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a b s t r a c t 

Network virtualization is a promising scheme to solve Internet ossification. A challenging problem in this 

scheme is virtual network embedding (VNE), which involves efficiently embedding multiple heterogeneous 

virtual networks into one or more physical networks. The VNE problem is known to be NP-hard and thus 

requires an approximate algorithm as a solution. This study models the VNE problem based on virtual net- 

work topology invariance and analyzes the shortcomings of a general embedding algorithm under different 

network topologies. A modified ant colony optimization algorithm is proposed based on network topology 

decomposition. A pre-computation algorithm is first proposed based on ant random walking to accelerate 

the recognition of the ring characteristics of a network topology. Pre-computation results are used to guide 

the decomposition of virtual networks and the embedding process of ring structures. The topology of a vir- 

tual network is decomposed into a combination of ring structures and tree structures, which have different 

characteristics. Different embedding algorithms are then designed for these structures. Point-disjoint paths 

are searched for any two virtual links to ensure the reliability of the network topology in the embedding 

process. The proposed algorithm shows an enhanced optimization performance, which is better than those 

of the ViNE-LB and GN-SP algorithms. 

© 2015 Elsevier B.V. All rights reserved. 

1. Introduction 

An increasing number of applications with various qualities of 

service (QoS) requirements are being developed over the Internet. 

However, supporting different data delivery mechanisms suitable for 

these QoS requirements is difficult for traditional TCP/IP models. This 

problem is referred to as Internet ossification [1] . As a promising 

scheme to address this ossification problem, network virtualization 

is proposed to build a diversified Internet that supports a variety of 

network services and architectures through a shared substrate by de- 

coupling network functionalities and infrastructures [2] . 

In this scheme, traditional Internet service providers (ISPs) are 

separated into infrastructure providers (InPs) and service providers 

(SPs). InPs maintain network resources, and SPs lease network re- 

sources to construct their own virtual networks (VNs). InPs need to 

embed VNs into their physical networks by mapping one physical 

node for a virtual node and searching one loop-free path for a vir- 

tual link. Thus, many VNs of different SPs would coexist in a physi- 

cal network. Different mapping methods result in different resource 

consumption. Hence, InPs face the important problem of efficiently 
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mapping these VNs into a physical network to gain the highest rev- 

enue. This problem is referred to as the virtual network embedding 

(VNE) problem. 

The VNE problem involves both node mapping and link map- 

ping. A well-known NP-hard multiple separator problem can be re- 

duced to the VNE problem [3,4] . Therefore, the VNE problem is known 

to be NP-hard. Single node or link mapping can also be NP-hard, 

and solving them requires heuristic and approximate algorithms. 

Several methods have been proposed to address the VNE problem 

[5] . These techniques are summarized into the following categories: 

two-stage mapping methods [4,6–9] , coordinated node and link map- 

ping methods [10–12] , and mapping methods based on graph theory 

[6,11–14] . However, common problems in research need to be dis- 

cussed and addressed. 

(1) General embedding algorithms are used for different topologies 

of VN requests . Some of the aforementioned methods employ a 

general mapping technique for any VN requests and ignore the 

differences among VN topologies [4,6–12] . These differences al- 

ways indicate different key relations that affect the embedding 

process (details are discussed in Section 3 ). A general algorithm 

cannot reflect these differences efficiently. 

(2) Existing embedding algorithms based on graph decomposi- 

tion are too simple . Other methods attempt to reduce the 
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complexity of mapping algorithms and propose some techniques 

based on graph decomposition and combination. In some works 

[6] , network topology is divided into combinations of star struc- 

tures, but the hardness of closed characteristics remains. In other 

works [13] , network topology is divided into core networks and 

edge networks, and different existing mapping algorithms are 

used. However, the algorithms for mapping core and edge net- 

works still fail to consider different types of topologies. 

(3) Existing embedding algorithms may decrease the reliability re- 

quirement of SPs . The topology of a VN always implicitly con- 

tains some requirements of the owners of VNs (SPs), such as 

the requirement of redundancy degree. However, most map- 

ping methods ignore this requirement, resulting in different vir- 

tual links sharing one or more physical links or nodes [4,6–

11] . This phenomenon can decrease the reliability of a VN, 

and some mutual backup virtual links in the design may fail 

simultaneously. 

We propose an embedding algorithm that guarantees that the 

mapping networks generated in a substrate network (SN) satisfy the 

reliability requirements of SPs. The proposed algorithm attempts to 

improve the acceptance ratio while maximizing the revenue of an 

InP. The following are our main ideas and contributions to the VNE 

problem: 

• Improved optimization performance for InPs . To improve the op- 

timization performance, a pre-computation algorithm is designed 

to obtain the ring characteristics of a graph (a VN request topol- 

ogy or SN topology). A VN topology is randomly divided into a 

combination of ring structures and tree structures by using the 

ring characteristics of the VN request. Different construction al- 

gorithms are then designed for these structures. An algorithm for 

ring structures is designed based on the ring characteristics of the 

SN. An algorithm for tree structures is designed based on tree- 

indexed random walking. 

