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Cooperative Caching for Scalable Video Transmissions
Over Heterogeneous Networks

Ticao Zhang and Shiwen Mao , Fellow, IEEE

Abstract—We investigate a cooperative video caching problem
in heterogeneous networks (HetNet). In cellular networks with
limited backhaul capacity, by equipping the small-cell base sta-
tions (SBSs) with caches, more data can be offloaded. The
backhaul data is reduced and user equipment (UE) can enjoy
a low latency. We formulate the total transmission delay (TTD)
minimization problem as a nonlinear integer programming. To
solve the NP-hard problem, we relax the constraints and pro-
pose a greedy algorithm for a feasible solution. We prove that
the greedy algorithm is asymptotically optimal. Simulation results
demonstrate that the proposed cooperative caching algorithm can
significantly reduce the TTD.

Index Terms—Cooperative caching, heterogeneous network,
integer programming, scalable video transmission.

I. INTRODUCTION

THE MOBILE data traffic is increasing rapidly and it is
expected that about 78% of the total mobile traffic will be

video related by the year 2021 [1]. Meanwhile, emerging video
related applications even put more stringent requirements on
both the throughput and latency of the mobile network. For
example, a majority of video streaming is now becoming
1080p high resolution (HD), which incurs huge traffic flows.
The virtual reality (VR) video streaming requires a throughput
of 200Mbps and a latency as low as 10ms. The self-driving
cars would not be able to work until we have 5G networks
which has a super low latency to guarantee safety.

A promising approach to meet the unprecedented traffic
demands and latency requirements in 5G wireless is mobile
edge caching [2], where each BS can proactively store data
(e.g., popular video files) in the off-peak hours at their storage
devices, so that the heavy traffic burden in the backhaul can be
effectively alleviated, especially when we consider the fact that
a great deal of mobile data traffic is caused by repeated deliv-
eries of popular video contents. Moreover, edge caching can
significantly reduce the network latency due to the nature of
store-and-forward design, which is of fundamental importance
to latency sensitive applications such as VR.

Scalable video transmissions is a promising technology in
heterogeneous networks (HetNet). In scalable video coding
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(SVC) [3], each video is encoded into one base layer (BL) and
several enhancement layers (ELs). Higher video quality can be
achieved by receiving more layers. This way, the dynamically
varying wireless link bandwidth can be fully utilized based on
user’s different perceptual experiences on different kinds of
video files. In HetNet, a macro base station (MBS) is deployed
to provide a wide coverage of users in the macro cell, while
small cell base stations (SBSs) located in the macro cell enable
high data rates for subscriber UEs. This HetNet structure helps
to improve system spectrum efficiency.

However, there are several challenges in this HetNet edge
caching architecture for scalable videos. Compared with wired
caching strategy in traditional content distribution networks
(CDN) [4], the cache capacity of the SBSs is relatively small.
How to cache different layers of the popular video files
remains a challenging problem. In [5], the author proposed a
heuristic approach to find an optimal caching placement strat-
egy so that the average download time is minimized. However,
the proposed solution is not efficient due to the assumption
of non-cooperation among the BSs. In [6], a near optimal
video layer placement strategy is proposed in a cache-enabled
HetNet with stochastic geometry. However, in this letter, the
authors assume that each video file layer can be cached at no
more than one SBS. Considering that the most popular video
files may be requested by users for many times, just storing
one copy would be obviously not optimal.

Compared with the existing works, in this letter, we leverage
both network topology information and video file popularity.
We propose a cooperative framework in which different SBSs
can cooperate with each other to jointly minimize the trans-
mission delay of layered video files. The contributions of this
letter are summarized as follows.

• We consider a cooperative caching scenario in which dif-
ferent SBS can share their local stored video files so that
the total transmission delay (TTD) is reduced. Compared
with noncooperative caching, cooperative caching is more
general, effcient and practical.

• We prove the formulated problem is NP-hard, and pro-
pose a greedy algorithm that is asymptotically optimal
as the size of the problem is increased, for video file
placement in terms of reducing the transmission delay.

• The proposed cooperative caching algorithm can signif-
icantly reduce the TTD compared with the noncoopera-
tive caching and preference based caching. Besides, the
impact of video file popularity, video caching size, and
the number of BS are investigated. The simulation results
validate the accuracy of our analysis and the superior
performance of the proposed scheme.
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Fig. 1. Illustration of the system model and the cooperative caching scheme.

