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An Analytical Model to Design and Manage
a Green SDN/NFV CPE Node
Giuseppe Faraci and Giovanni Schembra

Abstract—In the last few years, SDN and NFV have been introduced with the potential to change the ossified Internet paradigm,
with the final goal of creating a more agile and flexible network,
at the same time reducing both CAPEX and OPEX costs. For this
reason, a lot of research efforts have been devoted to optimize the
implementation of these technologies, also inheriting experience
from data center management. However, orchestration and management of SDN/NFV nodes present new challenges with respect
to data center management, mainly due to the telecommunications
context where NFV resides. With this in mind, the target of
this paper is to define a management model for NFV customers
and service providers, a green policy of the customer premises
equipment (CPE) nodes, and an analytical model to support their
design. The model is then applied to a case study to demonstrate
how it can be used to optimize system performance and choose
the most important parameters characterizing the design of a
CPE node.
Index Terms—NFV, SDN, network function allocation, QoS,
management costs, Markov modeling.

I. I NTRODUCTION

I

N the last years the two networking paradigms Software
Defined Networks (SDN) [1] and Network Functions Virtualization (NFV) [2], [3] have been introduced to transform the
ossified Internet in a more agile, flexible and dynamic ecosystem. SDN is a network architecture that decouples the control
plane from the forwarding plane. From the SDN perspective,
the forwarding plane consists of high-performance commodity
switches, while the control plane is logically centralized in
a software entity named SDN controller. NFV is a paradigm
that leverages on the concept of virtualization, inherited from
the world of data centers and clouds, to run network functions, like firewalls, load balancing, encryption/decryption, and
deep-packet inspection (DPI), typically embedded in dedicated
networking devices, on commercial off-the-shelf (COTS) hardware. Key motivations for Telco operators to adopt SDN and
NFV are the reduction of the burden of proprietary hardware
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platform integration from multiple vendors into their network,
immunity to hardware obsolescence across multiple proprietary
systems, reduction in the cycle time of deploying services
(agility), ability to compose new and innovative services (flexibility, programmability), and lower costs in terms of both
CAPEX and OPEX.
After the definition of some use cases [4] and the proposal
of a number of proof-of-concepts (POCs) to build industrial
awareness and confidence in NFV as a viable technology [5],
now the majority of Telco operators are strongly involved in
adopting some of these technologies. This is the case, for
example, of Telefonica with its program “UNICA” [6], aiming
at virtualizing more than 30% of new infrastructure by 2016,
AT&T with the initiative called Domain 2.0 [7], NTT Docomo
that completed a trial with Alcatel-Lucent, Cisco and NEC and
announced plans to start with the virtualization of their EPC,
having commercial services by early 2016.
Although NFV can inherit the experience and the long research history from data center and cloud systems, its network
context gives it new challenges and significant technical issues
that still need to be addressed for its successful rollout and
operation.
One of the main differences lies in the fact that servers in data
centers are connected to each other through high-capacity and
high-speed networks, making the specifics of the underlying
network less important. On the contrary, in NFV deployments
in networks outside of the data center, network constraints such
as bandwidth and latency are of crucial importance [8], [9].
Related to this matter, there is the need of considering different
aspects to allocate resources and optimize the position of virtual
network functions [10]. In fact, this has to be decided not only
accounting the increased load in the host node, but also the
increment of traffic in the portion of network neighboring the
node, and the latency caused to the flows that are forced to pass
through the node that hosts the required VNF [11], [12].
For the above reasons, very important but less explored
problems are management of network nodes, virtual network
function (VNF) placement and orchestration. In fact, as said
above and observed in [13], [14], Telco providers prefer to start
NFV deployment allocating VNFs on the edge, very close to
the users, rather than on general-purpose data centers, since this
would force traffic to have a very long path with a consequent
unacceptable end-to-end delay and high traffic in the network
[15], [16]. Other motivations for Telco Providers to support
deployment of NFV at the network edge reside in the advantage
of smoothing investments and leading to immediate revenues
[13], and the fact that possible instabilities and crashes that
are typical of software in the first period of its use are easier
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to be controlled and managed, and their consequences are
more limited if applied to the edge nodes. Some works have
focused on the VNF placement problem in mobile networks,
proposing different solutions of deployment for mobile core
network gateways [11], [17], while other works considered the
placement problem in different scenarios proposing specific
optimization algorithms [8], [18].
Among all the network edge possibilities, the idea is to
allocate VNFs on Provider Edge (PE) nodes, and even on the
Customer Premises Equipment (CPE) devices.
The above allocation issue accompanies other problems that,
on the contrary, are typical of data centers. Among them, the
first of all is the very huge management cost due to energy
consumption. Recent studies [19], [20] indicate that the costs
associated with the power consumption and cooling requirements of servers over their lifetime are significant [21]. As a
result, a lot of research efforts in both academia and industry in
the area of power management have been devoted toward greening DCs [22]–[24]. If, as considered in this paper, computing
facilities are also located on CPE nodes, energy consumption
problems become even more important due to large deployment
numbers [25].
A fundamental role in the lifetime of an NFV network is
played by its control architecture [26], that is in charge of the
virtual resource allocation and orchestration, routing of flows
crossing it, and energy management.
With all this in mind, the paper bottom line can be synthesized as follows. Assume that Telco operators are able to
provide their customers with hardware facilities in the Provider
Edge (PE) nodes where virtual network functions can be run.
From the customer viewpoint the question is whether it is
more convenient to use Telco facilities or proprietary facilities
located on their CPE (Customer Premises Equipment) node. If
a customer prefers the second choice, the first problem is how
to design the CPE node, in the following referred to as eCPE
because enhanced with SDN/NFV facilities. Another problem
is how to manage it in such a way to avoid energy waste, but
accounting that all the traffic that cannot be managed by it has
to be offloaded to the near but more expensive Telco computing
facilities, that work in this way as backup resources. To this
purpose, in Section II-B we will define the whole management
cost for a customer as the sum of the cost to maintain active
the eCPE node with all the VMs running within it, and the cost
to offload the remaining traffic on Telco computing facilities
working as backup resources.
Therefore, the targets of this paper can be summarized as
follows:
1) To define an architecture of an NFV network, where
the most important roles are played by the CPE and PE
nodes, and the Coordination Server, whose task is to
orchestrate resources and configuring network paths on
the overlay network at the virtual machine (VM) level.
Communications between the Coordination Server and
the virtual elements residing in the NFV nodes in this
work has been realized by using Openflow [22], the first
and most popular standard interface between the control
and forwarding layers of an SDN architecture.

