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Abstract—Content delivery network (CDN) with a high
quality-of-service (QoS) requirement deals with three challenging
problems: 1) a cache server deployment problem to determine
where to locate cache servers, 2) a request routing problem
to settle which cache server serves a user request, and 3) a
content replication problem to decide which content is stored
in a cache server. Cooperation among cache servers significantly
improves the user QoS by increasing the cached content diversity
of the network. Since the aforementioned problems are tightly
coupled, we formulate a new CDN model which jointly considers
all the three problems under the cooperative content replication
with optimal solutions using integer linear programming. As the
joint optimization problem is an NP-hard problem, we propose a
greedy heuristic algorithm which is close to the optimal solution.
We consider two scenarios for application of the algorithm, where
the popularities of contents are identical and are different among
nodes. The performance of the algorithm is investigated on the
actual topology sampled from the Level 3 CDN network. By
increasing the cached content diversity in the network, the joint
optimization problem under the cooperative content replication
shows higher performance than that of the non-cooperation case.

Index Terms—Content distribution networks, optimization,
cache deployment, content replication, request routing, coopera-
tive caching

I. INTRODUCTION

Recent Internet traffic studies [1], [2] have revealed that

most Internet traffic has been and will be served by content

delivery network (CDN) due to the tremendous increase of

multimedia traffic [1]. Authors in [2] identify changes in

Internet inter-domain application traffic patterns, including

a significant rise in video traffic. To cope with this rapid

growth of traffic, cache servers which store popular content

are deployed in the CDN. The cache servers are located much

closer to users than an origin server of the content. They can

achieve a high QoS in content delivery to users by reducing

the content acquisition delay. In order to achieve the high user

QoS, important considerations are required. First, we consider

where to locate cache servers inside the network to achieve

shorter delays while maintaining the server deployment cost

as low as possible. It is called as a cache deployment (CD)

problem. Second, we associate the cache servers to all users

to lower the content-acquiring hop count, which is known as a

request routing (RR) problem. The third consideration is which

contents are cached in each cache server. This is regarded as

a content replication (CR) problem.

The CR problem is divided into a cooperative and a non-

cooperative CR problems. A non-cooperative CR problem has

been studied in [3]-[6]. In this case, a cache server serves

requests, or the origin server does. However, the problem

does not consider an additional chance to deliver content

by neighboring cache servers. For higher efficiency in CDN,

cooperation among cache servers has been researched in [7]-

[10]. In a cooperative CR problem, even if a cache server

does not have a requested content, it can be served by

neighboring cache servers if they have the content. Hence,

the cooperation model can reduce the cost in terms of hop

count or bandwidth because a requested content can be served

by more than one cache server. It means that if cooperation

groups among cache servers are appropriately formed, then the

delivery cost can be lower than that of the non-cooperation

model. In this sense, the three main problems in a CDN

domain should be dealt with a cooperation model to achieve an

efficient content delivery. Since the aforementioned problems

are tightly coupled with one another, we should jointly solve

them. However, the conventional researches have never taken

jointly into account the problems. Therefore, we propose the

novel CDN model considering the CD, RR, and cooperative

CR problems, simultaneously.

In this paper, we address the joint optimization problem.

Since it is an NP-hard problem, we propose a greedy heuristic

algorithm to find a sub-optimal solution. We conduct sim-

ulations on the real topology published by Level 3 [11] to

demonstrate the performance of our algorithm. The remainder

of the paper is organized as follows. In Section II, we review

related work. We present a detailed system model and problem

formulation in Section III. In Section IV, simulation results are

presented to compare the performance of optimal solutions

between the cooperation and non-cooperation models and

to evaluate the performance of the proposed algorithm. We

conclude in Section V.
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II. RELATED WORK

There have been various researches about CDN. At first, the

CD problem has been studied in [12]-[17]. Authors in [12]

and [13] study the CD problem and propose polynomial time

optimal algorithms by using dynamic programming in linear

and tree topologies, respectively. The problem in a random

topology is studied [14]. In the view point of cost metric,

the CD problem is solved to minimize the total cost with

respect to the round trip time (RTT) among the candidates for

deployment locations [15]. The two kinds of cost that are the

retrieval and update requests for content are considered in [16]

to efficiently deploy cache servers. The CD problem aware of

QoS is solved in [17]. There have been researches about the

CR problems with and without cooperative caching in [7]-[10]

and [3]-[6], respectively. Refs. [7], [18]-[21] jointly solve the

problems. A CDN model with the RR and cooperative CR

problems which is formulated by integer linear programming

and the corresponding heuristic algorithms are presented in [7].

