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ABSTRACT The proposition of network function virtualization (NFV) aims to solve the difficulty and
ossification in current network’s management and service provision caused by ever-growing NFs with
dedicated hardware. By decoupling the NFs from dedicated hardware to virtualized platform, NFV promises
flexible deployment and management of service function chains (SFCs). However, an optimal resource
allocation for requested SFC in NFV-based infrastructures should coordinately consider following three
stages: virtual network functions (VNFs) chain composing, VNF forwarding graph embedding, and VNFs
scheduling, which is a tough task as the decision of these three phases is mutually dependent. In this paper,
staring from the challenges in solving coordinated NFV resource allocation (NFV-RA), we first formulate a
typical three-stage coordinated NFV-RA model as a mixed integer programming (MIP) and, then, propose
a heuristic solution called merge—split viterbi (MSV). MSV can automatically determine the appropriate
number of VNF instances without given maximum number threshold, and it does not take the iterative
deployment strategy, which is commonly used in current solutions. The main idea of MSV is to first find a
global basic solution and, then, to further optimize the basic solution through some improvement procedures,
and this makes it not be easily trapped in local optimality and avoid complex anti-local-optimal measures
as well. Extensive experiments demonstrate that MSV can get solutions in global range with reasonable

execution time and achieves total cost ratio within 115% compared to the MIP implement.

INDEX TERMS NFYV, coordinated resource allocation, service function chain.

I. INTRODUCTION

Service function Chain (SFC) [1] is an ordered sequence of
network functions (NFs) which should be traversed by a given
traffic flow to compose a certain service. Traditionally, these
network functions such as firewalls, proxies, Deep Packet
Inspections (DPIs), are integrated in specialized hardware
called middle-boxes [2], [3]. However, middle-boxes are gen-
erally expensive, vendor specific and location fixed which
makes flexible and dynamic resource management challeng-
ing. To this end, a novel network architecture called network
function virtualization (NFV) [4], [5] is proposed to decouple
network functions from dedicated hardware. In NFV, NFs are
placed within virtual machines (VMs) on commodity servers
in the form of software appliance which are referred to as
virtual network functions (VNFs). In this way, NFV enables

flexible SFC deployment based on geography or customer
sets since VNFs can be deployed on any servers in the
network.

Despite the much flexibility provided by NFV, a new chal-
lenging problem is how to achieve fast, scalable and flexi-
ble composition of SFC and resource allocation for VNFs
which is called NFV Resource Allocation (NFV-RA) [6].
NFV-RA mainly includes three stages [6], [7], VNFs Chain
Composing (VNFs-CC), VNF Forwarding Graph Embedding
(VNF-FGE) and VNFs Scheduling (VNFs-SCH). The VNFs-
CC is to decide the order of VNFs and the instance amount
of each VNF. The VNF-FGE mainly considers placing VNF
instances to appropriate locations to optimize certain objec-
tives. And the VNFs-SCH mainly deals with the problem
that how to schedule traffic among VNF instances. Fig. 1
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FIGURE 1. An example of three stages in resource allocation. (a) Service function chain. (b) VNFs-CC. (c) VNF-FGE. (d) VNFs-SCH.

shows an example of above three stages. Existing researches
about NFV-RA mainly focus on studying one [8], [9] or two
stages [10], [11] (including two-stage coordination [12], [13])
of NFV-RA (readers could refer to [6] for more details),
however, these three stages are actually mutually dependent.
An optimal NFV-RA should consider above three stages coor-
dinately while the related resource and location constraints
are satisfied. Therefore, a recent trend in NFV-RA is to
study the coordination of NFV-RA’s three stages and in this
work we call it three-stage coordinated NFV-RA (TSC NFV-
RA) problem. Although there are a considerable number of
researches and investigations on NFV-RA in recent years,
most of works focus on one or two stages and use other stages
as input parameters or known conditions. Only a few works
study the TSC NFV-RA problem and propose the correspond-
ing solutions. However, there are still some shortcomings
in these solutions. Thus, further study on TSC NFV-RA is
needed.

To the best of our knowledge, following works study the
TSC NFV-RA problem. In [7], a heuristic based algorithm
JoraNFYV is proposed to solve the VNFs-CC, VNF-FGE and
VNFs-SCH in a coordinated way. In [14], the TSC NFV-RA
problem is formulated as a joint service-function deployment
and traffic scheduling (SUPER) problem and an approxi-
mation algorithm based on the Markov approximation tech-
nique is proposed. Jang et al. [15] jointly optimize the three
stages of NFV-RA by proposing a polynomial time algorithm
based on linear relaxation and rounding. Ghaznavi et al. [16]
formulate the TSC NFV-RA problem as a distributed ser-
vice function chaining (DSFC) problem then develop a local
search heuristic called Kariz to solve it. Considering the
NP-hardness and high complexity of TSC NFV-RA problem,
almost all related works propose heuristic or approximation
algorithms to reduce the time complexity in orchestrating
resource allocation. However, there are still some chal-
lenges in designing the solution of TSC NFV-RA problem as
follows.

Challenge in determining the number of VNF instances.
In TSC NFV-RA problem, each type of VNF can have mul-
tiple instances to be deployed and the designed algorithm
should automatically determine the appropriate amount of
instances according to actual conditions of network dur-
ing the deployment. Such uncertainty of instance number
increases the difficulty of designing algorithms thus some
works [7], [14] set the maximum number of VNF instances.
In other words, the number of instances of each VNF cannot
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exceed a preset threshold during the deployment. However,
finding the appropriate threshold is difficult. Some good
solutions may be missed when the threshold is set to be small
while big threshold will lead to the waste of the execution
time and space.