• Realization of reliability requirements of SPs . To maintain the re- 

liability of a VN, the concept of candidate node is proposed to de- 

sign point-disjoint paths for the virtual links in the mapping pro- 

cess. In this way, a node (or a link) is prevented from being shared 

by different virtual links of the VN. 

• Convenience of resource management and protocol deployment for 

InPs . Resource management and protocol deployment in VNs are 

eventually realized in SNs. In our algorithm, the unique disjoint 

SN path for each virtual link facilitates explicit resource man- 

agement (such as resource reservation) and is convenient for 

deploying special data transmission protocols (such as multi- 

protocol label switching or MPLS) in SNs. In existing works, 

the sharing of nodes or links among SN paths may cause rout- 

ing loops, which result in extra mechanisms (such as mech- 

anisms for avoiding packet disorder). This will make resource 

management and protocol deployment increasingly difficult for 

InPs. 

A modified ant colony optimization (ACO) algorithm is intro- 

duced to improve optimization performance. The ACO algorithm is 

a population-based algorithm, inspired by the foraging behavior of 

ants and proposed by Dorigo [15] . Ants communicate with one an- 

other through pheromone; based on this, the ACO algorithm uses 

pheromone to accelerate knowledge in problem solving; this algo- 

rithm has been successfully applied in many combination optimiza- 

tion problems [16] . In our algorithm, each ant randomly constructs 

a complete solution according to pheromone and heuristic informa- 

tion. The solutions are then evaluated with a fitness function that 

guides them toward optimization through multiple iteration pro- 

cesses. 

Simulation results show that the idea of random selection in tree 

structure mapping (random root selection and random selected sub- 

tree growing) and ring structure mapping (random adjacent node se- 

lection) results in a flexible and sufficient graph traversal. Moreover, 

the ACO algorithm improves optimization performance. Thus, relia- 

bility is guaranteed, and high acceptance rate and revenue are ob- 

tained. 

This paper is organized as follows. Section 2 summarizes related 

works on the VNE problem. Section 3 describes the background of the 

VNE problem and defines the optimization problem to be addressed. 

Section 4 proposes a modified ACO algorithm to solve the optimiza- 

tion problem. Section 5 discusses the simulation results and analysis. 

Section 6 concludes the study. 

2. Related works 

The VNE problem is an NP-hard problem with different optimiza- 

tion objectives; it involves node mapping and link mapping [5] . In 

the first part of this section, we mainly summarize existing works 

with the same objective as that of our study. In the second part, other 

works with objectives that differ from that of our study to a certain 

degree are introduced. Lastly, the relations between these works and 

our work are analyzed. 

2.1. Related works with the same optimization objective 

The objectives of the works in [4,6–14,17–22] are the same as 

that of the present study, i.e., to minimize the cost of a VN request, 

or maximize the revenue of an InP. In these studies, the cost of a 

VN request is generally computed as the weighted sum of the CPU 

costs of all mapped nodes and the bandwidth costs of all mapped 

paths; thus, the general solutions attempt to determine the mapped 

SN nodes that are close to one another and to identify the shortest 

SN path between any two mapped nodes if a virtual link exists be- 

tween them in a VN request [6–9 ], or use multiple paths that si- 

multaneously provide bandwidth for a virtual link if the SN supports 

splitting data transmit mechanisms [4,10] . To realize these objectives, 

some “sufficient capacity” nodes with more nodes and edges, or more 

CPU and bandwidth resources, in their neighboring area, are deter- 

mined. “Sufficient capacity” nodes imply that their neighboring ar- 

eas have more opportunities to embed other nodes and links of a VN 

request. 

Based on the aforementioned greedy idea, some forms of heuris- 

tic information are defined with several network topology attributes 

[6–9] , and a single path (the shortest or the k -shortest path) is used 

for a virtual link. In [6] , Zhu et al. proposed a basic VN assignment 

scheme, which defined neighbor resource availability as heuristic in- 

formation to select nodes greedily, and used the shortest path for 

each virtual link. In [7] , Cheng et al. referenced the Markov random 

walk model and proposed ‘NodeRank’ as a measurement for node re- 

source based on this model. The NodeRank value of a node was used 

as heuristic information, and two kinds of algorithms were designed: 

RW-MaxMatch (a two stage algorithm), and RW-BFS (a coordinated 

node and link mapping algorithm). To improve the performance of 

their two stage algorithm, they used a particle swarm optimization 

(PSO) algorithm to search for the optimal solution among all feasible 

solutions. In [8] , Li et al. proposed a two stage scheme, which used 

multiple factors of a network topology that included hop count as a 

top- k dominating model to greedy node mapping and used k -shortest 

path to link mapping. In [9] , Cui et al. proposed an algorithm based 

on the maximum convergence degree, to ensure that the topology of 

a virtual network gathered together when it was mapped onto an SN, 

and the k -shortest path was used for link mapping. In these works, 

heuristic information could improve the performance, but load bal- 

ance was not considered. The load balance of an SN is beneficial to 

accepting successive VN requests and gaining additional revenues. 

However, load balance with a single path for a virtual link is NP-hard 

[4] . 
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