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Abstract
Content Distribution Networks (CDN) are overlay networks used to place content near end clients
with the aim at reducing delay, servers load and network congestion, hence improving the service quality
perceived by end clients.
In traditional CDN architectures, clients requests are initially received by a central server and then
redirected to another server that is close to the client and that is able to handle the request. However,
in some cases, clients requests will not be served by the closest server. It may be advantageous to use a
server that is a further away but that is not as loaded as the closest one.
Contents in CDN are replicated, in many cases, according to contractual clauses, because of the costs
involved in the maintenance of such replicated contents. Therefore, some contents are not replicated
through the entire overlay network of the CDN provider.
In this work a exact and heuristic approaches are presented in order to solve an optimization problem
related to CDN management, called the Replica Placement Problem. This problem consists in finding
the best set of servers to keep the replicated contents without violating QoS constraints of the requests.
The overall objective is to minimize the total traffic in the overlay network.
Keywords: Content Distribution Networks, Optimization, Heuristic, Mathematical Model.
1. Introduction
With the Internet growth, the demand for contents has increased everywhere. Some of these contents
require some kind of Quality of Service (QoS) such as maximum delay and minimum bandwidth so that
the requirements of end clients can be satisfied. Many studies have been made about how to better serve
the on growing demand for contents with QoS constraints. A Content Distribution Network (CDN)
(a.k.a. Content Delivery Network) is an overlay network used to place content near end clients in order
to reduce delays, server load and network congestion, hence improving the quality of service perceived by
end clients. Companies like Akamai [1] have become specialized in providing a CDN architecture to other
companies that need to distribute contents over the world like Adobe, Audi AG and Fox Interactive.
There are several optimization problems in CDN architectures. Among them are the Server Placement Problem, the Content Replication Problem and the Replica Placement Problem. The first consists
in finding the best places in the real network to position the servers that will compose the overlay network of the CDN [6]. The second consists in deciding which contents will be replicated [13]. The last
consists in finding the best servers in the overlay network to position the replicated contents [13].
The optimization problem that will be treated in this paper is an extension of the Replica Placement
Problem (RPP) and consists in finding the best servers to position the replicated contents such that
server capacity and the QoS constraints of the requests are not violated and the total traffic in the
network is minimized.
Requests with QoS are typically found in situations where some clients are paying for a faster and/or
more reliable access to the content. The models presented in this work allow the possibility of differenciating groups of clients by their QoS requirements in a natural way.
This paper is organized as follows. Section 2 brings a more detailed description of the problem. In
Section 3 the recent related work is presented. Section 4 explains the computational model used in the
heuristic approach. Section 5 describes the experimental scenarios. In Section 6 and 7 a mathematical
model and a heuristic for the problem are presented, respectively. In Section 8 the computational results
are shown and Section 9 concludes the work.
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2. The Problem
The Replica Placement Problem (RPP) consists in finding the best servers to place content replicas
over the CDN. In order to solve it, it is necessary to know the position of the servers in the network
topology, the number of replicas of each content and to have an estimate about the distribution of the
requests. As explained before, deciding on the servers placement and deciding which contents should
be replicated are also optimization problems. We assume that those problems were already solved. On
the other hand, the problem tackled in this work extends the RPP and is called the Replica Placement
and Requests Distribution Problem (RPRDP). Besides finding the best position for the replicas in the
overlay network, in the RPRDP one also wants to redistribute the requests through the servers, with
the aim at reducing the network load. It is usual that the request for a content should be handled by
the closest server having a replica of that content. However, in some cases, it may be advantageous to
use a server that is more distant but that is not as loaded as the closest one, in order to improve the
quality perceived by the client.
To redistribute requests in RPRDP, some factors should be taken into account. A request may be
redirected to a server only if that server has a replica of the content specified in the request. Also, the
QoS constraints of the request must be verified. If these constraints are violated, redirecting this request
for that server will produce an unfeasible solution. In some cases, to optimize the request distribution,
it is necessary to change the replica positioning first.
The positioning of replicas is subjected to factors related to the servers, like storage capacity and
distance between servers. In the beginning, all replicas are positioned in the same server, possibly the
main server in the CDN architecture, and then, they are distributed over the network. As there may
exist costs associated with the transmission of these replicas, the tradeoff between the reduction of load
in the network and the cost of transmission of the replica must be analyzed before migrating a replica.
Information about the overlay network is also needed. As the positioning of servers is out of the
scope of this work, it is considered that such information is an input for the problem tackled in this
paper. Therefore, information like distance between servers and the delay in the network are simply
input data, and are not optimized.

