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Parallel and Distributed Resource Allocation
With Minimum Traffic Disruption for
Network Virtualization

Hung Khanh Nguyen, Student Member, IEEE, Yanru Zhang, Member, IEEE,
Zheng Chang, Member, IEEE, and Zhu Han, Fellow, IEEE

Abstract— Wireless network virtualization has been advocated
as one of the most promising technologies to provide multifarious
services and applications for the future Internet by enabling
multiple isolated virtual wireless networks to coexist and share
the same physical wireless resources. Based on the multiple
concurrent virtual wireless networks running on the shared
physical substrate, service providers can independently manage
and deploy different end-users services. This paper proposes a
new formulation for bandwidth allocation and routing problem
for multiple virtual wireless networks that operate on top of a
single substrate network to minimize the operation cost of the
substrate network. We also propose a preventive traffic disruption
model for virtual wireless networks to minimize the amount
of traffic that service providers have to reduce when substrate
links fail by incorporating £1-norm into the objective function.
Due to the large number of constraints in both normal state
and link failure states, the formulated problem becomes a large-
scale optimization problem and is very challenging to solve using
the centralized computational method. Therefore, we propose
the decomposition algorithms using the alternating direction
method of multipliers that can be implemented in a parallel
and distributed fashion. The simulation results demonstrate the
computational efficiency of our proposed algorithms as well as
the advantage of the formulated model in ensuring the minimal
amount of traffic disruption when substrate links fail.

Index Terms— Wireless network virtualization, resource allo-
cation, routing, ADMM, distributed algorithm, preventive traffic
disruption.

I. INTRODUCTION

HE rapid growth of traffic demand and application pro-
liferation creates irresistible challenges for traditional

wireless networks to ensure the qualify of service (QoS)
and quality of experience of subscribers [1], [2]. However,
due to the inefficient resource utilization and the tightly
coupling between hardware and wireless protocols caused by
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the inherent design, the current wireless networks and Internet
can hardly meet such great expectations without fundamentally
changing network architectures [3], [4]. Recently, wireless
network virtualization has been proposed as one of the key
enablers to overcome the ossification of the current Internet
by allowing diverse services and applications coexist on the
same infrastructure [5]-[8]. In wireless network virtualization,
the traditional Internet service providers are decoupled into
infrastructure providers (InPs) who own and manage only
infrastructure resources, and service providers (SPs) who lease
resources from InPs and concentrate on providing services to
subscribers [9]. The physical resources that belong to different
InPs are virtualized into a single physical substrate network.
Consequently, multiple virtual wireless networks are deployed
and operated on top of the single substrate network [10].
As a result, multiple experiments can be performed and tested
simultaneously on isolated virtual networks without affecting
the operation of the others. Therefore, wireless network vir-
tualization offers great opportunities to shorten the process of
evaluating and deploying innovative technologies. Moreover,
by sharing the same infrastructure resources, expenses of
wireless network expansion and operation can be significantly
reduced [11].

Despite wireless network virtualization has been advocated
as a viable technology to enhance resource utilization [12],
several research challenges remain to be studied [13]. One
of the important challenges lies in how to efficiently allocate
physical resources to multiple virtual wireless networks and
find the optimal routing solution in each virtual network oper-
ated by SPs [14]. While the problem of resource allocation for
wired network virtualization has been extensively studied in
the literature (see [15] and references therein), recent research
has tried to extend to wireless scenario. The work in [16] mod-
els the resource allocation problem for wireless network vir-
tualization using6 a stochastic game, in which SPs bid for the
resources to satisfy their service objectives. In [17], a wireless
resource allocation problem in terms of transmit power and
wireless spectrum is studied using game theory to maximize
the aggregate spectrum efficiency. A resource allocation in
virtualized small cell networks with full duplex self-backhauls
is formulated in [18] as a mixed combinatorial optimization
problem to maximize the total utility of all mobile virtual
network operators. Zhu and Hossain [19] design a hierarchical
combinatorial auction mechanism for the resource alloca-
tion problem in wireless virtualization. A resource allocation



problem for virtualized full-duplex relaying networks is formu-
lated in [20] to maximize the total utility. In [21], the design
and implementation of a network virtualization substrate in
cellular networks is described.