The CD and CR problem are jointly solved in [18]. The CD

and RR problems and the CR and RR problems are studied

in [19] and [20], respectively. Authors in [21] solve a joint

optimization problem considering the CD, RR, and CR prob-

lems. However, they do not consider the cooperation among

cache servers. To the best of our knowledge, there has been

no research that jointly solves the CD, RR, and ’cooperative

CR’ problems even if the cooperation among cache servers

is more efficient way of using network resources and it is

strongly coupled with the three problems. This paper discusses

the joint optimization problem considering the CD, RR, and

cooperative CR problems to demonstrate how effectively such

cooperation can enhance the CDN performance. In contrast to

[21], we consider that all nodes are considered as cache server

candidates. Especially, we conduct performance comparisons

with the optimal solution in [21] because our cost model is

similar to [21].

III. MODEL DESCRIPTION AND PROBLEM FORMULATION

A network is represented by an undirected graph G =
(N,L), where N is the set of nodes and L is the set of

links. All nodes in N are user nodes which request content

and are also the candidates for cache servers. If node j ∈ N
is determined as a cache server, we call it as a cache node.

The cache node can serve requests from the users in nodes

associated by node j as well as node j itself. The cache node

j has Sj bytes of storage capacity. A user node i ∈ N requests

content to the associated cache node with aggregate request

rate λi. The system offers a collection of contents, K. Each

content k ∈ K has size of bk bytes. The request probability

of content k at user node i is denoted by pik.

In this paper, our objective is to minimize the overall

cost consisting of the cache server deployment cost and the

transmission cost represented as a function of hop count. Let

cij and cj0 denote transmission cost from local cache node j to

node i and from node the origin server to node j, respectively.

It is assumed that the origin server has all content in K. In

our optimization problem, all cases about the transmission cost

are categorized as the following three scenarios. Assume that

node j is already determined as a cache node and user node

i is associated to cache node j. At first, in the case of a local

cache hit where cache node j has the requested content, the

transmission cost is cij .
In the case of a local cache miss where cache node j

does not have the requested content, there are two possible

scenarios. With assumption that cache node j cooperates with

cache node l, the cost is (cij + cjl) if cache node l has

the requested content. As the cost (cij + cjl) caused by

the cooperation among cache servers provides the chance to

obtaining the content from the neighboring cache servers, the

transmission cost can be substantially reduced. Otherwise, the

cost is (cij + cj0) if the neighboring cache nodes also do not

have the content. Cache server deployment cost coefficient at

node j, dj is determined with respect to statistics of λi and

cij .
There are the binary decision variables to describe the joint

optimization problem:

wj =

{
1 , if node j is a cache node

0 , otherwise,
(1)

xnk =

{
1 , if cache node n stores content k

0 , otherwise,
(2)

yjkl =

⎧⎪⎨
⎪⎩
1 , if cache node j fetches content k

from cache node l

0 , otherwise,

(3)

yjk0 =

⎧⎪⎨
⎪⎩
1 , if cache node j fetches content k

from the origin server

0 , otherwise,

(4)

zij =

{
1 , if user node i is associated to cache node j

0 , otherwise.

(5)

The CD problem is related to (1). The cooperative CR problem

is represented by (2), (3), and (4). The RR problem is

described in (5). With the variables, the joint optimization

problem is formulated as follows:

min[
∑
j∈N

djwj +
∑
i∈N

∑
j∈N

∑
k∈K

λipikzij{cijxjk

+
∑
l∈N

(cij + cjl)yjkl + (cij + cj0)yjk0}] (6)

such that

∑
k∈K

bkxjk ≤ Sjwj , for j ∈ N , (7)

zij ≤ wj , for i, j ∈ N , (8)∑
j∈N

zij ≥ 1 , for j ∈ N , (9)

yjkl ≤ xlk , for j, l ∈ N, k ∈ K, (10)
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xjk +
∑
l∈N

yjkl + yjk0 ≥ wj , for j ∈ N, k ∈ K, (11)

wj = {0, 1} , for j ∈ N , (12)

xjk = {0, 1} , for j ∈ N, k ∈ K, (13)

yjkl = {0, 1} , for j, l ∈ N, k ∈ K, (14)

yjk0 = {0, 1} , for j ∈ N, k ∈ K, (15)

zij = {0, 1} , for i, j ∈ N . (16)

Equation (6) minimizes the cache deployment cost and the

content transmission cost. A storage constraint of each cache

server is represented as (7). A content request from a user

should be served by at least one cache node by (8) and (9).

