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Abstract—In this work, we study the joint optimization of edge
caching and data sponsoring for a video content provider (CR

Content Provider

aiming at reducing the content delivery cost and increasinghe =x"'

CP’s revenue. Specifically, we formulate the joint optimizéion 5 af o

problem as a two-stage decision problem for the CP. In Stage 4 B %

I, the CP determines the edge caching policy (for a relativgl &=

long time period). In Stage Il, the CP decides the real-time dta o - 1o - T,

sponsoring strategy for each content request within the peod. lﬂl@'& Y M ,i@;;

We first propose a Lyapunov-based online sponsoring stratggin WiFi Caching i‘l:@ " - Ry 'ﬂ'@] e ot

Stage Il, which reaches 90% of the offline maximum performane Sporcor N 0 O user 3 T Sponsor

(benchmark). We then solve the edge caching problem in Stade 'ﬁ‘@’ M

based on the online sponsoring strategy proposed in Stage, &nd No Sponear w@a o Sponser

show that the optimal caching policy depends on the aggregat coltar Sponee

user request for each content in each locationSimulations show )

that such a joint optimization can increase the CP’s revenuéy Fig. 1. System Model.

30%~100%, comparing with the purely data sponsoring (i.e., .

without edge caching). a real-world example, AT&T announced its sponsored data

program in January 2014, in which AT&T allows advertisers

[. INTRODUCTION to sponsor mobile data to entice users to watch ads they might

A. Background and Motivations otherwise have avoided [11].
Traditional data sponsoring can potentially help a CP to

tract more video traffic and earn more revenue, but at the
e time, it will increase the CP’s cost of delivering cotde

Nowadays, we are witnessing the explosive growth of glob,
mobile data traffic, which has reached 2.5 exabytes per moi

in 2014, where mobile video traffic accounts for 55% of thFo video users. and also increase the burden of CDNs due

total mobile traffic. According to Ciscd [1], mobile V|deotO the increased video traffi€dge cachingemerges as a

o ) 0 ! ;
:rag!c Vg'" gggg'b#_tﬁ n;eartly_ 75% of wcfnrldw;)qle m%blle tda? romising paradigm to alleviate the burden of CDNs, reduce
rafiic by - 1he fast increase ot mobile VIdeo trallig, - ot delivery cost of the CP, and in addition, save

creates huge opportunities, and _meanwhile brings additio'Phe energy consumptions of mobile users| [12]--[14]. The key
challenges for video content providers (CPdhbile users are idea is to cache popular video contents on eage networks in

often sensitive to the data consumption. Thus, it is imptrta, ;
for CPs to desian broper incentive mechanisms in order dvance, and deliver the cached contents on edge networks to
gn prop fite local users through WiFi or Femtocell links dire@dge

attlgactt mSoblle vujep Users [2|1- [331' frecti thod " caching can alleviate the traffic burdens of congested leellu
_ Data >ponsorings a novel and etiective Method recently, o, . and reduce the energy consumptions of mobile users
introduced by CPs to expend user demand for video conte

. . o ) QJ‘?d hence can deliver contents with a lower cost than the
[41-[10]. The key |<_jea IS to allow CPs to subsidize video aser aditional CDNs. As a real-world example, Xunlei, one of
C%St of downlozd;ngﬁ_vld?/atga;a,t hence attract moﬁ mob e largest online content download service providers im&h
Video users and traffic. Wi ata sponsoring, mobile usef adopted a new service that utilizes users’ bandwidttis an
benefit from the free wireless access for video contents, ay rage capacities to implement edge caching [13]. Xunlei
CPs benefit from the increased video users and traffic (t"mou%ffers the edge network resources to CPs aII(')Wing'them to
for example, sell_mg more bu_|lt-|n advertisements). Trsatit replicate contents for the accesses of neighbour userghand
can achieve a win-win situation for CPs and users, and he g

has attracted the interests of both academy and industr s pay Xunlei fee in return.
! y inaustry. ilthough there have been a lot of works studying sponsored
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Grant N0.61272231 and 61472204, and Beijing Key Laboratbiyetworked 1Edge caching is different from mobile data offloadifiB|[-[17], where
Multimedia. CPs deliverthe contents on the servés mobile users through local WiFi.
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data [6]-[10] and the edge caching [12][14], all of these The rest of this paper is organized as follows.Section
works, as far as we know, considered sponsored data and 2have present the system model. In Section 3, we provide
edge caching separateln this work, we aim to solve the CPthe problem formulation and the offline solution. In Section
payoff maximization problem by jointly considering sporestd 4, we provide the detailed online solutione provide the
data and edge caching under the fixed budget [7]. simulation results in Section 5, and conclude in Section 6.