The problem of deriving the optimal resource allocation
and routing for wireless networks has been widely addressed
in the literature [22], [23]. The work in [24] studies the
simultaneous routing and resource allocation problem in wire-
less data networks and derives the optimal solution using
dual decomposition framework [25]. By using the similar
methodology, [26] proposes a fully distributed algorithm for
the optimal routing, relay selection, and power allocation in
multihop wireless networks. Recently, the alternating direction
method of multipliers (ADMM) has attracted much of interest
in the field of distributed and large-scale optimization due
to its advantageous convergence property [27]. For instance,
Tabrizi et al. [28] propose a semi-distributed algorithm for
optimizing resource utilization in dense wireless areas using
ADMM by simplifying the original non-convex problem into
a convex form. A problem of joint resource allocation and
routing optimization in wireless sensor networks is formulated
and a distributed algorithm based on ADMM decomposition is
proposed in [29]. The authors also demonstrate the faster con-
vergence speed of the ADMM against the dual decomposition
method through extensive simulation results.

Unpredictable wireless network events such as link failures
may happen frequently. Any substrate link failure will affect
the services of SPs, who have virtual wireless networks that
operate on top of that substrate link. In order to guarantee for
nonstop services even after substrate link failures, resource
allocation and routing problems for virtual wireless networks
need to take into account the requirement for maintaining QoS
of SPs. This motivates us to consider a resource allocation
and routing problem for multiple virtual wireless networks to
achieve efficient resource utilization for InPs as well as ensure
QoS for SPs. Even though incorporating QoS requirements for
SPs against network failures can be applied for both wired and
wireless networks, we primarily focus on resource allocation
with QoS constraints for wireless network virtualization in
this paper due to the distributed topology and independent
operation nature of SPs, which make the preventive traffic
disruption model is more suitable for wireless applications.

While resource allocation and routing problem may involve
the optimization process from different layers such as power
control, channel assignment, etc., to cope with the rapid varia-
tion of wireless resources, we instead focus on the preventive
traffic disruption perspective from the unique characteristic of
the resource allocation problem in wireless network virtual-
ization since any physical network failure will affect multiple
virtual networks simultaneously. Particularly, the objective
is to minimize the operation cost of the substrate network.
Moreover, we incorporate the preventive traffic disruption
model into the resource allocation and routing problem
to ensure the minimal amount of traffic reduction of SPs
when substrate links fail. Due to the large number of con-
straints incorporated into the model, the formulated problem
becomes a large-scale optimization problem, and can be
intractably solved by the centralized computational framework.

Therefore, we apply the ADMM-based decomposition
technique to efficiently solve the problem. By jointly tackling
the above discussed challenges, the proposed model in this
paper lays a fundamental theoretical framework for ensuring
the QoS in resource allocation for multiple virtual wire-
less networks operated on top a single substrate network.
In addition, the proposed distributed implementation facilitates
for the practical deployment of large-scale virtual wireless
networks. Specifically, in realistic applications, different SPs
provide different types of services and target different end-
users, and therefore will have different requirements for QoS.
By applying our proposed model, the predetermined QoS
levels of different virtual networks can be satisfied while still
guarantee the isolating operation between different entities in
wireless virtualization, i.e., each SP dictates the optimization
criterion independently when participating in the resource
allocation problem with InPs. The main technical contributions
of this paper can be summarized as follows:

o Preventive Traffic Disruption Modeling: We propose a
preventive traffic disruption model for virtual networks
when a substrate link failure event happens. We also
incorporate £1-norm into the objective function to ensure
the minimal amount of traffic reduction of SPs.

o Parallel and Distributed Implementation: We propose
two algorithms based on the ADMM decomposition
technique. The first algorithm provides a parallel com-
putational framework that can be solved concurrently
at different computing nodes, and the second algorithm
allows SPs and substrate links distributively solve local
problems to achieve the global optimal solution.

o Performance Evaluation: We evaluate the performance of
our proposed algorithms using various system parameters.
We also demonstrate the efficacy of our preventive model
in reducing the amount of traffic reduction.