2) To define a management model that drives the behavior
of the Coordination Server; according to this model each
customer has the possibility of installing an enhanced
CPE (eCPE) node to locally execute VNFs, or using
virtual resources provided by the Telco operator. The first
choice requires a design of the eCPE, and specifically of
the number of servers that have been installed within it.
3) To propose a green management policy for the eCPE
nodes, that is executed by the Resource Allocation Controller (RAC) residing into the Coordination Server. This
policy is based on the idea that running a VM on an eCPE
has a cost that depends on many factors, as for example
the current time-variant price of the electricity energy, and
the current load of the server where the VM is running.
This cost is indicated here as VMPC (VM power cost). It
will be expressed in Price Units (PUs) that, according to
the considered scenario, can assume monetary meaning
if all the elements that compose the management cost are
prices (e.g. energy price, Telco backup resource price).
Otherwise, a PU can be defined by weighting all the
cost elements with some weights that are specific for
the considered scenarios, and are out of the scope of the
paper. The proposed policy works by running more VMs
when the VMPC is low, even buffering traffic load if
necessary, and by increasing the number of active VMs
when the VMPC decreases.
4) To define an analytical model to evaluate performance of
the proposed system and design its main parameters.
The paper is structured as follows. Section II describes the
system we consider in the rest of the paper. Section III introduces the analytical model of the job queueing system and
the time-variant set of active VMs. Section IV analytically
derives the main performance parameters. Section V illustrates
the proposed price-aware strategy, stressing the fact that the
analytical model is so general that it can be applied to capture
any RAC policy for VM management. Section VI considers
a case study, numerically evaluates performance, and shows
how the proposed model can be applied to support design of
the main system parameters. Finally, Section VII draws some
conclusions.
II. S YSTEM D ESCRIPTION
In this paper we consider the system shown in Fig. 1. It
follows the NetFATE (Network Function at the Edge) approach
described in [12], that proposes to put virtual network functions
at the edge of the network.
The main roles in the network system shown in the figure
are played by the Provider Edge (PE) nodes, the Customer
Premises Equipment (CPE) nodes, and the Coordination Server.
The PE nodes are the edge nodes of a Telco IP network,
and are typically shared by a high number of customers. The
ones that are equipped by high performance servers that can
run virtualized network services are indicated as ePE (enhanced
PE) nodes.
The CPE nodes are access gateways, typically used exclusively by single customers that can be domestic users in
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Fig. 2. Reference architecture. (a) eCPE and ePE nodes. (b) Coordination
server.

a management policy that aims at minimizing the eCPE node
OPEX costs.
Fig. 1. System overview.

a residential environment, or business users in an enterprise
environment. CPE nodes can be either classical small access
routers or medium/high performance routers. The CPE nodes
enhanced with the SDN/NFV facilities, here referred to as
eCPE nodes, allow running virtualized network functions. Of
course, usage of eCPE nodes results more convenient in case
of enterprises networks that are populated by many users that
generate and receive a high number of flows. However, given
the current trend of populating domestic environments with an
increasing number of smart devices, in the near future more and
more domestic customers can find advantages in installing an
eCPE node.
Let us notice that, since both ePE nodes and eCPE nodes are
realized as “micro data centers” to run software implementing
network functions within VMs hosted on commodity hardware,
the same nodes can also provide higher-level services that are
typical of data center and cloud worlds, but with the benefit that
in this case they are run very close to the user.
Let us stress that not all the network nodes have to be
enhanced with SDN/NFV capabilities. The NFV platform is
constituted by the enhanced nodes only, while the other nodes
work just to provide lower-layer connectivity.
The Coordination Server has the task of managing and
orchestrating all the virtual resources that are present in the
network, in order to satisfy the service requests issued by
the customers, expressed in chains of VNFs. It runs on a
dedicated server and communicates with the eCPE and ePE
nodes through the Telco operator network. Its goal is to allocate,
migrate and terminate VMs running network functions, and
consequently controlling the traffic paths according to the runtime evolution of the network. This is done with the twofold
target of respecting the service level agreement (SLA) with the
customers, and minimizing management costs in terms of both
VMPC to maintain VMs active, and the costs of Telco backup
resources used by the customers to offload the traffic that the
local eCPE resources are not able to manage.
Section II-A describes the hardware and software architectures of the eCPE and ePE nodes, and of the Coordination
Server. Section II-B presents the management model that drives
the decisions of the Coordination Server. Section II-C presents

A. Architecture of the Main System Components
The architecture of both eCPE and ePE nodes, shown in
Fig. 2(a), has been defined following the Network Function
Virtualization Infrastructure (NFVI) ETSI Specifications [27].
It is composed by three different domains, namely the Compute
domain, the Hypervisor domain and the Infrastructure Network
domain. The Compute domain provides the computational and
storage hardware resources that allow eCPE and the ePE nodes
to host the virtual network functions (VNFs). So, thanks to the
computing and storage virtualization provided by the Hypervisor domain, each VM is able to be created, migrated from
one node to another one and destroyed, in order to optimize
the deployment according to specific performance parameters.
Communications between the VMs and traffic routing are provided by the Infrastructure Network domain, that uses the SDN
paradigm. Concentrating our attention on the eCPE node, that is
the focus of this paper, as shown in Fig. 1, it is constituted by:
a) A set of x86 servers (labeled as S1 and S2 in Fig. 1) that
work as commodity hardware for the network functions.
b) An SDN hardware switch, that allows the Internet access
to the whole local network, and controls the flow routing,
depending on the presence of the required network functions on the local servers.
The Coordination Server architecture is shown in Fig. 2(b).
It is mainly constituted by three entities, i.e. the Orchestrator,
the Resource Allocation Controller (RAC), and the Virtualized
Infrastructure Manager (VIM), that work in a cross-layer way.
For each new traffic flow entering the network, the above
entities perform the following tasks:
1) The Orchestrator decides the nodes that have to host the
requested VNFs, according to the management policy
described in Section II-C.
2) The RAC instantiates VMs in order to provide virtual
processing and storage resources to run the requested
network functions.
3) The VIM contains an SDN controller that, according to
the Orchestrator decisions, configures both hardware and
software SDN switches to realize the flow path through
the VMs that run the requested functions. More specifically, if the new flow does not require any function, or
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none of the required functions are present on the local
servers, the hardware SDN switch of the eCPE node is
configured in such a way that the flow is routed directly to
the Internet; on the contrary, if some function is running
on one of the local servers, the local switch redirects the
flow on the local servers, and then outside to the Internet.
At the same way, the software SDN switches within
the local servers are configured in such a way that the
new flow first crosses all the local VMs that execute
the required VNFs, and then is sent outside to the SDN
hardware switch.
Likewise, at the end of a flow, the Coordination Server has to release some resources, killing the involved VMs, and destroying
the relative virtual paths.
B. Problem Statement
The main focus of this paper is to optimize the design
of the CPE node to reduce OPEX costs for the customers.
Each customer that intends to use some network functions
(e.g. enterprise next-generation firewall, deep packet inspection, network performance monitoring, intrusion prevention
systems and other security appliances) has to decide whether
making an own commodity hardware available as eCPE to
locally install and run virtual network functions (VNF), or using
virtualization facilities provided by the network operator. Aside
from an initial investment for the more complex hardware of
the eCPE node (CAPEX), the first choice reduces the customer
operational costs (OPEX) to the costs for energy consumption
of the servers. On the other hand, the second choice, that uses a
classical CPE node not enhanced with SDN/NFV capabilities,
reduces CAPEX, but increases the OPEX since network functions are externally run on the PE nodes of the Telco IP network,
and therefore the customer has to pay every time he uses them.
In addition there is a third possibility, that is a hybrid solution. Since in the case of eCPE, the maximum load that can be
supported by the node is limited by both the number of local
servers and the application of an energy saving management
policy that can switch off some of the available servers, network
functions that cannot be run on the eCPE node can be run on the
Telco provider ePE nodes, which in this way work as a backup
virtualization resource.
As already described so far, the task of deciding where
running VMs to provide flows with the required services is in
charge of the RAC entity belonging to the Coordination Server.
In order to be processed by a given VM, each flow is
subdivided in blocks of packets, and each block constitutes a
job to be served by a VM. Job assignment to the VMs is done
by the RAC operating in a time-slotted fashion.
Let us now focus on a specific eCPE node. Let NS be the
maximum number of VMs that the considered node can host,
and μ be the job processing rate for a VM, representing the
mean number of jobs that a VM can process in one slot. Taking
into account, as discussed in the previous section, that a running
VM causes an amount of electricity power consumption and
a computational load for the node where it is running, and
that both the electricity power and the impact of performance

