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Abstract—Network function virtualization (NFV) is one of the
enabling technologies for fifth generation (5G) networks. How to
allocate physical resources to customized network services both
fairly and efficiently remains a challenging research issue in NFV.
This paper proposes a two-stage approach to jointly optimize the
chaining and embedding of virtual network functions (VNFs),
to obtain feasible composition and embedding results with low
complexity, while the average embedding cost is minimized and
the total revenue is increased. In the first stage, the VNF chaining
order is optimized based on the location and functionality of
substrate nodes, and the ratio of outgoing data rate over incoming
data rate for each required VNF. In the second stage, we
allocate the physical resources based on the preliminary VNF
ordering under the resource capacity constraints. A node splitting
mechanism is also employed to improve the resource allocation
fairness and increase the service acceptance ratio for the sub-
strate network. Simulation results are presented to validate the
feasibility and effectiveness of the proposed approach.

Index Terms—5G, network function virtualization, chaining of
virtual network functions, resource allocation.

I. INTRODUCTION

In 5G core networks, customized services will be provided

by letting traffic go through different sequences of network

functions (NFs). Various NFs, such as firewall, deep packet

inspection, data monitoring, encryption and decryption, require

specific hardware configurations, and are currently imple-

mented on physical middleboxes or network servers. Due to

the explosive development of network elements for Internet

of Things (IoT), the number of services will be prominently

diversified in future 5G networks [1]-[3]. However, high

capital and operational expenditures are required for operators

to deploy, maintain, and upgrade physical middleboxes.

Network function virtualization (NFV) is a promising tech-

nology to provide cost-effective service customization. In

NFV, different NFs are decoupled from dedicated network

servers, and virtualized as software instances running on

high-capacity commodity servers placed in various network

locations. In such a way, network services can be fulfilled

by orchestrating different virtual network functions (VNFs) to

form VNF forwarding graphs (VNF-FGs) or service function

chains (SFCs), which are then embedded onto an NFV-enabled

physical network infrastructure [4]. This process is referred to

as VNF chain composition and embedding. Accordingly, phys-

ical resources in the network (computing resources on serves

and transmission bandwidth resources on links) are virtualized

to allow efficient resource sharing among different services.

With NFV, the customized services can be accommodated in

a cost-effective, agile, and flexible manner [5].

One of the challenging research issues in NFV is how

to efficiently and fairly allocate the physical resources in

the substrate network to accommodate more service requests,

which is referred as the NFV resource allocation (NFV-RA)

problem. The NFV-RA problem can be solved in three stages

[6]: 1) VNF chain composition (VNF-CC), which deals with

how to compose the order of VNFs; 2) VNF-FG embedding

(VNF-FGE), which tackles how to embed the composed VNF-

FGs onto the substrate network; 3) VNF scheduling (VNF-

SCH), which determines the schedule for processing the VNFs

on each substrate node. In this paper, we focus on the first

two stages of NFV-RA and leave VNF-SCH for our future

research.

Many existing research works study the NFV-RA problem,

most of which focus on the second stage [6]-[7]. A few studies

jointly address the first and second stages [8]-[10]. In [8],

an uncoordinated approach is proposed to solve the first two

stages of the NFV-RA problem. Specifically, a heuristic is

employed for composing the VNF-FG, then the VNF-FG em-

bedding problem is formulated as a constrained mixed integer

problem. The proposed approach is suitable for small-scale

networks due to the computational complexity. In addition,

as the two stages are solved independently, the composition

results are not optimized. A coordinated approach is proposed

in [9], where VNF-FGs are composed and embedded simul-

taneously. The result from VNF-CC is fed into the VNF-FGE

optimization problem, increasing the successful embedding

probability.

