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{yhassanzadeh13, akupcu, oozkasap}@ku.edu.tr

Abstract—Skip Graph, a member of the distributed hash table
(DHT) family, has several benefits as an underlying structure in
peer-to-peer (P2P) storage systems. In such systems, replication
plays a key role on the system’s performance. The traditional
decentralized replication algorithms do not consider the locations
of Skip Graph nodes in the network. Negligence of node locations
in the placement of the replicas results in high access delays
between the nodes and their closest replicas. This negatively
affects the performance of the whole storage system. In this paper,
with the aim of making Skip Graph’s replication locality aware,
we propose dynamic fully decentralized LARAS approach, where
the data owner can replicate itself based on the system size,
possible data requester nodes’ set and using local information
of the storage system. Our extensive performance results show
that LARAS improves replication access delay of the Skip Graph
based storage system about 20% and 39% in comparison to the
best known decentralized counterpart in the public and private
replication scenarios, respectively.

I. INTRODUCTION

Skip Graph is a member of the DHT-based distributed data
structures [1]. The ability of performing concurrent search
operations, scalability and fast searching, make the Skip Graph
a suitable underlying infrastructure for the P2P storage appli-
cations [2–4]. The Skip Graph, can also be considered as an
alternative for the other members of the DHT-based distributed
data structures family in their storage applications [5], [6].

A P2P storage system consists of a group of nodes. In
such systems, each node can be both a data owner and a data
requester. The data owner, owns some data items and wants
to share them with a specific sub-group of the data requester
nodes. Each member of this sub-group may query any of those
data items at any time. To reduce the query load of the data
owner, provide data availability in the event of the data owner
failure and data recovery, the data owner can replicate its data
items on some nodes named replicas. The data requester nodes
would then be divided into smaller groups. Each group is
assigned to a certain replica. All data requesters in a certain
group would then query their corresponding replica instead of
querying the data owner.

Traditional decentralized replication algorithms aim at im-
proving performance of P2P storage systems by reducing the
response time of the data requester nodes’ queries. Random-
ized replication [7], replication on the neighbors [8–10] and
replication on the paths between the data owner and some
data requester nodes [8], [11], [12] are the most common

decentralized replication strategies for P2P storage systems.
These algorithms employ randomness in their decisions, which
prevents them to purely consider the locations of data requester
nodes in the replica placement procedure. Hence, this would
increase the access delay between data requester nodes and
their replicas and leads P2P storage system to be inefficient in
terms of query processing and response time.

We propose a locality aware replication strategy that ad-
dresses the data requester nodes’ access delay problems for
the Skip Graph based storage systems using a landmark based
identifier assignment method like DPAD [13]. The locality
aware replication is defined as clustering the data requester
nodes based on their location into subgroups and assigning a
replica to each subgroup such that the sum of latencies between
each data requester node and its replica will be minimum.

Since Skip Graph can be used as DHT alternative in the
DHT based storage applications, by employing a locality aware
replication strategy on the Skip Graph nodes, any storage
application using DHT as its underlying infrastructure would
also benefit from this approach.

Contributions of this study are as follows:
• We propose LARAS: the first dynamic fully decen-

tralized locality aware replication algorithm for the
Skip Graph nodes that use landmark based name id
assignment strategy.

• As part of LARAS, we propose the search by name
id algorithm for the Skip Graph nodes which can also
be used to support different P2P storage mechanisms in
addition to replication.

• We extended the Skip Graph simulator, SkipSim [14],
for simulating the replication strategies and evaluating
their performances.

• We simulated the best known decentralized replica-
tion algorithms on SkipSim and compared them with
LARAS.

• The simulation results showed that LARAS improves the
access delay of public and private replication scenarios
with the gains of about 20% and 39%, respectively.