The remainder of this paper is organized as follows.
We explain the network model and assumptions in Section II.
The resource allocation and routing problem for virtual wire-
less networks is formulated in Section III. Section IV describes
the preventive traffic disruption model with link failures for
virtual networks. We propose two decomposition algorithms
using ADMM in Section V. Simulation results are presented
in Section VI. We provide some discussions about han-
dling network failure mechanisms between wired and wireless
networks in Section VII, and Section VIII concludes the paper.
The key notations of our paper are summarized in Table I.

II. NETWORK MODEL AND ASSUMPTIONS
A. Wireless Network Virtualization

We consider a wireless network with a set of InPs. Each InP
possesses and operates a physical network, also call substrate
network. The physical network is composed of physical nodes
connected by physical links that form the physical topology.
Based on the virtualization frameworks, the physical networks
of all InPs are virtualized into a unique physical topology,
denoted by a directed graph Gy = (A, Ls), where A§ is
the set of physical nodes and £; is the set of physical
links.



TABLE I
NOTATION DEFINITIONS

Symbol Physical Meaning
Gs = (Ns, Ls) topology of substrate network
G = (Nk, L) || topology of virtual network k
L& |Ls] number of substrate links
Ly 2 L] number of virtual links in virtual network &
K £ |K| number of service providers or virtual networks
wy, bandwidth that substrate link [ allocates for virtual
link in virtual network k
wrae maximum bandwidth capacity of substrate link [
Ag node-link incidence matrix of virtual network k&
J set of links can possibly failed
Afc node-link incidence matrix of virtual network k
when link j fails
Fr,s, traffic flow on virtual link [ in virtual network & in
the normal state
f,g, I traffic flow on virtual link [ in virtual network k in
failure state j
T traffic demand vector of virtual network k in the
normal state
'rfc traffic demand vector of virtual network k in the
failure state j
Ci() operating cost function of substrate link !
Afc amount of traffic reduction of SP £ in link failure
state j
Aprar maximum allowable traffic reduction of SP k&
A p Lagrangian multipliers
P,y penalty parameters
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Fig. 1. The model of multiple virtual networks operate on top of a single
substrate network.

Suppose that there is a set X = {1,2, ..., K} of SPs request
K different virtual networks,! which is composed of a set of
virtual nodes and virtual links, each established over the same
physical network, denoted by a directed graph Gy = (A, Lx).
K virtual networks coexist and operate over the same physical
network as illustrated in Fig. 1. In this paper, we assume the
virtual network mapping result from each G to Gy is already
known and focus on resource allocation for virtual networks.

Depending on the resource request from SPs, InPs will
allocate bandwidth capacity of each substrate link / € £ to
virtual links of SPs. For each substrate link [ € Ly, let w; x be
the bandwidth that substrate link / allocates to virtual link of

ISince each virtual network is operated by each SP, we use virtual network
index and SP index interchangeably

virtual network k. Then, we have bandwidth allocation vector
wy K} (D

For any virtual network k that does not have virtual link
operates on top of the substrate link /, the bandwidth allocation
must be equal to zero

a
w; = {w;1, w2,. ..,

l¢ ry. 2)

The total bandwidth allocated to all virtual links must be
less than the bandwidth capacity of the physical link, which
can be expressed as the following constraint

w i =0,

K
D wik < W, 3

where W, is the maximum capacity of physical link /. Note
that the capacity of each physical link will change over time,
which depends on the power control and adaptive modulation
scheme deployed at the physical layer. However, we consider
capacity of physical links as the achievable average capacity,
which is assumed to achieve through optimizing the physical
layer. Therefore, the maximum capacity of each physical link
changes slowly and is treated as a constant during the period
of study.