In this paper, we propose a heuristic approach to solve a

joint VNF-CC and VNF-FGE problem. The objective is to find

a feasible VNF chain composition and embedding with low

computational complexity, while minimizing the embedding

cost and increasing the number of accommodated services

simultaneously. The proposed heuristic consists of two stages:

In the first stage, an order of VNFs to compose the VNF-FG

is determined for minimizing the embedding cost. After this

stage, the order of VNFs and the capacity constraints of the

initial VNF-FG are determined. In the second stage, the heuris-

tic algorithm tries to allocate resources to the virtual nodes

and links in the VNF-FG. If certain nodes are overloaded, a

node splitting mechanism is employed to modify the VNF-FG

determined in the first stage. The proposed approach improves
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the resource utilization of the network, with an increased

service acceptance ratio.

The remainder of this paper is organized as follows. The

system model is presented in Section II. In Section III, we

give the problem description. In Section IV, the heuristic

approach is proposed to solve the joint VNF chain composition

and embedding problem. Simulation results are presented in

Section V to validate the feasibility and advantages of the

proposed approach. Section VI concludes this work.

II. SYSTEM MODEL

The system model includes a substrate network, VNF re-

quests, and VNF-FGs.

Substrate network - The substrate network is represented

as a directed graph G = (N,L) with set N of physical

nodes and set L of physical transmission links. All physical

nodes have both routing ability and processing capacities for

operating multiple VNFs of different types. Let F be the set

of available VNFs in the substrate network. We define c(n)
as the available CPU processing capacity of substrate node

n, ∀n ∈ N . Let H(n) be a set of VNFs of different types

that substrate node n can host. All physical links are directed

edges and associated with bandwidth resources. Denote b(l)
as the bandwidth capacity of link l, ∀l ∈ L. Let P represent

the set of all the substrate paths (each path contains a set of

links between two substrate nodes) in G. Let b(P ) denote the

available bandwidth capacity of a substrate path P ∈ P .

VNF request (VNFR) - Suppose that there are J service

requests. For the j-th VNF request Vj , j = 1, . . . , J, the

following information is required [9]: 1) The set of VNFs

with dependency Fj = {f j
1 , f

j
2 , . . . , f

j
|Fj |}, where |Fj | is the

number of VNFs in Vj ; 2) Source and destination substrate

nodes for Vj , represented by ns and nd (we focus on unicast

communications), respectively; 3) Initial data rate dr entering

the chained functions; 4) The ratio of outgoing data rate over

incoming data rate r(f j
i ) of each VNF f j

i , i = 1, . . . , |Fj |; 5)

The processing resource demand per bandwidth unit p(f j
i ) of

each VNF f j
i .

VNF-FG - Given the information of a VNFR, a VNF-FG

can be composed in different orders. We denote a VNF-FG by

a directed graph G′ = (N ′, L′). Denote the VNF to which the

virtual node n′ ∈ N ′ corresponds by f(n′). Let c(n′) denote

the CPU processing resource requirement on n′ ∈ N ′ and

b(l′) represent the bandwidth requirement on l′ ∈ L′.
Fig. 1(a) shows an example of a VNFR, where the number

of VNFs is 5 and the initial date rate entering the chained

functions is 1 Gbps. The dependency between consecutive

VNFs is denoted by a dashed arrow. For example, in Fig.

1(a), the dashed arrow from f4 to f2 indicates that f4 must be

processed after f2. Two possible VNF-FG compositions based

on the VNFR information are shown in Fig. 1(b). The numbers

on the links represent the bandwidth resource requirements (in

Gbps) while the numbers in the rectangles indicate the CPU

processing resource requirements.

Fig. 1. (a) Example of a VNFR. (b) Two possible VNF-CC results for the
VNFR in (a).

III. PROBLEM DESCRIPTION

Allocating physical resources to a service request consists of

composing a VNF-FG for a VNFR and embedding the resul-

tant VNF-FG onto the substrate network. By jointly consider-

ing VNF-CC and VNF-FGE, the embedding performance can

be maximized. The objective of the VNF chain composition

and embedding problem is to minimize the average embedding

cost or to maximize the total network revenue.

