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Abstract— Application of Software Defined Network (SDN) and
Network Function Virtualization (NFV) paradigms to
telecommunications networks are determining an evolution
towards a so-called Software Defined Infrastructure (SDI), where
network and service functions are developed and controlled as
software applications. Management and orchestration of
resources are key elements in this softwarization process. To
support it, a theoretical activity of modeling network nodes and
networks of nodes is needed in both design and operational
phases. To this purpose, this paper defines an analytical model of
an SDN/NFV node that can work as a building block for a more
complex model of a whole softwarized network.
Keywords-component; SDN; NFV; Resource Orchestration;
Markov model; QoS.

I. INTRODUCTION
In the last years, Network Functions Virtualization (NFV)
[1-2] has been introduced as a new network paradigm to
softwarize the Future Internet, aiming at determining an
evolution of telecommunications networks towards a Software
Defined Infrastructure (SDI) [3] to provide services in a more
flexible way, better following the dynamics of users and
network traffic [4]. The idea at the base of NFV is to leverage
on virtualization technologies that are typical of data center and
cloud environments to realize network functions as pieces of
software running on the network nodes that, to this purpose, are
realized by using general-purpose servers where a
virtualization environment is installed.
The introduction of this new paradigm has been made
easier with the application of Software Defined Network
(SDN) [5], a framework whose main target is to decouple the
network-control plane from the network-data plane, so
achieving programmatic interfaces into network equipment.
This technology, initially applied to simplify management of
large IP/Ethernet networks and data center networks by
exercising central control over forwarding, is used in
SDN/NFV networks to control flow paths in such a way that
each flow follows a required service chain constituted by a
sequence of Virtual Network Functions (VNF) dynamically
instantiated on network nodes.
Nevertheless, if network softwarization through the
application of the above paradigms is transforming the ossified
Internet into a flexible and programmable network [6]
improving service flexibility, so reducing both CAPEX
(CAPital EXpenditure) and OPEX (OPerating EXpenditure)
for Telco Operator networks, on the other hand is introducing
new challenges in the design and management of all the
components of a telecommunications network. Specific
problems concern orchestration and resource allocation [7-8],
and classical solutions coming from traditional networking
scenarios and cloud computing are not able to solve them,
mainly due to the intrinsic characteristic of an SDN/NFV

network that can be considered as a big distributed data center
where the internal delay is not negligible [9].
Moreover, the multitude of analytical models of specific
network nodes and networks of nodes defined in the past [10]
are not able to capture the peculiarities of a node of an
SDN/NFV network, where data packets are first enqueued to
be served by the processor unit, and then enqueued again to be
transmitted through the output links. To this end, in both design
and operational management phases of a network node, it is
necessary to take care of the inter-relationships between
possible performance deteriorations in both the two stages of
enqueueing. In fact, using a not-well performing processor to
execute time-consuming VNF can constitute a bottleneck that
may cause delay or losses in the access to the processor and
consequent underutilization of the output transmission links.
In addition, orchestration and resource allocation tasks
performed by the Management & and Orchestration (MANO)
entity [11] rises a more general problem of modeling a whole
network as a graph of SDN/NFV nodes. A first attempt in this
direction has been done by the same authors in [12], where a
hierarchical model has been defined, the underlying level to
model each SDN/NFV node, and an upper layer to model the
network of SDN/NFV nodes. However, a Jackson queueing
network approach has been used, with the Poisson assumption
for all the flows. In this way, the above model may result not
accurate in many situations, because it neglects second-order
statistics that are necessary to well characterize the behavior of
a queue of jobs [13].
With all this in mind, the target of this paper is twofold.
First, a Markov model of an SDN/NFV node is defined, as a
two-stage queueing network, with the peculiarity of capturing
both first-and second-statistics of the input traffic. Second, a
switched batch Bernoulli process (SBBP) [14], which is the
most general Markov-modulated traffic model in the discretetime domain, is derived to capture the output traffic coming
from an SDN/NFV node. The combination of both the models
constitute a building block of a model of a whole complex
SDN/NFV network.
In addition, let us note that the whole node model is so
general that can be easily extended to capture any processorsharing policies like the one proposed in [15-16].
The rest of this paper is organized as follows. Section II
will provide a description of the considered SDN/NFV node.
Section III will introduce the proposed analytical model of the
system. Section IV will present some numerical results.
Finally, Section V will draw some conclusions and describe
some ideas of future work.
II. SYSTEM DESCRIPTION
The system we consider in the rest of the paper is an
SDN/NFV node as described in [8-9]. Its block diagram is
sketched in Fig. 1. According to the NFV Infrastructure ETSI
specification [17] documents, it represents the Compute and
the Network domains of an NFV Point of Presence (PoP) node.