Figure 1: Replica Placement and Request Distribution Problem
Figure 1 shows an example of the RPRDP in a CDN. The figure shows two servers and three clients.
Server 1 has a replica R1 of content 1, server 2 has one replica of content 1 and one of content 2 , and
each client sends a request (Q) for a content in the CDN. Note that the solution shown in the figure is
unfeasible because the request from client 1 is being handled by a server that does not have a replica of
the requested content. A possible change to make the solution feasible is to change the request of client
1 from server 1 to server 2.
As described above, the problem can be seen as a Multi-Commoditty Capacitated Facility Location
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Problem with Unsplitable Demand [10, 9]. This problem is a generalization of the Capacitated Facility
Location Problem (CFLP) [9] that can be described as follows. Given a set C of clients, a set F of
possible locations to open facilities, determine a subset of F named Fopened of size less or equal to a
parameter k so that the cost of handling all the clients in C with the facilities in Fopened is minimized.
By establishing a relationship between servers and facilities and a relationship between clients and
requests, the described problems become similar.
The unsplitable demand of the problem is an extra constraint that impose that a client (request)
must be handled by single facility (server). The capacitated constraint limits the capacity of the facilities, and the Multi-commodity permits more than one commodity (content) to be handled at the same
time.
3. Related Work
In [13], the Content Replication Problem and the Replica Placement Problem are introduced. Three
replication algorithms are proposed, one that creates replicas based on communications costs, another
that determines the number of replicas for a content based on its popularity, and the last one, that creates
replicas based on a weighted round-robin. For the Replica Placement, two algorithms are proposed, a
round-robin, and another one that places replicas with greater communication costs in servers with
smaller load. The author also proposed a simulated annealing algorithm for the problem.
In [6], the authors deal with many problems related to CDN, including the Server Placement Problem,
the Content Replication Problem and the Replica Placement Problem. A non linear mathematical model
and a linearization for the presented model are proposed. They also introduced a heuristic algorithm
and an exact algorithm, that is based on the problem decomposition.
Huang et al. [8] also proposed a distributed and a centralized approaches for the problem. The
distributed approach is based on the graph domination strategy. The objective is to build a P2P
network with the graph vertices, but, on the contrary of what is generally observed in P2P networks,
the vertices have considerable knowledge about the graph topology. The algorithms were compared with
other graph domination algorithms, showing that the proposed distributed approach can find solutions
that present a very low replication cost and also respect the delay requirements.
In [4], the authors tackled the Replica Placement Problem. They also proposed the use of a multicast
tree to deliver the contents to the end clients. Although the delivery costs are considered, the quality
perceived by the end clients is not taken into account.
In [5], the Dynamic Replica Placement Problem is treated. The difference between this problem and
the usual RPP is that, in the first, new requests can arrive along the time, and some requests can be
removed from the system, indicating the end of the request. The problem is modelled as a Markovian
process, which is able to deal with dynamic systems by using mathematical distributions. Requests are
modelled as an incoming rate, that is an interval indicating how many requests the system receives per
time unit. With this request modelling and an initial state of replica positioning, the decision problem
is to choose the best change to perform in such state.
In [12], the authors also used concepts of P2P networks to solve the problem. Servers communicate
among each other, exchanging information about local traffic and load. Servers use such information to
locally take decisions of creating, deleting and migrating replicas, making the CDN infrastructure more
robust, efficient and fault tolerant.
In [7] a hybrid method is proposed to solve the dynamic problem. According to the authors, although
the centralized approaches can provide the optimal placement, they are not scalable for large networks.
In this approach, all the servers run a copy of the placement algorithm taking in account only the local
neighborhood. After that, the servers decide locally where to place the replicas. This hybrid approach
presents results that are compatible with the centralized approaches and also keeps the advantages of
distributed approaches like scalability and fault tolerance.
In [11] a centralized and a distributed approaches are proposed to solve the dynamic problem. The
algorithms take into account ratios that were calculated based on the replicas access frequency, communication and processing cost. The proposed algorithms are compared with each other and the distributed
one presented the best results.
Although the attempts to optimize several aspects related to the RPP and other aspects related to the
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CDN architecture, fewer works consider the perceived quality at the end clients during the optimization
process.