A. Objectives

Let C(G′) and R(G′) represent the cost and the revenue

of embedding a VNF-FG, respectively. They are defined as

follows [11]

C(G′) = α
∑
l′∈L′

∑
l∈L

bl(l
′) + β

∑
n′∈N ′

c(n′) (1)

R(G′) = γ
∑
l′∈L′

b(l′) + δ
∑

n′∈N ′
c(n′) (2)

where bl(l
′) represents the total amount of bandwidth re-

sources allocated to virtual link l′ on the substrate link l, α
and β are weighting coefficients for C(G′), while γ and δ are

weighting coefficients for R(G′) for bandwidth and computing

resources respectively. The average embedding cost C̄(t) and

total revenue R(t) at time t are given by

C̄(t) =

∑
G′∈G′(t)

C(G′)

|G′(t)| (3)

and

R(t) =
∑

G′∈G′(t)

R(G′) (4)

where G′(t) is the set of VNF-FGs that have been embedded

successfully before t. To allow efficient resource sharing

among customized services, C̄(t) should be minimized, while

the total revenue R(t) should be maximized.



Fig. 2. Illustration of the impact of substrate node locations on the actual
embedding cost.

B. VNF Chain Composition

The VNF chain composition problem is described as fol-

lows: Given the information of a VNFR, we compose the

VNF-FG respecting the dependencies between VNFs, while

ensuring that the actual cost C(G′) of the VNF-FG is highly

likely to be the lowest in the embedding process. For simplicity

consider VNF-FGs in a linear topology, i.e., two endpoints

are connected via a set of ordered VNFs. In this case, the

composition problem reduces to finding the order of VNFs

in the VNFR to compose the VNF-FG. For j-th VNFR, we

define a binary variable xijp to indicate the order of VNFs as

xijp =

{
1, if f j

i is the p-th VNF in the chain

0, otherwise
(5)

where i = 1, . . . , |Fj |, and p = 1, . . . , |Fj |. To achieve a

feasible VNF ordering, the following two constraints should

be satisfied

|Fj |∑
i=1

xijp = 1, ∀p = 1, . . . , |Fj | (6)

|Fj |∑
p=1

xijp = 1, ∀i = 1, . . . , |Fj |. (7)

To ensure the dependency between two VNFs, we have

p |xujp=1> p |xvjp=1 (8)

for function f j
u depending on f j

v , where u, v = 1, . . . , |Fj |.
C. VNF Forward Graph Embedding

The VNF-FGE problem is further divided into two sub-

problems, i.e., node embedding problem and link embedding

problem. For the node embedding, one tries to find a mapping

relation, MN : N ′ → N , from a virtual node to a substrate

node, such that for all n′ ∈ N ′, we have MN (n′) ∈ N ,

subject to

f(n′) ∈ H(MN (n′)) (9)

and

c(MN (n′)) ≥ c(n′) (10)

where constraint (9) ensures that the VNF corresponding to n′

can be hosted on the substrate node to which n′ is embedded.

Constraint (10) guarantees that the CPU processing resource

requirement of n′ can be satisfied. For the link embedding, one

aims to find a mapping ML from the virtual links to substrate

paths, such that for all l′ ∈ L′, we have ML(l′) ∈ P , subject

to

b(ML(l′)) ≥ b(l′) (11)

where constraint (11) entails that the bandwidth resource

requirement of l′ can be satisfied. In order to maximize the

resource utilization and achieve the largest total revenue, the

VNF-FG should be embedded in a way that the actual cost

C(G′) is minimized.