Fig. 3. Virtualized server model.

reduction have a time-variant cost, let us indicate the whole
time-variant VM power cost (VMPC), expressed in Price Units
(PUs), with the process P(n).
The idea at the base of this work is that an eCPE node can
reduce management costs if some VMs are turned off when
VMPC is high, even buffering jobs if necessary, while turning
on them when the VMPC decreases. However, by so doing there
is the risk that the eCPE node may be not able to provide input
traffic with the required services. In this case a part of traffic
will be redirected to the more expensive backup resources that
are provided by the Telco servers. Therefore, the mean value of
the whole management cost of an eCPE per unit of time is:
CTOT = N · [CL + CBCK ]

(1)

where:
• N is the number of servers in the eCPE node.
• CL is the cost of the local resources of a generic active
server. If we indicate the cost to maintain a server turned
on as ℘S , the mean cost for active VMs, including both
the consumed electricity power and the used computation
resources, as ℘ VM , CL can be calculated as follows:
CL = ℘S + ℘ VM

(2)

• CBCK is the mean cost per time unit of the backup
resources used by a given active server, i.e.:
CBCK = ℘BKP · OF

(3)

where ℘BKP is the cost applied by the Telco provider to
process one job on its resources in a time unit. The term
OF is the number of jobs per time unit that cannot be
processed by the local resources, and that are redirected
to the backup resources. It depends on the policy used
by the RAC to manage the VM activation, and will
be calculated in Section IV. Of course, in the case the
customer uses a CPE node not enhanced by SDN/NFV,
OF coincides with the total input traffic.
C. Green Management of an eCPE Node
The eCPE model we consider in this paper is sketched in
Fig. 3. For the sake of simplicity, in the following we will
assume that all flows are treated with the same priority and
have the same quality of service (QoS) requirements. However,
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these assumptions can be easily removed by considering multiple queues with different scheduling policies to differentiate
QoS provided to different flows. As described so far, arriving
flows are first fragmented in blocks of packets by the Flow
Fragmenter block. Flow fragmentation is realized according to
the functions implemented by the eCPE node. For example,
if some function needs to work on specific groups of packets,
packets belonging to the same group do not have to be split in
different blocks. Each block constitutes a job to be served by
a VM running on the eCPE computing facilities. If no VM is
available, arriving blocks are queued waiting for accessing the
eCPE service facilities. Once served, packet blocks are finally
reassembled by the Flow Rebuilder block, that guarantees the
correct sequence of blocks even in the case different blocks are
served by different VMs. Let K be the maximum number of
jobs that can be accommodated in the queue. When some active
VMs conclude their current jobs, the new jobs are extracted
from the queue according to a first-in-first-out (FIFO) policy,
and runs them on the free VMs. Let us define the RAC decision
interval, , as the period between two consecutive events when
the RAC monitors the system and decides if turning off or on
some of the available VMs.
At each decision instant, the RAC decides the number of
VMs that have to work in the next period, according to a given
(RAC)
decision function sQ (ν) that depends on the current number
sQ of jobs that are present in the eCPE node, i.e. both running
on the processors or waiting in the queue. In this paper, as
described in Section V, a random decision function is used
to avoid problems such as oscillations and biases in favor of
bursty traffic, but any decision function can be applied without
requiring any modification of the proposed model. The RAC
(RAC)
uses the function sQ (ν) as follows: at each decision time, if
sQ jobs are in the eCPE, in the next decision interval a number
(RAC)
of ν VMs have to be active with a probability sQ (ν). In
order to avoid sudden changes in the number of active VMs,
the new number of active VMs, ν̂next , is decided also using the
current number of active VMs, νcurr , applying the following
exponentially weighted moving average (EWMA) filter:
ν̂next = γ · νcurr + (1 − γ ) · ν

(4)

where ν is the number of VMs obtained by generating an
(RAC)
integer random variable using sQ (ν), and γ is a parameter
belonging to the interval [0,1] that allows the RAC to decide
the weight to be given to the past history: values of γ close
to 1 allow to take the past behavior of the number of VMs in
more consideration, while values close to 0 realize a system
with a behavior that is more reactive to the current load. For
this reason, the parameter γ has to be carefully decided in order
to avoid too frequent VM on/off switches. Its design will be
discussed in Section VI-A.
Finally, since the value of ν̂next calculated as in (4) may not
be an integer, the RAC decides to use either νnext = ν̂next  or
νnext = ν̂next  + 1 with probabilities that are proportional to
the distance from ν̂next , that is:

with prob p 
ν̂next 
νnext =
(5)
ν̂next  + 1 with prob: p +1
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where:
p  = ν̂next  + 1 − ν̂next
p +1 = ν̂next − ν̂next 

(6)