round robin policy. Therefore, if none of the queues is empty,
each processor queue is served with a rate  ( P ) M .
Otherwise, the total processor rate is equally divided among the
non-empty queues.
Finally, let  ( NIC ) be the transmission rate of the output link
associated to each NIC, expressed in bit/s.
III. THE ANALYTICAL MODEL

Figure 1: Reference Model of an SDN/NFV Node

In this section, we introduce the analytical model of the
system described so far. To make it scalable with the number
of VNFs and the number of NICs, we leverage on the
peculiarity that all the VNF queues are identically distributed,
and the same occurs for the NIC queues. For this reason, as
shown in Fig. 2, we concentrate our attention on one generic
VNF queue Qm(VNF) , here referred to as Q1, and one generic NIC

Ql( NIC ) , here referred to as Q2. Moreover, let us indicate the
aggregate of the other VNF queues as Q1 , and the aggregate of
the other NIC queues as Q 2 .

Figure 2: System Representation for Modeling
Its main components are the Processor, indicated in Fig. 1
as CPU, the Network Interface Cards, indicated as NIC, and
the Flow Distributor. Each VNF is run on the Processor in a
separate virtual machine (VM), indicated in the figure as Fi . A
set of queues are associated to the Processor and the NICs
aimed at buffering packets waiting for service by the former,
and transmission on the output link through the latter.
The Flow Distributor block controls the internal routing in
the node. It is an SDN-compliant element that has the task of
routing each entering packet through the required VNF,
according to the control messages received by the SDN
Controller residing in the remote Management and
Orchestration (MANO) entity, whose goal is to coordinate the
behavior of the whole network [11]. The most common
protocol that can be used for the communications between the
SDN Controller and the Flow Distributor block is OpenFlow.
Let M be the number of VNFs that are running in the node,
and therefore the number of queues associated to each VNF, in
the following referred to as VNF queues ( M  6 in Fig. 1).
Moreover, let L be the number of output NICs, and therefore
the number of queues associated to them, in the following
referred to as NIC queues ( L  3 in Fig. 1). Let K (VNF ) and
( NIC )
be the size of each queue associated to each VNF and
K
each NIC, respectively, representing the maximum number of
packets that each queue can contain.
Let  ( P ) be the total processor rate, expressed in packets/s.
This rate is shared among all the active VMs according to a

Let S ( Q1) (n) and S ( Q 2 ) (n) be the sizes of the queues Q1
and Q2, respectively. Since their behaviors also depend on the
state of the other VNF queues, we will derive the system model
iteratively. More specifically, as we will see below, the model
resolution requires the knowledge of the steady-state
(Q1)
( Q1)
probability array for the process S (n) , indicated as  .
Therefore, at each iteration, this array is calculated and taken as
input of the next iteration. The iterative process will be
(Q1)
concluded when the Euclidean norm of 
converges.
First, let us describe the arrival process to the queue Q1. To
this purpose, we use an SBBP model [14] that, being able to
capture both first- and second-order statistics of the arrival
process, is the most general Markov modulated process in the
( IN 1)
discrete-time domain. Let us indicate this process as  m (n) ,
in the following also indicated as 1(n) to be coherent with
the notation in Fig. 2. It represents the input traffic of the Qm(VNF)
queue, that is the aggregate of flows that require the function
Fm .
According to the SBBP model definition, 1( n ) is a
discrete-time Markov-modulated process characterized by the
( IN 1)
( IN 1)
( IN 1)
( IN 1)
, where:
set P , B ,  , 





(IN1)