In the rest of this paper, we describe the structure of the
Skip Graph, our proposed search by name id algorithm and
the landmark based name id assignment of the Skip Graph’s
nodes in Section II. In Section III, we present our LARAS
approach. The related works and simulation setup are described
in Sections IV and V, respectively. The simulations’ results are
presented in Section VI, followed by conclusions in Section
VII.
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II. SKIP GRAPH

A. Structure
Skip Graph [1] is the decentralized version of Skip List data

structure [15]. Unlike Skip List, Skip Graph is not vulnerable
to the single point of failure and advent of the hot spots [16]
due to the heavy traffic load on certain nodes. Having N
nodes in the system, Skip Graph can store data as a node
and retrieve the address of the node that holds a certain data
item in O(logN) time. In the P2P scenario, each node of the
Skip Graph represents a peer in the real world.

Figure 1 shows an example of Skip Graph with 7 nodes
and 3 levels. In general, a Skip Graph with N nodes has
exactly dlogNe levels, and each node has exactly one element
in each level. Similar to Skip List, each Skip Graph node has
a numerical id. In addition to its numerical id, a Skip Graph
node also has a name id which is a binary string of length at
least dlogNe.

In the level zero, all elements are sorted based on their
numerical id in non-decreasing order in a double linked list
[17]. In the ith level, there exist exactly 2i double linked lists.
Each of the nodes has exactly one element in exactly one of
the lists in each level.

The nodes located in the same double linked list in the ith
level have at least i bits common prefix in their name ids.
For instance, in Figure 1, nodes with numerical ids 12, 39
and 55 are located in the same list in the level 1. Since their
name ids (000, 001, 011 respectively) have one bit prefix in
common. The same situation happens for the case of the nodes
with the numerical ids 28 and 93. Since they have two bits
common prefix in their name ids (100, 101 respectively), they
are located in the same lists in both levels 1 and 2.

B. Search By Name ID
As part of LARAS, we propose search by name id algorithm

for the Skip Graph nodes. Thus far, Skip Graph nodes were
only able to search other nodes by their numerical ids [1]. In
our approach, the data owner announces its replicas with their
name ids. In order to find the address of the replicas, each data
requester node needs to search by name id with the name id
of its replica. Also, LARAS uses this search operation to map
the replicas from its smaller size workspace to the real world
system.

1) Algorithm Overview: The search by name id algorithm
receives a target name id as a binary string, searches for it
through the Skip Graph and returns the address of the node
holding that name id. If the node who holds the target name id
does not exist in the Skip Graph, the search algorithm returns
the address of one of the nodes holding the most similar name
id to the search target. The name ids similarity is defined by
the common prefix length of them. The longer common prefix
two nodes have in their name ids, their name ids are more
similar to each other.

The search by name id is a distributed recursive algorithm
where each recursion continues on a separate node. The basic
idea of the algorithm is to find the node with the name id that
has the longer common prefix with the search target than the
current level number of the search. The algorithm then jumps

to the corresponding level and continues the search in that
level in the same manner recursively. The search is started by
the node who initiates the search from a certain level. That
certain level number corresponds to the common prefix length
in the name ids of the search initiator and the search target.
The search is terminated when either the search target has
been found or when in a certain level no node is found with
common prefix with the target name id greater than that level
number.

As an example, in Figure 1, there is no node with the name
id of 010. The most similar name id to 010 in the Skip Graph
is 011. This is the name id of the node holding the numerical id
55. The 011 and 010 name ids have two bits prefix in common.
Both of their name ids start with 01 prefix. If the node with
the numerical id 55 and name id 011 does not exist in the
Skip Graph, the most similar name ids to the target name id
010 are 000 and 001. These name ids both have only one bit
prefix in common with the target name id.

Algorithm II.1: Search By Name ID
Input: pointer Left, pointer Right, String searchTarget,

int Level
Output: pointer Result

1 pointer Buffer = Null;
2 while commonBits(searchTarget, Right) <= Level AND

commonBits(searchTarget, Left) <= Level do
3 if Left.nameID == searchTarget then
4 return Left;
5 if Right.nameID == searchTarget then
6 return Right;
7 if Left 6= NULL then
8 Buffer = Left;
9 Left = Left.lookup[Level][L];

10 if Right 6= NULL then
11 Buffer = Right;
12 Right = Right.lookup[Level][R];
13 if commonBits(searchTarget, Right) > Level then
14 Level = commonBits(Right, searchTarget);
15 Left = Right.lookup[Level][L];
16 Right = Right.lookup[Level][R];
17 SearchByNameID(Left, Right, searchTarget,