B. Routing Model for Virtual Network

Each virtual network k, denoted by a directed graph Gy =
(Ag, Lk), has a collection of Ny virtual nodes that can send,
receive, and relay data across virtual communication links.
The network topology with respect to the interactions between
virtual nodes and virtual links of virtual network & can be
compactly represented by a node-link incidence matrix Ay €
RNexLk - An entry Ag[ng][lx] of the matrix Ay associated with
node n; € A and link [y € £, is given by [24]

1  if node ny is the start node of link I,
Arlnillle]l = {1

0  otherwise.

if node nj is the end node of link I,

“)

We consider a network flow model for routing data to a
single destination in each virtual network. The data flows
are assumed to be lossless in each virtual link and flow
conservation law is assumed to be satisfied at each virtual node
in each virtual network. In addition, a virtual source node may
need a number of relay nodes to route the data stream to its
destination node. We assume each SP uses multi-path routing
protocol where the traffic from each virtual source node is
split into several flows which follow different multi-hop paths
to reach the desired destination.

We assume that di is the destination node of virtual
network k. Each source node n; € Ay (ny # di) generates
data with an average rate of r,, to destination di. Then the
total data rate at the destination node dj. is

- D rue (5)

ngF#d



For each virtual network k£ € X, we also define a source-
sink vector ry € RV as

re £1{ri,ra, .. C TN (6)

whose the ng-th (ny # di) entry r,, denotes the amount of
data that virtual source node ny injects into the network and
destined for virtual destination nodes di, and the di-th entry
is the total data rate at the destination node dj, determined as
in (5).

On each virtual link Iy € £; of virtual network k, we let
S, = 0 be the aggregate flow for destination node dy. The
aggregate on each link may come from different virtual source
nodes under the multi-path routing model. At each virtual node
ni € A, the total flow going into a virtual node is the same
as the total flow going out of that virtual node

D S = D fel =T @)

lreOo(ny) lxel(ng)

o T -

where O(ny) be the set of outgoing links of node ng, and
I(ny) be the set of incomming links to virtual node ny. The
compact expression for the flow conservation law across the
whole virtual network k can be expressed as

Arfr =ri, 8)

where f,; be the flow vector in virtual network k, which can
be defined as

T & Ui Vi ©)

The total amount of traffic on each virtual link must be no
more than the bandwidth that substrate link allocates to virtual
links in virtual network &

S, <wig, Ve L. (10

ITII. JOINT RESOURCE AND ROUTING OPTIMIZATION
FOR VIRTUAL WIRELESS NETWORKS

Based on the above definitions, a resource and routing
optimization problem for multiple virtual networks operate on
top of a single substrate network can be formulated. In the
considered system, each InP has a cost function for operating
substrate link / € L, which is assumed to be a strictly
convex function on the total bandwidth, motivated by energy
consumption cost [30]. Then the total cost for operating the
substrate network is ZIL:S] Ci(w;), where C;(-) denotes the
cost function for operating physical link /.

Given K virtual networks operate on top of the substrate
network and fixed traffic demand from source nodes of each
virtual network, the objective is to find an optimal bandwidth
allocation for virtual links such that all traffic demand injected
from source nodes is delivered to the desired destination in
each virtual network with a minimum operation cost of the
substrate network. The operation cost minimization problem
can be formulated as

L
min ZCl(wl)
=1
st. Axfi ="k,

Y

Vk € X, 12)

Sy Swpk, Vi € Ly, Yk e X,

Zwl’k < Wlmax, Vi e L,
k
variables: {f}vk, {wi}vi.