 P
is the transition probability matrix of the
underlying Markov chain of 1( n ) . If we describe this
( IN 1)
chain with the discrete-time process S (n) , the

(IN1)

generic element of P
represents the transition
probability from a state sIN 1 to a state s IN 1 , that is:
P[ s(IN 1,)s
IN 1

(IN1)

IN 1 ]



 Pr S ( IN 1) (n  1)  sIN 1 S ( IN 1) (n)  sIN 1



(1)

 B
is the arrival probability matrix describing the
arrival process for each state of the underlying Markov
chain of 1( n ) . Its generic element represents the
probability that  1 packets arrive in one slot when the

state of the underlying Markov chain of the process
1( n ) is s IN 1 , that is:



B[(sIN 1,) ]  Pr ( IN 1) (n)   1 S ( IN 1) (n)  s IN 1
IN 1

1



(2)

 
is the state space of the underlying Markov chain
S ( IN 1) (n) ;
(IN1)

  ( IN 1) is the set of possible values that the process
1( n ) can assume, that is, the state space of the number
of packets that can arrive to the node in one slot.

Now, let us consider two generic states, s   s IN 1 , s Q 1 , s Q 2 
and s   s IN 1 , s Q1 , s Q 2  , representing the start and the arrival
states of a generic system transition from the slot n to the slot
n  1 . We define the generic element of the transition
probability matrix as follows:
1)
(QT )

P(s ), s    P(sIN
(4)
 , s    Ps  , s  , s  , s  s IN 1 


 0, ...,  2 MAX  .
we have: 
Now, let us move to model the considered SDN/NFV node.
Given that, as said so far, we are using an iterative approach,
here we define the model in the generic iteration, accounting
( Q1)
that the steady-state probability array for the process S (n)
is known from the previous step. At the first step we can start
with any probability array, for example a uniform-distributed
one.
Let us model the whole system with a Markov chain
()
( IN 1)
( Q1)
(Q 2)
defined as S (n)  S (n), S (n), S (n) , where
( OUT 2 )



S

( IN 1)



(n) is the state of the underlying Markov chain of the

arrival process 1( n ) ; S (n) and S (n) are the numbers
of packets that are present in the queues Q1 and Q2,
respectively, at the generic slot n.
In order to derive the transition probability matrix of the
considered system, we assume the following sequence of
events within the generic slot:
 at the beginning of the slot, the processor portion
dedicated to serve each VNF is calculated, taking into
account that some VNF queue may be empty, and some
other queue can become empty during the slot;
( Q1)

 then a number of packets leave the queues Q1 and Q1 ,
and some of them enter the queue Q2;
 then the underlying Markov chain of the arrival process
1( n ) changes its value, and new packets enter the
queue Q1;
 finally, the system state is observed, and the process
S (  ) (n)  S ( IN 1) (n), S (Q1) (n), S (Q 2) (n) updated.





Q1

Q2

Q1

Q2

P ( QT ) s IN 1  is the transition probability matrix of the





2-dimensional process S (n)  S (n), S (n) .
According to the event sequence listed above, its
evolution from the slot n to the slot n  1 depends on
the new state of the arrival process, i.e. the state that
the arrival process assumes in the slot n  1 . Its
definition is:
)

P(sQT
 1 , sQ
 2 ,sQ
 1 , sQ
 2  s IN 1  
Q
( QT )

( Q1)

(Q 2)

( Q1)
 ( Q1)
S (n)  sQ 1 , 
(5)


S
(
n
1
)
s
,




Q1
S ( Q 2 ) (n)  sQ 2
 Pr  ( Q 2 )

S (n  1)  sQ 2 S ( IN 1) (n  1)  s 
IN 1


Now, let us apply the total probability theorem to the above
equation by considering:
1) all the possible arrivals in the VNF queue Q1, i.e. all the
values  1   ( IN 1) ;
2) all the possible states of the other M  1 VNF queues,
(V 1 )
i.e. all the values v1   , as defined below;
3) all the possible numbers of arrivals to the Q2 queue from
the Q1 queue, i.e. all the values  1  0, , sQ 1  ;
4) all the possible numbers of arrivals to the Q2 queue from





the Q1 queue, i.e. all the values  1  0, , q1 ;
5) all the possible numbers of packets leaving the Q2 queue.