We introduce the system model in Section II and formulate
the TTD minimization problem in Section III. We relax the
problem into a convex one and propose a greedy algorithm in
Section IV. Simulation results are presented in Section V. We
conclude this letter in Section VI.

II. SYSTEM MODEL

A. Network Topology

We consider a HetNet where a macro base station (MBS)
is located in the center of the area, and B small cell base
stations (SBSs) distribute uniformly in the area, as shown
in Fig. 1. We denote the set of SBSs by B and index the
MBS as b = 0, then all the potential BSs can be denoted as
B∗ = B ∪ {0}. The network delay is defined as a symmetric
matrix D ∈ R

(B+1)×(B+1) with the element Da,b denot-
ing the transmission delay between BS a and BS b, for all
a, b ∈ B∗. Additionally, the delay from one BS to itself is
zero, i.e., Da,a = 0, for all a ∈ B∗. The delay between differ-
ent BSs can be measured and estimated using various existing
methods [7], which is beyond the scope of this letter. Hence
we always assume that each BS has a full knowledge of the
delay matrix. Finally, compared to the delay between different
SBSs, the delay between SBS and MBS is usually quite large.

B. SVC-Based Layer Caching

Scalable video transmission enables different perceptual
experiences for different users. In SVC, each video file is
divided into multiple layers, where the base layer (BL) pro-
vides a basic viewing quality and the enhancement layers
(ELs) enable increasingly improved video quality. Typically,
the decoding of an EL relies on the successful decoding of
the BL and all the lower ELs. More decoded ELs generally
lead to a more enhanced video quality.

Suppose there are L layers for each video: l = 1 represents
the BL and l = 2, 3, . . . ,L denote the ELs. For ease of analy-
sis, we also assume all videos have the same number of layers
and the size of each layer is set to 1 (i.e., a normalized file

size). Suppose there are in all F videos in the video library F .
The videos are arranged in a descending order of popularity.
Videos with smaller indices are considered to be more popular.
The request popularity of videos follows the Zipf distribution
with parameter γ as [8]

p(f ) = f −γ/

F∑

l=1

l−γ , f = 1, 2, . . . ,F , (1)

where γ is the skewness parameter that characterizes the video
popularity. Usually, a larger γ indicates a higher degree of
request, i.e., popular video files account for the major requests.

Moreover, the users may have different preferences for
video qualities. According to [9], the preference for the
standard video quality (videos with only BL) is given by
gSDV(f ) = f−1

F−1 and the preference for the high definition
video (videos with ELs) is gHDV(f ) = 1 − gSDV(f ). We
assume that all ELs share the same request popularity, thus
the conditional request probability for the l-th layer of video
f is given by

pf (l) =
{

gSDV(f ), if l = 1,
1

L−1gHDV(f ), if l = 2, 3, . . . ,L.
(2)

We denote the video request probability matrix as P ∈
R

F×L with its entry Pf ,l = p(f ) · pf (l). Note that the exact
video file popularity over a period may be learned from his-
tory data with advanced machine learning techniques at regular
time intervals [10], [11].

C. Video Layer Placement and Transmission Cooperation

During off-peak hours, each SBS proactively caches video
files based on the video request probability matrix P. With
the cached content, SBSs can thus serve most of the requests
locally without using the capacity-limited backhaul during
peak hours. Due to the store-and-forward design, transmission
delay can be significantly reduced. Moreover, once the video
is cached locally in the SBS, future repeated requests for the
same video file would not incur any additional download cost
over backhaul links. Now Let Xb ∈ {0, 1}F×L denote the
video cache placement matrix for BS b, b ∈ B∗. The entry
X b

f ,l = 1 if the l-th layer of video file f is stored in SBS b;
and 0 otherwise. Note that the MBS is assumed to have stored
the entire video library F . Hence X 0

f ,l = 1, for all f,l and its
capacity is C0 = F ·L. Due to the limited storage size of each
SBS, the SBS capacity is assumed to be Cb (Cb � C0, for
all b ∈ B).

Let Ya→b ∈ {0, 1}F×L be the video transmission cooper-
ation matrix. The entry Y a→b

f ,l = 1 if base station b requests
layer l of video file f from base station a; and 0 otherwise.