Challenge in iterative deployment strategy. Consider-
ing the characteristic of SFC, most of heuristic solu-
tions [7], [16]-[18] of coordinated NFV-RA take the iterative
deployment strategy: starting from the first VNF, VNFs in
SFC are deployed orderly and all the related NFV-RA stages
are coordinately solved during each VNF’s deployment pro-
cess. Here note that such strategy has the risk of being trapped
in a local optimal solution thus above heuristic solutions have
taken some extra measures to enlarge the search space. How-
ever, designing such anti-local-optimal measures is difficult
especially in balancing the complexity and the performance.
Some designed measures can effectively avoid the local opti-
mality but they may have high complexity in both time and
space. Conversely, some measures have low complexity but
their performance may be unsatisfactory.

Starting from above two challenges, in this work, we first
formulate a typical TSC NFV-RA model then propose a
heuristic solution called Merge-Split Viterbi (MSV) to solve
it. For each VNF of SFC, MSV can determine the appropriate
number of VNF instances without given maximum number
threshold. Besides, MSV does not take the iterative deploy-
ment strategy thus it avoids complex anti-local-optimal mea-
sures and realizes relatively low time complexity. The main
idea of MSV is to first find a global basic solution then
further to optimize this solution through some improvement
procedures.

This paper makes the following contributions specifically:
i) a typical TSC NFV-RA model is formulated as a mixed
integer programming (MIP) which is incorporated to account
for VNF deployment cost, bandwidth cost and delay cost.
ii) a heuristic solution MSV is proposed to solve above
TSC NFV-RA model. MSV does not require predefined
maximum instance number threshold and does not take the
iterative deployment strategy which makes it have relatively
low time complexity. To the best of our knowledge, MSV is
the first heuristic solution which does not take the iterative
deployment strategy in solving the TSC NFV-RA problems.
iii) extensive simulations are performed to evaluate MSV
from cost performance and execution time two perspectives.
The experimental result shows that MSV achieves competi-
tive cost performance compared to MIP implement and can
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TABLE 1. Notations used in system model.

Network Topology
G =(N,E) Graph G with nodes set N and links set £
Niw Set of forwarding nodes
Nsy Set of service nodes
ar € Ares Physical resource type a, (r = 1,2, ..., R)
oo Resource capacity for ar € Ares
m of node m € Ngy
emn € F Link between node m € N and n € N
dim(€m,n) Transmission delay of link e, n € E
Service Function Chain (SFC)
S Service function chain S
Vg VNF vy (x =1,2,...,wg)
Min Traffic ingress node
Mout Traffic egress node
wg Number of VNFs in SFC S
ls Length of SFC S
Ug Component ug (x =1,2,...,1g)
Ug i The i-th instance of uy
ar Resource demand coefficient of
Pugy a ug instance for a, € Ayes
Jar Resource demand of
Uz a uy instance for a, € Ares
Ny Data rate scaling ratio of ug
Homogeneous Link
H Set of homogeneous links
hy € H Homogeneous link hy (z =1,2,...,lg — 1)
fs The request traffic of SFC S
fhy The request traffic of hy
Decision Variable
Ouy The number of u, instances
S, € {0,1} ', = Lif ug; is deployed on node m € Ny
Lemon Scheduled data rate from g ; t0 ug,;
hayi,j on edge em,n € F
Cost Factor
Qyy Deployment cost of a u, instance
5 Cost coefficient of transmitting one unit traffic
[ Delay penalty cost coefficient

get the solution in global range with reasonable execution
time. The rest of the paper is organized as follows: The system
model is formulated in section II. Our solution is proposed
in section III and the evaluation of solution is presented in
section IV. Lastly, a short conclusion of the work is given in
section V.

Il. SYSTEM MODEL

In this section, we introduce the mathematical system model
and related definitions. Table 1 shows the notations used in
model.

A. NETWORK TOPOLOGY

The substrate network topology is modeled as a graph
G = (N,E) where N and E denote the set of nodes and
links respectively. Set N consists of the set Ny, of forward-
ing nodes and the set N, of service nodes set, i.e., N =
Ny U Ny, Forwarding nodes only forward traffic flows to
other forwarding nodes or service nodes while service nodes
can not only forward flows but also carry the VNFs. Each
service node is considered as a commodity server hosting
multiple VMs and is endowed a set of available physical
resources (e.g., CPU, memory, storage, etc.) denoted by
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Ars = {a-lr = 1,2,...,R}. Meanwhile, we use ci to
represent the resource capacity for type a, € A of node
m € Ny,. ey € E is the link between node m and node n
(m,n € N) and dy,(em,,) denotes the transmission delay of
link e, € E. Here note that, for the better expression of
intra-node delay, we assume dummy link e;;, ,, € E (m € N)
and use dy,(en.m) to denote the intra-node delay of node
meN.

B. SERVICE FUNCTION CHAIN

An SFC is denoted as S = {mjy, v1, ..., Viw,, Moy} Where
V1, V2, ..., Vy, are required VNFs and mjy,, moy, € Ny, are
traffic ingress node and traffic egress node respectively. Traf-
fic flow coming from m;, is processed by VNFs in SFC then
forwarded to m,,, finally. Here we assume that there are no
duplicate VNFs in an SFC and use wg and [g to represent
the numbers of VNFs in SFC § and the length of SFC S
respectively, i.e., Is = wg + 2. Both VNFs and mj,, mgy,;
are regarded as components of SFC and we use u, to denote
the x-th (x = 1,2,...,Is) component in SFC S. Thus,
the u, satisfies uy = mjy, uyg, = Moy and uy = vy
(x = 2,3...,Ig — 1). Considering that each type of VNF
can be deployed multiple times, we use u, ; to represent the
i-th instance of u,.

As mentioned before, VNFs are deployed in VMs running
on the servers, so each VNF would require a certain amount
of resources which are often relevant with the traffic volume
passing through it. In this work, to reduce the complexity,
we assume it is a linear relationship between the traffic
volume and required resources and use pj/ to represent the
resource demand coefficient of a i, instance for resource type
ar € Ajes. So when f denotes the traffic volume handled
by a u, instance, the required resource type of a, € Ay i
dy" = pi'f (note that Va, € A @ pyt = pZ{S =0).