Equation (10) describes that a cache node can fetch the specific

content from a cooperative cache node which has the content.

Equation (11) represents that at least one of content replication

scenarios such as the local cache hit, cooperative cache hit, and

cache miss should occur, which is applied to a cache node.

Equation (11) holds equality at optimality. Finally, (12) to (16)

express the integrality of the decision variables.

It is obvious that the joint optimization problem in (6)

has quadratic terms because the decision variable related to

request routing zij is multiplied with xjk, yjkl, and yjk0,

respectively. Since it can not be directly solved by integer

linear programming (ILP) due to the quadratic terms, we

linearize (6) with the linearization method introduced in [22].

By using the method, we can linearize (6) with an additional

one decision variable and three constraints per each quadratic

term. To linearize, we introduce new binary decision variables

αijk, βijkl, and γijk0 which substitute zijxjk, zijyjkl, and

zijyjk0, respectively. For the new binary decision variables,

we add constraints corresponding to them as follows:

αijk − zij ≤ 0, for i, j ∈ N, k ∈ K, (17)

αijk − xjk ≤ 0, for i, j ∈ N, k ∈ K, (18)

zij + xjk − αijk ≤ 1, for i, j ∈ N, k ∈ K, (19)

βijkl − zij ≤ 0, for i, j, l ∈ N, k ∈ K, (20)

βijkl − yjkl ≤ 0, for i, j, l ∈ N, k ∈ K, (21)

zij + yjkl − βijkl ≤ 1, for i, j, l ∈ N, k ∈ K, (22)

γijk − zij ≤ 0, for i, j ∈ N, k ∈ K, (23)

γijk − yjk0 ≤ 0, for i, j ∈ N, k ∈ K, (24)

zij + yjk0 − γijk0 ≤ 1, for i, j ∈ N, k ∈ K, (25)

αijk = {0, 1}, for i, j ∈ N, k ∈ K, (26)

βijkl = {0, 1}, for i, j, l ∈ N, k ∈ K, (27)

γijk0 = {0, 1}, for i, j ∈ N, k ∈ K. (28)

With the additional Eqs. (17) to (28), we can obtain the

linearized optimization problem of (6).

In terms of computational complexity, our joint optimization

problem belongs to the class of NP-hard problems. This can

be proved by restricting (6). To prove NP-hardness, we assume

that there is only one content, |K| = 1. Then, it can be reduced

to uncapacitated facility location problem which is a well-

known NP-hard problem, which means our problem is also

NP-hard problem. In the next section, we propose a greedy

heuristic algorithm which approaches very close to an optimal

solution in a polynomial time.

IV. HEURISTIC ALGORITHM

As we explained, the joint optimization problem (6) is

reduced to the uncapacitated facility location problem. Ac-

cordingly, a heuristic algorithm is strongly recommended to

develop to overcome the high computational complexity. We

design a greedy heuristic algorithm that finds an approximate

solution close to an optimal solution while significantly reduc-

ing the computational complexity.

The proposed greedy heuristic algorithm is divided into a

main algorithm which determines the total cost and a sub-

algorithm which decides the decision variables related to the

RR and cooperative CR problems. The pseudo code of the

main algorithm is provided in the following:

Algorithm 1 Main algorithm

Initialization:

φ∗ := ∞
Compute ρj := λj/

∑
i∈N cij , for j ∈ N

Based on ρj , sort N in descending order and Nsorted indicates

this order.

1: for j ∈ Nsorted do
2: wj := 1
3: Φtotal := {}
4: for k ∈ K do
5: xjk := 1
6: Set yjkl, zij , and yjk0, for i, l ∈ N by sub-

7: algorithm

8: Compute φjk

9: Φtotal := Φtotal ∪ {φjk}
10: xjk := 0
11: Initialize yjkl, zij , and yjk0, for i, l ∈ N
12: end for
13: Based on φjk, sort content in ascending order and

14: let the ordering be O = {O1, O2, ...O|K|}
15: t := 1
16: while

∑
k∈K bkxjk + bk ≤ sj do

17: k := Ot

18: xjk := 1
19: t := t+ 1
20: end while
21: Set yjkl, zij , and yjk0, for i, l ∈ N by sub-

22: algorithm

23: Compute φ
24: if φ ≤ φ∗ then
25: φ∗ := φ
26: else
27: Break

28: end if
29: end for
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Algorithm 2 Sub-algorithm

1: for j ∈ N do
2: for k ∈ K do
3: N j

cooperation :=
4: {l ∈ N |wl = 1, cjl ≤ c0, xlk = 1, l �= j}
5: l∗ := argminl∈Nj

cooperation
cjl

6: if l∗ �= NULL then
7: yjkl∗ := 1
8: end if
9: end for

10: end for
11: for i ∈ N do
12: j∗ := argminj∈N |wj=1cij
13: zij∗ := 1
14: end for
15: for j ∈ N do
16: for k ∈ K do
17: if xjk = 0&

∑
l∈N yjkl = 0 then

18: yjk0 := 1
19: end if
20: end for
21: end for

The total cost φ is computed from (6). In the initialization

phase of the main algorithm, metric ρj per each node j is

computed to deploy a cache server. ρ is represented indirectly

for the opportunistic cost of being not selected as a cache node.

