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Abstract—Virtual network operators may distrust each other
and require that their virtual infrastructure is not cohosted on
the same physical equipment. In this paper, we formulate a
virtual network embedding problem that maximizes the total
revenue where conflicting virtual network operators utilize
distinct physical devices. Virtual links in our model have the
option of selecting among a range of discrete bandwidth values,
which have a corresponding price. This way, any revenue
function can be realized. We evaluate the performance of our
model by comparing it with a fixed bandwidth scheme and
demonstrate its superior performance in terms of revenue.

I. INTRODUCTION

Network virtualization addresses the problem of ossifi-
cation in the Internet by enabling the rapid deployment of
new technologies without altering the physical infrastructure.
In this approach, the substrate (physical) network provider
offers a substrate (physical) network to support virtual
networks and a virtual network operator (VNO) manages
the virtual network [1]. Virtual Network Embedding (VNE),
a.k.a. Virtual Network Assignment, problem is to map virtual
networks to substrate network resources subject to some
constraints like CPU requirements and optimizing a certain
objective function such as energy efficiency. Authors in
[2] proved that the VNE problem is NP-hard by reduction
from the multi-way separator problem. Another work [3] has
proved by reduction from the unsplittable flow problem that
the problem is still NP-hard even when the virtual nodes
are already assigned and the problem is merely to make
the virtual link assignments by adhering to the bandwidth
requirements.

Works in the literature analyzed many variants of this
problem such as CPU, disk, bandwidth, and memory re-
quirements of the substrate and virtual links, maximum
length requirement for the virtual paths, requirement on
the maximum number of virtual nodes or links that can be
assigned to a certain substrate node or link, and economical
benefits [4]–[11].

The work in [1] indicated an important open research
issue: Different VNOs may distrust one another and require
that their virtual infrastructure is not cohosted on the same
physical equipment [1]; therefore, VNE problems that handle
this constraint is of paramount importance. In this paper, we
address this open research issue by providing a virtual net-
work embedding formulation that ensures that the resources

allocated to the conflicting virtual networks do not share the
same physical resources.

Many studies on VNE problem assume that each link has
a fixed bandwidth request [5], [8]–[19]. The work in [20]
relaxes this assumption by only probabilistically satisfying
the bandwidth requirements of some links. Setting a fixed
bandwidth requirement for each virtual link can cause feasi-
bility problems. Furthermore, it is unrealistic since a range
of bandwidth values instead of a single one usually better
fits the requirement of virtual links. In addition, most works
in the literature focus on a linear revenue function of total
bandwidth [5], [8]–[19]. The work in [21] mentions that a
linear revenue function is unrealistic and therefore proposes
an exponential function. On the one hand, the infrastructure
provider in our model offers a range of discrete bandwidth
values, each with a corresponding price. On the other hand,
each virtual link has a minimum and maximum bandwidth
requirement depending on the quality of service requirement
of its application (email, video etc.). Our VNE formulation
maximizes the revenue of the infrastructure provider such
that the requirement of the virtual links are satisfied. This
flexibility in bandwidth assignment results in higher revenue.
Moreover, unlike other works in the literature, our model
realizes any revenue function.

The enormous growth of Internet has also incapacitated
the current distributed architecture based on the concept
of Autonomous Systems (AS). The current Internet routers
are responsible for both routing decisions and data trans-
mission. The fact that routing decisions are made in a
distributed manner in such a large network causes many
inefficiencies such as loops and inconsistent routing tables.
Management and control of the network also becomes very
difficult. Furthermore, the fact that the control plane which
is in charge of controlling the network elements behaves
differently depending on the manufacturers of the network
elements causes interoperability problems [22], [23].