III. M ODEL OF AN E CPE NODE
In this section we model the eCPE node behavior when the
(ν). Let us stress that
RAC applies the decision function s(RAC)
Q
the model is very general, and can be easily extended to any
RAC policy that considers the same target.
We will use a Markov model, thanks to its property of
capturing both first- and second-order statistics, that have been
demonstrated to be sufficient to well represent the time-variant
behavior of processes like the job arrival and the VMPC
processes considered in this paper [28]. More specifically,
we will model the above two processes by using a switched
batch Bernoulli process (SBBP) [29], the most general Markov
modulated process in the discrete-time domain. As described
below, it is able to capture the probability density function (pdf)
of a process and its autocorrelation function. The slot time is
equal to the RAC decision interval , defined so far.
An SBBP Y(n) is a process that is modulated by an underlying Markov chain (uMc). In this way the process Y(n) behaves
following a different pdf according to the state of the uMc.
Therefore an SBBP is fully described by the state space (Y) of
its uMc, the set ℵ(Y) of values that Y(n) can assumed, and the
matrix set (P(Y) , B(Y) ), where P(Y) is the transition probability
matrix of the uMc, while B(Y) is the matrix whose rows contain
the pdfs associated to the chain states. If we indicate the state
of the uMc in the generic slot n as S(Y) (n), the generic elements
of the above matrices are defined as follows:




(Y)
P[s ,s ] = Prob S(Y) (n + 1) = sY  S(Y) (n) = sY
Y Y



 (Y)

B(Y)
(n)
=
s
=
Prob
Y(n)
=
r
S

Y
[s ,r]
Y

∀ sY , sY ∈ (Y) and ∀ r ∈ ℵ(Y)

(7)

So we characterize the job arrival process A(n) with the SBBP
model described by the matrix set (P(A), B(A) ), the state space
of the uMc (A), and the set of possible values the process
A(n) can assume, ℵ(A) . Likewise, (P(P) , B(P) ), (P) , and ℵ(P)
characterize the VMPC process P(n).
Now let us define the state of the job queueing system of the
eCPE node at the generic slot n with the 4-dimensional Markov
process S() (n) = (S(S)(n), S(Q)(n), S(A)(n), S(P)(n)), where:
• S(S)(n) ∈ [0, NS ] represents the number of active VMs.
• S(Q)(n) ∈ [0, K + NS ] represents the population in the
eCPE at the slot n, that is the total number of jobs waiting
in the queue or running on the active VMs.
• S(A)(n) ∈ (A) represents the state of the uMc of the job
arrival process A(n).
• S(P)(n) ∈ (P) represents the state of the uMc of the
VMPC process P(n).

440

IEEE TRANSACTIONS ON NETWORK AND SERVICE MANAGEMENT, VOL. 12, NO. 3, SEPTEMBER 2015

dicator functions on the possibility for the process S(S)(n)
to move from the state sS1 to the state sS2 :

1 if ν : γ · sS1 + (1 − γ ) · ν = sS2

IsS1 ,sS2 (ν) =
0 otherwise
(9)

1 if ν : γ · sS1 +(1 − γ ) · ν+1 = sS2
IsS1+1
,sS2 (ν) =
0 otherwise
(10)

Fig. 4. System model time diagram.

(RAC)

In order to define the model time diagram, we consider two
generic states: s1 = (sS1 , sQ1 , sA1 , sP1 ) in the slot n, and
s2 = (sS2 , sQ2 , sA2 , sP2 ) in the slot n + 1. We assume the
model time diagram shown in Fig. 4, constituted by the following event sequence during each slot:
1. At the beginning of the slot, the states of the underlying Markov chains of both the VMPC and the arrival
processes, i.e., S(P)(n) and S(A)(n), change their values.
Consequently, the VMPC process P(n) and the arrival
process A(n) are updated.
2. Some new jobs enter the system to be served; if the
active VMs are not sufficient, some of the entering jobs
are enqueued. Therefore this event changes the process
S(Q)(n).
3. The jobs that have finished their work leave the eCPE
node, so freeing some VMs. Thus, with this event the
process S(Q)(n) is updated again.
4. At the end of the slot, the RAC decides how many VMs
have to be active in the next slot according to the current
values of population and the current VMPC. In this way
the process S(S)(n) changes its value.
5. Finally, the system state variables are observed and the
whole Markov process updated.
Now we can define the generic element of the state transition
probability matrix as follows:




()
P[s1 ,s2 ] = Prob S() (n + 1) = s2  S() (n) = s1 =
(Q)
= P(S)
[sS1 ,sS2 ] (sQ2 , sA2 , sP2 ) · P[sQ1 ,sQ2 ] (sS1 , sA2 )
(A)

(P)

· P[sA1 ,sA2 ] · P[sP1 ,sP2 ]

(8)

where:
1. P(S)(sQ2 , sA2 , sP2 ) is the transition probability matrix of
the number of active VMs. In order to derive its generic
element, let us consider that the RAC decides the number
ν̂next of active VMs, first drawing a value ν by using
the decision function s(RAC)
(ν), then weighting the past
Q
history with the parameter γ according to (4), and finally,
as in (5), rounding the result to one of the closest integer
values with the probabilities in (6). So, for each possible
value ν that can be drawn, we define the following two in-

Since the value ν is drawn with probability sQ (ν),
and the term γ · sS1 + (1 − γ ) · ν is rounded to the closer
integer values with probabilities p  and p +1 , we have:
(S)

P[sS1 ,sS2 ] (sQ2 , sA2 , sP2 ) =


NS


p  · IsS1 ,sS2 (ν)+
=
· s(RAC)
(ν)
 +1
Q2
·
I
(ν)
+p
 +1 sS1 ,sS2
ν=0

(11)

2. P(Q)(sS1 , sA2 ) is the transition probability matrix of the
eCPE node population, that depends on both the number
of active VMs and the state of the arrival process. If we
indicate the number of jobs that leave the eCPE node with
σ ∈ [0, sS1 ], and the number of job arrivals as ρ, with
ρ ∈ ℵ(A) , the transition probability for the eCPE node
population state from sQ1 to sQ2 can be derived as follows:
(Q)

P[sQ1 ,sQ2 ] (sS1 , sA2 ) =
=

sS2
 
ρ∈ℵ(A) σ =0

(A)

B[sA2 ,ρ] · p(SERV)
(σ, sQ1 ) · IsQ1 ,sQ2 (ρ, σ )
sS1
(12)

where:
◦ B(A)
[sA2 ,ρ] is the probability that ρ arrivals occur when the
underlying Markov chain of the arrival process is in the
state sA2 .
(SERV)
◦ psS1
(σ, sQ1 ) is the probability that σ jobs are served
in one slot when sS1 VMs are active and sQ1 jobs are in
the eCPE node.
In order to calculate this probability, first let us observe
that the number of working VMs in a generic slot is
given by the minimum between the number of active
VMs, sS1 , and the whole number of jobs in the eCPE
node, sQ1 . Therefore, the expected number of jobs
served by the whole server in the current slot is:
ω = μ · min(sQ1 , sS1 )