Note that some VNFs can modify the traversing traffic vol-
ume [19] such as a video transcoder can change the encoding
of the video which may result in the change of traffic volume.
So we define the data rate scaling ratio of u, as n,, = ’t"_—”’,
where t;, and ?,,; represent input and output traffic volume
respectively (note that n,, = Mg = 1).

C. HOMOGENEOUS LINK

For the better description of later mathematical expressions,
we define the concept of homogeneous link [20]. In an SFC,
a link consisting of two adjacent components is called a
homogeneous link. For example, in Fig. 2, the SFC contains
four different homogeneous links. Here we use H = {h,|x =
1,2, ..., ls—1} torepresent the homogeneous link set of SFC
S and call the traffic on &, as “traffic with type h,”. We set fs
is the request traffic volume of SFC S and use f}, to denote the
request traffic volume on homogeneous link 4 (i.e., f, = fs,

fh2 = ﬂuzfs, ce vfh15_| = nuls_|fh/s_2)-

D. DECISION VARIABLES
In this model, we introduce three kinds of decision vari-
ables: instance number decision variable ¢,, € o, location
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FIGURE 2. Homogeneous link.

decision variable ¢, = € ¢ and traffic volume decision vari-

€m,n

able T, i € T Variable o, denotes the number of uy
1nstances Varlable Sy, is a binary value, which represents
whether u, ; is deployed onnodem € N.

m _ |1 if u;is deployed on node m, )
Suei =10 otherwise.

. em,n
Variable Tpij
fromuyjtoury1; (x =1,2,...,
Here we use X

represents the traffic volume scheduled
Is —1)onedgeey, € E.
= (o0, ¢, T) to represent a solution of model.

E. CONSTRAINTS

1) BASIC CONSTRAINT

Eq. 2 ensures that each u, must be deployed at least once
while Eq. 3 ensures the relationship between oy, and g, .

Eq. 4 makes ensure that each u, ;,i € {1,2,...,0,,} can be
deployed only once.
Yu, € S:o,, > 1 )

Ouy

Yu, €S Z Z Sur = Ou, 3)

meN i=1
o) Y =1 (4

Yu, €S, ie{l,2,...
meN

2) LOCATION CONSTRAINT
Eq. 5 ensures that u; and u;g are deployed only on m;,, € Ny,
and myy, € Npy, respectively and can be placed only once.

oy = 1, gul'" =1

oug =1, g = ®)

3) NODE CAPACITY CONSTRAINT
Eq. 6 guarantees that the resource capacities of nodes are not
violated.

Va, € Ayes :Vme N : Ve, ,, € E :

Is—1 ouy Ouy_y

YOS s < (©)

x=2 i=1 j=1

4) TRAFFIC VOLUME DEMAND CONSTRAINT

Eq. 7 ensures that the traffic volume request of each homoge-
neous link is satisfied.

Ouy Oityp)

Vhy € H :Veyn € E : Z Z Z FEAGTES )

meN i=1 j=1
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5) FLOW CONSERVATION CONSTRAINT

Eq. 8 makes sure that for each type of traffic, the inflow
volume to an unprocessed node is equal to the outflow volume
from this node.

Vhy € H : Ve, 650 € E:Vie{l,2,...,04}:
URTENPRTD i o )

meN oeN

F. OPTIMIZATION OBJECTIVE

In this model, the final optimization objective is to minimize
the total cost consisting of VNF deployment cost, delay cost
and bandwidth cost.

1) VNF DEPLOYMENT COST

Owing to the license cost and the standby energy cost [21],
deploying one VNF instance needs a certain amount of cost
and here we take this as VNF deployment cost. Eq. 9 is the
VNF deployment cost of SFC § where coefficient «,,, is the
deployment cost of one u, instance (note that o, = oy = 0).

Cdeployment = Z Oy, Oy, ©)

uyeS

2) BANDWIDTH COST

The network provider always expects to minimize the total
bandwidth consumption in order to reduce the chance of
congestion and related operational cost. So we consider the
bandwidth consumption as one of the optimization objectives
in the form of bandwidth cost. Eq. 10 is the bandwidth
cost of SFC § where coefficient § is the cost coefficient of
transmitting one unit traffic.

Ouy Otxql

Coandwidth = Z Z Z Z :Btemn (10)

hyeH ey neE i=1 j=1

3) DELAY COST

The increase of end-to-end delay may hurt the service’s
performance and the users’ experience. So we also take the
end-to-end delay as one of the optimization objectives. Con-
sidering that high end-to-end delay will lead to low service
revenue, here we treat delay as a penalty to service revenue.
Thus, the delay cost means a kind of penalty cost and we
consider the end-to-end delay in the form of delay cost.
Although the precise relationship between end-to-end delay
and delay penalty cost should be modeled by investigating
historic marketing statistics, we assume that it is a linear
relationship for simplicity. Eq. 11 is the delay cost of SFC
S where coefficient § is the delay penalty cost coefficient.

Ouy Oyt

Caclay =D, Y DY Sdumlenn)r,"t;  (11)

hyeH ey eE i=1 j=1

In addition, we call the sum cost of bandwidth cost and
delay cost as link cost. It can be observed that the link cost
is proportional to the traffic volume and here we call the link
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Algorithm 1 MSV Algorithm

Algorithm 2 Procedure SplitChainViterbi(.)

left

1: (X, Awey ) < SplitChainViterbi(G, Ayes, S, fs, 1);

2 forx=2;x<Ilg—1;x++do

3 Classif(G, A" fs, e, u):;

4. end for

5: forx =2;x <Ilg—1;x++do

6: if u, is not BigVNF then

7 (X, Ail) < Merge(G, A, S, fs, 1, X, ux);
8: end if

9: end for

10: forx =2;x <Ils—1;x++do

—_ =
N o=

if u, is BngNF then
(X, A) < Split(G, A . S, fs. . X, )
13: end if
14: end for
15: checkround < O,
16: while checkround < Q do
17: forx =2;x <lg—1;x+ +do

18: if u, is BigVNF then .