Level);
18 else if commonBits(searchTarget, Left) > Level then
19 Level = commonBits(Left, searchTarget);
20 Left = Left.lookup[Level][L];
21 Right = Left.lookup[Level][R];
22 SearchByNameID(Left, Right, searchTarget,

Level);
23 if Left == NULL AND Right == NULL then
24 return Buffer;

Similar to the search by numerical id [1], the search by name
id can be initiated and performed by any node of the Skip
Graph. Furthermore, an external node that does not belong to
the Skip Graph can initiate this search via an internal node of
the Skip Graph.
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2) Algorithm Description:
a) Inputs and Output: Algorithm II.1 shows the search by

name id procedure that receives two pointers Left and Right,
the search target name id as a binary string (searchTarget)
and the current level number (Level). It returns the address
of the node who holds the target name id as the Result
pointer. We assume that each Skip Graph node has a lookup
table [18] in the form of a two dimensional array defined as
lookup[levels][2], where levels is the number of Skip Graph’s
levels that is equal to dlogNe in a Skip Graph with N nodes.
For a certain node, lookup[i][R] and lookup[i][L] return the
right and left neighbors of the node in the ith level of the Skip
Graph, respectively.

Assume that the node α wants to perform a search for
the target name id. Then, it initiates the search by calling
the SearchByNameID(α.lookup[cpl][L], α.lookup[cpl][R],
target, levels), where cpl is equal to the common prefix
length in the name ids of the search initiator and the search
target.

b) Searching in a list (Lines 2-12): In the Algorithm II.1,
in a certain level, while neither the search target has been found
nor a node who holds common prefix length with the search
target greater than the number of that level, the search will
be continued by the Left and Right pointers in the left and
right directions in that level concurrently. When each of the
Left or Right pointers reach the left or right end of the list in
a certain level, respectively, their values become NULL and
they can not go any further.

c) Jumping to the upper level (Lines 13-22): While the
Right and Left pointers traverse a list in a certain level, if they
find a node that has greater common prefix in its name id with
the target name id than the current level number, the search in
that level is terminated. The algorithm then jumps to the level
that corresponds to the length of the common prefix in the
name ids of that node and the search target, sets the pointers
to their new values and continues the search recursively.

d) Returning one of the most similar name ids (Lines 23-
24): There may be a case when both Right and Left pointers
reach to the right and left end of a list in a certain level. In
such case, there is not a more similar name id to the search
target in the Skip Graph. After a jump to the upper level, all
the nodes in the new level have the most similar name ids to
the search target up to that point of the algorithm execution.
Reaching both ends of the list in a certain level means that
there is no node with a better similarity to the search target.
In this situation, the most similar existing name ids to the
search target are the ones in the current level. All of the nodes
in the current level have the common prefix in their name ids
with the search target equal to the number of the current level.
To return the most similar name id as the result of the search,
it is enough to select one of the nodes in the current level. The
algorithm performs this task by keeping the latest value of the
Right and Left pointers in the Buffer pointer at the time
their value is going to be changed (Algorithm II.1, Lines 8 and
11). When both Left and Right pointers reach the end of a
list, the algorithm returns the value of the Buffer pointer as
one of the most similar name ids to the search target.

Fig. 1: An example of the search by name id algorithm. The search initiator is the node
with name id 001 and search target is the node with name id 111

3) Example: Figure 1 shows an example of the search by
name id algorithm, where the node with name id 001 and
numerical id 39 initiates a search for the target name id 111.
The Rx and Lx notation corresponds to the values of the
Right and Left pointers during the execution of the algorithm.
Since the common prefix length of 001 and 111 is zero, the
search is started at the level zero. The initiator sets the Left
and Right pointers to its left and right neighbors in the level
zero, respectively. The name id of the node who L1 holds its
address has one bit common prefix with the search target which
is greater than the current level number (zero). Therefore, the
initiator passes the search to the node with numerical id 28 and
name id 100, and the algorithm jumps to the level 1. In the
level 1, the common prefix length between the name id of the
node that R2 holds its address and the target name id is 2 bits
which is more than the current level number. Therefore, the
search is passed to the node with numerical id 71 and name id
110, and the algorithm jumps to the level 2. In the level 2, R3
holds the address of the node that has the search target name
id (111). The search is therefore finished and the value of R3
is returned.

