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Abstract — The most usual solution to improve the 

performance of a Web server is based on building a distributed 

architecture, where the Web server is offered from a set of nodes. 

The most widely distributed architecture is based on Web 

clusters including a Web switch. The Web switch is responsible 

for deciding which site’s node must attend which request. When 

deciding where elements are stored the classical solution was to 

fully replicate all contents in every server node. However, partial 

replication may require a fraction of storage while offering the 

same level of reliability. In this paper we report a solution based 

on dynamic partial replication where the number of replicas for 

each file and its management is handled by an agent architecture. 

We compare our solution with full replication and with static 

partial replication both in terms of storage capacity consumption 

and service time. Our results show that our proposed solution 

provides equivalent performance with a better use of disk storage 

capacity. 

 
Keywords — Distributed computing, Computer network 

performance, Network servers, Cooperative systems. 

 

I. INTRODUCTION 

Web site typically consists of a set of elements or 

resources, where each of them can be of a certain type 

(HTML page, image, video, file download, music, etc.). A 

page consists of a primary element that refers to a series of 

secondary elements (included in the page). 

The Web site receives requests from clients, where each 

request for a web page typically consists of multiple requests 

to the server, one for each object included in that page. The 

client establishes a connection to the server for each of these 

requests, and receives the response for this connection [1], 

although some optimizations are possible to reduce the 

number of connections.  

The most usual solution to improve the performance of a 

Web server is based on building a distributed architecture, 

where the Web service is offered from a set of nodes [2], 

acting as a logical single server and consequently giving a 

single server image. 

There are a variety of solutions allowing the construction of 

distributed Web servers [3]. Those solutions are based either 

on total replication of contents (all contents are replicated in 

every server nodes) or on the distribution of contents (contents 

are distributed so that each element is in a single server node). 

Between these two alternatives (total replication and total 

distribution), a third alternative can be found, namely partial 

replication, where a certain number of copies is performed for 

each element. This third alternative [4] [5] needs to determine 

a priori the number of copies required, which does not always 

respond to the real needs of the system or to the needs 

evolution over time. 

An evolution of this third alternative dynamically adapts the 

number of stored replicas according to actual needs and 

modifies this number when change is needed [6]. 

This paper presents a quantitative evaluation performed on 

a prototype that follows this model in which the access time 

and required storage space is quantified. 

The rest of this paper is structured as follows: Section II 

describes the architecture used in the distributed web server, 

Section III explains algorithms developed to allow dynamic 

replication, a prototype is presented in Section IV, results from 

evaluation are shown in Section V, finally conclusions are 

drawn in Section VI. 

II. A DYNAMIC PARTIAL REPLICATION ARCHITECTURE 

IMPLEMENTATION BY AGENTS 

The most widely distributed Web system architecture is 

based on clusters [1]. In this architecture (Fig. 1) a distribution 

node between clients and servers is used: the Web switch. The 

Web switch is receiving all requests to the visible IP address 

through a request distribution algorithm, and decides which 

server node should process which request [3] 

The use of an additional service network (Fig. 2) is a 

modification from the base architecture of a Web-based 

system cluster that can improve performance of adaptive 

allocation of contents, for the redistribution of those contents 

without affecting the main network of the cluster [7].  
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Fig. 1. Cluster Web based General Architecture 

 

 
Fig. 2. Cluster Web based General Architecture with an Additional Service 

Network 

Development through intelligent agents simplifies decision 

making for each component, as each agent behaves in an 

autonomous way and interacts with the rest of agents [8]. 

The needed implementation to develop a Web site with 

partial replication needs to perform activities in the Web 

switch as well as in server nodes. 

• The Web switch must contain all the necessary logic to 

allocate requests to servers (Request Distributor 

Agent), and to account them in order to modify the 

popularity and to determine whether the popularity 

change implies a change in replication (Replica Control 

Agent). This machine must also contain the module 

allowing the administrator to add or remove items 

(External Control Agent). The Web switch scheme is 

presented in Fig. 3. 

• The server node must include the required logic to 

obtain an item when the Web switch decides that there 

should be an additional replica on that node making a 

request to other server node (Content Control Agent), 

and the component performing requests resolution by 

accessing disk (Disk Access Agent). The server node 

scheme is presented in Fig. 4.  

 

 

 
 

Fig. 3. Agents in a Web switch 

 

Fig. 4. Agents in a Server Node 

To build the previous model, it is necessary to specify the 

algorithm used by each of the components, on the 

understanding that the receiver and transmitter modules only 

transfer requests reaching each system 

III. DYNAMIC REPLICATION ALGORITHMS  

Having established the architecture to be used, it is also 

necessary to explain the proposed dynamic replication 

algorithm, which will be placed in the above mentioned 

replica module. This algorithm tries to dynamically optimize 

the number of copies depending on the number of requests it 

receives to each file. Consequently, it will increase the number 

of replicas of those files which are in high demand to meet 

actual requests while it will reduce the number of copies of 

those files which are in low demand in order to free up storage 

space in nodes [9]. 