In order to address these problems, the concept of software
defined networking (SDN) has been proposed [23], [24].
SDN is a novel networking paradigm based on (logically)
centralizing the control logic in order to better manage
the network. In this paradigm, network devices are simple
forwarding devices that can be programmed by the SDN
controller. This also has a positive impact of making the
network devices cheaper. SDN provides a centralized man-
agement as well as a fast reshaping of the traffic through978-1-5090-0223-8/16/$31.00 c© 2016 IEEE
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modifications of the flow tables in the forwarding devices.
Moreover, especially because the SDN controller has a
global knowledge about the network, it is a proper envi-
ronment in order to make the resource allocation decisions
for network virtualization.

Recently, the idea of using SDN for virtualization has
been proposed [25], [26]. For instance, the work in [26]
has made a technical and economical analysis of an SDN
approach for network virtualization and concluded that this
method has substantial benefits for network operators. The
work in [27] has focused on the implementation of virtual
network embedding algorithm in an SDN network. In this
paper, we also advocate the usage of SDN for our proposed
virtual network embedding problem and algorithm due to
the global topology knowledge of the SDN controller.

The rest of this paper is organized as follows. Section
II formulates our optimization problem, while Section III
presents our simulation results. Finally, Section IV concludes
the paper.

II. PROBLEM FORMULATION

Substrate Network: We model the substrate network as an
undirected graph and denote it by GS = (V S , ES), where
V S is the set of substrate nodes and ES is the set of substrate
links. loc(vS) represents the location of substrate node vS ∈
V S . BE(u,w) denotes the total bandwidth of substrate link
(u,w) ∈ ES , which is between substrate nodes u,w ∈ V S .

Virtual Network Requests (VNRs): Let G be the set of
VNRs and g be the index of a VNR such that g ∈
{1, 2, · · · , |G|}. Each VNR g can be represented by a graph
GV

g = (V V
g , EV

g ), where V V
g and EV

g denote the set of
virtual nodes and links, respectively. DV

g refers to the maxi-
mum allowed distance between loc(vVg ) and the location of
the substrate node that vVg is mapped to. The value of DV

g

may be determined according to the maximum permissible
delay. bgimin and bgimax denote the minimum and maximum
requested bandwidth, respectively, of virtual link i ∈ EV

g

in VNR g. The values of b
gi
min and bgimax often depend on

the application executed by the link. For example, higher
bandwidth is usually necessary for a real-time application
compared to a non-real-time application.

In this paper, the infrastructure provider offers a discrete
set of bandwidth values to the VNRs. Each bandwidth value
has a corresponding price. Our problem formulation aims
to assign every link i of an accepted VNR g a certain
bandwidth level while complying with the b

gi
min and bgimax

values. Each bandwidth level is denoted by an index k. The
bandwidth value and price corresponding to bandwidth index
k is represented by bk and rk, respectively.

Augmented Graph Construction: As in [5], we create an
augmented graph GS′

= (V S′

, ES′

) by using the substrate
network topology and the location requirements of virtual
nodes. Augmented graph contains a meta-node μ(vVg ) cor-
responding to virtual node vVg of each VNR g. Every meta-
node is connected to all substrate nodes that are within the
radius DV

g of the virtual node that this meta-node represents.
Let Ω(vVg ) = {vS ∈ V S | dist(loc(vVg ), loc(vS)) ≤ DV

g },

where dist(a, b) denotes the distance between a and b. Then
V S′

= V S ∪
⋃
g

V V
g and ES′

= ES ∪
⋃
g

{(μ(vVg ), vS)|vVg ∈

V V
g , vS ∈ V S}.
Integer Linear Programming Formulation (ILP): The in-

put and decision variables of our ILP formulation are in
Table I and Table II, respectively. The endpoints of each link
i of VNR g are referred to as source node sgi and destination
node tgi, where it does not matter which endpoint is selected
as source or destination.