13)
(14)

The constraints in (12) represent the flow conservation low
for each virtual network. The constraints in (13) ensure the
amount of traffic on each virtual link to be less than the
bandwidth that substrate link allocates for that virtual link,
and the constraints in (14) represent the maximum amount of
bandwidth of each substrate link.

Remark 1: The optimization problem in (11)-(14) involves
resource allocation and routing, which may be executed at
different time scales. Traditionally, the resource allocation
process needs to run at a fast time scale due to the rapid
time-variation of wireless channels. The routing process, by
contrast, may have a slower time scale due to the low dynamic
of data traffic flows. However, the underlying channel capacity
in this paper is treated as the achievable average capacity,
which changes slowly and is assumed to be constant during
the period of study. Therefore, the joint resource allocation
and routing can be performed on the same time scale as
in [31], [32].

The problem in (11)-(14) is convex and can be solved
using the convex optimization techniques to obtain the optimal
solution. The optimal solution will fully satisfy for all traffic
demands to be delivered from sources to destinations in all vir-
tual networks. However, when there is a substrate link fails, all
traffic on virtual links that operate on top of that substrate link
will be disrupted. This influences multiple virtual networks
that have virtual links mapped on the failure link, and leads
to discontinuation on service to end-users. In the next section,
we will address how SPs can avoid this service discontinuation
when substrate links fail.

1V. PREVENTIVE TRAFFIC DISRUPTION WITH
LINK FAILURES

The bandwidth allocation model in previous section can
satisfy traffic demands for all virtual networks only when all
substrate links are fully available, which we will refer as the
normal state. However, unpredictable wireless network events
such as link failures may occur anytime. Although when a link
failure event happens, the network controller can reformulate
the problem in (11)-(14) with new system parameters to
reallocate bandwidth for all virtual networks, it will take a
certain amount of time to wait for network re-convergence.
Since different SPs target different types of services and
may have stringent reliability and QoS requirements, this
performance degradation and severe discontinuation will be
intolerable to end-users. Therefore, in this section, we propose
a preventive traffic disruption model for virtual networks to
provide nonstop reliable services to end-users. Particularly, the
system allows virtual networks to continue operation, possibly
at an allowable reduced performance level, rather than failing
completely, when some part of substrate links fail.

Let 7 be a set of substrate links may possibly be failed.
When a substrate link in the substrate network fails, all
virtual links that operate on top of that substrate link are



The model of substrate link failure.

Fig. 2.

no longer available. Consequentially, the physical topology of
each virtual network also changes. SPs have to find another
routing path to carry data traffic across virtual networks as
illustrated in Fig. 2. However, SPs may not be able to fully
satisfy all data demand as in the normal state. Therefore,
SPs may reduce a fraction amount of traffic demand.

Let A,’c be the node-link incidence matrix of virtual
network k when substrate link j fails.> In this paper, we
consider a set of J £ |J| substrate links can be possibly
failed. However, we assume that only one substrate link
fails at a time. Multiple-link failure scenarios can be applied
without changing the structure of this paper by constructing all
corresponding constraints associated with multiple-link failure
scenarios and incorporating into the original problem. The
only difference is the node-link incidence matrix will be more
sparse, which makes the routing solution has limited routing
paths to carry data traffic from the source to the destination,
and consequently may lead to the larger amount of traffic
disruption. We define r,’( be the new traffic demand vector
that SP k can support when substrate link j fails. Similar to
the normal state, the new traffic demand must satisfy flow
conservation law in all virtual networks as

Alfl=r{, VkeX. (15)
Moreover, the new traffic flow across each virtual network
must satisfy virtual link capacity in the normal state, i.e.,
fy = wiks Vi€ L, Vk € K. (16)
Note that, in constraints (15) and (16), only traffic demand
and flow across virtual links change. The bandwidth that
substrate links allocate to virtual links does not change since
when a substrate link fails, SPs still use the existing available
resource that has been already allocated to virtual networks
in the normal state to continue operation in failure states.
Since SPs have to decrease demand to satisfy with the current
available resource, we can calculate the amount of traffic
reduction at each virtual network k € X when substrate link j
fails as

Ai = Z (g — Tiny)-

ngF#d

a7)

2We use superscript j to denote all variables and system parameters
associated with link j failure event, which we also refer as link failure state j.