The dynamic replication faces three issues: number of 

copies for each file, choosing the nodes where the copies are 

stored, and when the algorithm is executed. 

 Number of copies: The algorithm assigns all files 

once, causing the free storage of nodes to decrease 

by a certain percentage. This percentage decreases 

the probability of files to be requested and, while 

this value is greater than 0, the system includes a 

copy of that file. This will give the total number of 

copies of file, so we compare this number with the 

number of copies already in the system and add or 

remove copies depending on whether the new 

number is higher or lower [10]. The algorithm for 

obtaining the number of copies is shown in 

Algorithm 1. 
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Algorithm 1: Obtaining the number of copies. 

 

 Storage node: When assigning copies of files to 

different nodes, it is important to note that nodes in 

the proposed system have a finite storage space and 

this aspect must be taken into account [11]. In 

addition, cloned nodes should be avoided as much 

as possible, and an appropriate algorithm should be 

used. A widely used solution addressing the same 

problem [7] is the backpack greedy algorithm with 

prior sorting of replicas by size. 

 Activation time: The system should consider to 

increase the number of replicas of a file when 

quality of service is compromised [6]. That is, when 

the response time of a file exceeds a preset time, the 

situation is called timing failure. The maximum 

response time for each file and the probability that 

the response time is met will be established by the 

administrator. The latter value is considered 

because it is admissible that a small percentage of 

timing failures does not compromise the quality of 

service and therefore while failures are below the 

threshold the number of copies will not be 

increased. When the request ratio that meets the 

established response time is below the established 

probability, the algorithm is activated to optimize 

the number of copies of the files. Moreover, every 

time a new file is added, the number of copies must 

be recomputed for all the files, using the probability 

given by the Pareto distribution for the new file. 

 

IV. MODEL BUILT 

To quickly create a model to perform the evaluation, we 

decided to build a simulation of the real situation. 

To build model we used the OMNeT ++ with the INET 

framework. This tool has already been used to create a large 

number of projects, such as developing a full suite of TCP/IP 

at the Karlsruhe University [12], a framework for computer 

architectures simulation [13], a file storage model for 

distributed systems [14], a simulation model for IEEE 

802.15.4 [15], or make a performance analysis of a handover 

level 2 in IPv6 mobile networks [16] among many others. 

Three VLANs are required for this model, the first routes 

the client requests to the Web Switch, the second links the 

Web Switch with the server nodes, and the third one is used as 

internal service network. A simplified diagram is shown in 

Fig. 5. 

 

 
Fig. 5. Model Architecture simplified to 8 clients 

Behavioral patterns of a web server based on experimental 

data were presented in several papers [17] [18]. In this paper, 

an adaptation of this model has been made to the case of a 

Web cluster. 

A Web site consists of a set of elements or resources, where 

each may be of a certain type (HTML page, image, video, file 

download, music, etc.). Set E (see Equation 1) can be defined 

as the set of all elements that make up the Web site. 

 

E = {e1, e2, . . . , eN} (1) 

Each element of set E can be a primary element or a 

secondary element. Thus, the E set can be expressed as the 

union of set Ep, primary elements, and set Es, secondary 

elements (see Equation 2). 
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(2) 

 

The number of secondary elements included per each 

primary element can be modeled by a Pareto distribution [19] 

(see Equation 3). 

𝑓(𝑥) =
𝛼𝑘𝛼

𝑥𝛼+1
𝑥 ≥ 𝑘 (3) 

A web page can be defined as a pair consisting of a primary 

element and a set of secondary elements, and this allows 

define the W set as all the site’s web pages (see Equation 4). 

 

wi = {ei
p
, ei1

s
, . . . , ein

s
} 

W = {w1, w2, . . . , Wm} 
(4) 

 

assign TRUE to insert 

while insert is equal to TRUE 

 assign FALSE to insert 

 for all i = 0 to FileNumber 

  if FileProbability i > 0 

   decrease size i of FreeSpace 

   increase CopyNumber 

   assign TRUE to insert 

 for all i = 0 to FileNumber 

  decrease (1-FreeSpace)/TotalSpace 

   of FileProbability i  
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The size of the elements is modeled [19] by a lognormal 

distribution (see Equation 5). 