The objective function of our ILP formulation maximizes
the total revenue as follows:

max

|G|∑
g=1

|EV
g |∑

i=1

K∑
k=1

rkz
gi
k (1)

We first model the requirement of assigning distinct
physical resources to conflicting VNRs as follows:

tgw + tg
′

w ≤ 2− Cgg′ ∀g �= g′, ∀w ∈ V S , (2)

Constraints (3)-(4) are capacity constraints. In particular,
constraint (3) ensures that the total flow on each substrate
link does not exceed the capacity of the link:

|G|∑
g=1

|EV
g |∑

i=1

(fgi
uw + fgi

wu) ≤ Buw ∀u,w ∈ V S′

(3)

If VNR g does not utilize a substrate node, i.e., if tgw = 0,
then constraint (4) ensures that the substrate links incident to
w do not carry any flow belonging to any virtual link of VNR
g. Recall that the decision variable tgw is used in constraint
(2) to model the requirement that different resources are
assigned to the VNRs that request not to be cohosted on
the same physical node or link. That is to say, constraint
(4) ensures that conflicting VNRs are assigned not only to
distinct substrate nodes, but also to distinct substrate links.

∑
u∈V S

|EV
g |∑

i=1

(fgi
uw + fgi

wu) ≤ tgw ×Buw ∀g, ∀w ∈ V S (4)

Constraints (5)-(7) refer to the flow conservation condi-
tions. In particular, constraint (5) denotes that the net flow
to a node must be zero except for source and destination
nodes. Besides, constraint (6) ensures that each flow must
exit from its source node, whereas constraint (7) guarantees
that each flow must enter its destination node.
∑

w∈V S′

fgi
uw−

∑

w∈V S′

fgi
wu = 0 ∀g, ∀i, and ∀u ∈ V S′

\{sgi, tgi}

(5)
∑

w∈V S

fgi
uw −

∑
w∈V S

fgi
wu =

K∑
k=1

bkz
gi
k ∀g, ∀i, and u = sgi

(6)
∑

w∈V S

fgi
uw −

∑
w∈V S

fgi
wu = −

K∑
k=1

bkz
gi
k ∀g, ∀i, and u = tgi

(7)
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Input Variable Explanation
V S = Set of substrate nodes
V V
g = Set of virtual nodes in VNR g

EV
g = Set of virtual links in VNR g

V S′

= Set of all nodes in the augmented graph GS′

bk = Bandwidth value corresponding to bandwidth level k
rk = Revenue corresponding to bandwidth level k
K = Total number of bandwidth levels
Buw = Capacity of the link between substrate nodes u and w

Cgg′ =

{
1, if there is a conflict between VNR g and g′

0, otherwise
sgi = Source node of virtual link i in VNR g

tgi = Destination node of virtual link i in VNR g

b
gi
min = Minimum bandwidth requested by virtual link i of VNR g

bgimax = Maximum bandwidth requested by virtual link i of VNR g

TABLE I: Table for Input Variables

Decision Variable Explanation

z
gi

k =

{
1, if bandwidth level k is assigned to virtual link i of VNR g

0, otherwise

fgi
uw = Total amount of flow from node u to w belonging to virtual link i of VNR g in the augmented graph

f
′

uwgi =

⎧⎪⎨
⎪⎩
1, if some bandwidth level is assigned to the link between u and w in the augmented graph in the direction

from u to w for virtual link i of VNR g

0, otherwise

xg
uw =

{
1, if substrate node w is used by virtual node u of VNR g

0, otherwise

yg =

{
1, if VNR g is accepted
0, otherwise

d
gi

kuw =

{
1, if xg

uw × z
gi

k = 1

0, otherwise

tgw =

{
1, if substrate node w is used by VNR g

0, otherwise

TABLE II: Table for Decision Variables

Constraint (8) ensures that the bandwidth assigned to each
virtual link of an accepted VNR is within the minimum and
maximum bandwidth that the link requested:

b
gi
min × yg ≤

K∑
k=1

bkz
gi
k ≤ bgimax × yg ∀g, ∀i (8)