4. Computational Model
The system modelling for the problem is based on three entities: Server, Replica and Request. The
Server entity represents the real servers in the overlay network. They have information like storage
capacity and bandwidth. The distances (RTT) between each pair of servers are previously computed
and stored in a matrix. These distances will be used during the evaluation of a solution. The Servers,
in our modelling, are responsible for storing and managing replicas.
The Replica represents a copy of a content. The number of copies of the contents are ruled, in
many cases, by contractual clauses, and, because of that, the contents are not necessarily replicated in
the whole network. A copy of a content is called, in CDN vocabulary, Replica. These Replicas have
information like content size and content identifier.
Clients requests are represented by the Request entity. It contains the content desired by the client,
request source and local delay and requirements of maximum delay, minimal bandwidth.
The number of clients is much greater than the number of servers in network environments. To
simplify the model and make it scalable we considered that each client is connected to one of the CDN
servers. Our model takes into account only servers information in the optimization process. It means
that only distances between pairs of servers are known. So it is easy to calculate the time and delay for
a request. The links that connect clients to a same server may present different delays. Thus, a field,
called local delay, was included in each request, representing such delay. This makes possible to calculate
the cost to handle requests individually and also makes the model more scalable.

Figure 2: Computational model.
Figure 2 shows a representation of the computational model. This figure shows the same scenario of
Figure 1. The servers have the same replicas but now, they also have the requests. Requests contain
the source server that forwarded the request and the distance between that server and the client (local
delay).
A solution in the model is an assignment of requests to servers, that indicates which servers will be
used and which requests they will handle. Note that every request will be associated with some server
but, a server may be not used.
In order to evaluate a solution, an objective function that aims at reducing the bandwidth consumption in the network, the delay perceived by the clients and the cost of the initial migration of the replicas
was created.
The objective function, for didactic reasons, was split into two parts. Let R be the set of requests
and C the replicas set. Let o(k), h(k), ld(k) and nb(k) be functions that return, respectively, the server
that is the source of the request k, the server that is currently handling the request k, the local delay
between the client that sent request k and the server that is considered its source, and the bandwidth
requirement of request k.
X

(RT To(k),h(k) + Delayo(k),h(k) + ld(k)) × nb(k)

(1)

k∈R

The first part of Objective Function, shown in (1), is the sum for each request k, of the RTT
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between the server that originated the request and the server where the request will be handled, the
delay between these two servers and the local delay (between the client and the server to which it is
connected), multiplied by the bandwidth requirement of the request.
The second part of the Objective Function corresponds to the additional cost of sending the replicas
through the network. This cost has to be included in 1 in order to model a real CDN.
X

RT T0,server(c) × size(c)

(2)

c∈C

The second part of the Objective Function 2 is the sum for each replica, of the RTT between the
main CDN server (for simplification, the main server in the CDN is the server with index 0) and the
server that the replica is currently positioned, multiplied for the size of this replica. This part of the
objective function rises because, in some cases, there are costs to send contents through the network and
these costs are proportional to the size of the contents.