4) Time Complexity: Having N nodes in the Skip Graph,
the search by name id algorithm traverses O(logN) nodes on
average to search for a specific target name id. A full proof
has been presented in [19].

C. DPAD name id assignment algorithm
DPAD [13] is the best known dynamic fully decentralized

locality aware name id assignment algorithm for the nodes of
Skip Graph. The name ids of Skip Graph nodes assigned by
DPAD algorithm reflect their location information. The more
two nodes are closer to each other in the overlay network, the
longer common prefix they have in their name ids.

DPAD assigns the name ids with the help of some nodes
named landmarks. A landmark is not a node of the Skip Graph.
Rather, landmarks are only used to measure the RTT delay
of each node of Skip Graph to them. In DPAD, a system
with N maximum possible number of nodes needs dlogNe
landmarks. The landmarks are assumed to be located in the
regions with the highest probability of nodes manifestation.
After the landmark placement, Skip Graph is divided into
regions. A region is defined by a certain landmark and nodes
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whose closest landmark is that one. Each landmark receives a
Huffman prefix based on the network distance between itself
and the most dense landmark. The most dense landmark is
defined as the landmark with the minimum sum of RTT to the
rest of landmarks. The name ids of all the nodes in the same
region start with their landmark’s prefix.

III. LOCALITY AWARE REPLICATION ALGORITHM FOR
THE SKIP GRAPH (LARAS)

A. Algorithm Overview

In our dynamic fully decentralized Locality Aware Repli-
cation Algorithm for the Skip Graph (LARAS), a data owner
can determine its replicas without the need of communicating
with any special node as the coordinator. The aim of LARAS
is to place the replicas so that the average access delay of
a data requester node to its closest replica would be close
to minimum. The exact minimum access delay can only be
obtained by collecting the pairwise latencies of all nodes in
the system. Obtaining such information from all nodes requires
heavy communication load which would degrade performance
of the storage system, and it would be nearly impossible to
achieve in large scale systems.

Using LARAS, a data owner can replicate itself in two ways:
public replication and private replication. In public replication
it is assumed that all nodes of the system are potential
requesters of the data owner’s items, like the P2P media
sharing systems. On the other hand, in private replication
a certain group of nodes are data requesters, for example the
P2P file storage system of a company. In both cases, it is
assumed that the only information the data owner knows about
the system is the name id size of the system and the prefix of
the landmarks.

As the input, LARAS receives the name id size of the
system, landmarks’ prefixes and the number of replicas. For
the case of private replication, LARAS also receives the set
of data requester nodes (name ids and addresses) that the data
owner wants to share its data items with. To place the replicas
faster, LARAS shrinks the whole real world system size to
a system with smaller name id size, and then distributes the
replicas among the regions based on their possible number of
data requester nodes. After that, LARAS models the access
delay based replication in each region with an integer linear
programming (ILP) [20] problem, solves the LP relaxation
version of it in each region and maps the replicas from the
smaller size system to the real system.

B. Algorithm Description

1) Inputs: Figure 2 shows the interactions between the data
owner node and the data requester nodes during and after the
execution of LARAS. As shown in the figure, the data owner
runs the LARAS algorithm by giving the name id size of the
real world system, the number of replicas (NR), the set of
possible requester nodes (for the case of private replication)
and the set of landmarks’ prefixes (Figure 2, step 1).

Fig. 2: The interactions between the data owner node and data requester nodes during
and after the execution of LARAS. The Requester Set is only needed for the case of

private replication*.

2) Distribution of the replicas: After receiving the input
arguments, LARAS distributes the number of replicas among
the regions based on their possible number of nodes (Figure
2, step 2). Employing the locality aware name id assignment
algorithm DPAD [13], the whole system is divided into regions
based on the landmark locations. The higher a region has
the chance of emerging nodes, the longer prefix its landmark
would have. For the case of public replication, the unit share
per region (USPR) is defined by Equation 1. In this equation,
l is the number of landmarks in the system and Pi is the
prefix length of the ith landmark. After the USPR value is
determined, the number of replicas for each region is defined
in Equation 2. In this equation, L is the set of all the landmarks
and NRi is the number of replicas for the ith region.

