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Abstract 

In cloud storage systems, data replication is widely used to 

ensure the availability of data and to reduce the space and cost 

of storage.  In Hadoop, the file systems are managed by 

Hadoop Distributed File System (HDFS), which manages 

storage resources with its default set up, which has several 

architectural and implementation bottlenecks.  This will affect 

the overall performance of the system. In this paper, we have 

proposed an efficient data replication strategy which 

dynamically replicates data based on its access popularity. 

This strategy classifies the data to hot, warm and cold by 

considering the access pattern of the data and dynamically 

manages the replication of each category. The replication 

factor of hot and warm data is maintained according to its 

availability requirement and a minimum replica is set for the 

cold data and erasure coding is applied on it. We implemented 

the proposed strategy in HDFS and the experimental results 

shows that proposed method is efficient and cost effective and 

outperforms the default replication management of HDFS. 

Keywords: Cloud storage systems, data management, 

Hadoop Distributed File System, dynamic data replication, 

temporal locality, erasure coding. 

 

INTRODUCTION 

In cloud computing, cloud storage is an evolving and 

compelling technology due to the increasing data availability 

in large scale, mostly in an unstructured format. Since cloud 

storage is service based, the hardware needs to be minimized, 

therefore, an efficient storage system in a distributed and 

virtualized environment, helps to achieve better performance 

and cost effectiveness [1]. In cloud storage systems, files are 

split into multiple blocks and stored in different data nodes 

across the distributed network. Unreliable network 

connectivity, erratic node failure and limited bandwidth will 

create challenges in efficient data sharing. In cloud storage 

system, the availability of data is crucial, and a data node 

which stores a block of file fails, it affects the entire file. 

Data replication is a commonly used strategy to ensure 

availability of data in large-scale cloud storage systems. If 

multiple copies of data blocks are stored in different data 

nodes, then the chance of at least one copy of being accessible 

increases. The availability of data and the service is not 

disrupted even if a data node fails. Though replication of data 

increases the availability and reduces the execution time, 

storing large number of replica results in high storage cost. 

In real-life application, the access pattern of the files stored in 

the cloud storage is different. Some files are frequently 

accessed while some others stay idle for a long time. A 

valuable amount of storage space is unnecessarily consumed, 

if more replicas are maintained for these idle files also. But 

reducing the replica number of these files increases the chance 

of data loss and data unavailability. Hence a data replication 

strategy which dynamically manages the replica creation 

based on the access pattern of the data is to be implemented 

without affecting the availability constraint of data. 

The proposed strategy is based on the idea of temporal 

locality [2-3], which states that according to the current access 

pattern of data it is possible that a more recently accessed data 

will be accessed in the near future as well. A popular data is 

identified by analyzing the data access histories in the system 

and sets different weights for data based on its popularity 

degree. The replication operation will be activated when the 

popularity of data exceeds a dynamically calculated threshold 

value. Our proposed strategy is implemented in Hadoop 

Distributed File System (HDFS) [4] which is the best known 

platform for the storage of big data. In this strategy, the data 

files are classified into hot, warm and cold based on its 

popularity in the Hadoop cluster. The replication factor for 

each category of data is set based on its popularity degree, 

access weight, current replication factor and the calculated 

threshold. The experiment result shows that the proposed 

replication strategy reduces the storage space utilization and 

cost of data storage significantly without affecting the 

availability constraint of data.  

The paper is further organized as follows. Section II discusses 

some of the existing dynamic data replication strategies and in 

section III, presents the background theory. Section IV 

presents the detailed information about the proposed system 

with its architecture and algorithm. In section V, the 

implementation details and evaluation results are discussed, 

showing the storage efficiency of our proposed algorithm. The 

section VI concluded with the scope for future work. 

 

RELATED WORKS 

There have been a number of research works in recent years 

which focus on the issues of data replication in cloud 
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computing systems. The replication strategies adopted was 

either static or dynamic which can be further classified as 

distributed or centralized. 

Google File System (GFS) [5] implements a static distributed 

data replication algorithm for Google Cloud. In this the 

replicas in multiple chunk servers are dynamically 

maintained. The replicas of a chunk are spread across racks 

and a data chunk is dynamically replicated when the number 

of replicas falls below the limit specified by the user. HDFS 

[4] follows a static distributed data replication method where 

the block size and replication factor can be configurable per 

file. 

In [6], a cost-effective dynamic distributed replication strategy 

for the cloud storage systems is proposed which is referred as 

CDRM. The CDRM is implemented in HDFS platform where 

the replicas of the popular files are placed in suitable nodes 

based on the blocking probability and capacity of the nodes. 