D. Cooperative Caching vs. Non-Cooperative Caching

As illustrated in Fig. 1, there are three videos stored at the
server. UE 1 and UE 2 request video 1 and video 2, respec-
tively. Each video is assumed to have three layers, including
one base layer B1 and two enhancement layers, E1 and E2.
Each SBS has a caching capacity up to 2. A cooperative
caching mechanism is demonstrated in the transmission pro-
cess of video file 1. It can be seen that UE 1 requests video
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file 1 from SBS 2. Since SBS 2 only has layer E2 stored in the
local cache, it requests layer B and layer E1 of video file 1
from its neighboring SBS 1. By cooperative caching, UE 1
does not need to request the missing video file layers from the
MBS, which may incur a huge backhaul transmission delay.
As a comparison, a noncooperative caching scheme is shown
in the transmission process for video 2, which is requested by
UE 2. Since SBS 3 has a local cache of layer B and layer
E1 of video 2, these files can be delivered to UE 2 quickly.
However, the missing layer E2 of video file 2 has to be fetched
from the MBS, although nearby SBSs may have a copy of the
missing file. Due to the noncooperative nature, the TTD is
relatively larger.

III. PROBLEM FORMULATION

In scalable video delivery, there exists a dependency
between the layers of the same video file: the successful decod-
ing of the l-th layer depends on the correct decoding of all the
previous l−1 layers. When UE requests the lth layer, all the
previous l−1 layers have to be requested and transmitted, and
the transmission delay depends the largest delay among all the
l layers. Therefore, when the BS b requests video file f with
quality level l, the transmission delay τb

f ,l can be written as

τb
f ,l = max

l ′=1,2,...,l

[
∑

a

Y a→b
f ,l ′ ·Da,b

]
. (3)

The total transmission delay (TTD) T for all the BSs is

T =
B∑

b=0

F∑

f =1

L∑

l=1

Pf ,l · τb
f ,l . (4)

For a given video file popularity distribution, we aim to
find an optimal caching placement schedule and BS coopera-
tion scheme for scalable video transmissions, so that the TTD
is minimized for a given SBS cache capacity and network
topology. The problem is formulated as follows.

(P1) min
Xb ,Ya→b

T (5)

s.t.
F∑

f =1

L∑

l=1

X b
f ,l ≤ Cb , ∀b (6)

X b
f ,l , Y a→b

f ,l ∈ {0, 1}, ∀a, b, f , l (7)

B∑

a=0

Y a→b
f ,l ≥ 1, ∀b, f , l (8)

Y a→b
f ,l ≤ X a

f ,l , ∀a, b, f , l , (9)

where constraints (6) indicate that the cache content size
should be no more than the cache capacity of each BS, con-
straints (7) ensure the variables in Xb and Ya→b take binary
values, constraints (8) make sure that the video file requests
initiated from one BS should be routed to one content source,
and constraints (9) allow users to retrieve a content from a BS
only if the content is cached there.

Problem P1 aims to identify the optimal caching placement
matrix Xb for each BS b, and the optimal caching cooperation
matrix Ya→b between different SBSs based on a known video

file request distribution P and network delay topology D. The
constraints are all linear but the objective function is non-
linear (due to the maximization operation). Hence Problem P1
belongs to the nonlinear integer programming (NIP) family.

Proposition 1: Problem P1 is NP-hard.
Proof: We consider a special case where each video only

contains one BL. Then the objective function (4) is a linear
function w.r.t. the variables that take value 0 or 1. The con-
straint functions are also linear. This problem is identical to
a multi-dimensional knapsack problem, which maximizes the
sum of the values of all the items in a knapsack, so that the
sum of the weights is less than or equal to the knapsack’s
capacity. The decision problem of the knapsack problem is
NP-hard. Thus Problem P1 is NP-hard.

IV. PROPOSED SOLUTION APPROACH

Since problem (5) is NP-hard, it would not be feasible to
find the optimal solution within polynomial time. Hence we
propose a heuristic solution to obtain a sub-optimal solution.
Specifically, we relax the binary variables in (6) to continuous
variables, which yields the following problem:

(P2) min
Xb ,Ya→b

T (10)

s.t. (6), (8), (9)
X b

f ,l , Y a→b
f ,l ∈ [0, 1], ∀a, b, f , l . (11)

It can be seen that with such a relaxation, the objective value
of problem P2 is a lower bound for problem P1. Although
the objective function for P2 is nonlinear, it is in the form of
point-wise maximum of some linear functions, and hence the
objective function is convex [12, p. 68].