19: X, Ay  Update(G, A, S, fs, X, uy);
20: end if

21: end for

22: checkround < checkround + 1;

23: end while

24: End

cost under unit traffic volume as unit link cost. For each link
em.n € E, we can calculate its unit link cost and thus we can
further obtain each path’s unit link cost. We define the unit
link cost between two nodes as the unit link cost of path who
has the smallest unit link cost between them.

4) OBJECTIVE FUNCTION
So the TSC NFV-RA model can be formulated as following
MIP model.

min (¢ Cdeployment + ¢2Cpandwidth + €3 Cdelay)
subject to (2) — (8) (12)

Here c1, ¢2 and c3 are relative importance coefficients.

lll. MERGE-SPLIT VITERBI

In this section, we propose a heuristic solution called Merge-
Split Viterbi (MSV) to address above TSC NFV-RA model.
As mentioned before, MSV can automatically determine the
appropriate instance number of each VNF without given the
maximum threshold and MSV does not take the iterative
deployment strategy. The main idea of MSV is first to find
a global basic solution then further to optimize this solution
through some improvement procedures. The basic steps of
MSYV are given in Alg. 1. MSV first gets the basic solu-
tion through SplitChainViterbi(.) procedure (line 1). Then
all the VNFs in SFC are classified by Classify(.) procedure
(lines 2-4). After that, MSV starts improvement procedures.
MSYV first processes all the VNFs which meet the trigger
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I: procedure SplitChainViterbi(G, Aes, S, fs, X)

2 Arev <~ Apes;
3:fork=1;k <X k++do
4: Vx e {2,...,ls — 1}, m; € Ny,
5 Spath(uxy m;) < Null;
6: Vm; € Ny
7. ifdd > Pu,’S then
8: Cceum(uz, mj) < LinkCost(mjy,, mj, fs /1),
9: épath(MZ» m;) < my;
10 end if
11: forx =3;x<Ilg—1;x+ +do
12: Vm; € Ny, mj S NW,
13: if cﬁfl{t > pux > H n.; then
=1
14: Ceum(Ux, m}) < min{Ceym(x—1, M) +

LlnkCost(ml,mj, 5 1_[ Nu)bs

15: Eparn (it mj) < m; which makes
16: minimum ¢y, Uy, m;);
17: end if
18: end for
19: Vm; € Ny,:
Cfinal .
20: cum <~ mln{ccum(uls—l , m;) +

Is—1
LGkCost(ml,mom, 21T nud)s

i=1
final

21: spath < m; which makes

22: minimum /"4,

23: Construct path p = (& mh s Epan(Uig—1, Sp’:,h ), )
24: Get split chain deployment Tk

25: according to path reverse(p);

26: Alfg;t <« refresh(Al,‘é; );

27: end for

28: Get basic solution X according to 71, ..., my;

29: return X and Alriff ;
30: end procedure

condition in SFC with Merge(.) (line 5-9). Then MSV
continues to use Split(.) to process eligible VNFs in SFC
(line 10-14). Atlast, MSV uses Update(.) procedure to further
update the solution (line 15-23).

Note that MSV does not explicitly differentiate the types of
resources. For each service node m € NSVR, MSYV calculates its

abstract total resource capacity ¢, = > Xrcar in advance.

=1
The x, (r = 1,2, ...R) can be set acéording to the impor-
R

tance of each resource. Similarly, MSV uses p,, = > X,pﬁ§
r=1
to represent the abstract total resource demand coefficient of
a u, instance and thus the required abstract total resource
of a u, instance is d,, = p,f. In the following part of
introducing MSYV, the resource indicates above abstract total
resource.
Still to introduce each main part of MSV in detail.
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FIGURE 3. Modeling with multi-stage graph.

A. FIND BASIC SOLUTION

The procedure SplitChainViterbi(.) shown in Alg. 2 is used
for finding the global basic solution. The SplitChainViterbi(.)
is based on Viterbi algorithm and here we first intro-
duce the Viterbi algorithm and how it is applied in our
solution.

Viterbi algorithm [22] is a dynamic programming algo-
rithm for finding the most likely sequence of states from a
set of observed states. The main process of Viterbi algorithm
is as follow: Viterbi algorithm first constructs a multi-stage
graph consisting of the states and their relationships as shown
in Fig. 3(a). Each stage includes all possible states and there
is a transition cost Cyqns(Xi—1,, Xix) between all pairs of
states in successive stages. Then Viterbi algorithm computes
per state cumulative cost ceym(x; k) for all x;_; in the pre-
vious stage to x;’s stage which is computed by cqym(x; k) =
min{ccum(xi—l,j)+Ctrans(xi—l,j» X = 1,...,mi—1 } (here
i>2and Yoo : ceum(X1,) =0). Above computation continu-
ously proceeds in the increasing order of stage until finishing
the final stage’s computation. Finally, by tracing from the
final stage back to the first stage, the most likely sequence
of states is constructed by the path which accumulates the
minimum cost. Viterbi algorithm can find the most likely

n—1
sequence of states in ©® | > m;m;; | time.
i=1

Inspired by [23], under our model, if we assume the request
traffic volume fg is fully small (or the resources of each
service node are infinite), thus each VNF of SFC is only need
to be deployed once (i.e., each VNF has only one instance),
we can establish this reduction model’s multi-stage graph
and solve it with Viterbi algorithm as shown in Fig. 3(b).
Here each stage is each type of VNF, each state is available
location of VNF (i.e., each service node) and the transition
cost between states is the link cost between nodes under
the matched traffic volume f; . Now finding the most likely
sequence of states is to find the deployment path whose total
cost is minimum and this path is also the optimal solution of
this reduction model. Thus, Viterbi algorithm can solve this
reduction model optimally (lines 4-25 in Alg. 2) in ® (WSN 2)
time where N = Card(Nyy,).
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However, in our model, the request traffic volume fs may
be large and the resources are limited. So if we do not
consider multiple instances, the resource demands for VNFs
are large that none of service nodes can carry them. Thus,
extra instances may have to be added to split the traffic
flow to reduce the resource occupation of per VNF. But the
Viterbi algorithm requests that each VNF should be deployed
only once and thus above case may lead Viterbi algorithm to
find an empty solution. Although Viterbi algorithm cannot
solve our model directly, considering its global optimality,
we manage to apply it to find the global basic solution.