(Q 2)

 then a number of packets leave the queue Q2;

IN 1

P(IN1) is the transition probability matrix of the





If we indicate the maximum number of packets that can be
transmitted in one slot on the output link of the NIC as  2 MAX ,

IN 1

underlying Markov chain of 1(n) , as defined so far;

Now let us describe the service process of the NIC queue Q2.
To this purpose, we consider that packets buffered in it are
served by a link with a constant bit rate. Consequently,
according to the packet size, we describe the Q2 packet service
( OUT 2 )
(OUT 2 )
,  ( OUT 2 ) , where 
process,  2(n) , with the set b
is the set of all the possible numbers of packets that can be
(OUT 2 )
is the service probability array,
served in one slot, while b
whose generic element is defined as:
(OUT 2 )
( OUT 2 )
b[ ]
 Pr 2(n)   , with   
(3)





where:


Therefore we have:
)
P(sQT
 ,s ,s

 2
Q 1 , sQ
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1
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  P  1 v 2  I sQ 1 , sQ1 ,  1 ,  1 , K1  
1 0

( Q1)

(V 1)

 b

( OUT 2 )

2 

 2 ( OUT 2 )

Q2

Q2

2

2

( M 1)K1

1 0

 

P  1 v2 

(6)

2

Before defining each term of the above matrix, first let us
define the arrays v1 and v 2 as follows. Let v1 be an
M 1 -dimensional array containing the state of the VNF
queues other than Q1 , and v 2 be an M -dimensional array
containing the state of all the NFV queues, that is:
)
)
(7)
v1  Q 1( NFV ) ,..., Q m( NFV
, Q m( NFV
, Q M( NFV )
1
1







v 2  v1[ 1 ] ,..., v1[ m 1 ] , s Q 1 , v1[ m ] , v1[ M 1 ]



(8)

Now, coming back to (6), let us note that the term
Pr 1( n )   1 | sIN 1  is the arrival probability to the Q1 queue.
From the definition of the SBBP arrival process 1( n ) , we
have:
Pr 1(n)   1 | s IN 1   B(sININ 11,)1 
(9)
2)
in (6), on the other hand, is the service
The term b(OUT

2

probability array derived in (1).
Now, considering that all the NIC queues are identically



distributed, the term Pr S
follows:



Pr S

( Q1)

( Q 1)



(n)  v1



M 1

can be calculated as

(n)  v1    [ v1
j 1

( Q1)

(10)

[ j] ]

The term I sQ , sQ ,  2 ,  2 , K 2  is a Boolean indicator
function on the possibility for the state of a queue to move
from the value sQ to the value sQ , when  2 arrivals and  2
departures occur in a buffer of size K 2 . The variable  2
represents the total number of arrivals to the NIC queue Q2 in
the considered slot, that is,  2   1   1 ) L , where  1 is the





number of packets served by the queue Q1, and  1 the
number of packets served by the aggregated queue Q1 . We
have:
I sQ , sQ ,  2 ,  2 , K 2  
1 if sQ  min{max{ sQ   2 ,0}   2 , K 2 }

0 otherwise

(11)

The term I sQ , sQ ,  1 ,  1 , K 1  is defined likewise, by considering
arrivals and departures in the queue Q1.
Now, in order to calculate P 1 v 2  , which is the
probability that  1 packets leave the queue Q1 , provided the
state v 2 of all the M NFV queues, we have to evaluate how
many packets are served by each of those queues, taking into
(P )
account that the processor is able to serve  packets in one
slot with a round-robin fashion and, if some queue remains
empty during the service in a slot, the remaining service is
redistributed among the non-empty queues.
To this purpose, let us consider the generic NFV queue i, and
calculate how many packets will be served by it in the generic
slot when the state of all the NFV queues is v 2 . We will
compute it as the limit of a succession defined by recurrence.
More specifically, we start the recursive calculation with a
step 0, characterized by a service potentiality in the considered
slot that is equal for all the NFV queues. Therefore, the service
potentiality for the generic NFV queue i calculated at the step
0 is:

 
(i )
0

 ( P)
M

(12)