5. Scenarios
To generate the information about the network topology, the topology generator BRITE [2] was used.
Four topologies were built with 20, 30, 40 and 50 servers. The link delay was set to vary between 15 and
20 ms. The RTT was set to be the double of the delay value (unloaded network). Default values were
used to all other parameters in BRITE. Once the topology is created, the delay and RTT between each
pair of servers is calculated using the Dijkstra algorithm.
The number of contents was set to three, but the model is general enough to deal with any number
of contents.
The servers are heterogeneous, having an output bandwidth that varies between 1 and 1.8 Gb/s and
a storage capacity between 100 and 200 GB.
It is known that some contents are more popular than others. This implies in a higher number of
requests for more popular contents, and also a higher number of replicas. As the number of contents was
set to three, the popularity of a content was modelled through the number of requests for that content.
So, for the tests in this work, the number of requests for content 1, 2, and 3 is, respectively, 1/6, 2/6
and 3/6 of the total number of requests.
The number of replicas for each content follows the same popularity idea of the requests. That means
that 1/6 of replicas are of content 1, 2/6 of content 2 and 3/6 of content 3. The size of a replica varies
between 1 and 1.5 GB. As determining the ideal number of replicas is out of the scope of this work, it
is assumed that there may exist unused replicas, but, at least one replica of each content must exist. In
other words, a request for a content that does not have a replica in the CDN can not exist. In the tests
include 36 replicas, 6 of content 1, 12 of content 2 and 18 of content 3.
The requests were created using the Normal distribution of probability varying from 15 to 500 requests
per server. Each request has a delay restriction that varies between 400 and 800 ms and a needed band
that varies from 1 to 2 Mb/s. Each request has a local delay that varies between 50 and 100 ms.

6. Mathematical Model
To the best of our knowledge, no mathematical formulation for the RPRDP exist in the literature.
We propose the following one. Let R be the set of requests, S the servers set in the CDN, C the
set of replicated contents. Let Tk , N Rk , BRi , BSj and Ej be the size of content k, the number of
replicas available for content k, the needed band of request i, the outgoing bandwidth of server j and
the available disk space in server j, respectively. Let cij be the cost for server j to handle the request
i. This cost is previously calculated for each pair (request, server) taking into account factors such as
distance between the server that the request came from and the server j, the local delay of request i,
and the delay restriction of request i.
The following variables and notations were defined:
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• yjk =



1
0

• xij =



1 if request i is handled by server j
0 otherwise

if content k is replicated in server j
otherwise

• cij - the cost for server j to handle request i
• R - the set of requests to handle.
• S - the servers set in the CDN.
• C - the replicated contents set.
• Tk - the size of content k.
• Ej - the available disk space in server j.
• BSj - the outgoing bandwidth of server j.
• BRi - the needed bandwidth of request i.
• N Rk - the number of replicas available for content k.
• K(i) - function that determines which content is asked by request i.
The proposed Mathematical model is represented by:
M in

XX

cij xij +

i∈R j∈S

XX

Tk yjk

(3)

j∈S k∈C

S.a.
X

xij = 1 ∀i ∈ R

(4)

X

BRi xij ≤ BSj ∀j ∈ S

(5)

j∈S

i∈R

xij ≤ yjK(i) , ∀i ∈ R ∀j ∈ S
X
yjk ≤ N Rk ∀k ∈ C

(6)

X

(8)

(7)

j∈S

Tk yjk ≤ Ej , ∀j ∈ S,

k∈C

xij ∈ {0, 1}, ∀i ∈ R, ∀j ∈ S

(9)

yjk ∈ {0, 1}, ∀j ∈ S, ∀k ∈ C

(10)