USPR =
NR∑l
i=1 Pi

(1)

∀i ∈ L NRi = Pi × USPR (2)

For the case of private replication, distributing the number
of replicas among the regions is similar to that was described
for the public replication. However, instead of the length of
landmarks’ prefixes, number of data requester nodes in each
region is considered.

3) Shrinking the problem size: After distributing the repli-
cas among the regions, LARAS converts the real world system
to a smaller size system (Figure 2, step 3). The number of
regions of the smaller size system and the real world one are
identical. The only difference between them is the maximum
number of the nodes in each region. In the public replication,
the name id size of the smaller size system is obtained by
Equation 3. In this equation, Si is the name id size of the
ith region of the smaller size system, Pi is the prefix length
of the ith landmark (that corresponds to the ith region of the
system), maxP is the longest landmark prefix in the system
and N is the system size. For a system with maximum N
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nodes and logN regions, the expected number of nodes in
each region is N

logN . As Equation 3 shows, for the case of
public replication, the name id size of a region in the smaller
size system is proportional to its landmark prefix length and
expected number of the nodes in a region. Also, to place the
higher number of replicas with better accuracy, we took the
logarithm of the replicas number into the account.

Si = dlog(
Pi

maxP
× N

logN
× logNR)e (3)

For the case of the private replication however, instead of the
landmark prefix length of a region and the maximum landmark
prefix length of the system, the number of data requester nodes
of that region and the maximum number of data requester
nodes of the system are considered.

4) Generating the LP model: For each region, LARAS
generates the latency table L based on the name id size of the
smaller size system. The Li,j is the number of the common
prefix bits between the name ids of the ith and jth nodes in
the smaller size system. By assigning locality aware name ids
to the Skip Graph nodes, Li,j reflects the latency between the
ith and jth nodes. LARAS then models the access delay based
replication for each region based on its number of replicas
by a LP model. The following shows the access delay based
replication for a region of the system (Figure 2, step 4):

min∀i ∈M, ∀j ∈ K
m∑
i=1

k∑
j=1

Li,jXi,j (4)

s.t. ∀i, j ∈M Yi ≥ Xi,j (5)

∀j ∈M
m∑
i=1

Xi,j = 1 (6)

∀i ∈M
m∑
j=1

Xi,j ≥ Yi (7)

m∑
i=1

Yi = nr (8)

∀i, j ∈M Yi ≥ 0, Xi,j ≥ 0 (9)

a) Equation 4 (The Objective function): Equation 4
presents the objective function of the access delay based
replication for a region of the system, where M is the set of
all possible name ids in that region of the smaller size system.
The size of M is represented by |M | = m, for the qth region
of the system m = 2Sq . K is the set of the data requester name
ids in that region of the smaller size system. LARAS converts
the set of data requester nodes in a region of the real world
system to the K in the same region of the smaller size system
by performing a search by name id for each data requester
node of that region of the real world system in the smaller
size system. For the case of public replication, however, since
each node in the system is a possible data requester, K =M .
The output of this LP is the X matrix of size m×m. Xi,j = 1
if and only if the ith node is assigned as the corresponding

replica for the jth node, otherwise Xi,j = 0. The objective
of this LP model is to minimize the sum of latencies between
each data requester node and its replica. The other output of
this LP is the Y vector of size m. Yi = 1 if and only if the
data owner replicates its data contents on the ith node in the
system, otherwise Yi = 0.

b) Equation 5 (The replicas’ constraint): The constraint
presented by Equation 5 means that if the jth node is assigned
to use the ith node as its corresponding replica, then the
ith node should be a replica itself. In other words, one data
requester node can not be assigned to another node, unless the
assigned node is a replica itself.

c) Equation 6 (The data requester nodes’ constraint):
The second constraint of this LP model is presented by
Equation 6. Each node should be assigned to only one replica.