Now, if the service potentiality calculated for the generic
queue Q i( NFV ) at the step n  1 is less than the queue size

v2[i ] , the service potentiality for this queue at the new step n is
calculated by summing the service potentiality at the step
n  1 , and the portion of the total remaining service
potentiality equally divided among the NFV queues yet having
a service potentiality less than their queue sizes. Instead, if the
service potentiality calculated for the queue Q i( NFV ) at the step
n  1 is greater than or equal to the queue size v2[ i ] , then the
final value of the service potentiality is definitively set to
v2[i ] . It follows that the service potentiality for the Q i( NFV ) ,
calculated at the generic slot n, is:

 n(i ) v2 

 



M


max 0,  n( j1)  v2[ j ] 

(13)


j 1, j i
 minv2[i ] ,  n(i)1 

n






The numerator of the fraction in (13) represents the total
remaining service potentiality, while the denominator is the
number of the NFV queues for which the service potentiality
calculated at the step n  1 is less than their queue size v2[ i ] .
It can be calculated as follows:
M
1 if v 2[ j ]   n( j1)
n  
(14)

0 otherwise
j 1 



The recursion to calculate how many packets of the generic
queue Q i(VNF ) are served is concluded in the step when the
service potentiality assigned to it is equal to the one calculated
in the previous step. Therefore, the service potentialities in the
considered slot are given by:
*(i ) v2  nlim
 n(i ) v2
i  1, M 
(15)

Now, since the service potentiality calculated so far may be
not an integer, we assume that the service potentiality can be
either floor-rounded or ceil-rounded with probabilities that are
inversely proportional to the distance from the rounded values,
that is:
1   *( m) v2  1 if  *( m) v2  1  1
Pr 1 v2  
(16)
0
otherwise





The last term to define the matrix P

( QT )

s  in (6) is
IN 1

 

P 1 v 2 .

It is the probability that  1 packets leave the aggregate of the
NFV queues other than the considered Qm(VNF) . It can be derived
by calculating the probability density function (pdf) of the
number of packets leaving the aggregate of these queues,
f v 2   , for   1 , that is:

 

Pr 1 v2  f v 2    

1

(17)

Assuming that all the NFV queues are identically distributed,
f v 2   can be derived by the following convolution:



f v 2    f

(1)
v2

  f

where the function f

(i )
v2

( m1)
v2

f

  f

( m1)
v2

   Pr v2 was

(M )
v2

 

(18)

derived in (16) for

the m-th NFV queue.
With the above equations, we have derived all the elements
()
of the transition probability matrix Ps ,s  in (4). If we define
the generic element of the steady-state probability array of the
()
whole system,  as follows:

 (s )  Pr S (  ) ( n)  s s






(19)

can be calculated by solving the following
the array 
linear system:
 (  )  P (  )   (  )
(20)
 (  ) (T )
 1  1
( )

K ( NIC )



ED

 (sQ1)  Pr S ( Q1) ( n)  s Q1  
Q1

 (sQ 2 )  Pr S ( Q 2 ) ( n)  sQ 2  
Q2

K2

 

 (s )



(21)

 (s )



(22)

IN 1, sQ 1 , sQ 2

s IN 1( IN 1 ) sQ 2 0
K1

 

IN 1 , sQ 1 , sQ 2

sIN 1( IN 1 ) sQ 1 0

As said at the beginning of this section, the steady-state
probability array  (Q1) will be used as input of the next
()
iteration to calculate Ps ,s  again.
The iterative process will end when the L2 norm of the array
 (Q1) converges in quadratic mean, that is, at the first step n
such that:
2

 ( Q1,stepn )   (Q1,stepn1)

 10 6

(23)

IV. MODEL PARAMETERS

K





E D ( NFV ) 

( NIC )



sQ 1  0



sQ1   s 
( Q 1)

(24)

Q1

E

( IN 1)



(n)

where E  ( n) is the mean arrival rate to the queue Q1,
which can be calculated as the mean value of the SBBP
( IN 1)
process  (n) , that is:
( IN 1)



  

E ( IN 1) ( n) 

( IN 1 )

s IN 1

1

( IN 1 )