B. Solution and Contributions Il. SYSTEM MODEL

We consider a simple yet representative model, where offe Network Model
CP offers video services to a set of mobile users, using edgaVe consider a mobile video content delivery network
caching and sponsored data. Each user moves and choos@3DN), where a video content provider (CP) provides video
video content randomly in a particular time. As illustraiad service to a set/ = {1,2,...,U} of mobile users. Each user
Fig.[d, a content can be delivered to a user in two differemoves and requests video contents randomly according to
ways: cellular network and WiFi network (if the content isis instantaneous individual preference. %t {1,2,...,5}
cached on the local WiFi network in advance). denote the set of all video contents. A video content can be
In the former case, the CP can further decide whether delivered to a user in two different ways:
sponsor the content request via the cellular network. Itls®, « Cellular Direct Delivery The video content (located in
CP pays the data transmission cost in the cellular netwark fo  the remote server) will be delivered to the user through
the user (e.g., user 2 in Figl 1); otherwise, the user pays the the cellular link directly;
data transmission cost by himself as usual (e.g., user 3). Ine WiFi Cache Delivery The video content is cached in a
the latter case, it is implied that the content is sponsaasd, local WiFi network in advance, and will be delivered to
the user does not need to pay for the data transmission cost the (nearby) user through the WiFi link locally.
in the WiFi network (e.g., user 1). Moreover, if a content is For clarity, we illustrate such a dual-channel CDN in [Eig. 1.
sponsored (either via cellular or WiFi), it will be deliveréo  Without loss of generality, we assume that the cellular netw
the user with certaimalue-added servicge.g., advertisement), covers the whole area, while each WiFi network covers a small
hence can bring additional value for the CP. area. We further assume that the coverage areas of different
Thus, the key problems for the CP are following: WiFi networks are non-overldpLet £ = {1,..., L} denote
1) WiFi Caching Problem:Whether to cache a video con-the set of areas (locations) covered by WiFi networks.
tent on a third-party WiFi network at a particular locatimr f ~ To enable the WiFi cache delivery, the CP needs to cache
a long time period (e.g., one day)? the video contents in the corresponding WiFi networks (at
2) Real-time Sponsoring ProblemYhether, and if so, how the corresponding locations) in advand&ithout loss of
(via cellular or WiFi) to sponsor a video content at eacfenerality, we consider the cache operation odady basis
instantaneous time slot (e.g., one minute)? [18]. That is, the CP makes the cache decision at the begjnnin
In this work, we will study the joint optimization of spon-of each day, and each video cache (on a WiFi network) will
sored data and edge caching for maximizing the CP’s reverie available for the whole da@.
systematically. More specifically, we formulate the praoble To facilitate the user modeling, we further considetimae-
as a two-stage decision problem for the CP. In Stage |, thiotted system, where each daily period is divided into a set
CP determines the WiFi caching policy at the beginning of = {1,2,...,7} of small time intervals (e.g., one second),
each time period. In Stage Il, the CP determines the real-tirnalled time slots Each user moves and requests a content
sponsoring solution for each content request in each tiote skandomly in each time slot. Let,[t] € S|J{0} denote the
As far as we know, this is the first work that studies such @ntent request of user in time slot ¢, where s,[t] = 0
joint optimization of sponsored data and edge caching. Thenotes that the user doe®t request any video content.
key contributions of this works are summarized as follows. Let [,,[t] € £|J{0} denote the location of user in time

« Novel Model To our best knowledge, we are the first t¢lot ¢, where [,[f] = 0 denotes that the user is in the
study the joint optimization of data sponsoring and eddecation without any WiFi coverage. Then, the service retjue
caching for video content providers. vector and location vector of user € U/ in the whole daily

. Offline Optimal Performance (Benchmarkye formulate period can be written a8, = {su[l],su.[2],...s.[T]} and
the joint optimization problem of edge caching and datau = {lu[1], lu[2]; ..., lu[T]}, respectively.
sponsoring. The solution shows that the CP’s revenge Sponsoring Scheme
can be increased b30% ~ 100% comparing with that
without edge caching. Moreover, data sponsoring ¢
support30% of overall user requests.

o Online Suboptimal Performanc&Ve propose an online
caching strategy and a Lyapunov-based online algorithrr?When multiple WiFi networks are overlapping, we can simpipase one
to achieve the real-time sponsoring decisions, Whicfﬁathem for video caching. o

. N heS0% of Note that there are also some Wo_rks considering the dynamlmec(e._g.,

OUtperf_OrmS bqsellneso% 50% and reache 0 in [19). In this work, we use the fixed cache strategy to emphadiee t

the offline maximum benchmark performance. relationship between caching and sponsoring.