This method considers the relationship between availability 

and replica number but fails to consider the availability of 

non-popular files. In [7], an off-line system for mapreduce 

clusters called Scarlet was implemented which replicates 

popular files using prediction method based on the historical 

usage. They used the concept of aging for replicas to give 

space for new replica and it may cause the loss of files. In [8], 

an adaptive data replication strategy called DARE is presented 

which replicates the data files dynamically based on the 

concept of probabilistic sampling and competitive aging 

algorithm. The replication decision is based on probability and 

does not consider the trends in data utilization. In [9] a 

predictive data replication strategy is formulated which 

proactively create and delete replicas based on the file heat 

predictions. New replicas are created for the hot files and the 

replica of cold file gets deleted. This method fails to consider 

the management of cold data efficiently and the directory 

structure is an important factor in the anticipation for file 

accesses.  

In [10], a novel cost-effective dynamic data replication 

strategy (CIR) is implemented for achieving reliability in 

cloud data centers. An incremental replication method is 

designed which determines the replica creation time point that 

predict when an additional replica is needed that guarantee the 

reliability requirement. The result of the evaluation shows that 

this strategy significantly reduced the number of replicas 

while achieving the reliability requirement. But they did not 

consider the issue of the trade-offs between cost and 

performance. In [11], a dynamic data replication strategy is 

proposed for the cloud environment. They analysed the 

relationship between the system availability and the number 

of replicas needed and calculate the replicas needed to meet a 

reasonable system byte effective rate requirement. The replica 

operation is triggered when the popularity of the data passes a 

dynamic threshold and the new replicas are placed among the 

data nodes in a balanced way. In [12], an adaptive replication 

strategy (ARS) for cloud environment is presented. The 

popularity degree of  files are calculated based on the recent 

history of data access using  Holt’s Linear and Exponential 

Smoothing (HLES).When the popularity of the file is less than 

a particular threshold the replication for the file is triggered. 

This method considers only the popular files and fails to 

handle the non-popular files effectively. 

In [13], elastic replica management system (ERMS) is 

implemented which uses an active-standby model for the 

storage of data in HDFS. The replica for data is created based 

on the classification of data as hot or cold using the complex 

event processing engine. Erasure coding is applied to un-

popular data to save the storage space. In [14], an adaptive 

replication management (ARM) in HDFS based on supervised 

learning is presented. The data files are replicated based on 

the predictive analysis. Using the probability theory, the 

popularity of each file is predicted and the high potential files 

are replicated. Erasure coding is applied to low potential files 

to ensure reliability. In [15], a dynamic replication strategy 

(DRS) based on improved Markov Model for HDFS is 

proposed. In this method a transition probability matrix is 

constructed based on the accessing of files over time and 

calculates the stationary probability distribution of the system. 

Data is classified into hot or cold based on the result obtained. 

Extra replica is created for hot data and replica of cold data is 

deleted. This method is not considering the effective 

management of cold data resulting in a probability of data 

loss. In [16], a dynamic data replication strategy for HDFS 

using Reed-Solomon erasure coding is presented. Each file is 

categorized as hot data or cold data based on its access 

popularity in the system. The replication factor of hot data is 

increased and replication factor of cold data is reduced to one. 

Erasure coding is applied to cold data storage in order to 

prevent data loss. 

 

BACKGROUND THEORY 

Data Replication 

Efficient data management in a cloud storage system is 

complicated due to node failures, unreliable network 

connectivity and limited bandwidth. Some data intensive 

applications such as scientific applications require data to be 

available when it is needed. The probability of data node 

failures is high in a cloud storage system and improving data 

availability is a challenging task. Data replication is an 

important technique used in distributed systems for providing 

availability and reliability of data. In cloud computing, data 

replication is used for reducing user waiting time, increasing 

data availability and minimizing cloud system bandwidth 

consumption by offering the user different replicas with a 

coherent state of the same service [17]. If one data node fails, 

a replica of the data will be available on a different node in 

order to process the request, thereby giving uninterrupted 

service. Placing more replicas of data in remote locations 

helps in achieving availability and fault tolerance. 

Data replication falls into two categories namely static 

replication [18, 4, 19] and dynamic replication. In a static data 

replication model, the number of replicas to be created and the 

node to place the replica is decided statically at the time of 
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cloud system setup. On the other hand, dynamic data 

replication can adapt changes according to user requests and 

storage capability. It can automatically create and deletes 

replica according to changing environment.  