As discussed above, under the resource constraint, the
Viterbi algorithm is applicable only when the request traffic
volume is small. So here we divide the original SFC into
A same split chains as shown in Fig. 4(b). Each split chain
is identical with original SFC in construction but its request
traffic volume is one A-th of original request traffic volume,
i.e., fs/A. Then we use the Viterbi algorithm to deploy the
split chains one by one. Here note that the size of A must
ensure all the split chains can be deployed successfully by
the Viterbi algorithm. Here the success means for each of
split chain, Viterbi algorithm can find a nonempty solution.
In this work, the X is regard as an input parameter and it
can be any reasonable value which satisfies above condition.
As all the split chains have the same ingress nodes and egress
nodes, after deploying all the split chains, we actually obtain
a solution for our model as shown in Fig. 4(c). Now we take
this solution as the basic solution (or start solution).

Above is the main idea of how the procedure
SplitChainViterbi(.) finds the basic solution. As each split
chain is deployed by Viterbi algorithm with a global per-
spective, the obtained solution is also a global relatively
high-quality solution and we start from this solution, further
optimize it through some improvement procedures.

B. IMPROVEMENT PROCEDURE
1) PROCEDURE OF CLASSIFYING
Before taking the improvement procedures, we first clas-
sify all the VNFs through Classify(.) as shown in Alg. 3.
The Classify(.) classifies the VNFs mainly according to
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Algorithm 3 Procedure Classify(.)

1 procedure Classify(G, Al fo. 1. &, uy)
2: count < 0;
3: for each m € N, do

x—1
4: if c,l,iﬁ < puxf;i - T1 ny; then
i=1

5 count < count +1;

6: end if

7: end for

8: if count > |e - Card(Ny,)| then
9: this VNF is BigVNF;

10: end if
11: end procedure

each VNF’s p, and the detailed steps are as follow. The
Classify(.) procedure first calculates each instance’s resource
occupation d,, of VNF in basic solution. Here note that all
the instances’ resource occupations of this VNF are same
because all the split chains have same traffic volume. Then
Classify(.) counts the number of service nodes whose remain-
ing resource is smaller than d,,, and if this number is larger
than |e - Card(Nyy)], the Classify(.) classifies this VNF as
“Big VNF”. Here ¢ is the predefined precision parameter and
0 < ¢ < 1. The Classify(.) procedure terminates when all the
VNFs in SFC have been classified.

After the classification, for the VNFs which are not “Big
VNFs”, we first use the improvement procedure Merge(.) to
process their instances then we continue to use the improve-
ment procedure Split(.) to process the instances of *“Big
VNFs”. Here note that after these procedures, some split
chains will be changed and in the following part of introduc-
ing improvement procedures, the “split chain” represents the
original split chain in the basic solution of the hop or branch
that is currently being processed.

2) PROCEDURE OF MERGING

It can be observed in obtained basic solution that the instance
number of each VNF is same. However, for some VNFs,
especially which have the small size of resource demand
coefficient p, , the instance number in basic solution may
be superfluous. So here we introduce the first improvement
procedure Merge(.) as shown in Alg. 4. If one VNF meets
the trigger condition of Merge(.), the Merge(.) starts from the
first split chain in current solution and tries to continuously
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Algorithm 4 Procedure Merge(.)

1: procedure Merge(G, Alrij;t S, fss ko X, ux)
2: Xeyr < X, count < 1,
3fork=1k<Xi-1;k++do

4. Xgrg <~ Xcur;

5 Release uy k., Ux k+1;

6 for each m € Ny, do

oo left =
7: if e > py (count +1)5 - [] ny, then
8: Assume uy i is deployedlarll m;
: Get this assumed solution X,,;

10: if TotalCost(X5,) < TotalCost (X, ) then
11: Xewr < Xasus

12: Ag‘gf <« refresh(Alr?;t ;

13: end if

14: end if

15: end for

16: if X,,e = Xy then

17: count < 1;

18: else

19: count < count + 1;
20: end if
21: end for

22: return X <« X, Aﬁe{t,

23: end procedure

merge the instance in next following split chain, as shown
in Fig. 5. Here the ““‘merge” indicates using one instance to
replace the spare instances. The detailed merging process is as
follow. We first assume that the Merge(.) procedure has now
successfully merged k instances of u, (the initial value of k
is one), in other words, these k instances have been replaced
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FIGURE 6. An example of SFC deployment.

by a new instance and the traffic volume on this new instance
becomes to k times of the original traffic volume reaching

to each instance of u, in basic solution, i.e., k - (f5 ]_[ Nu;)-

And we also assume the total cost of current solutlons is

Ceyr (the initial value of C,, is the total cost of basic solu-
tion). Now the Merge(.) procedure continues to try to merge
above instance with the instance in next following split chain
(assuming this split chain is the /-th chain) with following
steps. The Merge(.) first eliminates these two instances to
release their resource occupations and it searches all the
service nodes which have enough resources to carry the traffic

x—1
with amount of (k+1)- (fxs [T n4;)- Each node meeting above

condition is a candidate nlo_dle to deploy next new merging
instance and the Merge(.) calculates each candidate solution’s
total cost then selects the minimum one. If the total cost of this
selected solution is also smaller than C,,,,-, the current solution
will be replaced by the selected solution and the Merge(.)
continues next merging process. However, if no nodes can
carry above traffic volume or the minimum cost is larger than
Ceur, this merging process is considered to be failed. In this
case, the value of k is reset to one and the Merge(.) procedure
restarts from the [-th split chain. The Merge(.) procedure
terminates when all the instances have been processed.