When a usen requests a content,[t] at time slot¢, the
b can decide whether to sponsor the request, and if so, how
to sponsor the request.



Moreover, if the CP decides to sponsor a content requestereC,[t] = C;, , is the cellular delivery cost for sponsor-
there are two different sponsoring schemes, corresportdingng usern’s contents,,[t] in time slot¢.
two content delivery schemes, respectively. Namely, Given the cellular and WiFi sponsoring strategies
« Cellular SponsoringThe CP delivers the content in the{=u[t], yu[t], Vu € U,t € T}, the totalsponsoring valuehat
remote server to the user through the cellular link, arfhe CP can achieve in time slots:
pays for the cellular delivery cost. _ .
« WIFi Sponsoring The CP delivers the content cached in Vit = 7;4(% [+ vult)) - Valtl, VEET, ©®)
the local WiFi network to the user through the WiFi link
locally, and pays for the WiFi caching cost. where V,[t] = Vi, 1y is the sponsoring value from usefs
Let Vi denote the sponsoring value for the CP Wheﬁontent‘s“[t] In time S,lmt' . .
sponsoring a video content € S, which is related to the Therefore, the CP’s overall (time-average) payoff is:
value-added service associated with the video. For exaraple 1 T T
popular video is usually associated with a high-value diber R=r- <Z Ve - Cl - 7) : (6)
ment, and hence has a large value. Cgtdenote the cellular t=1 t=1
delivery cost for the CP when sponsoring a video contedhere the first term is the total (average) sponsoring value,
s € § through the cellular networlC’s is proportional to the the second term is the total (average) cellular deliveryt,cos
size of the content and the cellular data pricet C’ = a-Cs  and the last term is the total (average) WiFi caching cost. Fo
denote the WiFi caching cost for the CP when caching a videenvenience, we denofeft] = V' [{]—C]t] as the instantaneous
contents € S in a WiFi network. Note thatC’’ is a one- payoff of the CP in time slot.
time caching cost, which is independent of the actual tinfes o
WiFi sponsoring for content. We definea as thecaching- 1. OFFLINE OPTIMIZATION BENCHMARK
to-deliveryfactor, denoting the relative cost of WiFi caching The CP’s objective is to maximize his paydf, given a
to cellular delivering. Note thatr > 1 because caching costcertain budget. Lef3 denote the total budget of the CP, for
consists of transmission cost as well as storage cost. both caching video contents and sponsoring video contents.
Then, we have the followinhudget constrainfor the CP:

C. CP Model
T
For each content request, the CP decides whether to sponsor
; . < B.
the request, and if so, how to sponsor the request. To do this, ; CHl+v=B (7)

the CP need to determine the following strategies:

« Caching Strategyat the beginning of each day): Which
contents would be cached, and at which locations?

Therefore, the joint caching and sponsoring problem for the
CP can be formulated as follows:

o Sponsoring Strategffor each request in each time slot): max R
Whether to sponsor each content request, and if so, with st. @), @), @:
which sponsoring scheme? var. zy[t] € {0,1}, Yu, t; 8)

Let Z[l, s] € {0, 1} denote whether to cache a video content

S . . w|t] € {0, 1}, Vu,t;
s € S at location! € L. Then, given the caching strategy yult] €10, 1}, Vu

{Z[l,s],Vl € L,Vs € S}, the totalWiFi caching costis Z[l. 5] € 40,1}, ¥, s.
- It is notable that[(8) is arpffline optimization problem
7= Z Z 2]l 5] Cs - (1) (serving as benchmark), which requires the complete n&twor

leLses informatior. Namely, to formulate the problem, the CP needs

Let y,[t] € {0,1} and z,[t] € {0,1} denote whether to to know the whole network information in all time slots in ad-
sponsor the content request (i.&,/t]) of useru in time slot vance. In practice, however, the CP cannot obtain the cdmple
t via WiFi sponsoring and Cellular sponsoring, respectivelijetwork information when making caching and sponsoring
As only one sponsoring scheme will be chosen, we have: decisions.