IV. A HEURISTIC APPROACH FOR JOINT VNF-CC AND

VNF-FGE

A. Problem Analysis

The joint VNF-CC and VNF-FGE problem is in fact a

combinatorial optimization problem, which is known to be NP-

hard. For a large-scale network, its computational complexity

is extremely high. To this end, we propose a heuristic approach

to obtain feasible solutions efficiently. The heuristic algorithm

is designed based on the following two intuitions: 1) The

chosen VNF-CC with the substrate network condition (e.g.,

node locations and VNF hosting abilities) should minimize the

average embedding cost C̄(t). Specifically, suppose that VNF-

FG1 and VNF-FG2 are embedded onto the same substrate

network, as shown in Fig. 2. The link embedding cost of

VNF-FG1 is lower than that of VNF-FG2, since the embedded

VNF-FG2 consumes more bandwidth resources on substrate

links. Therefore, the substrate network condition should be

taken into consideration when determining the order of VNFs

in the composition stage; 2) The average embedding cost C̄(t)
can be minimized by chaining the VNFs in a certain way,

because different VNF orderings result in different link and

node resource requirements for the VNF-FG. As illustrated in

Fig. 1, the amount of physical resources required by VNF-FG1

is larger than that required by VNF-FG2. Therefore, VNF-

FG2 is more likely to achieve a lower embedding cost in

the embedding stage. This implies that the ratio of outgoing

data rate over incoming data rate of each VNF should also

be considered in the composition stage. Noticed that, by

minimizing C̄(t), the number of VNFRs accommodated by

the substrate network is also expected to increase, leading to

a larger total revenue R(t) of the substrate network.

Based on the processing analysis, we present a two-stage

heuristic algorithm to jointly solve the VNF-CC and VNF-

FGE problems. In the first stage, we compose the VNF-FG

for minimizing the embedding cost; In the second stage, we

embed the composed VNF-FG onto the substrate network

while satisfying the physical resource requirements.

B. VNF Chaining

Upon a VNFR arrival, the chaining order of VNFs for

the VNF-FG is determined to minimize the embedding cost.

To this end, the heuristic algorithm is designed with two

considerations: 1) the locations of substrate nodes that have



Algorithm Part 1: VNF chaining for Vj

1 O ← φ nc ← ns;

2 Fr ← Fj ;

3 success ← true;

4 for k = 0, . . . , |Fj | do
5 L ← 1;

6 while L ≤ Lmax do
7 V ← findFeasibleNodes(nc, Fr,L);
8 if V[i] is empty, ∀i = 1, . . . , |Fj | then
9 L ← L+ 1;

10 end
11 else
12 sort f j

i in ascending order according to r(f j
i ),

∀i ∈ {i|V[i] �= φ};

13 select f j
i with the smallest r(f j

i ), denote it as

f j
i∗ ;

14 O.push back(f j
i∗ );

15 remove f j
i∗ from Fr;

16 if the size of V[i∗] is larger than 1 then
17 sort the substrate nodes in V[i∗] in a

descending order according to their

available CPU processing resources;

18 end
19 nc ← V [i∗][0];
20 end
21 end
22 if the size of O is not k + 1 then
23 success ← false;

24 break;

25 end
26 end

the ability to host each VNF; and 2) the ratio of outgoing data

rate over incoming data rate for each VNF r(f j
i ).

The pseudo-code of determining the VNF ordering is pre-

sented in Algorithm Part 1. Let O be a list that contains the

ordered VNFs in the chain. Starting from the source node of

the VNFR, ns, the algorithm determines the VNF ordering

by pushing all the VNFs to O with |Fj | trials. In each trial,

a searching procedure is performed starting from the current

substrate node nc hosting the preceding VNF (line 8). Our goal

is to find a set of substrate nodes that have the ability to host

the remaining VNFs in the VNFR, Fr, within a specified range

L. If no feasible substrate nodes are found for all the remaining

VNFs, increase L by 1 (lines 9-10). To limit the substrate

link resource usage, the maximum path length between two

consecutive VNFs is set as Lmax. Otherwise, we sort all the

VNFs having feasible substrate nodes to be embedded in an

ascending order according to their ratios of outgoing data rate

over incoming data rate (line 12). The VNF with the smallest

ratio is chosen and pushed into O (lines 13-14). Then, we

remove this VNF from the set of remaining VNFs for the

VNFR (line 15). If there are more than one feasible nodes for

Algorithm Part 2: VNF-FG embedding with node split-

ting

1 nodesuccess ← true;

2 linksuccess ← true;