3) PROCEDURE OF SPLITTING

In the basic solution, each split chain is deployed by Viterbi
algorithm. As mentioned above, Viterbi algorithm can obtain
optimal solution, however, such optimality is strictly under
the condition that each VNF has only one instance. So if
we consider the case of multiple instances, there may be
better deployment for each split chain. For example, in Fig. 6,
we deploy the chain shown in Fig. 6(a) to the substrate
network. If we use Viterbi algorithm to deploy this chain,
it will deploy the chain as shown in Fig. 6(b). However,
the deployment shown in Fig. 6(c) is obviously much better
than the former as the links e, . and e., have very large
transmission delay. Viterbi algorithm has ignored the links
with small transmission delay such like e, ; and e, 4 because
the integrant nodes b and d do not have enough resource to
carry the 10 units traffic volume. Above example indicates
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Algorithm 5 Procedure Spliz(.)

I: procedure Split(G, A" S, fs, 7, X, uy)
2: Xewr < X;

3 fork=1k <X\ k++do

4: Xorg < Xeurs

5: Release uy x;

6: Vm; € Ny, mj € N,

7

8

9

Assume split instances u}c o ui i are
deployed on m;, m; respectively;
: T <~ HopSCH (Nsrc, Fsrey Neur s Cses Rrems Naes, Cea)s
10: Get this assumed solution X,,;
11: if TotalCost(X45,) < TotalCost(X,,) then

12: X <~ Xasus
ef asu left
13: Ayes < refresh(Arss );
14: end if
15: end for
left

16: return X < Xy, Ares
17: end procedure

that Viterbi algorithm may miss some good paths whose
integrant nodes do not have enough resource. Besides, above
case more likely occurs in deploying the VNFs which have
the big size of resource demand coefficient p,, because under
the same traffic volume, they request more resources so that
the Viterbi algorithm may miss more nodes. So here we intro-
duce the second improvement procedure Splif(.) as shown in
Alg. 5. If one VNF meets the trigger condition of Spliz(.),
the Split(.) starts from the first split chain in current solution
and tries to split each instance of the VNF, as shown in Fig. 7.
Here the “split” indicates using two instance to replace the
original instance so that the traffic can be split. The detailed
splitting process is as follow. We assume the total cost of
current solutions is C.y,-. The Split(.) first eliminates the
target instance to release its resource occupation then starts to
search the appropriate nodes for two new instances through
procedure HopSCH(.). For every two nodes, the Split(.)
assumes the two new instances are deployed on these two
nodes then the HopSCH(.) scheduling the optimal traffic
of generated hops by using linear programming which can
be solved in polynomial time. The input parameters include
nodes set hosting source VNF (i.e. previous type of VNF)
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FIGURE 7. procedure of splitting.

instances Ny = {m;li = 1,2,...,1}, traffics from each
source VNF instances Fy,. = {fili = 1,2,...,1} (here
I = 1orl = 2 as previous VNF may also be split),
nodes set hosting current VNF (i.e. current type of VNF)
instances Ny = {m;|j = 1, 2}, unit link cost Cy. = {c;j|li =
1,2,...,1;j = 1,2} between Ny, and N, remaining
resource on current nodes R, = {r;[j = 1,2}, nodes set
hosting destination VNF instances Ng,s = {mi|k = 1}, unit
link cost Coy = {cixli = 1,2;k = 1} between N, and
Nges. When we use 7;; to denote the traffic allocating between
source and current VNF instances, the linear programming
can be formulated as:

1 2 1
min} Y eyt Y G Y mti

i=1 j=1 j=1k=1 =1

2
Cl:) ©j=fi ief{l,2,...,I}
s.t. =t (13)
C2: leut,-j <r, jell,2}
i=

Here 1, and p, are the data rate scaling ratio and resource
demand coefficient of current VNF instance respectively.
Constraint C1 ensures all traffics from source VNF instances
are allocated while constraint C2 ensures the resources on
current nodes can carry the allocated traffic volume. Fig. 8
shows the HopSCH(.) procedure when I = 2. Note that
if above linear programming comes out to be no solution,
we set the cost of this generated hops to infinite. After the
HopSCH (.) procedure, the Split(.) calculates this newly gen-
erated solution’s total cost. For every two nodes, the Split(.)
repeats above steps then finds the solution with minimum
total cost. This solution is considered as a candidate solution
by Split(.) and if the total cost of it is smaller than C,,
the current solution will be replaced by it and the Split(.) con-
tinues next split chain’s splitting process. If not, the Split(.)
starts next split chain’s splitting process. The Split(.) proce-
dure terminates when all the instances have been processed.

4) PROCEDURE OF UPDATING

The Split(.) procedure may generate new instances and
some instances may be allocated small traffic volume
while some instances may be allocated large traffic vol-
ume by HopSCH(.). It is highly possible that these
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small-traffic-allocated instances generated from different
split chains can also be merged. On the other hand, these
large-traffic-allocated instances may also have the possi-
bility to further be split. So the Update(.) procedure as
shown in Alg. 6 further updates these newly generated
instances. The Update(.) first sorts all the instances in
ascending order by the amount of allocated traffic volume,
then starting from the first instance, the Update(.) imple-
ments the Merge(.) procedure. After the Merge(.) procedure,
the Update(.) continues to implement the Split(.) proce-
dure and thus a round of Update(.) is completed. Note that
the Split(.) procedure in Update(.) may also generate new
instances which means Update(.) procedure can be imple-
mented again. So here we set a parameter €2 which represents
the total number of Update(.) rounds. One can set the 2
to be larger to get better result but it will also spend more
time.