Constraints (9)-(11) makes the term d
gi
kuw = xg

uw × z
gi
k

linear:

d
gi
kuw ≤ z

gi
k ∀g, ∀i, ∀k, ∀u,w ∈ V S′

(9)

d
gi
kuw ≤ xg

uw ∀g, ∀i, ∀k, ∀u,w ∈ V S′

(10)

d
gi
kuw ≥ z

gi
k + xg

uw − 1 ∀g, ∀i, ∀k, ∀u,w ∈ V S′

(11)

Constraints (12)-(13) guarantee that the amount of flow
used by a virtual link i of VNR g in the direction from a node
u to a node w in the augmented graph equals the bandwidth
assigned to that virtual link. Moreover, these constraints also
ensure that virtual nodes that are not endpoints of a virtual

link do not appear in the augmented graph on the path
corresponding to that particular virtual link.

fgi
uw =

⎧⎨
⎩

K∑
k=1

bkd
gi
kuw ∀g, i, ∀w ∈ V S , u = sgi

0, ∀g, i, ∀w ∈ V S , ∀u ∈ V S′

\ V S and u �= sgi
(12)

fgi
wu =

⎧⎨
⎩

K∑
k=1

bkd
gi
kuw ∀g, i, ∀w ∈ V S , u = tgi

0, ∀g, i, ∀w ∈ V S , ∀u ∈ V S′

\ V S and u �= tgi
(13)

The following constraint models the relationship between
f ′

uwgi and fgi
wu:

f ′

uwgi ≤ fgi
wu ≤ f ′

uwgi ×Buw ∀g, ∀i, ∀u,w ∈ V S′

(14)

Constraint (15) avoids path splitting, i.e., it ensures that
the flow corresponding to a virtual link is passes through a
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Fig. 1: Comparison of CPLEX outputs of flexible and static bandwidth schemes for varying number of VNRs

single path in the substrate network:
∑

w∈V S′

f ′

uwgi ≤ 1; ∀g, ∀i, ∀u ∈ V S′

(15)

The following constraints are related to the admission
control of VNRs. If VNR g is not accepted, then constraint
(16) guarantees that VNR g does not utilize any substrate
node:

xg
uw ≤ yg; ∀g, ∀u,w ∈ V S′

(16)

Likewise, if a VNR g is rejected, then constraint (17)
ensures that virtual links of VNR g are not allocated any
bandwidth level:

z
gi
k ≤ yg; ∀g, ∀i, ∀k (17)

Similarly, if VNR g is rejected, then constraint (18)
ensures that no flow is assigned in the substrate links for
the virtual links of VNR g:

fgi
uw ≤ BE(u,w)y

g; ∀g, ∀i, ∀u,w ∈ V S′

(18)

Constraint (19) ensures that if VNR g is accepted, then
each virtual link i of VNR g for which bgimax > 0 is assigned
exactly one bandwidth level. If VNR g is rejected, this
constraint also ensures that virtual links of VNR g are not
assigned any bandwidth level. As input to our ILP, incident
links of the nodes that correspond to the virtual nodes in the
augmented graph are assigned bgimax = 0 since they are not
substrate links.

K∑
k=1

z
gi
k = yg ∀g, ∀i such that bgimax > 0 (19)

Constraint (20) guarantees that each virtual link of an
accepted VNR is assigned to exactly one substrate node:

∑
w∈V S

xg
uw = yg ∀g, ∀u ∈ V S′

− V S (20)

Constraint (21) ensures that at most one virtual link of an
accepted VNR is assigned to a particular substrate node:

∑

u∈V S′

−V S

xg
uw ≤ yg ∀g, ∀w ∈ V S (21)

Constraint (22) prevents the allocation of any flow be-
tween the virtual nodes. This constraint is necessary because
a virtual node may be connected to multiple substrate nodes
in the augmented graph and without this constraint, it may
appear on a path corresponding to another pair of virtual
links, which is not a desired situation.

fgi
uw = 0 ∀g, ∀u,w ∈ V S′

− V S (22)