vt +val] <1, YueclU,teT. @) We_ look in'Fo the _oﬁ_line thimization _probleﬂ (8) gain
certain meaningful insight into the design of our two-stage
Moreover, the WiFi sponsoring scheme can be chosen omlyategy. For convenience, we denot®|l,s| as the total
when the contens,[t] is cached at locatior,[t] (i.e., the number of requests for contentin locationt, i.e.,
location of usern: in time slott). Then, we have:
Nils) =D 1(sultl = s & L[] = 1),

yu[t] S Z[lu[t]a Su[t]]7 Vu € Z/{,t € T (3) ueU teT
Given the cellular sponsoring strate@y,, [t],Vu € U,t € T}, wherel(z) = 1 if z is true, and0 otherwise. From[(8), we
the totalcellular delivery costin time slott is: can easily find the following observations.
C[t] = Z Ty [t] - Cult], VteT, 4) 4Note that [B) is a binary integer programming, and can bectfely

weld solved by many classic methods.



Observation 1:If Z[I, s] = 1, thenz,[t] = 0 andy,,[t] = 1, To this end, we propose a two-stageline decision process
forall u e U,t € T with s,[t] = s,1,[t] = 1. based on the analysis in problef (@) the CP to maximize
That is, if a content is cached in locatio, then all of the his payoff without complete network information. In Stage |
requests for content at location! will be sponsored by local the CP determines the WiFi caching strategy at the beginning
WiFi. Hence, the CP’s payoff achieved from caching a conteat the period, based on thestimatednumber of requests for

s in location/ in Stage Ican be computed by: each content in each location. In Stage Il, given the WiFi
» caching strategy in Stage I, the CP determines the spogsorin
R[l,s] = Z[l,s] - (N[l,s] - Vs — - C5); strategy for each content request in each time slot, using a

Observation 2:If Z[l,s] = 0, theny,[t] = 0, for all u € Lyapunov optimization framework.

U, t €T with s,[t] = s,1,[t] = L. V. ONLINE OPTIMIZATION FRAMEWORK
That is, if a contens is not cached in locatiofy then none of  Aq mentioned above. we formulate the CP’s payoff maxi-

the requests for contentat location/ will be sponsored via ization problem under incomplete network information as
local WiFi. Hence, the CP’s payoff achieved from sponsoring two-stageonline decision process: In Stage I, the CP

contents in location/ in Stage llvia cellular is: determines the WiFi caching strategy at the beginning of the

el s — 1(s,[t] = LI = 1) - zylt] - (Vi — C, period; In Stage Il, the CP determiqes the refil—time spamgor
B[l o] 7;“; (sult] = s &l = 1) ult] - (Vs = Cs) strategy for each content request in each time Heixt, we
analyze these two stages by backward induction.

= Xl,s]- N o] - (Vs = C), A. Stage II: Best Sponsoring Strategy

where X[, s] = Sueu der Loultl=s & Litl=0-ault] [0,1] Lyapunov optimization [20]/121] is a widely used technique

NTLs] ) X . e .
denotes the percentage of requests for condeattlocation!  for solving stochastic optimization problems with time eage
that being sponsored via cellular network. constraints. In our case, it can be used to maximize the CP’s

Based on the above, we can transform the original problgrayoff with CP budget constraint in an online manner. We
@8) into an equivalent problem with respect to the decisiofopose a Lyapunov optimization based online sponsoring
regarding each content on each locatibe,, Z|l, s] € {0,1} strategy, which does not rely on the complete network inferm

and X[l, s] € [0, 1]. Formally, tion and converges to the offline benchmark with a contrédlab
approximation error bound.
max R = Z Z (R“[l,s] + R°[l, s]) In Stage I, the CP determines the best sponsoring strategy
leL s€s for each content request in each time slot, given the WiFi
st. X[l s|+ Z[l,s] <1, Vi,s; caching strateg{ Z*[l,s],Vl € L,Vs € S} determined in
v+ B8 < B; ) Stage |. Hence, the total budget (cost) for WiFi caching is:
var. X, s] €10,1], Vi, s; 'y*:ZZZ*[l,s]-C’S-oz.
Zl,s] € {0,1}, Vi, s; leL seS

wherey = 3 3.5 Z[l. s]-a-C, is the total WiFi caching And the reminder budget for real-time data sponsoring is:

cost, and = >, . > .cs X|[l,s] - N[I,s] - C; is the total B=DB—~*.