(13)

where μ is the mean number of jobs that a VM can
serve in one slot.
Since ω may not be an integer, similarly to what
has been done so far, we consider that the eCPE node
serves either ω or ω + 1 jobs with probabilities
ψ  and ψ +1 , respectively. Therefore, if we define
the following Boolean functions indicating that the
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number of served jobs, σ , is one of the possible values
that can be obtained by rounding the result of (13):

1 if ω = σ
(14)
Iω  (σ ) =
0 otherwise
Iω +1 (σ )


1
=
0
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of jobs that are present in an eCPE node:
fJOBS (sQ ) = Pr{sQ jobs are in the system} =
=

NS





sS =0 sP ∈(P) sA ∈(A)

if ω + 1 = σ
otherwise

()

π[sS ,sQ ,sA ,sP ]

sQ ∈ [0, K + sS ]
(18)

(15)

we have:
(σ, sQ1 ) = ψ  · Iω  (σ ) + ψ +1 · Iω +1 (σ )
p(SERV)
sS1
(16)
◦ IsQ1 ,sQ2 (ρ, σ ) is the Boolean function indicating that
the eCPE node population state sQ2 is reachable from
sQ1 when ρ arrivals occurred in the generic slot, and σ
jobs have been served in the same slot. Its expression
can be derived according to the Lindley equation [30],
that describes the population evolution of a queueing
system, stating that the population after the arrivals
cannot exceeds the maximum system size, and after
departures cannot assume negative values. We have:

Likewise, applying the theorem of the total probability on the
variables sQ , sP and sA , we can calculate the pdf of the number
of active VMs:
fVM (sS ) = Pr{sS VM are active} =
=

K+s
S





sQ =0 sP ∈(P) sA ∈(A)

(19)
Moreover, we can define the marginal distributions calculated
for a given state of the VMPC as follows:
fJOBS|VMPC (sQ |sP ) = Pr{sQ jobs are in the system|sP } =
=

IsQ1 ,sQ2 (ρ, σ ) =

1 if min max(sQ1 + ρ, K + sS1 ) − σ, 0 = sQ2
=
0 otherwise
(17)
3. P(A) and P(P) are the transition probability matrices of the
underlying Markov chains of the arrival and the VMPC
processes, as defined so far; they are model inputs.
Now, from the matrix P() defined in (8) we can derive the
system steady-state probability array π () by solving the linear
equation system π () P() = π () .
IV. P ERFORMANCE PARAMETER D ERIVATION
In this section, applying the model defined in the previous
section, we derive the main performance parameters characterizing an eCPE node that implements the policies defined so far.
These parameters regard the statistics of the following entities:
• Number of active VMs.
• Length of the queue buffering the blocks of packets not
yet served by the eCPE computing facilities.
• Number of blocks of packets rejected by the local computing facilities, and therefore offloaded to the backup
resources located on the Telco network.
• Mean response time of an eCPE node.
• Management costs of an eCPE node.
First, applying the theorem of the total probability on the
variables sS , sP and sA , we can calculate the pdf of the number

()

π[sS ,sQ ,sA ,sP ] , sQ ∈ [0, K + sS ]

NS


sS =0 sA ∈(A)

π[s()
S ,sQ ,sA ,sP ]

(20)

fVM|VMPC (sS |sP ) = Pr{sS VM are active|sP } =
=

K+s
S



sQ =0 sA ∈(A)

()

π[sS ,sQ ,sA ,sP ]

(21)

Now, let us calculate the probability that a job is rejected by
the eCPE node, defined as the probability that a job cannot be
enqueued due to buffer overflow, and so is redirected to an ePE
node that works as backup resource. It can be calculated as the
ratio between the mean value of rejected jobs per slot, and the
mean job arrival rate:
Prej = OF /J ARR

(22)

The term J ARR in the above equation can be easily derived from
the SBBP model of the arrival process as follows:

J ARR =
Prob{r bocks arrive in 1 slot} =
r∈ℵ(A)

=





r∈ℵ(A) sA ∈(A)
(A)

(A)

(A)

r · B[sA ,r] · π[sA ]

(23)

where π[sA ] is the probability that the underlying Markov chain
of the arrival process is in the state sA ; it can be calculated
by solving the steady-state probability equation of the arrival
process π (A) P(A) = π (A) .
The term OF in (22) is the mean value of rejected jobs
per slot. It can be calculated taking into account that, when
sQ jobs are present in the eCPE node and sS VMs are active,
K − sQ + sS rooms are free in the system. Therefore, if r new
jobs arrive in the system, r − (K − sQ + sS ) are rejected to be
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sent to the backup resources. Therefore, applying the theorem
of total probability on the variables sS , sQ , sP and sA , we have:
OF =

NS K+s

S 
sS =0 sQ =0

sP ∈(P)
sA ∈(A)

(A)

rMAX



()
sQ + r − (K + sS ) · B(A)
[sA ,r] · π[sS ,sQ ,sP ,sA ]

r=K+sS −sQ +1

(24)

Another important parameter that characterizes the eCPE behavior is the mean response time, defined as the mean value
of the total time spent by the generic block of packets in the
eCPE node to receive a VNF. It can be derived by applying the
Little law [31] that allows to evaluate the mean time spent in a
queueing system as the ratio between the mean population and
the mean arrival rate:
E{T } =

ν JOBS
J ARR − OF

(25)

℘ VM =

sS

sS =0


rP ∈ℵ(P)



the cost of one VM = rP ,
rP · Pr
sS VMs are active
(26)

Finally, the probability term in (24) can be calculated by
applying the theorem of the total probability on the variables
sQ , sP , and sA :

Pr


the cost of one VM = rP ,
=
sS VMs are active
=

K+s
S





sQ =0 sP ∈(P) sA ∈(A)

()
B(P)
[sP , rP ] · π[sQ , sS , sP , sA ]

minimizing the total eCPE node management cost. The set of
parameters ζ , α and β is varied in time according to the VMPC
with the aim of using more VMs when the VMPC is lower. The
(ζ,α,β)
function fsQ
(ν) has to have the following properties:
• The sum of its elements has to be equal to 1 for each
number of jobs present in the eCPE node, that is:
NS

ν=0

The numerator can be derived from the pdf in (18), while the
denominator is the net arrival rate, obtained excluding the job
rejection rate.
Finally, the last performance parameter is the mean value
of the eCPE management cost, defined as in (1), (2), and (3).
For its calculation, we take the cost to maintain a server turned
on, ℘S , and the mean cost of the backup resources, ℘BCK , as
input parameters. Instead, we need to analytically derive the
mean cost to maintain active the VMs, ℘ VM , while the rate of
jobs that cannot be processed by the local resources, OF , has
already been calculated in (24). The term ℘ VM can be derived
as follows:
NS


Fig. 5. Triangular shaped decision function. (a) V  ≤ NS . (b) V  > NS .

