr o c ess of S C C P is i.i. d.

F. I m p a ct of  P o p ul arit y  Pr e di cti o n  A c c ur a c y

O n e ass u m pti o n of o ur al g orit h m is t h at t h e c o nt e nt p o p ul ar-
it y c a n b e a c c ur at el y pr e di ct e d u p o n t h eir arri v al.  H o w e v er, t his
ass u m pti o n  m a y n ot b e tr u e i n r e al- w orl d a p pli c ati o ns.  T h er e-
f or e,  w e r u n S C C P  wit h p o p ul arit y pr e di cti o n err ors t o s e e t h e
i m p a ct of pr e di cti o n a c c ur a c y. S p e ci fi c all y,  w e a d d r a n d o m er-
r ors ( c h os e n fr o m a n or m al distri b uti o n) o n t h e gr o u n d-tr ut h
c o nt e nt p o p ul arit y t o si m ul at e t h e i n a c c ur at e pr e di cti o n. Fi g. 1 1
s h o ws t h e p erf or m a n c es of S C C P  w h e n r u n ni n g  wit h diff er e nt
pr e di cti o n err ors.  We c a n s e e cl e arl y t h at S C C P pr o vi d es b ett er
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Fig. 10. Analysis of content expiration process.

Fig. 11. Impact of prediction accuracy.

Fig. 12. CDF of content files on the number of coded packets.

performance (i.e., lower content downloading time) if the pop-
ularity prediction is more accurate. By comparing Fig. 11 and
Fig. 6, we see that SCCP still has lower downloading time com-
pared to other benchmarks even when the popularity prediction
is inaccurate.

G. Spatial Coded Packets Reuse

Fig. 12 compares the coding overhead of the spatial coded
packets reuse and the straightforward MDS. It depicts a CDF
of content files on the number of created coded packets. We see
that with the proposed spatial coded packets reuse, the system
requires much fewer coded packets compared to the straightfor-
ward MDS coding, thereby reducing the coding overhead and
complexity.

VII. CONCLUSIONS

In this paper, we investigated collaborative caching in ECS
networks, explicitly considering the stochastic nature of con-
tent arrivals and the content occupancy time requirement. An
online algorithm is developed by leveraging the Lyapunov opti-
mizationwith perturbation. The key idea of our online algorithm
is that the ECSs make caching decisions collaboratively based
on the current free cache spaces in the hope of saving proper
cache spaces for the potentially more popular future content,
thereby improving the caching performance in the long run.
The proposed algorithm provides provable performance guar-
antee that achieves within a bounded deviation from the op-
timal caching performance. We evaluated our algorithm on a
real-world YouTube video request trace and our simulation re-
sults show that the proposed collaborative ECS caching system
reduces the average downloading time by more than 50% com-
pared to the non-caching scenario.
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