 

𝑓(𝑥) =
1

𝑥√2𝜋𝜎2
𝑒

−
(ln 𝑥− 𝜇)2

2𝜎2  (5) 

 

Experimental studies have established values of α = 2.43 

and k = 1 to the number of secondary elements [19], as well as 

values μ = 9.537 and σ = 1.318 for size of primary elements 

and μ = 8.215 and σ = 1, 46 for the size of secondary elements 

[20] [21]. 

Activity of a client is determined by a sequence of sessions 

and downtime between sessions (Downtime) as show in Fig. 6. 

 

 
Fig. 6. Customer’s activity along the time 

Downtime can be modeled by a Pareto distribution [19]. 

Experimental studies [22] use values α = 1.4 and k = 20. 

During a session, a client visits a set of Web pages 

(Requests per session), starting with the entry page to the 

website. Before moving to the next page, it evaluates the 

contents of the current page for a given time (Inactivity time) 

as shown in Fig. 7. 

 

 
Fig. 7. Session activity 

The Requests per session can be modeled quite accurately 

by an inverse Gaussian distribution [23] (see Equation 6) with 

experimental values of μ = 3.86 and λ = 9.46 [20] [21]. 

 

𝑓(𝑥) = √ 𝜆

2𝜋𝑥3 𝑒
−

𝜆(𝑥−𝜇)2

2𝜇2𝑥  (6) 

Several studies have modeled the downtime by a Pareto 

distribution with experimental values k = 1 and α = 1.4 [20] 

[21]. 

After receiving the response to the primary element, the 

client scans the content (Scan time) before generating multiple 

request and multiple connections, up to the maximum 

indicated by the Degree of concurrency, one for each 

secondary file. 

The Scan time is modeled by a lognormal distribution with 

experimental results of μ = 360.4 and σ = 106.5 [18]. 

The Degree of concurrency has been modeled as a constant 

which sets the number of connections. 

In the server the different elements involved in an file 

access [23] are included to compute the access time to each of 

the stored files. The file requests arrive to the File Manager 

that passes it to the I/O Manager. 

The File Manager receives file requests to be read/write and 

queries the File Table. In this article was used a UNIX-like 

file system structure [24], with some simplifications that do 

not affect the access time. First the Index Node Table is 

looked up to obtain the disk blocks that must be accessed and 

if the file uses indexing blocks, Fig. 8, the system keeps the 

access order to know the addresses of blocks. 

 

 
Fig. 8. Index Node Table in UNIX 

A call to the I/O Manager is made for each block, which 

computes the physical address, scheduling disk accesses 

according to these addresses and computes access time based 

on the current position of the head and the physical parameters 

of each of the disks [24]. It is possible to set both the 

rotational speed, the speed of movement of the heads and the 

transfer rate. 

Most of the time used in the resolution of an HTTP request 

corresponds to the operation of disk access for the file 

associated with the request, which depends largely on the size 

of the file. 

V. EVALUATION RESULTS 

We compared different options for content distribution, in 

order to evaluate whether replica allocation policy affects 

performance. 

In all alternatives it has been simulated the behavior of 200 

clients making requests on a web cluster system for 7 days of 

simulated time. 

The alternatives evaluated were: 

TREP   Total Replication 

SPREP    Static Partial Replication 

DPREP  Dynamic Partial Replication  

Iteration over the servers for each of the files is used as 

requests allocation policy. First server that contains the file 

requested is selected both SPREP and DPREP. 

The first performance metric used is the HTTP Request 

Service Time, which corresponds to the time between the time 
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when the client sends a request for a file and the time when it 

receives the response. Table 1 shows the average results of the 

three alternatives when the number of servers is increased. 
 

TABLE I 

 SIMULATION RESULTS FOR THE AVERAGE SERVICE TIME OF A WEB SITE WHEN 

THE NUMBER OF SERVERS IS INCREASED 

Number of servers TREP SPREP DPREP 

4 servers 1,82601405 1,33961388 1,34021504 

5 servers 1,57350203 1,59601244 1,58789328 

6 servers 1,62635074 1,76683025 1,75924017 

7 servers 1,45933568 1,53470846 1,50389218 

8 servers 2,01486739 1,99620641 1,98940237 

9 servers 1,28018552 1,24920451 1,31952067 

10 servers 1,4591151 1,4672851 1,4619481 

 

To determine whether the difference in Average Service 

Time of a Web Site is significant, an analysis of variance test 

has been performed, with the results shown in Table 2. The 

test was performed for a value of α = 0, 05 
 

TABLE II  
VARIANCE TEST RESULTS FOR THE AVERAGE SERVICE TIME OF A WEB SITE 

WITH Α=0,05 

F 0,0110429 

F Critical Value 3,55455714 

Probability 0,98902453 

 

Fig. 9 shows graphically the above average values. It can be 

easily seen that the Average Service Times are similar. 