cellular sponsoring costt is easy to see that problefd (9) is a ) o .
mixed-integer linear programming, and we can solve it to get | "€ ey idea of Lyapunov optimization is to use #tability
the offline solution. of the queue to ensure that the time average constraint is

Theorem 1:Problem is equivalent with problerfl (g).  Satisfied. Following this idea, we first introduce virtualege

If we solve problem@[gg), V\?e deriv@([l,s]pand Zm?l,(s]), for j[he CP budget. Let’ denote thg queue bgc.klog of the CP
then we can simply deploy caching strategy BYi, s] and at ime. Then, the queue dynamics of CP is:
randomly chooseX|l, s] « NI, s] user requests in locatioh B+
for contents to sponsorj.e., setxz,[t] = 1. Thus we derive gt = {qt — T] + O[] (10)
one of the solution of probleni](8).t is important to note . o
that problem[{P) depends only on the number of requests fo¥ dueue St?b'llty theoreni_[20], the CP budget constraint is
each content in each location, i.&V[l,s],Vl € L,;s € S, equivalent withg's stability. . ) )
while not on the request and location of each user in eachWe _study_the queue stability by using thgapunov driff
time slot. However, it still requires the complete inforipat Which is defined as follows:
to compute the exac¥[l, s|. Nevertheless, it inspires us to find Alt] = l(qtﬂ)z _ l(qt)Q. (11)
estimations forN|[l, s], and design the caching policy based 2 2
on the estimatedV|/, s|]. We notice that in problen{{9) the By the Lyapunov drift theorem (Th. 4.1 id_[R0]), if an
caching payoffR*|l, s] and R¢[l, s] are closely coupled with algorithm greedily minimizes the Lyapunov drift[¢] in each
each other, hence maximizing the two parts separately will rslot ¢, it potentially maintains the stability of the queue (i.e.,
derive the optimal overall payoff. ensures the budget constraint of the CP).



Next, we analyze the joint queue stability and payoff 1) Independent and Identically Distributed Systeim:this
maximization. By the Lyapunov optimization theorem (TI2 4.scenario, each user’s locations and content requests are in
in [20]), to stabilize the queues while optimizing the oltjee, dependent and identically distributed (i.i.d.) acrosdedént
we can use such an allocation policy that greedily minimizéisne slots. Let,, s denote the probability of userrequesting
the following drift-plus-penalty contents, andrn, ; denote the probability of user moving

to locationi. Then, we can compute thexpectechumber of
II[t] = Alt] — ¢ - RJ[t], (12) requests for each conteaton each locatior:

where¢ > 0 is a non-negative control parameter that achieves N, ] = Z Z Z Puys = Tl (19)
tradeoff between optimality and queue backlog. Directiy-mi uellleL s€8

imizing I1[¢] is difficult due to the none-linearity of\[¢] with Substituting the above expected numbéfi, s] into (3), we

respect to the queue backlog. Hence, we solve an upper bopgf derive the caching strategy in this scenario.

of Aft], denoted byA[t], which is linear and given by: 2) Discrete-Time Markov Systenin this scenario, each
user behaviors rather irregularly, but the crowd behavions

B a strong positive correlation among two successive days.

T)’ (13) Intuitively, a hot video today is likely to be hot tomorrow.
Let NT[l, s] denote the number (of requests for contert

where® is a constant. Thus, we can derive the desired On”'Rﬂ:ationl) counted in the previous time period. LE{M|N)

policy by minimizing the upper bound\[t] — ¢ - R[t] of denote the one-step transition probability of the requast-

drift-plus-penalty in each time slot. Formally, we presém® per of a content at a location. Then, we can compute the

Al]=6+4¢"- (ClH -

Lyapunov-based Online Policy in Algorithid 1. expectedequest number for each conterin each location:
ALGORITHM 1: Lyapunov-based Online Policy N[i,s] = Z P(M|NT[1,s]) - M. (16)

Initialization: g ' =0 M=0
for i=1—T do Substituting the above expected numbéfi, s] into (9), we

Allocation Rule:
min  Alt] — ¢ - RJ[t]
st. 0<ayft]+yult] <1 Yuel
Z*lu[t], sult]] = yult] YuelU
zu[t], yult] € {0,1} Yueld

can derive the caching strategy in this scenario. We anayze
dataset of 3 million watching sessions provided by iQ[Yi][22
and observe that the popularity of each content shows strong
correlation in time periods, which enables us to predict the
future request number in the Markov framework.