In this case, problem P2 is a convex problem, which can
be solved by existing optimization methods (e.g., the inte-
rior point method) in polynomial time. In our simulations,
we use the popular gurobi solver [13] to solve problem
P2. However, since the solution to problem P2 may violate
constraints (7), we propose a heuristic algorithm to obtain a
feasible solution. The algorithm is presented in Algorithm 1.

The main idea of the proposed algorithm is as follows.
Suppose X̂b and Ŷa→b is the solution obtained by solving
the standard convex optimization problem P2. We sort the val-
ues Ŷ a→b

f ,l in a descending order. Intuitively, if the value of

Ŷ a→b
f ,l is large (closer to 1), it means Ŷ a→b

f ,l contributes more

to the objective function. Hence, we set Y a→b
f ,l to 1 as long

as the capacity constraint (6) is satisfied. If file (f,l) is not
stored in BS a at this moment, we will also set X a

f ,l to 1, and
the corresponding BS storage will be decreased by 1 to meet
constraints (6). If Ŷ a→b

f ,l is set to 1, then all the other Ŷ k→b
f ,l

(k �= a) will be removed from set T , so that constraints (8)
are satisfied. This process will continue until all the variables
are processed.

Note that the solution of Algorithm 1 is a feasible solu-
tion, since it guarantees that the capacity constraints (6) and
the nonempty retrieve constraints (9) are both satisfied. Also
the procedure of removal makes sure that constraints (8) are
satisfied. Finally, all the element of X̂b and Ŷa→b are binary
so that constraints (7) are satisfied. The complexity of the
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Algorithm 1 Proposed Algorithm

1: Initialize Xb ← 0F×L, Ya→b ← 0F×L, ∀a, b, and
initialize cb ← Cb ;

2: Solve Problem (10) with the standard convex optimization
method and obtain solution Ŷa→b ;

3: Ŷa→b forms a set T ;
4: while T is not empty do
5: Find the maximum Ŷ a→b

f ,l in set T ;
6: if ca ≥ 1 or X a

f ,l = 1 then
7: Y a→b

f ,l ← 1;
8: if X a

f ,l = 0 then
9: X a

f ,l ← 1;
10: ca ← ca − 1;
11: end if
12: Remove Ŷ k→b

f ,l , ∀k ∈ B∗ from set T ;
13: else
14: Remove Ŷ a→b

f ,l from set T ;
15: end if
16: end while

proposed algorithm after executing the convex optimization
solver is O(FLB).

Theorem 1: The gap between the objective function values
of problems P1 and P2 tends to be zero as FLB → ∞ if
problem P1 is feasible.

Proof: Due to space limitation, we only provide a sketch of
the proof here. The main idea is, for a real-valued function,
when the number of variables is great w.r.t. the number of
constraints, the duality gap from its convex relaxation (plus
rounding) tends to vanish. Specifically, Let f ∗ and q∗ denote
the primal and dual optimal objective values of problem P1,
respectively. Meanwhile, problem P2 is obtained by relax-
ing the binary constraints (7) into intervals (11). Based on
Lagrangian duality, the dual problems of P1 and P2 are iden-
tical. Moreover, the optimal objective value of P2 will be q∗
due to the strong convexity of P2. For P1, we claim that the
duality gap will be bounded by

0 ≤ f ∗ − q∗ ≤ O
(

1
FBL

)
. (12)

Therefore, when FBL → ∞, the difference between the
objective values of P1 and P2 converges to 0. In the proof
of the claim, we apply the Shapley-Folkman Thoerem [14],
which states that the sum of a large number of nonconvex
sets is almost convex. We refer interested readers to [15]
and [16, Th. 2] for a more detailed and rigorous proof.