The creation of data replica should be dynamic rather than 

static. All the data in the cloud data centers will not follow a 

common access pattern. Some data will be popular and some 

are not. We need to create more replicas only for the popular 

files. So we need to adapt a dynamic replication policy where 

more replicas will be created for the popular data as well as to 

reduce replica for the non-popular data. While dynamically 

creating replica for achieving availability we need to address 

the following problems. 1) Which data is to be replicated and 

when to replicate in the cloud system? 2) Where to place the 

new replica? 3) Which replica is needed to be deleted for non-

popular files? 

 

Hadoop Distributed File System (HDFS) 

The proposed strategy is implemented in Hadoop Distributed 

File System (HDFS) which is the best known platform for big 

data storage. HDFS is an essential component of Apache 

Hadoop which provides a reliable and fault tolerant 

mechanism for data storage. An HDFS cluster follows a 

master-slave architecture consisting of a single Name Node 

and a number of Data Nodes. The NameNode acts as the 

master server which keeps the meta-data, manages the file 

system namespace and regulates the clients’ file access. The 

Data Nodes act as slave nodes which stores the actual data. A 

file is split into a number of data blocks and stored in a set of 

data-nodes based on a random placement policy. The 

NameNode determines the mapping of blocks to DataNodes 

and also performs the operations like opening, closing and 

renaming files and directories. The DataNodes are responsible 

for the block creation, deletion and replication based on the 

instructions from the NameNode. It follows a rack-aware 

replication policy and has a default replication factor of three 

for each data block stored in it. HDFS manages the placement 

of these replicas in such a way that two blocks are stored in 

the same rack and one in a separate rack. By following this 

method HDFS ensures the availability of a block even if a 

node fails or even if an entire rack goes down. Although 

HDFS ensures reliability, scalability and high availability, it’s 

static and default approach in data replication requires large 

amount of storage space. Also the data stored in HDFS are 

replicated without considering the popularity of the data. In 

the real environment, not all data follow the same access 

pattern. Some files will be accessed frequently while some 

data stay idle for a long period of time. If replica for these idle 

files will be reduced more storage space can be allotted for the 

frequently accessing data.  

 

Erasure Coding 

Reducing the number of replica of the idle or less frequently 

accessed data in a cloud storage system may result in data loss 

or data unavailability. So there is a need for implementing a 

replication strategy which will not affect the data availability 

and fault tolerance while reducing the replica of under-utilized 

data. For achieving the same, erasure coding is incorporated 

with the proposed data replication strategy. It is a method of 

data protection in which data is broken into fragments, 

expanded and encoded with redundant data pieces and stored 

across a set of different locations on storage media [20]. The 

goal of erasure coding is to reconstruct the corrupted data 

using the information of the data that is stored elsewhere in 

the storage. In the proposed work, the Reed-Solomon erasure 

coding is applied for non-popular data items to minimize the 

data storage overhead without compromising the availability 

constraint. Reed-Solomon (RS) erasure coding uses a 

configuration of (10, 4) which splits the file into 10 blocks 

consisting of 6 data blocks and 4 parity blocks. By using this 

configuration it can survive during 4 block failures and create 

only 40 percent overhead for the storage. 

 

WEIGHTED DYNAMIC DATA REPLICATION 

The proposed weighted dynamic replication strategy is based 

on the concept of temporal locality. The access pattern of each 

data is monitored periodically and a weighted value is 

assigned to each data item based on the number of unique 

nodes accessing that data. Then the popularity of each data is 

calculated periodically based on its access value, current 

replication factor, number of nodes accessing the data and 

weight of the data. When the popularity index of the data 

passes a dynamically calculated threshold value, the 

replication operation is triggered. 

 

System Architecture 

The proposed replication strategy is implemented in HDFS 

cluster and the architecture of the system is illustrated in 

Fig.1. The system consists of a NameNode, a Replica 

Management System and a number of data nodes. The replica 

management system is responsible for determining the 

popular and non-popular file and increasing or decreasing the 

replication factor based on its popularity degree. It 

periodically assess the HDFS Logging System to retrieve the 

information like number of files accessed, the nodes which 

accessed them, the frequency of access for each file etc. A 

weight is given for each file based on the number of nodes 

accessed it. Then the popularity degree of each file is 

calculated and the file is classified as hot, warm or cold. 

Replication operation for the data is triggered when the 

popularity degree passes a calculated threshold value.  
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Figure 1: Architecture of the proposed system. 