(27)

V. VM ACTIVATION D ECISION P OLICY
In this section we will propose a decision policy that the
RAC can use to switch on and off VMs on an eCPE node. As
discussed in Section II-C, it will be expressed by a probability
(ζ,α,β)
(ζ,α,β)
function s(RAC)
(ν) = fsQ
(ν), where fsQ
(ν) is a function
Q
that depends on a set of parameters ζ > 0, α ∈ [0, NS ] and
β ∈ [0, 1], for each value of the eCPE population, sQ . It has
the target of deciding the number of VMs in such a way that
queue overflow and VMs underutilization are minimized, so

fs(ζ,α,β)
(ν) = 1
Q

∀ sQ ∈ [0, K + NS ]

(28)

• It has to present a maximum for the number of active
VMs that is considered the most appropriate. It has
to depend on the current value of jobs in the eCPE
node, sQ .
According to the above considerations, we derive this function
in two steps: in the first step we impose the shape, while in the
second one we impose the condition in (28).
More specifically, the target of the first step is to calculate
(ζ,α,β)
a temporary function φsQ
(ν) with a triangular shape, as
depicted in Fig. 5, that is:
φs(ζ,α,β)
(ν) =
Q
⎧ ν−L
ζ V−L
⎪
⎪
⎪
⎨ζ R−ν
R−V
=
⎪
ζ Vν−L
 −L
⎪
⎪
⎩ ν−L
ζ V  −L + A2 (R −V  −1)

if L ≤ ν ≤ V and V  < NS
if V < ν ≤ R and V  < NS
if L ≤ ν < NS and V  ≥ NS
if ν = NS and V  ≥ NS
(29)

The first two terms in (29) represent the case when the abscissa
of the maximum value is on the left of NS , and therefore
(ζ,α,β)
(ν) is a whole triangle (see Fig. 5(a)); the other two
φs Q
terms, on the contrary, represent the case when a part of the
triangle is besides NS (see Fig. 5(b)). In this case, the left part of
the triangle is calculated as in the first case, while the last term,
whose abscissa is NS , also contains the area of the truncated
triangle portion, and is calculated taking into account that the
following identity holds:

R −V
−1

i=0

i·

R

ζ
ζ
= (R − V  − 1)

−V
2

(30)

The terms L, V, V  , R and R are calculated as described below:
• The term V, i.e., the abscissa of the maximum value,
represents the most appropriate number of active VMs.
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It is calculated proportionally to the value of sQ by using
the parameter α as the proportionality constant. In order
to avoid that V is greater than the maximum number of
available VMs, NS , we set:
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TABLE I
S YSTEM C ONFIGURATION PARAMETERS

V = min{V  , NS } where
V  = round{α · sQ }

(31)

• The term L is the abscissa of the left vertex of the
triangle. It is determined as a fraction of V  , by using the
parameter β, but also imposing that L < V:


(32)
L = min round{β · V  }, V − 1
• The term R is the abscissa of the right vertex of the
triangle. It is determined from R imposing that it is not
greater than NS :
R = min{R , NS }

(33)

• R is calculated as the minimum value greater than or
equal to V  such that:

3) Cost analysis of a multi-server eCPE against the input
load, and final design of a whole eCPE node.
Section VI-A will introduce the case study with the parameter
setup, while numerical results will be shown and discussed in
Section VI-B.
A. Parameter Setup

In this section we show how the proposed analytical model
can be applied to design an eCPE node. We will reach this target
through the following three steps:

Let us consider an eCPE node of a medium enterprise that, on
average, is loaded by ten flows, each characterized by Poisson
distributed arrivals with an average bit rate of 185 kbit/s and
a maximum bit rate of 415 kbit/s. Let the Flow Fragmenter
be configured in such a way that it creates jobs of 20 packets.
Since, according to some IP traffic statistics presented in [32],
[33], an average IP packet size is of 580 bytes, we have that the
total job arrival rate ranges in the interval [0, 45] jobs/s with an
average of 20 jobs/s.
As far as the eCPE hardware/software configuration is concerned, we assumed the same server configuration as in [34],
i.e., a server with an Intel core i5 2400 3.1 GHz quad core
CPU, 20 GB 1333 MHz DDR3 ram, a 2000 GB 7200 RPM
hard drive and a 1000 Mb/s Broadcom Network Interface Card
(NIC) attached to the PCI-E bus, and with the Xen hypervisor.
Accordingly, we assumed that a running VM, on average,
consumes 23.3 W and serves one job in one second, Moreover,
we assumed that the maximum number of VMs that can run on
that server simultaneously is NS = 30, and the maximum queue
length of jobs waiting for service is K = 60.
If we consider a slot duration of 1 second, we have that the
range of the job arrival rate is ℵ(A) = [0, 45] arrivals/slot, and
the mean service duration is of 1 job per slot.
As regards the time variability of the VMPC, we suppose that
it can assume two values, i.e., 1 PU/slot (price unit/slot), and
3 PU/slot, characterizing low-price and high-price periods, respectively, both with a mean duration of 6 slots. Therefore, the
SBBP modeling the VMPC is characterized by:


low price,
, ℵ(P) = {23.3, 69.9} PU/slot
(P) =
high price
(37)




5/6
1/6
1
0
Q(P) =
, B(P) =
1/6
5/6
0
1

1) Performance and cost analysis of a single-server eCPE
with a specific input load.
2) Performance and cost analysis of a single-server eCPE
against the input load.

Instead, let ℘BKP = 100 PU/slot be the cost to run a VM on
Telco backup resources. Finally, we assume that the SLA with
the customers is specified in terms of maximum acceptable
mean response time, T req . In order to analyze the impact of

NS

ν=0

φs(ζ,α,β)
(ν) ≥ 1
Q

(34)

It is easy to demonstrate that:
R = 2/ζ + L

(35)

Note that, so doing, the number of VMs that can be active in the
next decision interval ranges between L + 1 and R − 1 when
V  < NS , otherwise it ranges between L + 1 and R.
Finally, as a second step, in order to satisfy (28), we calculate
(ζ,α,β)
(ζ,α,β)
(ν) from φsQ
(ν) by normalizing it with its sum,
fsQ
that is:
(ν) =
fs(ζ,α,β)
Q

(ζ,α,β)

φs Q
NS

ν=0

(ν)

(36)

(ζ,α,β)
φs Q
(ν)

Let us note that, as it is easy to argue, the values of the parameters ζ , α, and β for each value of VMPC, as well as the value
of γ , strongly influence the server performance and the whole
eCPE management cost. For this reason in Section VI-A we
will define an optimization problem that allows us to calculate
the best set of parameters for each VMPC that minimizes the
total eCPE node management cost.
VI. C ASE S TUDY
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Fig. 6. Pdf of the number of active VMs for a required mean response time of 2 slot. (a) Low-price periods calculated as in (21). (b) High-price periods calculated
as in (21). (c) Infinite horizon calculated as in (19).