Algorithm 6 Procedure Update(.)

: procedure Update(G, Al S.fs, X, uy)

I ={Lli=1,...,«k}< GetNewlnstanceSet (X, u,);
o Isorr <= SortByTraffic(I);

X, Arh) < Merge(G. A, S, Lo, X, 1);

X, AR < Split(G, A1, S Isore, X, 1)

: end procedure

C. TIME COMPLEXITY ANALYSIS

For the SplitChainViterbi(.) procedure, as the each split
chain is deployed by Viterbi algorithm in ® (wSN 2) (here
N = Card(Nsy)), the SplitChainViterbi(.) runs in T, =
O (wsAN?). Obviously, the Classify(.) runs in Tejassify =
O (wgN). For each type of VNF, the Merge(.) processes
its instances in Tyerge = O ((A — 1)N). For the Split(.)
procedure, let ¢ (L) be time complexity of solving the
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linear programming in Eq. 13. Actually, ¢ (L) is very small
as there are a few variables and constraints in Eq. 13.
Thus, for each type of VNEF, the Split(.) processes its
instances in Ty = O (Mp (L)N 2). For the Update(.) pro-
cedure, let ¢ (G) be the time complexity of sort function
for sorting G numbers. For the j-th VNF in SFC, when we
use All’j and k;j to denotes the number of instances pro-
cessed by Merge(.) and Split(.) in the i-th round Update(.)

. . 1,J
procedure respectively, the procedure runs in T, pdate

0 ((p (2)\’1’1) +@AY — N +225 (L) Nz). Finally, in the
worst case, considering that the complexity of Split(.) is
higher than Merge(.), we assume all the VNFs in SFC are
“Big VNFs” thus the MSV runs in Ty +Terassify+ws Tspric +

Q w, ..

> XS: Tblt;date' Note that this time complexity cannot reflect
i=1j=1

thejtypical time complexity of the MSV as it is analyzed
under the worst case. In most case, MSV runs much faster
than above upper bound.

According to above equation, MSV has the time complex-
ity of O (N 2) for node number N overall and this is much
lower than JoraNFV’s [7] and Kariz’s [16] (to the best of our
knowledge, [7] and [16] are the only works we have known
so far which also propose heuristic solutions to solve the TSC
NFV-RA problem). In [7], although the time complexity of
JoraNFV is not exactly examined, according to the pseudo
code of JoraNFV, we can infer that the time complexity of
JoraNFV for node number is higher than O (N?). On the other
hand, the Kariz achieves the time complexity of O (N3 log N)
for node number. Both JoraNFV and Kariz take the iter-
ative deployment strategy so some extra anti-local-optimal
measures are added to them in order to avoid being trapped
in local optimality. But these measures also increase their
time complexity. On the contrary, MSV does not take the
iterative deployment strategy thus it does not require complex
anti-local-optimal measures and achieves relatively low time
complexity.

IV. PERFORMANCE EVALUATION

A. SIMULATION SETUP

1) SIMULATED NETWORK

The actual characteristic of substrate network topologies are
not well understood now as the network virtualization is a
new emerging field. So here we use three typical network
models: Random Network, Small-World Network [24] and
Scale-Free Network [25] as the simulated networks which
are generated with principle proposed in [20]. For each
simulated network, the node number is one of {10, 15,
20, 45, 50} and 30% nodes are forwarding nodes while
the others are service nodes. For the sake of simplicity,
we directly use the abstract total resource capacity intro-
duced in §III to represent the resource capacity on each
service node. Resource on each service node, transmission
delay on each link and intra-node delay of each node are
randomly generated following a uniform distribution given
in Table 2.
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TABLE 2. Network simulation parameters.

Distribution | Mean Var
Uniform 10 8.33

Parameters
Node Resources(unit)

Transmission Delay (ms) Uniform 2.5 0.0833
Intra-node Delay (ms) Uniform 1.5 0.0833
TABLE 3. Virtual network function parameters.
VNF1 | VNF2 | VNF3
Resource dernapd cs)efﬁcwnt 1 01 05
Pu, (unit/unit)
Traffic Scale 7,,,, 1 1 1
Deployment cost ax,,, 3 4 5

2) SFCS AND VNFS

The ingress node and egress node in SFC are randomly
selected from forwarding nodes. The request traffic volume
is one of {20, 30} units and the SFC is one of following.

o Length-3: {mj, > VNF1— myg,;}
o Length-4: {m;, - VNF1— VNF2— m,}
o Length-5: {m;, > VNF1— VNF2— VNF3— mg,}

Here Length-i contains all VNFs of Length-(i-1) and the
detailed parameters of above VNFs are given in Table 3.

3) PARAMETERS

We evaluate MSV in respect to substrate network type, node
number, length of SFC and split chains number. In each
experiment, a new network and a new SFC are generated
according to above setup and we use MSV to deploy this
SFEC to this network. We repeat each experiment under the
same parameters 10 times and report the average. Note that
under above setup (generating principle of resource capacity
and setting of request traffic volume), obviously, the SFCs
whose request traffic volume is 20 units need to be split to
at least two split chains while 30 units SFCs need at least
three split chains. So when using MSV to deploy 20 units
SFCs, we set A = 2 while for 30 units SFCs, we set A = 3.
Note that in rare cases, especially when the scale of generated
network is small, the accompanied generated SFC requires
more split chains than above settings. In this case, we aban-
don above SFC and network then regenerate the SFC and
network in order to unify the number of split chains for later
time performance evaluation as the number of split chains
has influence on the execution time according to previous
time complexity analysis. Besides, the precision parameter
¢ in Classify(.) procedure is set to ¢ = 0.4 and the round
parameter 2 is set to 2 = 1.