Finally, we model the constraints related to the range of
values that each decision variable can take as follows:

fgi
uw ≥ 0 ∀u,w ∈ V S′

(23)

z
gi
k , f

′

uwgi, x
g
uw, yg, d

gi
kuw , t

g
w ∈ {0, 1} ∀g, ∀i, ∀k, ∀u,w ∈ V S′

(24)

III. SIMULATION RESULTS

As in [5], [9], [28], we use GT-ITM to generate sub-
strate and virtual network topologies. The capacity of each
substrate link is uniformly distributed between 15 and 30.
We compare the simulation results of our flexible bandwidth
scheme with the fixed bandwidth scheme. In the flexible
bandwidth scheme, each virtual link has bmin = 6 and
bmax = 14, whereas in the static bandwidth scheme,
teach virtual link has bmax = bmin = 10. The band-
width levels offered by the substrate network provider are
{6, 8, 10, 12, 14} and the revenue values corresponding to
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Fig. 2: Comparison of CPLEX outputs of flexible and static bandwidth schemes for varying substrate network size
(number of substrate nodes)
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Fig. 3: Comparison of CPLEX outputs of flexible and static bandwidth schemes for varying conflict ratio

them are {2, 5, 8, 11, 14}, respectively. In each experiment,
we take the mean value of 50 different simulations, where
each simulation consists of a randomly generated substrate
network such that 50% of the nodes are connected via an
edge. The number of virtual nodes in each VNR is uniformly
distributed between 2 and 10. The work in The number of
virtual nodes in each VNR is uniformly distributed between
2 and 10 presents a similar simulation scenario.

We first evaluate the impact of the number of VNRs. The
substrate network has 30 nodes and the conflict ratio is 20%;
i.e., 20% of the VNR pairs have conflict. Figure 1a shows
that the average revenue increases linearly as the number of
VNRs increases. Moreover, flexible bandwidth scheme we

propose in this paper results in significantly better results
than the fixed bandwidth scheme. Figure 1b displays the
acceptance ratio of VNRs in the same scenario. The average
acceptance ratio decreases as the number of VNRs increases.
Figure 1b also shows that the static bandwidth scheme may
result in higher acceptance ratio since the flexible bandwidth
scheme may reject a certain set of VNRs in order to accept
a VNR that generates higher revenue.

We then evaluate the impact of the substrate network size.
We set the number of VNRs to 15 and the conflict ratio
to 20%. Figure 2a demonstrates that the average revenue
increases as the substrate network size increases. However,
when compared with Figure 1a, the impact of substrate

2016 IEEE/IFIP Network Operations and Management Symposium (NOMS 2016): Mini-Conference616



network size on revenue is less significant than the impact
of the number of VNRs. Besides, flexible bandwidth scheme
yields significantly higher revenue than the fixed bandwidth
scheme. Figure 2a shows the acceptance ratio of VNRs in
the same simulation scenario. The average acceptance ratio
increases as the substrate network size increases since a
larger network can accommodate more VNRs.

We then evaluate the impact of the conflict ratio. We
set the number of VNRs to 15 and the substrate network
size to 30. Figure 3a demonstrates that the revenue drops
as the conflict ratio increases. Moreover, flexible bandwidth
scheme results in significantly higher revenue than the fixed
bandwidth scheme irrespective of the conflict ratio. Figure
3b displays the acceptance ratio of VNRs in the same
simulation scenario. The average acceptance ratio naturally
decreases as the conflict ratio increases.

IV. CONCLUSION

In this paper, we have formulated a novel virtual net-
work embedding problem as an integer linear program. Our
formulation ensures that the virtual networks of conflicting
virtual network operators are not cohosted on the same
physical equipment. Our formulation also offers flexible
bandwidth management by enabling the virtual links to
select among a range of possible bandwidth values, each
having a different revenue and thereby realizing any possible
revenue function. Our simulation results demonstrate that
our flexible bandwidth management scheme results in higher
revenue compared to a fixed bandwidth scheme consisting of
only a single bandwidth level requested by each virtual link.
As a future work, we plan to propose a heuristic algorithm
with low computational complexity.
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