Fig. 7. Pdf of the number of active VMs for a required mean response time of 6 slot. (a) Low-price periods calculated as in (21). (b) High-price periods calculated
as in (21). (c) Infinite horizon calculated as in (19).

the delay tolerance expressed by customers by SLA on the
management cost, we compare performance and management
costs for the two cases of the parameter T req equal to 2 and
6 slots.
The choice of the best set of parameters ζ , α, and β that
(ν) for each of the
characterize the decision function s(RAC)
Q
two VMPC periods, i.e., low-VMPC (L) and high-VMPC (H),
and the parameter γ characterizing the EWMA filter, is an
non-linear optimization problem with a vector of decision
variables x = [ζL , αL , βL , ζH , αH , βH , γ ] and a cost function
CTOT defined as in (1), constrained by the condition that the
mean response time T  is not greater than the given value T req
specified in the SLA with the customers. Moreover, in order
to avoid too frequent on/off switches of VMs, we impose as
another constraint that the EWMA filter time constant τEWMA =
(Thr)
−1/ ln(1 − γ ) is not less than a given threshold τEWMA. With all
this in mind, we can formulate the above optimization problem
as follows:
Minimize the cost function CTOT (x)
Subject to :
T  (x) ≤ T req ;
(Thr)

τEWMA ≥ τEWMA.

In our case study we approached the above problem by using a genetic algorithm. The following two cases have been
considered:
• Case 1: SLA on mean response time, T req = 2; EWMA
(Thr)
filter time constant threshold: τEWMA = 7 slots.
• Case 2: SLA on mean response time, T req = 6; EWMA
(Thr)
filter time constant threshold: τEWMA
= 20 slots.
Examples of traffic flows for the above cases may be web traffic
and e-mail traffic, respectively.
Using the ga Matlab function to find the problem solution,
we obtained the parameter sets listed in Table I.
B. Numerical Results
In this section we apply the proposed analytical model to the
case study described in the previous section.
Figs. 6 and 7 show the pdfs of the number of active VMs
for the two considered target values of T req , also analyzing
the periods of low- and high-VMPC, separately. The marginal
pdfs have been calculated as in (21), while the whole pdf, here
referred to as “infinite-horizon,” has been calculated as in (19).
As expected, we can notice how, thanks to the application of
the proposed price-aware resource allocation policy, the VMs
are more likely active when the VMPC is low. The peaks that
are present on the right of Figs. 6(a) and 7(a), and consequently
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Fig. 8. Queue length pdf for a required mean response time of 2 slot. (a) Low-price periods calculated as in (20). (b) High-price periods calculated as in (20).
(c) Infinite horizon calculated as in (18).

Fig. 9. Queue length pdf for a required mean response time of 6 slot. (a) Low-price periods calculated as in (20). (b) High-price periods calculated as in (20).
(c) Infinite horizon calculated as in (18).

in Figs. 6(c) and 7(c), are due to the exigency of using a higher
number of active VMs immediately after the VMPC changes
from high to low until the short-term steady-state is not reached.
Moreover, comparing plots in Fig. 6 with plots in Fig. 7 we note
that a looser bound for the mean response time (i.e. T req = 6)
allows the use of a less number of active VMs during highprice periods (see Figs. 7(b) vs. 6(b)), so a management cost
reduction.
Figs. 8 and 9 represent the queue behavior by showing its pdf
for both the considered target values of T req , split for the lowand high-VMPC, and on an infinite horizon, defined as in (20)
and (18), respectively. For the same reasons illustrated so far,
the queue is concentrated on lower values when the VMPC is
low because, during those periods, the number of active VMs
is higher. Higher values of queue are present, and even the
maximum value K is likely, in the case of T req = 6 since a
greater mean response time is allowed.
In order to analyze the gain obtained with the price-aware
policy on the management cost, in Table II we show the mean
number of VMs and the management cost indices comparing
the case the RAC uses the proposed allocation strategy with the
following cases:
• VMPC Unaware: the RAC turns on a number of VMs
equal to the job population, independently of the current
state of the VMPC.
• Always on: all the VMs are maintained active, independently of the system population.

TABLE II
P ERFORMANCE C OMPARISON

We can observe that, as expected, when the proposed strategy
is applied, the mean number of active VMs, ν VM , is higher
when the SLA is more stringent. Instead, the mean number of
active VMs is equal to input load in the case “VMPC unaware”
and to the maximum number of VMs, i.e. NS = 30 in the case
“Always on”. The second row of the same table demonstrates
the strength of the proposed strategy, saying that we achieve a
power saving gain greater than 4% for T req = 2, and 9% for
T req = 6, as compared with the “VMPC unaware” strategy, and
a gain of 36% and 39% if compared with the “Always on”
strategy. The last two rows present the composition of the whole
management cost, and explain the way in which the proposed
strategy achieves the maximum gain. It is evident that the gain is
realized by introducing some risk of not finding available local
resources, but this is strongly compensated by the obtained high
power saving.
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Fig. 10. Mean number of active VMs for a single eCPE server achieved with
the optimal RAC configurations. (a) Mean number of active VMs during lowand high VMPC. (b) Mean number of active VMs on an infinite horizon.

Fig. 11. Performance parameters for a single eCPE server achieved with the
optimal RAC configurations. (a) Mean queue length. (b) Mean response time.

As a second step we have evaluated the proposed allocation
policy by varying the mean job arrival rate. Figs. 10 and
11 show the achieved performance in terms of mean number of
active VMs, mean queue length and mean response time, while
Fig. 12 shows the management costs and the gain obtained by
using our green strategy and the “VMPC unaware strategy” in
respect to the case “VM always on.”
As expected, the mean number of VMs, shown in Fig. 10, increases with the server load. More in deep, in Fig. 10(a) we can
appreciate the work of the RAC decision policy that activates
less VMs during high-price periods and compensates with more
VMs during low-price periods, achieving an average number of
VMs that increases proportionally to the input load up to the
maximum value NS , as shown in Fig. 10(b).
The non-monotonic behavior of the mean response time
in Fig. 11(b) for T req = 6 is motivated by the fact that we
can subdivide the whole variation range of the input traffic in
three subranges: when the mean arrival rate is less than NS ,
the mean queue length increases with a lower slope than the
number of active VMs (see Fig. 11(a)), and therefore the mean
response time decreases; in the range between 30 and 35 the
mean response time increases because the queueing system is

working with an utilization coefficient greater than one, but
there is still the possibility that less than 30 arrivals occur in
some slot; finally, when the mean arrival rate is greater than 35,
the queue is completely in overflow, exactly 30 jobs are served
at each slot, while the others are redirected to backup resources.
This behavior is confirmed by Fig. 12, where the management costs and the gain achieved by our policy are presented.
We can notice that in the first range the usage of backup
resources is negligible, and the total management cost coincides
with the cost of the local resources; this cost is constant for
the “VM always on” case, while linearly increases for both
our and “VMPC unaware” policy. Instead, when the load is in
the second and third ranges, the backup resource cost starts to
have an important weight in the total management cost. The
steady value of “Always on” curve in Fig. 12(a) is equal to 1398
PUs, that can easily derived taking into account that the VMPC
process stays in each of the two states with the same probability.
Therefore, the cost of an always-on VM is 46.6, i.e., the average
between 23.3 and 69.9.
Moreover, we can note that some points in Fig. 12(b) have
negative values, this meaning that the application of the proposed policy is not convenient in the range when the mean
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Fig. 12. Management costs for a single eCPE server achieved with the optimal
RAC configurations. (a) Management cost. (b) Management cost gain over the
“VM always on” case.