V. SIMULATION RESULTS AND DISCUSSIONS

Consider a cellular network covering a disk area, with one
MBS located at the center and nine SBSs placed on a regular
grid throughout the disk area. We assume that the entire video
file library is F = 500 and each video has L = 3 layers. The file
size of each video layer is 1, the cache capacity of each SBS
is Cb = 20, and the cache capacity for the MBS is sufficiently
large, e.g., FL. The delay between an SBS and the MBS is set
to 10. The delay between different SBSs is comparably smaller

Fig. 2. The impact of the skewing parameter γ.

than that between an SBS and a MBS. In practice, the delay
could be proportional to the distance between adjacent SBSs.
In the simulations, we set Da,b = 0.2× |a − b|, ∀a, b ∈ B.

We consider two heuristic caching schemes as benchmarks:
• Baseline1 (Preference based caching): The top Cb/L

most popular video files (including all the layers in that
video) are cached at each SBS.

• Baseline2 (Optimal non-cooperative caching): Different
SBSs can work in a non-cooperative way with the optimal
caching placement.

Actually in Baseline1, there is no difference whether the SBSs
cooperate or not, since each SBS stores the same popular video
files. Its theoretical TTD can be computed as follows.

TBaseline1 = 10 · (B − 1) ·
∑

(f ,l)∈A
Pf ,l , (13)

where A is a subset of the video file library that is not stored in
the SBSs and has to be fetched from the MBS, which induces
an additional delay of 10. Since the MBS has an entire copy
of all the videos, the TD for the MBS is 0 and we multiply
(B−1). In Baseline2, different SBSs do not communicate with
each other; to reduce the TTD, each SBS actually stores the
most popular video file layers.

First of all, we investigate the performance of the proposed
method under the impact of the video file popularity distribu-
tion. We assume the skewness parameter γ varies from 0.1 to
0.9. The performance of the proposed method is presented
in Fig. 2. The unit of the y-axis depends on the practical
measurement of the delay matrix D. We find that Baseline1
achieves a similar performance as Baseline2. This is because
under this simulation setting, the video layer popularity is
quite close to the entire video file popularity. However, caching
popular video layers is more intricate, hence the performance
of Baseline2 is slightly better than Baseline1. Second, com-
pared with the two baseline methods, the proposed cooperative
caching scheme significantly reduces the TTD as with the
increase of γ. Note that a larger γ means that most people
request some popular videos. This indicates that preference
based caching is more beneficial when there is a higher degree
of requests. Finally, the lower bound is obtained by solving the

Authorized licensed use limited to: Auburn University. Downloaded on April 13,2020 at 01:29:45 UTC from IEEE Xplore.  Restrictions apply. 



ZHANG AND MAO: COOPERATIVE CACHING FOR SCALABLE VIDEO TRANSMISSIONS OVER HetNet 67

Fig. 3. The effect of the caching capacity Cb at each SBS.

Fig. 4. The effect of the number of BSs B.

convex problem P2, although it may not be feasible due to the
binary integer constraints (7). We see that with the proposed
scheme the gap between the optimal lower bound and our
proposed algorithm is almost zero.

Next, we fix the skew parameter γ to 0.56 [17] and the
number of BSs is fixed to 10. We vary the cache capacity of
each SBS. It can be seen from Fig. 3 that with the increase of
each SBS, the TTD of the proposed method is reduced signif-
icantly. The performance gap between the proposed method
and the baseline methods becomes larger as Cb is increased.
This experiment demonstrates the superiority of the proposed
method, especially when the caching capacity of SBS is large.
Again, the proposed scheme achieves a very close performance
to the optimal lower bound.

Finally, we fix the skew parameters to be γ = 0.56, the
SBS caching capacity Cb = 20, and vary the number of
BSs B in this region. The simulation results are presented in
Fig. 4. When the number of BSs is small, the performance
gaps between the three algorithms are small. This indicates
that cooperative caching does not make a big difference on
the network-wide performance. However, as the number of
BSs is increased, the TTD of the two baseline algorithms

grow linearly, while the TTD of the proposed algorithm grow
quite slowly. The gain becomes larger as B is increased.
The proposed method significantly reduces the TTD than the
baselines and its performance is very close to the lower bound.

VI. CONCLUSION

In this letter, we addressed the problem of cooperative
mobile edge caching for scalable video streaming in HetNets.
We proved that the formulated problem is NP-hard, and
then proposed a heuristic solution, which was proved to be
asymptotically optimal. Simulation result demonstrated that
the proposed method significantly outperformed two bench-
mark schemes. The TTD performance could be enhanced by
a larger skewness parameter, a larger local SBS cache size,
and deployment of more SBSs.
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