Update Rule:
¢t =1[q - %]+ + C[t] V. SIMULATION RESULTS
end

A. Dataset Description

1) Mobile Video Streaming and WiFi Station Tracedle
1) Performance AnalysisWe denote the offline optimal use the mobile video streaming trace collected by iQiYi [22]
payoff (benchmark) ag*. By Th. 4.1 in [20], together with one of the most popular online video providers in China with
Theorem 1, we can show that the Lyapunov-based Onliagout 200,000,000 active mobile users. The dataset centain
Policy in Algorithm[1 converges ta?* with a controllable about 190,000 mobile video users with a total of 3,000,000

approximation error boun®(1/¢). Formally, watching sessions in Beijing within 2 weeks in May 2015.
Theorem 2:Let R|t] denote the CP revenue achieved id h& number of unique video contents is about 100,000.
each time slot by using Algorithm{1. Then, We also collected the locations of free WiFi Routes (APs)
in Beijing via Tencent Mobile Manager [23], a mobile phone
o1 . © app with over 400,000,000 users in China, which helps users
A T X;E(R[t]) > R - Y (14) " giscover and connect to free WiFi. The dataset contains the
te

information of over 166,000 WiFi APs in Beijing.
2) Mapping of the Two Datasetdn our experiments, we
combine these two datasets to explore the WiFi APs that
The caching strategy in Stage | is dependent on the sponsarailable to users when they request video contents. We
ing strategy in Stage Il, but we cannot obtain the close forassume the signal range of each WiFi AP is 100m, within
of the optimal online sponsoring solution in Stage Il. Testhiwhich mobile users can connect to the AP. Then we map the
end, we aim to derive the caching strategy from probleim (9pcation of each user at each content request to the nealfest A
The key idea is to solve problera] (9) by estimatingl, s|]. if the distance between the user and the AP is less than 100m;
Next, we provide two estimation methods fdF[l, s] under otherwise, we map the user to the blank location (i.e=,0)
two different system scenarios. without any WiFi coverage.

B. Stage |: Edge Caching Strategy



B. Performance Analysis

We compare the payoff under pure sponsor and joint spon:
cases. We notice that joint sponsor outperforms pure spon
by 30% ~ 100%. We then study thpuresponsoring paradigm
in Stage Il without considering Edge Caching. In order t
evaluate the Lyapunov-based algorithm, we choose two spt
soring algorithms as baselines, namely greedy optimizati
and average greedy optimization. The greedy optimizati
aims to achieve the best performance in current time sl
The average greedy optimization aims to achieve the b
performance and keep the cost even in each time slot. IfFig
we find Lyapunov-based sponsoring algorithm outperfornis
baselines in different CP budgets witld% ~ 50% gain in
CP payoff and can reach abdit% of payoff under complete
information.Average greedy algorithm outperforms the greedy
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Fig. 3. Joint Payoff under Cache Paradigms

one, because it will distribute the budget in each time shot aThe simulation results on a large-scale trace indicateabat
tends to sponsor the most valuable contents. Moreover, whdasign improves CP’s payoff significantly.

CP budget isl0, the sponsor can cov80% of users’ requests.

(1]
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Fig. 2. Pure Sponsoring Payoff under Different CP Budgets

(8]
We further study Edge Caching and Sponsored Data jointI)(g]

We achieve the payoff under cache with “low error” and “high
error”, which means different prediction accuracies ofead
broadcast number. In order to evaluate the joint optindrati
algorithm, we choose two cases as benchmarks: in “best
cache”, the caching policy is determined under complef]
information; in “no cache”, we only deploy pure sponsorin g%
paradigm.We notice that in the caching cases, sponsoring
payoff is less than it is in the no-caching case, because Eduyg
Caching consumes part of CP’s budget. Larger prediction
error will cause less caching payoff. We can see from Figs
that Edge Caching and Sponsored Data jointly improve

30% ~ 100% in CP’s payoff than the no-caching case.

[10]

[16]
VI. CONCLUSION

In this paper, we studied the joint optimization of spondoréﬂ]
data and edge caching for maximizing the CP’s revenyes]
We formulate the joint optimization problem as a two-stage
decision problem and solve the problem with Lyapunov O[FIQ]
timization techniques and predicted edge caching priacip
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