d) Equation 7 (The assignment constraint): If a node is
a replica, then at least one node should be assigned to it. This
constraint is defined by Equation 7.

e) Equation 8 (The number of replicas’ constraint): The
next constraint related to the number of replicas is defined
by Equation 8. The nr variable is defined as the number
of replicas of the region of the system modeled by LP. The
number of 1s in the Y vector should be equal to the nr value.

f) Equation 9 (The allowed values for the variables
constraints): Finally, the last constraint is shown by Equation
9. Based on this constraint, for all i, j values, Yi and Xi,j

values can be greater than or equal zero. Also, by employing
Equation 6, the maximum value of Xi,j variable is one.
Employing this constraint and Equation 6 together determines
the maximum value of Yi variables as one. Since the problem
is solved as the LP relaxation version, based on Equations 5,
8 and 9, the values that Xi,j and Yi can hold are zero and one.

In LARAS, modeling the access delay based replication
for each region by a linear programming problem takes m2

variables in the objective function and m3 + m2 + 3m + 1
constraints. We proposed another replication algorithm named
LP which instead of modeling each region separately, models
the whole system by a linear programming problem. This
extra algorithm was only used for the purpose of perfor-
mance comparison with LARAS. With logm bits name id
size, a region of the system has 2logm = m number of
all the possible name ids. Considering logm landmarks in
the system, the whole system will have m logm possible
number of name ids. Therefore, modeling this access delay
based LP algorithm for the whole system instead of each
region takes m2(logm)2 variables in the objective function and
m3(logm)3 + m2(logm)2 + 3m logm + 1 constraints. This
larger number of constraints makes the linear programming
slower to solve. This discussion justifies the reason of mod-
eling the linear programming problem for each region instead
of the whole system in LARAS.

5) Mapping the replicas: After LARAS models the access
delay based replication for each region with an LP problem
(Figure 2, step 4) and solves the LP model (Figure 2, step
5), it maps the replicas from the smaller size system to the
real world system (Figure 2, step 6). LARAS does this by
searching for the name id of each node that became a replica
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in the smaller size system in the real world system. The result
of this search would be one of the most similar real world’s
nodes to that replica in the case of name id. LARAS would
output the corresponding node of each smaller size system’s
replica using this strategy.

6) Finding the closest replica: After LARAS outputs the
real world replicas (Figure 2, step 7), the data owner replicates
its content on the replicas (Figure 2, step 8). After this phase,
any data requester node can query the data owner to receive the
list of replicas. When a data requester node contacts the data
owner (Figure 2, step 9), the data owner sends back its replica
list (Figure 2, step 10). The data requester then compares
its name id with the name ids of the replicas and select the
replica who holds the longest common prefix in its name id
in comparison to the name id of the data requester (Figure 2,
step 11). Since the name ids are assumed to be locality aware,
the most similar replica in the case of the name ids would be
the one with minimum latency to the data requester node.

IV. RELATED WORKS

A. Decentralized algorithms
In this class of replication algorithms, the main goal is to

reduce the access delay of the data requester nodes. By means
of the decentralized algorithms, any node can replicate its
content in the P2P system. When a node wants to replicate
its content, it can do this in a distributed manner by using
local information. There are several decentralized replication
algorithms that consider certain aspects of the system:

1) Randomized replication: A randomized replication algo-
rithm for client/server scenarios has been proposed with the
goal of keeping the number of replicas as minimum as possible
[7].

2) Replicating on path: The data owner replicates its con-
tent on the paths from some data requester nodes to itself
considering the traffic load of the demands [8], [11], [12],
[21]. Freenet [22], OceanStore [23] and Mojo Nation [24] use
this replication strategy.

3) Replicating on neighbors: The data owner is assumed
to only know its neighbors in the underlying system [8], [9],
[25], [26]. In some P2P systems, the identifiers are chosen
uniformly at random [10] and the nodes are connected to
each other based on these random identifiers. Thus, each
node is assumed to have neighbors that are almost uniformly
distributed across the network. In such systems, replicating
on the neighbors approach distributes a certain object across
the network regardless of the amount of demands for that
object. On the other hand, if the identifier assignment strategy
is locality aware, as in DPAD [13], the data owner would have
more nearby neighbors than the faraway ones. In this situation,
replicating on the neighbors would mostly replicate the data
items on the nearby neighbors than the faraway ones.