 

 
Fig. 9. Average Service Time of a Web Site 

Another metric  to evaluate the evolution of the storage 

space is the number of files stored in each server. The average 

results were shown in Table 3.  

 
TABLE III  

FILES' COPIES STORED IN EACH SERVER 

Number of servers TREP SPREP DPREP 

4 servers 10400 8361,00 8157,00 

5 servers 10400 7953,20 7684,60 

6 servers 10400 7681,33 6427,00 

7 servers 10400 7683,43 5818,90 

8 servers 10400 7683,52 5853,50 

9 servers 10400 7683,52 5859,85 

10 servers 10400 7614,88 5876,13 

 

If we consider the distribution of files is the same for 

primary and secondary files, and according to several studies 

[20] [21] it is possible to calculate the number of secondary 

files associated to a primary as it follows a Pareto distribution 

with α = 2, 43 k = 1, (see Equation 7). 

 

𝐸(𝑋) =
α k

α−1
=  1,6993 (7) 

 

We can deduce that the function that determines the number 

of primary and secondary files based on the total number of 

files stored on a server is given by the expressions in Equation 

8. 

 

𝑝𝑟𝑖𝑚𝑎𝑟𝑖𝑒𝑠 (𝑛) =  
𝑛

2,69
       𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑖𝑒𝑠(𝑛) =

1,69 𝑛

2,69
  (8) 

And since the distribution following the primary and 

secondary files [17] is known [18], we can compute the 

average of these values (see Equation 9). 

 

𝐸𝑝𝑟𝑖𝑚(𝑋) = 𝑒7,63+
1,0012

2

= 3398,1977  (9) 

𝐸𝑠𝑒𝑐𝑜𝑛(𝑋) = 𝑒8,215+
1,462

2

= 10730,0125 
 

Using the number of files expressed in Table 3 we can 

compute the average storage required in each server, as show 

in Table 4. 

 
TABLE IV 

AVERAGE STORAGE NEEDED IN EACH SERVER 

Number of servers TREP SPREP DPREP 

4 servers 79,39 GB 63,82 GB 62,27 GB 

5 servers 79,39 GB 60,71 GB 58,66 GB 

6 servers 79,39 GB 58,63 GB 49,06 GB 

7 servers 79,39 GB 58,65 GB 44,42 GB 

8 servers 79,39 GB 58,65 GB 44,68 GB 

9 servers 79,39 GB 58,65 GB 44,73 GB 

10 servers 79,39 GB 58,13 GB 44,85 GB 

 

Fig. 10 shows graphically the average storage needed in 

each server in the different evaluations performed. 

 

 
Fig. 10. Average Storage needed in each server 

If we also consider the number of servers in each of the 

simulations, it is possible to compute the average total number 

of files stored in the Web site, as shown in Table 5. 
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TABLE V 

AVERAGE TOTAL NUMBER OF FILES IN THE WEB SITE 

Number of servers TREP SPREP DPREP 

4 servers 41600 33444 32628 

5 servers 52000 39766 38423 

6 servers 62400 46088 38562 

7 servers 72800 53784 40732 

8 servers 83200 61468 46828 

9 servers 93600 69152 52739 

10 servers 104000 76149 58761 

 

Allowing us to establish the percentage of space needed in 

the different solutions versus TREP, as shown in Table 6. 

 
TABLE VI 

 USAGE RATE VERSUS TREP 

Number of servers TREP SPREP DPREP 

4 servers 100% 80,39 % 78,43 % 

5 servers 100% 76,47 % 73,89 % 

6 servers 100% 73,86 % 61,80 % 

7 servers 100% 73,88 % 55,95 % 

8 servers 100% 73,88 % 56,28 % 

9 servers 100% 73,88 % 56,34 % 

10 servers 100% 73,22 % 56,50 % 

 

These rates are graphically shown in Figure 11. 

 

 
Fig. 11. Usage Rate versus TREP 

VI. CONCLUSIONS 

This paper presented a web cluster architecture allowing 

partial replication of website contents with dynamic adaptation 

of the number of replicas. 

A prototype was developed to test the architecture. The 

proposed structure is intended to provide fault tolerance, 

simplicity and distribution taking advantage of the use of an 

agent architecture. 

The results of this prototype are presented in this article, 

evaluating both performance and storage capacity. 

We have seen no evidence to reject the hypothesis that the 

Request Service Time does not depend on content allocation 

policy. Even if we admit that there are differences, they never 

exceed 0.03%. 

It has been shown that the necessary storage volume is 

much greater in the case of full replication that in the other 

cases. Dynamic partial replication is placed at the other 

extreme, and storage capacity required is the least of all 

strategies studied. 
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