1

 B[(sIN 1,) ]   [(sIN 1)]
IN 1

1

IN 1

(25)

 ( IN 1) being the steady-state array of the underlying Markov
( IN 1)
chain of the SBBP process  (n) .
Likewise, the mean delay in a NIC queue can be calculated
as follows:

(Q 2)

  M L   E

Q2

sQ 2  0

( IN 1)



( n)  1  PLoss

( IN 1)



(26)

The term PLoss is the loss probability in an NFV queue,
which can be calculated as follows:
( IN 1)
E L ( n)
( IN 1)
PLoss

(27)
E ( IN 1) ( n)
where E L( IN 1) ( n) is the mean number of packets lost in
one slot in the Q1 queue. Considering that, when K ( NFV )  sQ1
free rooms are available in the queue, and  1 arrivals occur,

 1  K ( NFV )  sQ1  packets are lost, E L( IN 1) ( n) can be
calculated as follows:



   

E L( IN 1) ( n) 



K ( NFV ) K ( NIC )

sQ 1 0



sQ 2 0 s IN 1( IN 1 )

1  K ( NFV )  sQ 1



1 ( IN 1 )



 1  B[ s

1 1

(28)

  [( s

()

( IN 1)
IN 1 ,1 ]

IN 1 , sQ 1 , sQ 2 )]

Obviously, the total delay in the node can be derived as the
sum of the two delays calculated so far:
E D ( Node )   E D ( NFV )  E D ( NIC ) 
(29)
Finally, let us characterize the output emission process
from a NIC queue. It can be used to calculate the input arrival
process of other SDN/NFV nodes. It can be modeled as an
SBBP process with two states, OFF and ON. The transition
probabilities between these two states can be calculated by
aggregating the states of the system in two sets: the set where
the Q2 state is OFF, and the set where it is ON. Therefore, by
using the theorem of state aggregation of a Markov chain, we
have:
(  2)
POFF

,ON 

(  2)

In this section we derive the main parameters of the model
described so far: the mean delay and the characterization of
the output emission process.
In order to calculate the delay statistics suffered in the
node, let us calculate the delay suffered in a VNF queue and in
a NIC queue by applying the Little law:

sQ 2   s 

( IN 1)

(T )

where 1 is a column array constituted by ones.
Finally, from
and, from it, the marginal steady-state probability arrays of the
two queues Q1 and Q2:

( NIC )



PON ,OFF  

K ( NIC )

K ( NIC )

  

 1 sQ
 1 , sQ
 1 0
sIN 1 , sIN
K ( NIC )

 2 1
sQ

K ( NIC )

  

 1 sQ
 1 , sQ
 1 0
sIN 1 , sIN

K

 2 1
sQ

 (s)

 1 ,sQ
 2
IN 1 , sQ

P(sIN) 1 ,sQ 1 ,OFF ,sIN 1 ,sQ 1 ,sQ 2 
()

Ps

 1 , sQ
 2
IN 1 ,sQ

(30)

,sIN 1 ,sQ 1 ,OFF 

(31)



( NIC )


s 1

 (s)

 1 , sQ
 2
IN 1 , sQ



Therefore, the transition probability matrix of the output
process is:
(  2)
1  P (  2 )
P[ OFF ,ON ] 
P (  2 )   (  2 )[ OFF ,ON ]
(32)

(  2)
1  P[ OFF ,ON ] 
 P[ OFF ,ON ]
The emission probability matrix of the output SBBP
process is:
 
B (  2)   (  2) 
(33)
b 
where  is the unitary impulse array, with the first
element equal to 1, and the others equal to 0. Instead, the
(  2)
generic element of b
is:

 [(s ] )


 Pr 2( n)     
K
(s

 [ ]
 
2

if    2 MAX

Q2

(  2)

b [ ]

4.5

(34)

( NIC )

Q2 )