7. Constructive Heuristic
In this work a constructive heuristic is proposed with the objective of providing faster way to obtain
good solutions for large instances of the problem.
The proposed heuristic takes into account the fact that the problem can be split into smaller problems,
i.e., an instance of the RPRDP can be split into several instances of the CFLP (each content and the
requests associated to that content compose an instance of the CFLP).
The idea is to solve the problem considering one single content at each step. After obtaining the
result, the bandwidth consumed by the requests and the amount of space in disk used to store the
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replicas are subtracted from the used servers. The servers with updated bandwidth and storage capacity
are used to solve the problem for the next content.
After solving the problems for all contents, the individual solutions are merged into a single solution
for the RPRDP.
The pseudo-code of the constructive heuristic, called PartialConstructive, or PC, is shown in Algorithm 1
Algorithm 1 Procedure PartialConstructive()
1: Split the problem into k sub problems
2: Sort the problems following some criteria
3: for all sub problem do
4:
PartialSolution ps = SolveCFLP(servers)
5:
Store ps
6:
UpdateStorageBandwidthCapacity(servers, ps)
7: end for
8: Merge the partial solutions into a single solution finalSolution
9: Return finalsolution
The PartialConstructive algorithm proceeds as follows. First, it splits the RPRDP into k instances
of the CFLP, where k is the number of contents in the CDN. In the second step, the problems are sorted
according to a criterion. After that, all instances of the CFLP are solved, in the order established by
the previous step, using a solver (in our case, we used CPLEX [3]). Finally, the solutions of the CFLP
problems are stored. Note that the set of possible servers to position the replicas and their capacities,
are passed as parameters to the solver. For each CFLP solved, the used servers in the solution ps are
updated. If a server is used in the solution of the current CFLP to handle three requests that consume
10 Kb/s each, and the current content has a size of 200 MB, then 30 Kb/s and 200 MB are subtracted
from the capacity of the used server, and the new capacity is passed as a parameter to the next CFLP.
Although the CFLP instances are independent from each other, the order that the instances are
evaluated in the heuristic has a significant influence in the quality of the produced solution. In our
preliminary tests, the order that produced the best results, was the one that solves first the instances
with fewer requests associated with them. In other words, by solving the smaller problems first, we
obtained the best results in our tests.
8. Experimental Results
In this section the result obtained with the mathematical formulation of Section 6 and with the
PartialConstructive heuristic of Section 7 are presented.
The formulation and the PartialConstructive heuristic were compiled using the G++ compiler, version 4.0.3, and the well known solver CPLEX [3], version 10.
The computer used in the tests was a Pentium D with 3, 0 GHz and 2 GB of RAM memory, with a
Linux operational system with kernel version 2.6.15.
Table 1: Results Formulation X PC
Formulation
PC
Instance GAP (%) Time(s) GAP (%) Time(s)
1
0
7.8
0
9.3
2
0
2.7
0
3.2
3
0
0.6
0
0.8
4
0
531.2
0
293.6
5
0
2430.6
0
1717.9
6∗
0.04
10800
0.9
3226
Average
0.01
2295
0.15
875
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Table 1 summarizes the obtained results. The column GAP shows the distance, in percentage, from
the solution obtained to the best Solution. The column Time shows the CPU time for each method.
Note that the instance 6 is marked with an ∗. This mark means that the best solution is not known for
this instance, so the gap was calculated using the best fractional solution found by CPLEX in this case.
It can be observed that for the smaller instances (1, 2 and 3 ), both methods were able to find the
best solution but, the formulation got the best results in time. This was already expected since the
initialization of the CPLEX algorithms has a well known overhead [3]. For the larger instances (4, 5
and 6 ) the PC heuristic got the best results in time and was able to find the optimal solution in almost
all cases.

9. Conclusions and Future Work
This work presented the Replica Placement an Request Distribution Problem, that aims at reducing
the network traffic and improving the quality perceived at end clients by introducing QoS constraints in
the clients requests. Two distinct approaches to solve it were also presented. One of these approaches
is a mathematical model, that was able to find the optimal solution for some instances of the problem.
The other approach, a heuristic, was able to find the optimal solution in almost all cases and is much
less time consuming than the exact approach for larger instances.
The presented results show that for small instances the mathematical model is the best approach to
solve the problem.
As future work, the study of the dynamic RPRDP, where the request set changes along the time,
rises as the natural option.
The use of metaheuristics or hybrid methods, which use mathematical and heuristic techniques at
the same time, also seems to be a promising way to solve the RPRDP and the dynamic RPRDP as well.
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