traffic is greater that NS and the target is T req = 6, because it
requires a stronger usage of more expensive backup resources.
The last step in this section is to use the analytical model
to decide the number of servers that have to be turned on in
an eCPE node against the loading traffic. To this purpose, in
Fig. 13 we have shown the management costs calculated by
varying the term N in (1) for the two considered cases of mean
response time target, and for the cases of “VM always on.”
From these figures we can derive the final results plotted in
Fig. 14, representing the number of servers that minimizes the
total eCPE management costs while respecting the SLA target.
VII. R ELATED W ORKS
The main focus of the paper is on management of SDN/NFV
networks. In this context, some recent works have started to
study the problem of VNF placement in the physical network
[9], [10], [35]. This topic is very close to the problem of
resource management and network bandwidth assignment in a
data center, which has received a lot of attention in the past
literature, mainly in the two aspects of VM placement and
autoscaling.

Fig. 13. Whole eCPE node management costs. (a) T req = 2. (b) T req = 6.
(c) VM always on.

VM placement regards the problem of deciding where running VMs, that is in which server of the same data center,
and in which data center of the same cloud, addressing traffic engineering [36] or energy efficiency [37] objectives. To
this end, Virtual machine placement algorithms typically. The
work in [15] defined different placement algorithms aimed at

448

IEEE TRANSACTIONS ON NETWORK AND SERVICE MANAGEMENT, VOL. 12, NO. 3, SEPTEMBER 2015

Fig. 14. Optimal number of servers in an eCPE node.

managing creation and removal of VMs, as well as configuring,
monitoring, running and stopping software on them. Moreover,
a plethora of techniques have been also proposed to allocate
resources across geographically distributed data centers in order
to reduce energy costs [38], [39]. Other approaches are based on
best-fit heuristic [40], linear programming [41] and vector bin
packing [42].
This problem, that apparently is present in our work because
the RAC has to decide whether running VMs on eCPE nodes
or ePE nodes, here is based on different principles and motivated by different elements. In fact, this choice in our work is
dominated by the customer target of minimizing its costs, while
the ePE nodes constitute a second choice for backup purposes
only. On the contrary, since in a cloud environment all the
data centers are managed by the same owner, the problem of
placement optimization is different and more complex.
In other words, our approach can be seen as a sort of traffic
load offloading, widely studied in the literature not only to
allow users to access complex services through terminals with
limited resources [43], but also for consolidation purposes.
For example, [11] proposed an SDN/NFV-based architecture
to achieve offloading in mobile networks, utilizing virtualized
resources hosted in data centers to offload the network traffic
within the mobile core. However, although similar, our scenario
is different because we use traffic offloading as a backup
solution to traffic peaks, that customers tend to avoid because
more expensive as compared with the solution of running VMs
on local resources in the eCPE. In addition, another peculiarity
that makes the difference is that we accompanied the proposed
architecture with an analytical model that can support both
design and run-time management of the whole system.
On the other side there is the topic of the autoscaling, that
is the problem of automatically scaling data center resources
according to the time variant load. In this context, [44] proposed
an autoscaling approach for elastic applications, which utilizes
a predictive control technique based on a stochastic model,
with the final goal of meeting the service level objectives of
the application provider while minimizing their cost. With the
same target, there is the work in [45] that present a rule-based
autoscaling algorithm that scales applications up or down based

on the number of active user sessions in deployed web applications. Ferretti et al. [46] autoscaling applications based on SLA
achievement, specifying a threshold on response time as their
SLA objective, and attempting to proactively scale the application based on continuous monitoring. Likewise, Amazon Web
Services provides AWS Auto Scale [47], an autoscaling feature
allowing clients to specify conditions under which additional
VM instances should be added or removed.
Instead, the autoscaling approach proposed here aims at
minimizing the whole OPEX for the customer, and is able to
follow the time-variant price of the energy. In addition, is also
combined with VM allocation.
Finally, we notice that resource allocation in NFV networks
is similar to the problem of network-aware VM placement in
data centers [48]. The work in [49] describes NetShare, which
assigns bandwidth by virtualizing a data center network using a
statistical multiplexing mechanism.
These works however focus specifically on Infrastructure as
a Service (IaaS) clouds where VMs are allocated, while our
target, that is given by NFV, is providing a Network as a Service
(NaaS) according to the NFVI specified by ETSI. In addition,
the perspective of this paper is different because in our case
traffic is not generated by VMs, but is managed by VMs. Moreover, we modify bandwidth assignment not changing allocation
of network resources, but giving more VMs to traffic that has
higher priority in terms of mean response time.
VIII. C ONCLUSION AND F UTURE W ORKS
The scope of this paper is management of an SDN/NFV
network when, as desired by the Telco operators, VNFs are
installed and executed at the edge of the network.
After the description of the NFV network element architecture, the paper introduces a management model that drives the
behavior of the Coordination Server; according to this model, a
customer can decide whether installing VNFs on local servers
within the CPE node, or using more expensive virtual functions
provided by the telco provider.
Target of this paper is to support network manager in this
choice, providing an analytical model to design the main system
parameters and evaluate performance and costs. The model has
been applied to a case study, in order to first analyze a single
eCPE server, and then an eCPE node as a whole.
A number of issues remain open for future work. First of
all, the case study has shown how the model can be applied to
decide the set of system parameters according to the input traffic. Starting from this consideration, the eCPE node architecture
can be extended with a traffic predictor that provides a run-time
estimation of the first- and second-order statistics of the input
traffic. Using this information, the RAC can use the proposed
model to adapt the system parameters in order to follow the
time-variant traffic behavior.
Another important open issue that has to be considered in a
future work is a deep analysis of some system elements that
influence the eCPE node behavior as, for example, the RAC
decision policy and the decision interval .
Finally, a future step of this work, that the authors are
currently taking in their laboratory, is to implement a prototype
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of the proposed platform and test the performance through real
traffic flows.
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