4

otherwise

SBBP traffic model
Exponential traffic model

3.5

In this section we use the model derived in the previous
section to show its applications to a use case.
We considered an NFV node with L  3 NICs, and
running M  4 VNFs. We used a VNF queue size
(VNF )
( NIC )
K
 1000 packets, and a NIC queue size K
 1000
packets. The model has been calculated by using a slot duration
of   1 ms.
As regards the arrival process to the node, starting from
values measured on a real trace, we modeled the aggregated
flow entering each VNF with a 4-state SBBP. The four states
are characterized by a truncated exponential arrival process
with mean values {23.44, 39.06, 54.69, 70.31} Mbit/s.
Therefore, assuming a packet size of 1 Kbyte, the mean values
of the arrival process for each state are 9, 15, 21 and 27
packets/slot, respectively, while we assumed a maximum
number of arrivals equal to 36 packets/slot. The underlying
Markov chain of the arrival process has been modeled with a
birth-death chain characterized by the following transition
probability matrix:
1k
0
0 
k  1 k
 1 2k
k  1 k 1 2k
0 
(35)
P ( IN 1)  
 0
k  1 k 1 2k 
1 2k

0
1k
k  1 k 
 0
where k represents the mean duration of each state, chosen
equal to 25. From (35), it follows that all the states occur with
the same probability, and therefore the mean arrival rate is of
18 packets/slot, that is, 46.87 Mbit/s.
In the following, we evaluate performance by varying the
utilization coefficient of both the node processor and the NIC.
They are defined as follows:
M



( IN )

m

M



( IN )

m

(36)
(N)
and   m1 ( NIC )
L
 (P)
where the numerator of both the above equations is the mean
( IN )
arrival rate to the node,  m being the mean arrival rate to
the generic m-th VNF queue. It has been calculated in (25).
Now, before presenting a performance analysis of the
considered system, we show a comparison between the
proposed model and the model introduced in [12], which is
limited to capture the mean arrival rate, assuming a noncorrelated Poisson behavior of the arrival process. On the
contrary, the present model captures both first- and secondorder statistics of the arrival traffic. To this purpose, Fig. 3
presents the mean total delay calculated with both the model
proposed in this paper (labeled as “SBBP traffic model”), and
the model that assumes exponentially-distributed interarrival
times (labeled as “Exponential traffic model”). The curves are
calculated against the NIC utilization coefficient, whose
variation is achieved according to (36) by varying the NIC
output transmission rate. Observing the figure, we can note that
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Figure 4: Dependence of the mean total delay on the processor
and NIC utilization coefficients
the exponential traffic model underestimates performance, and
(N)
the error increases with the value of  .
Let us now apply the analytical model introduced in the
previous section to evaluate performance of the considered
SDN/NFV node in the use case described so far. To this end,
Fig. 4 shows the mean delay suffered in the node, calculated as
in (29). Results have been calculated against the utilization
coefficient of the processor, for different values of the NIC
utilization coefficient. In order to better analyze these results,
Fig. 5 shows the two components of the total delay, that is, the
mean delays suffered in the VNF queues and in the NIC
queues. We can observe that, as expected, the first component,
shown in Fig. 5a, increases with the utilization coefficient of
the processor, and all the curves coincide because performance
(N)
on the NFV queues does not depend on  . Instead, when

 ( P ) increases, delay suffered in the NIC queues decreases,
and this behavior is more evident for high values of the NIC
utilization coefficient. This is due to the fact that, the lower the
(P)
processor service rate (high values of  ), the smoother the
arrival process to the NIC queues, and therefore the less the
suffered delay.
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As a final analysis, we calculated the model of the output
transmission process on the NIC. As already said, this can be
combined with the output transmission processes from other
nodes in the network, and used to calculate the aggregated
arrival process to other SDN/NFV nodes. Specifically, we
( P)
(N )
considered the case of   0.5 and   0.9 . As modeled
in Section IV, the output process is ON-OFF, and the emission
(  2)
pdf related to the ON state, b , is shown in Fig. 6, where we
can note the peaks centered in 26 and 27 packets/slot, which
are related to the cases in which the output link works at the
maximum capacity.
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VI. CONCLUSIONS AND FUTURE WORK
This paper proposes an analytical model of an SDN/NFV
node where packets suffer a delay which is the sum of a delay
encountered to wait the access to the VM running the required
VNF, and a delay due to the queue related to the NIC that has
been used to leave the node.
As a future work, the authors are working on extending the
model to capture also network services, realized by chaining
different VNFs by predefined graphs.
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