 

Replication Strategy 

The log file from the HDFS NameNode is analyzed 

periodically to retrieve the information like the details of the 

files accessed, the number of access request to each file, the 

number of nodes accessing a file. Each file is given a weight 

based on the detail of the number of nodes accessed the file. A 

4-point weightage scheme is used for this purpose.  

 

Let F= {f1, f2,...,fi} is the set of data files stored in the HDFS 

cluster, DN={dn1,dn2,…,dni} be the n active data nodes in the 

cluster then the weight wi for each file fi during a time interval 

t can be calculated as follows: If more than ¾ of the nodes are 

accessing the file fi then the weight wi is set as 4, if ½ of the 

nodes are accessing fi then wi is set as 3, if ¼ of the nodes are 

accessing the fi then wi is set as 2 and less than ¼ of the nodes 

are accessing fi or there is no access to fi then wi is set as 1.  

 

Then the Popularity Degree (PDi) of a file fi is calculated for a 

time interval t as follows: 

 

PDi = ( aci * dnci * wi ) / rfi 

 

where, aci is the number of access request received for a file fi, 

dnci is the number of nodes accessed fi and rfi represents the 

current replication factor of fi in HDFS.  

 

After calculating the popularity degree of each file, a 

threshold value, T, is obtained using the following calculation: 

 

 
 

 

where,     is the mean of the popularity degrees 

and DNcount is the total number of active data nodes. 

 

The threshold value T, the weight of the file wi and the 

popularity degree PDi are used for classifying the files to hot, 

warm or cold. The files with weight 4 or 3 and the popularity 

degree greater than or equal to T is classified as hot data, the 

files with weight 2 or 1 and the popularity degree greater than 

or equal to T is classified as warm data and the files with 

popularity degree less than T is classified as cold data. A 

replication factor of 3, 2, and 1 is set for hot, warm and cold 

data respectively. 

 

The minimum replication factor for all files will always be 

maintained as 1. The access rate of the files classified as cold 

will have low popularity compared with the other files. The 

replication factor for these files is set to 1 to free the space 
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allocated to it. Maintaining only one replica for these files 

make it vulnerable for data loss or unavailability. In order to 

lessen the risk of unavailability erasure coding is applied to 

cold data. In this work we used the Reed-Solomon (10,4)  

erasure coding which divides a file into 10 equally sized 

blocks with 6 data blocks and 4 parity blocks. The erasure 

coded data using the (10,4) configuration can survive during 4 

block failures and increases the probability of data 

availability. The above process is iterative and depending on 

the popularity of data over time, a data file will change its 

status as hot, warm or cold. 

 

The detailed algorithm of the proposed replication strategy is 

given in Fig.2 and the notations used in the algorithm are 

given in Table 1. 

 

Table 1: Notations used in the proposed algorithm 

 

Notation Description 

fi Accessed file 

log The input log file 

aci Access count of file Fi 

DNcount Total number of data nodes 

dnci Number of nodes accessed fi 

wi Weight of file fi 

rfi Replication factor of fi 

PDi Popularity Degree of fi 

N Total number of files 

T Threshold 

HD Set of hot data 

WD Set of Warm data 

CD Set of cold data 

 

 

Proposed Weighted Dynamic Data Replication 

Algorithm 

 

Input: HDFS log 

 

Begin 

1. Set time interval 

 

2. For each time interval 

     {   

i. read logfile 

ii. for each file fi 

         {   

a. Find aci, dnci, rfi 

 

b. Calculate the weight wi for each file  

 

             If dnci >= DNcount* ¾ , then wi = 4, 

     Elseif dnci >= DNcount* ½ , then wi = 3, 

                       Elseif dnci >= DNcount* ¼ , then wi = 2, 

                       Else wi = 1 

 

c. Calculate popularity index(PIi) of each file  

                          PDi = (aci * dnci * wi) / rfi  

           } 

 

iii. Calculate the threshold, 

 

                      
 

iv. For each file fi 

 Compare threshold T and wi 

                    If  (PDi >= T && wi =3 or 4) 

                        HD  fi 

                    Else if (PDi >= T && wi =1 or 2) 

                             WD  fi 

                    Elseif  (PDi < T) 

                             CD  fi 

 

v. For each fi in HD 

              Set rfi to 3 

 

vi. For each fi in WD 

             Set rfi to 2 

 

vii. For each fi in CD 

            Set rfi to1 

            Encode fi using Reed-Solomon erasure code  

 

 }end for 

End  

 

 