Since a cache server tends to be located at a place showing

more requests and closer to other nodes in terms of hop count,

the value of ρ is proportional to the aggregate user request rate

and inversely proportional to the summation of hop counts.

Therefore, a cache server with the high value of ρ is first

deployed. From lines 3 to 19, the solution of the cooperative

CR problem is determined. To store content in a cache server,

we compute φjk which is the total cost when cache server

j has only content k. During computing φjk, one needs the

sub-algorithm to determine the decision variables in line 5.

After computing all φjk values for each j and k, a content

having the lower value of φjk is first stored in a cache server

until the storage capacity of cache server j is allowed. From

lines 20 to 26, the current total cost of φ is compared to the

previous one rather than the current number of cache servers

to determine whether the algorithm continues or not.

The sub-algorithm is necessary to determine the binary

decision variables describing the RR and cooperative CR

problems. From lines 1 to 10, the cooperative CR problem

is considered. A cooperative cache server is chosen from the

formulation in lines 3 to 5. First, in the view point of cache

server j, a cooperation set is defined as cache servers which

have the requested content and smaller hop counts about cache

server j than the origin server. Then, to guarantee high QoS by

minimizing network traffic, we choose a cache server having

minimum hop counts as a cooperative cache server of cache

server j. From lines 11 to 14, each user is associated to cache

server j which is the closet to the user. Remaining 7 lines (15-

21) explain which content is delivered from the origin server

so that it minimizes the total cost.

The proposed greedy heuristic algorithm has much lower

computational complexity than that of the joint optimization

problem. To calculate the overall complexity of the greedy

heuristic algorithm, we first analyze the complexity of the

sub-algorithm. The sub-algorithm is composed to three parts.

The first part (lines 1-9) has two loops which require O(NK)
operations. In a similar manner, the second (lines 11-14) and

third (lines 15-21) parts of the sub-algorithm cause O(N) and

O(NK) operations, respectively. Therefore, the overall com-

plexity of the sub-algorithm is O(NK). Next, the initialization

phase of the main algorithm has complexity of O(N). The

inner loops of the main algorithm have O(NK2), O(K), and

O(NK). Since the outer loop of the main algorithm iterates

N times, the overall complexity of the main algorithm is

computed as O(N2K2).

V. SIMULATION RESULT

In this section, we present the simulation results for evaluat-

ing the performance of the proposed optimization model and

heuristic algorithm. We investigate two kinds of topologies

which are the 2 × 3 grid topology and an actual topology

published by Level 3 [11]. Each cache node has a storage

size of Sj = S for j ∈ N and each user node generates

λi = λ requests per second for i ∈ N . The parameters c0 and

c represent the hop counts between the origin server and the

cache server and between a cache node and a user node. The

deployment cost coefficient of each cache server is represented

as dj = d for j ∈ N .

The system offers a content collection of K which is sorted

with respect to content ranking. For convenience, we assume

that each content has a uniform size of 1 GB, which means

bk = 1 for all k. The popularity of content pik =
1

kα∑
m∈K

1
mα

is governed by the Zipf distribution parameter α. Since each

content popularity can be different among user nodes even if

it follows a Zipf distribution with the same value of α, we

conduct simulation in the heterogeneous content distribution

as well as homogeneous content distribution among cache

nodes. For example, in the heterogeneous content distribution,

if contents A and B are the most popular in nodes 1 and 2,

respectively, then the probability that content A is requested

in node 1 and the probability that content B is requested in

node 2 are the same. However, it can happen that content A is

not the most popular in node 2 and content B is not the most

popular in node 1.

In order to quantify the gains from applying the cooperation

CR problem, we compare the total cost consisting of the

transmission cost and the deployment cost as characterized by

(6)-(14) with the total cost incurred by non cooperation model

which considers the CD, RR, and CR problems without coop-

eration. Additionally, the corresponding heuristic algorithms

about the cooperation and non-cooperation models are also

compared.