3 for n′ ∈ N ′ do
4 calculate c(n′);
5 if c(n′) cannot be satisfied then
6 try to do node splitting for n′;
7 if c(n′) is still not satisfied then
8 nodesuccess ← false;

9 break;

10 end
11 end
12 allocate CPU resource to n′;
13 end
14 if nodesuccess = true then
15 for l′ ∈ L′ do
16 calculate b(l′);
17 use k-shortest path algorithm embed the link;

18 if b(l′) can be satisfied on all the sub paths then
19 allocate bandwidth resource to l′;
20 end
21 else
22 linksuccess ← false;

23 end
24 end
25 end

the selected VNF, we sort all the feasible nodes in a descending

order according to their available processing resources (lines

16-18). Then, the substrate node with the largest amount of

available processing resources is taken as the next substrate

node (line 19). If no VNF is pushed into O in any trial, the

VNF ordering stage is a failure and the VNFR is rejected.

C. VNF-FG Embedding with Node Splitting

After the VNF ordering is determined, the VNF-FG is

composed. In this stage, the VNF-FG is embedded onto the

substrate network. Algorithm Part 2 presents the details of

how to embed the VNF-FG with node splitting mechanism.

For each virtual node, its processing resource requirement is

calculated (line 4). Then, we check if the requirement can

be satisfied on the embedded substrate node. If the processing

resource on the substrate node is not sufficient, the virtual node

n′ is split into two virtual nodes (lines 5-6). If the processing

resource requirement is still not satisfied, the node embedding

fails and the VNF-FG request (along with the corresponding

VNFR) is rejected (lines 7-10). Otherwise, the processing

resource is allocated (line 12). The link embedding starts once

a successful node embedding is achieved. The k-shortest path

algorithm is employed for link embedding (line 17) [12]. If

a substrate path with enough bandwidth resource exists, the

virtual link is embedded to that path and the corresponding



Fig. 3. Illustration of the node splitting mechanism. (a) VNF-FG before node
splitting and (b) VNF-FG after node splitting.

bandwidth resource is allocated (lines 18-19). Otherwise, the

link embedding fails and the VNF-FG is rejected (line 21).

The node splitting mechanism is explained as follows. Fig.

3(a) shows a VNF-FG consisting of three VNFs. Suppose

that the processing resource requirement for f3 exceeds the

resource capacity on the substrate node to which f3 is

embedded. Starting from the substrate node to which the

preceding VNF (which is f1 in this case) is embedded, the

node splitting mechanism finds another substrate node having

the ability to host f3 within the specified maximum range

Lmax. If a feasible substrate node is found, the processing

resource requirement, as well as the incoming and outgoing

link bandwidth resource requirements are split. The splitting

ratio is determined based on the available processing resource

capacities of the two substrate nodes (the original one to

which f3 is embedded and the new one just found). By using

the node splitting mechanism, the node successful embedding

probability can be increased.

V. PERFORMANCE EVALUATION

In this section, we evaluate the effectiveness of the pro-

posed heuristic algorithm. To obtain the best performance, we

demonstrate an appropriate value of Lmax. Then, we compare

the heuristic algorithm with other benchmarks algorithms.

Simulations are carried out to determine the Lmax value for

the heuristic algorithm. The substrate network is randomly

generated with 20 nodes using the GT-ITM tool [13] in a

(25 × 25) grid. Each pair of substrate nodes is randomly

connected with probability 0.5. We assume that the VNFRs

arrive in a Poisson process with arrival rate of 4 VNFRs per

100 time units. Each VNFR has an exponentially distributed

lifetime with an average of 1000 time units. The total simula-

tion time is 50000 time units. The dependencies between the

VNFs in each VNFR are randomly generated. Other setting

for the parameters is given by Table I.