4) Consistent hashing replication: The content of a certain
node with a certain id is replicated at the nodes with the ids of
h(i+ id) for 1 ≤ i ≤ r, where r is the replication degree and
h is the hash function [8], [27–31]. In some cases, multiple
hash functions are employed on a certain id resulting in several
distinct replicas for a single node [8], [21].

Strategy Decentralization Locality Awareness Behavior

Randomized [7] Full No Dynamic

On Path [8], [11], [12] Full No Dynamic

On Neighbors [8–10] Full Hybrid Dynamic

Consistent Hashing [8], [27–31] Full Hybrid Dynamic

Objective-based [32], [33] No Full Static

Genetic Algorithms [26], [34] No Full Static

LARAS Full Full Dynamic
TABLE I: Comparison of various methods of replication strategies

B. Centralized algorithms
Centralized algorithms consider several metrics such as

QoS, bandwidth, delay, and replication cost. Their aim is to
replicate the data objects in the network such that one or some
of these metrics achieve their minimum or maximum values or
at least satisfy some constraints. One very common strategy for
the centralized replication algorithms is to employ the genetic
algorithms on the replica sets [26], [34].

As their main drawback, the centralized algorithms need
global information of the network such as the capacity of
the nodes, availability [35], [36], bandwidth and pairwise
access delay of the nodes [33]. In this class of replication
algorithms, some special nodes are coordinators [32] that
collect all the required data from the rest of the nodes in the
system, process these and decide where a data object should
be replicated. Therefore, centralized algorithms need a huge
flow of message exchanges while suffering from the single
point of failure. Considering these drawbacks, the centralized
replication algorithms are not suitable for P2P systems.

Table I shows a comparison of various methods of repli-
cation in the P2P systems. In the case of decentralization, a
method is ”Full” if any node can replicate its content in the
network by itself. A method is ”Hybrid”, if a node can replicate
its content only with the help of some special nodes in the
system. In the case of locality awareness a method is ”Full” if
it considers the location of the nodes purely without injecting
any randomness in the replication. A replication method is
”Hybrid” in this aspect, if it considers some randomness
accompanied with the nodes location. Finally, in the case of
behavior, a method is ”Static” if it needs information of all
the nodes to function, otherwise, it is ”Dynamic”.

C. Algorithms used for comparison
In addition to the best known decentralized replication

algorithms described in Section III, we simulated another
algorithm LP that is similar to LARAS. Implementation details
of the algorithms used for comparison are as follows:

1) Randomized Replication: The data owner is selected from
the set of nodes at random. The replication is done on the
randomly chosen nodes as replicas, including the data owner,
until all the replicas are determined.

2) Replication on path: A requester is selected from the set
of data requester nodes at random, and replication is done on
the path from the requester to the data owner, excluding the
requester, until all the replicas are determined. Then, for each
data requester node, the closest replica is assigned.
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3) Replication on neighbors: The data owner replicates its
content on its neighbors in the Skip Graph. It is assumed that
the maximum number of replicas for a certain data owner can
not go beyond the number of its neighbors.

On the other hand, the consistent hashing replication meth-
ods are mainly designed for other improvement purposes like
availability [31], accessibility [27] and indexing instead of
replicating [8], [21]. Since these goals are different than the
access delay improvement, we did not use consistent hashing
algorithm for comparison.

V. SIMULATION SETUP

We extended the Skip Graph’s simulator environment, Skip-
Sim [14], to implement and evaluate the replication algorithms.
In SkipSim, each system topology is generated in 3000×3000
pixels environment. The RTT between two nodes was modeled
as their Euclidean distance in SkipSim environment. Each pixel
represents 1 millisecond delay in the real world. For each
simulation setup, we generated 100 random topologies and
simulated each replication algorithm for those topologies. We
examined each algorithm in 3 different system configurations
with 64, 128 and 256 nodes. The running times of the
algorithms have been compared on a DELL Latitude E6330
laptop with Intel i5 2.60 GHz CPU and 8 GB of RAM. For
solving the linear programming models, we used the lpsolve5.5
[37] on Windows 8.1.
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Fig. 3: Public replication access delay vs percentage of replica nodes in the system.
System size: 256 nodes, name id size: 8 bits. Y-axis shows average latency of a node to

its closest replica and x-axis shows percentage of replica nodes in the system.