Below we present three simulation results. In the first

scenario, we conduct the simulation on the 2×3 grid topology
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(a)

(b)

Fig. 1. Total cost as a function of the user request rate λ (a) and Zipf
distribution parameter α (b) in the 2 × 3 grid topology at the homogeneous
scenario.

with homogeneous content distribution. The parameters S, c0,

and d are set to 3 GB, 6, and 3, respectively. Figure 1(a)

shows the total cost comparison as the value of λ increases

with the value of α = 0.8. The total cost comparisons with

respect to α for λ = 1 are plotted in Fig. 1(b), which

shows that the cooperation effect increases as the value of

λ increases. The gain is obtained by the cached content

diversity. In other words, the content transferred from the

origin server is reduced. On the other hand, the gain due to

the cooperation decreases as the value of α increases. As the

steeper popularity distribution means that the small portion

of content is dominantly requested, the cooperation effect by

the cached content diversity is not so powerful when the

content request distribution follows a Zipf distribution with

a large value of α. Even if the cooperation effect shrinks, the

cooperation model is still better than non-cooperation model

in terms of the total cost.

In the second scenario, the simulation parameters are the

same as those in the first scenario. However, the heteroge-

neous content request distribution is applied instead of the

homogeneous content distribution. Figures 2(a) and (b) show

the total cost comparisons with respect to the value of λ and

α, respectively. In Fig. 2(a), we find that the total cost of

the cooperation model decreases by about 24% at the high

request rate compared to the homogeneous case while the total

cost of the non-cooperation model is maintained. As shown in

Fig. 2(b), the total cost of the cooperation model increases by

(a)

(b)

Fig. 2. Total cost as a function of the user request rate λ (a) and Zipf
distribution parameter α (b) in the 2× 3 grid topology at the heterogeneous
scenario.

about 10% in comparison with one of the homogeneous case

at a large value of α even if the cost of the non-cooperation

increases by about 26%. The reason is that the cooperation

model considers other cache servers as additional content

sources while the non-cooperation model ignores it.

From Figs. 1(a) and 2(a), the solutions of the proposed

heuristic algorithm achieves about 73% of the optimal solution

at the heterogeneous scenario even if the performance gap

slightly increases as the request rate grows. For the results

about the content distribution in Figs. 1(b) and 2(b), the

solution of the proposed heuristic algorithm achieves at least

about 94% of the optimal solution of the heterogeneous

scenario.

Figures 3(a) and (b) show the results for the actual topology

which is the collection of the data centers of Level 3 in

Europe. The real topology consists of 100 nodes and has more

randomness than the grid topology in terms of node degree.

The parameters S, c0, and, d are set to 10 GB, 30, and 15.

We assume that there are a collection of |K| = 100 contents

which follows the heterogeneous content request distribution.

The similar results compared to Figs. 1 and 2 are shown in

Fig. 3. Interestingly, we can find the fact that the total cost

decreases at λ = 16 compared to the total cost at λ = 15.

The number of cache servers at λ = 15 and λ = 16 are 48

and 84, respectively. From the result, we can interpret this as

an existence of the threshold of the request rate. It means that

the number of cache servers dramatically increases to decrease

IEEE ICC 2014 - Communications Software, Services and Multimedia Applications Symposium

1794



(a)

(b)

Fig. 3. Total cost as a function of the user request rate λ (a) and Zipf
distribution parameter α (b) in the real topology [11] at the heterogeneous
scenario.

the total cost as the request rate exceeds the threshold value.

VI. CONCLUSION

In this paper, we formulate a joint optimization problem

considering the CD, RR, and cooperative CR problems for

CDN by integer linear programming. In order to avoid the

large complexity to find solutions for the joint optimization

problem, we propose a greedy heuristic algorithm. Through

a simulation study, we show that the proposed cooperation

model significantly outperforms the non-cooperation model as

the user request rate and the content request distribution vary.

The gain from the cooperation is observed when the cached

content diversity in CDN increases. We also demonstrate

that the solution of the proposed heuristic algorithm achieve

94% of the optimal solution for the heterogeneous content

distribution in the worst case. Further, we conduct simulations

on the actual topology which is provided by a commercial

CDN operator. It is shown that the cooperation model still

provide much higher performance than the non-cooperation

model at a negligible computational overhead such as the

exchange of content information among cache servers. We

plan to consider analysis of the cooperation model when non-

uniform size of content is applied and comparison of cache

hit and miss ratio between cooperation and non-cooperation

models. Then, the cooperation model in time varying systems

for practical application to a real-world network system will

be studied in the future.
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