A. Value of Parameter Lmax

As described in Section IV-B, parameter Lmax is used to

limit the distance (and the link bandwidth resource usage)

between any two substrate nodes chosen to host two con-

secutive VNFs in the chain. A smaller Lmax value leads to
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Fig. 4. The acceptance ratio along with time for different Lmax.

a higher failure probability of VNF chain composition, but

increases the efficiency of resource utilization. We compare

the acceptance ratio for different values of Lmax, as shown in

Fig. 4. The acceptance ratios of Lmax = 3 and Lmax = 4 are

close, and are approximately 20% and 60% higher than that

of Lmax = 2 and Lmax = 1, respectively. This is because a

smaller Lmax means a more strict distance limitation between

the two substrate nodes to host two consecutive VNFs. When

Lmax is chosen to be small, the probability of finding feasible

substrate nodes for the VNF candidates decreases. It can be

observed that the acceptance ratio converges at Lmax = 3.

Therefore, we set Lmax = 3 for the proposed heuristic in the

following simulation scenarios.

B. Performance Comparisons

We compare our proposed algorithm with two basic bench-

mark algorithms: 1) For VNF-CC, VNFs are chained in the

same manner as the proposed heuristic algorithm and, for

VNF-FGE, the node splitting mechanism is not employed;

2) For VNF-CC, VNFs are chained in a random order and,

for VNF-FGE, the VNFs are embedded randomly on the

substrate nodes under the condition that the node should have

the ability to host the VNF embedded on it. We compare the

three algorithms in terms of acceptance ratio, total revenue,

and average embedding cost.

1) Acceptance ratio: Fig. 5(a) shows a comparison of the

acceptance ratio for the three algorithms. It is observed that

the proposed algorithm achieves the highest acceptance ratio.

Chaining and embedding the VNFs randomly performs the



0 1 2 3 4 5

Simulation Time 104

0

0.2

0.4

0.6

0.8

1
A

cc
ep

ta
nc

e 
R

at
io

proposed VNF ordering + node splitting
proposed VNF ordering
random VNF ordering

(a)

0 1 2 3 4 5

Simulation Time 104

0

0.5

1

1.5

2

2.5

3

3.5

T
ot

al
 R

ev
en

ue

104

proposed VNF ordering + node splitting
proposed VNF ordering
random VNF ordering

(b)

0 1 2 3 4 5

Simulation Time 104

400

600

800

1000

1200

A
ve

ra
ge

 E
m

be
dd

in
g 

C
os

t

proposed VNF ordering + node splitting
proposed VNF ordering
random VNF ordering

(c)

Fig. 5. Comparison of three algorithms in terms of different metrics (a) acceptance ratio, (b) total revenue, (c) average embedding cost.

worst, because the physical resource requirements for nodes

and links are not optimized. The physical resources of the

substrate network are depleted much faster than the other

two algorithms. Also, the node splitting mechanism is useful

to increase the number of accepted VNFRs in the substrate

network, due to more balanced node resource utilization.

2) Total revenue: The comparison of the total revenue for

the three algorithms is shown in Fig. 5(b) (with γ = δ = 1).

It can be seen that the total revenues remain close at the

beginning. The difference becomes more and more significant

after 15000 time units. The total revenue of the proposed

algorithm is the highest among all the three algorithms. This

is because in the beginning phase, the substrate network has

sufficient physical resources to accommodate all the arriving

VNFRs. Even though the VNFs are not chained in a proper

order or the node splitting mechanism is not employed, the

number of accepted VNFRs remain close for all the three

algorithms. As the resources become depleted, with the proper

VNF ordering and the node splitting mechanism, the proposed

algorithm is able to minimize the embedding cost and achieve

a balanced resource usage among all the substrate nodes,

which leads to a higher VNFR acceptance ratio and a larger

total revenue.

3) Average embedding cost: Fig. 5(c) shows the average

embedding cost for the three algorithms (with α = β = 1).

It can be seen that, chaining and embedding the VNFs in a

random way leads to a much larger average embedding cost

than chaining VNFs in a proper order and then embedding

them accordingly. Because the physical resource requirements

are not optimized. The resource requirements for both nodes

and links are higher than that of the proposed VNF ordering.