VI. PERFORMANCE RESULTS

A. Access Delay
Access delay metric of a replication algorithm refers to

the average latency between a data requester node and its
closest replica. The behavior of each algorithm was similar in
different simulations setup. Our results are presented for 256-
node network size and 8-bit name id size system configuration,
and we observed similar behavior in different network size
scenarios. Figures 3 and 4 show a comparison between the
access delay performance of the replication algorithms versus
the percentage of the replication in the public and private
replication scenarios, respectively. As shown in these figures,
in comparison to the traditional decentralized replication algo-
rithms, LARAS has the minimum access delay in both public
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Fig. 5: Scalability of LARAS vs replication on path (the best known decentralized
counterpart). Y-axis shows average latency between a node and its closest replica.

X-axis presents system size. For each system setup, the number of replicas is about 5%
of the system size. For private replication, size of data requester nodes’ set is about

30% of the system size.

and private replication scenarios. Also, in comparison to the
replication on path (as the best known decentralized replication
algorithm), LARAS improves the access delay about 20% and
39% on average in the public and private replication scenarios,
respectively. In comparison to the optimal LP solution of the
system, based on the physical pairwise distances between the
nodes in the SkipSim, the access delay obtained by the LARAS
is about 2.68 times of the optimal solution on average.

Although the LP algorithm performs slightly better than
LARAS in the case of public replication, LARAS works
significantly faster. From the running time point of view, the
LP algorithm takes about 2 minutes to place the replicas in a 8-
bit name id size system (maximum 256 nodes). However, in the
same case, LARAS takes only about 10 seconds. Considering
all the simulation setups (6, 7 and 8-bit name id sizes), on
average, LARAS is about 8 times faster than the LP algorithm.
This speed up is expected to become larger as the system size
increases.

B. Scalability
We compared LARAS with the best decentralized counter-

part, replication on path algorithm, from the scalability point
of view. In each system setup, the number of replicas was
about 5% of the system size. Also, for the case of private
replication, the size of data requester nodes’ set was about 30%
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of the system size. Figure 5 shows the scalability comparison
of LARAS and replication on the path algorithms. Considering
the access delay similarity of an algorithm in the public and
private replication scenarios as the scalability metric, as the
size of the system scales up, in comparison to the replication
on the path, LARAS has better performance of about 48% on
average.

VII. CONCLUSIONS

To reduce the access delay between the nodes and their
closest replicas in the Skip Graph based storage systems,
we propose a novel locality aware replication algorithm. Our
dynamic fully decentralized approach, LARAS, determines the
placement of replicas for both public and private replication
scenarios. LARAS uses the name id size of the system, set
of possible data requester nodes, number of replicas and the
system landmarks’ prefixes. To the best of our knowledge,
LARAS is the only locality aware replication algorithm pro-
posed for Skip Graph nodes that use DPAD [13] as their
identifier assignment strategy. As part of LARAS, we also
proposed an O(logN) time search by name id algorithm for
Skip Graph nodes, which may be of independent interest.

To evaluate the performance of LARAS, we extended the
Skip Graph simulator, SkipSim [13], [14] to be able to simulate
and evaluate the replication algorithms. We simulated and
compared LARAS with the state-of-the-art decentralized repli-
cation algorithms in terms of access delay improvement and
scalability aspects. The simulation results showed that LARAS
improves the access delay of public and private replication
scenarios with the gain of about 20% and 39%, respectively
in comparison to the best known decentralized counterpart.
Also, from the scalability point of view, in comparison to the
best known decentralized replication algorithm, LARAS has
about 48% improvement on average. Finally, LARAS models
each region of the system with a smaller size LP problem. This
helps LARAS to perform about 8 times faster than modeling
the whole system via LP problem with a very slight difference
in performance.
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