Figure 2: Weighted Dynamic Data Replication Algorithm 

 

 
IMPLEMENTATION AND PERFORMANCE EVALUATION 

Experimental Setup 

Our test platform is built on a Hadoop cluster with one 

NameNode and 10 DataNodes. Each node has an Intel Core 

CPU of 3.3 GHz, 8 GB RAM and 500 GB SATA HDD. The 

operating system used is Ubuntu 14.04 LTS. The Hadoop 

version is 2.7.2 and the java version is JDK 8.0. Different 

types of files including text, audio, and video with size 

ranging from 500 MB to 2 GB are taken for the evaluation 

purpose. The files stored in HDFS are divided into different 

blocks of size 128 MB. Initial replication factor for all files 

are set to three, which is the default replication count in 

HDFS. Replica of blocks of the same data file is placed in 

different nodes based on HDFS’s rack-aware placement 

policy. The files in the cluster are randomly accessed from 

different nodes at different time intervals. The HDFS log file 

is analyzed periodically and in the specified time interval the 

replication algorithm is executed.  
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Evaluation Criteria 

 

To evaluate the performance of the proposed replication 

strategy, replication frequency storage space utilization and 

average response time are taken into account.  

 

Replication frequency is calculated as the number of 

replications occurs based on data access per each time 

interval. The frequency of replication creation should be 

limited to reduce network and server load.  

 

The storage space used in each time interval is measured and 

the mean of the storage space utilization (SPU) is calculated 

using the following equation: 

 

 
 

where, SCt is the space consumed in a specific time interval. 

The lesser value indicates the consumption of less storage 

space. 

 

The response time for a data file is the amount of time from 

when a data access request was submitted until the first 

response is produced. The average response time is calculated 

as the mean value of the response time for all data access 

requests which is obtained by the given equation: 

 

 
 

where,  arj(st) and arj(rt) are the submission time and return 

time of access request for data file j respectively. 

 

Performance Evaluation 

 

The files are ranked per time interval based on their popularity 

in the system which is calculated using the number of nodes 

accessed the file. Fig.3 depicts the weightage distribution for 

files which shows that some files are more popular than 

others. 

 

 
 

Figure 3: Weightage distribution of files 

The performance of the proposed Weighted Dynamic 

Replication Management (WDRM) algorithm is compared 

with Hadoop Default Replication Management (HDRM), 

ERMS [13], ARM [14], and DRM [16]. All the evaluation 

parameters are calculated for the five strategies using the same 

test data and access pattern.  

 

Fig.4 shows the replication frequency comparison of the five 

strategies in consideration. The result shows that the proposed 

algorithm adapts to the change in environment and maintains 

a minimum number of replications without affecting the 

availability of data in the system. 

 

 

 
 

Figure 4:  Replication frequency comparison 

 

Fig.5 shows the comparison of storage space utilization by the 

five strategies in each time interval. Fig.6 shows the mean 

percentage of storage utilization for all strategies.  

 

 
 

Figure 5: Comparison of storage space utilization in each 

time interval 
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Figure 6: Comparison of Storage Space Utilization (%) 

 

 

The evaluation and comparison result on storage utilization 

shows that the proposed weighted dynamic replication 

strategy significantly reduces the storage space utilization 

without affecting data availability constraint. The storage cost 

is proportional to the amount of storage used. When storage 

space utilized is reduced we can reduce the cost significantly. 

Hence the proposed strategy significantly reduces the storage 

cost by consuming less storage space compared with other 

replication strategies. 

Fig.7 shows the average response time for four dynamic 

replication strategies. When the number of access increases 

the response time also increases dramatically. The proposed 

strategy reduces the response time by maintaining sufficient 

number of replicas for frequently accessing files. 

 

 

Figure 7: Average response time based on different access 

rates 

 

 

CONCLUSION 

A dynamic data replication strategy is proposed that to 

consider the access popularity and pattern of data, before 

creating or deleting replicas of the data.  In this work, storage 

efficient weighted dynamic data replication strategy is 

implemented which can dynamically adapt to changes in data 

popularity. The storage space in the HDFS cluster is 

intelligently managed by creating suitable replicas for 

different classification of data namely hot, warm and cold. 

The application of this strategy results in substantial storage-

cost savings in hardware expenditure. In the current work, the 

replication factor for the files is set manually. Also HDFS 

random placement policy is used for the data placement. In 

future work, a dynamic replication factor calculation based on 

the changing environment and the placement of data 

dynamically based on the node and space availability will be 

considered. 
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