4) EVALUATION METHOD AND ENVIRONMENT

We evaluate the MSV from following two perspectives: cost
performance compared to MIP implement by CPLEX (we
consider the solutions obtained by MIP implement as optimal
solutions) and time performance. We carry out our simu-
lations in a PC with four 3.5GHz CPU cores and 32GB
memories using CPLEX 12.6.0.0 (MIP implement) and Mat-
lab 2016b (SFC and network generation, MSV implement).
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FIGURE 9. Cost Performance of MSV with 20 units traffic volume (A = 2).
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FIGURE 10. Cost Performance of MSV with 30 units traffic volume (A = 3). (a) Random Network. (b) Small-World Network. (c) Scale-Free Network.

TABLE 4. Cost Factors.

Bandwidth cost
coefficient ¢
1

Delay penalty
coefficient o
1

Factors

Value

Besides, we use the linear programming function using the
Dual-Simplex algorithm in Matlab optimization toolbox to
solve the linear programming in HopSCH (.) procedure and
use Matlab’s own sort function to sort the branches in
Update(.) procedure.

B. COST PERFORMANCE

The related cost factors are set as in Table 4 and all the
relative importance coefficients are set to one. We compare
the MSV’s cost performance with MIP’s as shown in Fig. 9
and Fig. 10. The reported values are the ratio of MSV’s
costs and MIP’s costs. Here note that as the MIP implement
by CPLEX takes too much time when the scale of network
becomes larger, we compare MSV with MIP from 10 nodes
scale to 30 nodes scale (20 nodes scale network at most
for 5 length SFCs with . = 3) for each type of network.
The result shows that the cost performance of MSV mainly
influenced by the length of SFC. With the increase of SFC
length, the performance gradually becomes worse. It can be
observed that among three kinds of networks, the Scale-Free
Network’s performance is influenced most by the growth of
the SFC’s length. On the other hand, the split chains number
do not have obvious impact on the performance. Besides, for
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each different length SFC in each type of network, we can
observe that the total cost ratio does not have an obvious
change or fluctuation when the number of nodes increase
which means MSV does not be affected by the scale of
network and can always find the solution in global range.
The reason is that the procedures of finding basic solution and
improvement are always proceeded from global perspective
thus MSV can always get the solution in global range and
effectively avoid being trapped in local optimality. Overall,
the result shows MSV can usually get the solution whose total
cost within 1.15 times of MIP’s.

MSYV also performs well when compared to JoraNFV [7]
and Kariz [16] in total cost performance (both [7] and [16]
consider a total cost consisting of various costs as the final
optimal objective and take the cost ratio of sub-solution
found by algorithms to optimal solution as the main eval-
uation method of algorithms). When we consider 5-length
SFC deployment, MSV performs better than JoraNFV and
achieves comparable performance to Kariz. According to the
performance evaluation in [7], the ratio to optimal solution of
JoraNFV is about 1.15 in average and within 1.25. However,
we can observe that the ratio to optimal solution of MSV
is about 1.1 in average and within 1.15 from Fig. 9 and
Fig. 10. On the other hand, the ratio to optimal solution of
Kariz is about 1.05 in average and within 1.1 according to
the performance evaluation in [16]. Although MSV performs
slightly worse than Kariz on the ratio to optimal solution,
it has much lower time complexity than Kariz’s.
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C. TIME PERFORMANCE

To evaluate the time performance of MSV, we plot the average
execution time on each type of network, as shown in Fig. 11
and Fig. 12. The result shows that in each type of net-
work, the average execution time increases as the number of
nodes and the length of SFC increase. Besides, by comparing
Fig. 11 and Fig. 12, we can also find that MSV takes more
time when the number of split chains increases. The type
of substrate network does not impact much on execution
time as the MSV takes similar time to deploy a SFC on
different type network.Here note that in both Fig. 11 and
Fig. 12, the 5-length SFCs’ average execution time is much
larger than other different length SFCs when the scale of
network is relatively small. The reason is that, as shown
in Table. 3, the resource demand coefficient of VNF1 is set
to be relatively large thus in most case, VNF1 is considered
as “Big VNF” by MSV and their instances are processed
by Split(.) procedure. Conversely, VNF2’s instances are pro-
cessed by Merge(.) procedure at most case as its resource
demand coefficient is relatively small. However, the VNF3’s
resource demand coefficient is set to be middle thus it is
processed differently in different scale of network. In small
scale networks, it is usually judged as “Big VNF” by MSV
and processed by Split(.) procedure. However, with the num-
ber of nodes increase, VNF3 is gradually considered as not
“Big VNF” then processed by Merge(.) procedure instead.
As mentioned before, the complexity of Split(.) is higher
than Merge(.), so the 5-length SFCs’ average execution time
increases rapidly at first then tends to slow.
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Network Scale MIP MSV
10 nodes About 11h 1.75s
20 nodes About 45h | 6.048s
30 nodes 00 7.346s

Table. 5 shows the average execution time comparison
between MSV and MIP implement when deploying 5-length
SFC (here A = 3) on random network. It can be observed
that the MIP takes about 45 hours to deploy a 5-length SFC
on 20 nodes scale random network while MSV just only
takes about 6.048 seconds under aforementioned environ-
ment. Thus, the performance shows MSV can deploy SFC
in relatively short time and can be used for real-time SFC
deployment.

V. CONCLUSION

In this work, we propose a heuristic solution MSV to solve
a typical three-stage coordinated NFV resource allocation
model. MSV can automatically determine the appropriate
number of VNF instances without a predefined maximum
instance number threshold. Besides, MSV does not take the
iterative deployment strategy thus avoids complex anti-local-
optimal measures. The main idea of MSV is first to obtain a
global basic solution then further to improve it through some
improvement procedures. The experimental result shows that
MSV can get the solution in global range and achieves total
cost ratio within 115% compared to the MIP implement.
In addition, MSV can also deploy SFC in relatively short
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time. In our future work, we would like to continue to inves-
tigate some more effective heuristic approaches to solve the
three-stage coordinated NFV resource allocation.
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