Note that, the node splitting mechanism does not lead to

a lower embedding cost. The reason is that, when we split

a virtual node, the summation of CPU processing resource

requirements of the split virtual nodes is the same as that of the

original virtual node, which is also the case for the incoming

and outgoing links of the split virtual nodes. Therefore, the

embedding cost remains the same.

VI. CONCLUSION AND FUTURE WORK

In this paper, we propose a two-stage heuristic approach

that jointly optimizes the chaining and resource allocation of

VNFs. By jointly considering the substrate node locations and

the ratios of outgoing data rate over incoming data rate for

VNFs, the physical resource requirements for VNF-FGs are

satisfied efficiently. A node splitting mechanism is adopted to

increase the VNFR acceptance ratio of the substrate network.

Simulation results demonstrate that the proposed approach

achieves a promising acceptance ratio for the dedicated sce-

nario. For future works, we will develop algorithms to find the

optimal solution based on rigorous mathematical formulation.

Moreover, dynamic chaining and embedding will also be

considered to allow reconfiguration of the already embedded

VNF-FGs to accommodate more arriving VNFRs. We will also

compare the performance of the proposed method with that of

conventional offline methods.

REFERENCES

[1] J. Li, N. Zhang, Q. Ye, W. Shi, W. Zhuang, and X. Shen, “Joint resource
allocation and online virtual network embedding for 5G networks,” in
Proc. IEEE GLOBECOM’ 17, pp. 1-6, Dec. 2017.

[2] Q. Ye, J. Li, K. Qu, W. Zhuang, X. Shen, and X. Li, “End-to-end
quality of service in 5G networks - Examining the effectiveness of a
network slicing framework,” IEEE Veh. Technol. Mag., to appear, doi:
10.1109/MVT.2018.2809473.

[3] H. Zhang, W. Quan, H.-C. Chao, et al., “Smart Identifier Network: A
Collaborative Architecture for the Future Internet,” IEEE Netw., vol. 30,
no. 3, pp. 46-51, May 2016.

[4] P. Quinn and T. Nadeau, “Service Function Chaining Problem Statement,”
draft-ietf-sfc-problem-statement-07 (work in progress) (2014).

[5] N. Zhang, P. Yang, S. Zhang, D. Chen, W. Zhuang, B. Liang, and X. Shen,
“Software defined networking enabled wireless network virtualization:
Challenges and solutions,” IEEE Netw., vol. 31, no. 5, pp. 42-49, 2017.

[6] J. G. Herrera, and J. F. Botero. “Resource allocation in NFV: A compre-
hensive survey,” IEEE Trans. Netw. Service Manag., vol. 13, no. 3, pp.
518-532, 2016.

[7] Y. Xie, Z. Liu, S. Wang, and Y. Wang. “Service function chaining resource
allocation: A survey,” arXiv preprint arXiv:1608.00095, Jul. 2016.

[8] S. Mehraghdam, M. Keller, and H. Karl. “Specifying and placing chains
of virtual network functions.” in Proc. IEEE Cloud Networking (Cloud-
Net), pp. 7-13, 2014.

[9] M. T. Beck, and J. F. Botero. “Coordinated allocation of service function
chains.” in Proc. IEEE GLOBECOM’15, pp. 1-6, 2015.

[10] L. Wang, et al., “Joint optimization of service function chaining and
resource allocation in network function virtualization, IEEE Access, vol.
4, pp. 8084-8094, 2016.

[11] N. M. M. K. Chowdhury, M. R. Rahman, and R. Boutaba, “Virtual
network embedding with coordinated node and link mapping,” in Proc.
IEEE INFOCOM’09, pp. 783-791, 2009.

[12] D. Eppstein, “Finding the k shortest paths,” SIAM Journal on Computing,
vol. 28, pp. 652-673, Feb. 1999.

[13] E. Zegura, K. Calvert, and S. Bhattacharjee, “How to model an inter-
network,” in Proc. IEEE INFOCOM’96, pp. 594-602, 1996.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