We further define the traffic reduction vector of all virtual
networks when substrate link j fails as

A AN AL ALY (18)

Since SPs target different services and typically have
different requirements for traffic satisfaction when a substrate
link fails, each SP has a predefined maximum threshold for
data reduction. Let AJ"®* be the maximum allowable traffic
reduction of SP k. Then we have a constraint for SP £ when
substrate link j fails

Al < Ao, (19)
We can express the above constraint for all SPs compactly in
vector-form as

Al < A™ (20)

The objective is to find the optimal resource allocation that
can minimize the cost of operating substrate network in the
normal state. Moreover, when any substrate link fails, we also
want to guarantee for minimal amount of traffic disruption in
virtual networks. The optimization problem for the preventive
traffic disruption model can be formulated as

Ly
min > Ci(w) +7 Y 1A o €20
=1 Jj€J
st. Apfyp=rk, Vk, 22
S, S wik, Vi € Ly, Yk e X, (23)
> wig < W, Vi€ L, (24)
k
Ai_f,’( =r], YkeX, VjeJy, (25)
fl, <wiks Vi€ Ly, Vke K, Vjed, (26)
Al =D (m—ri). YkeX, Yjes, @7
ng #dy
Al <A™, Vkex, Vjey, (28)

where 7 is a positive parameter to capture the trade-off
between cost minimization and minimal traffic disruption. The
second term in (21), ||A/]o, is £o-norm of vector A/, which
determines the number of nonzero entries in A/

i, def j
1A7]lo = #{k : A} # 0).

(29)
Incorporating £p-norm |A7]lo into the objective function
allows us to obtain the optimal solution that leads to a minimal
number of SPs have to reduce traffic in link failure states.
Constraints (22), (23), and (24) are for the normal state, while
constraints (25), (26), (27), and (28) are for all link failure
states.

Due to the non-convexity of ||A/||o, exactly solving the
problem in (21) is computationally difficult. To avoid com-
putational burdens, we use {1-norm, which is the convex
approximation to £g-norm

i def j
1A7] = D 1AL (30)
k



The problem in (21)-(27) can be reformulated as

min ZCl(wz) +1 Z 1Ay

jes
s.t. (22), (23), (24), (25), (26), (27), (28).

€19

The problem in (31) is convex and can be solved using
several convex optimization techniques. However, directly
solving (31) can be intractable due to the large-scale nature of
the original problem.

Remark 2: By incorporating the preventive traffic disrup-
tion constraint into the resource allocation and routing problem
in (31), the optimal solution provides a proactive mechanism to
cope with physical network failures, i.e., reserves the backup
resource before any failure happens. Specifically, InPs will
allocate a certain amount of redundant bandwidth for virtual
links so that when physical links fail, SPs still can use the
redundant bandwidth from the other virtual links to flow the
data traffic.

V. DECOMPOSITION ALGORITHMS USING ADMM

In this section, we propose two algorithms to solve the
centralized problem in (31) using the ADMM-based decompo-
sition technique. The first algorithm provides a parallel com-
putational framework, and the second one can be implemented
in a distributed fashion at each SP and each substrate link.

A. Parallel Algorithm Using ADMM

In this subsection, we use the ADMM decomposition
method to propose a parallel algorithm. This algorithm decom-
poses the original problem in (31) into a master problem
corresponding to the normal state, and J problems correspond-
ing to J link failure states, which can be solved concurrently
at different computing facilities.

The problem in (31) contains a large number of constraints.
However, we realize that almost all the constraints are sepa-
rable into the normal state and different link failure states.
Particularly, constraints (22), (23), and (24) are associated
with the normal state only, while constraints (25), (26), (27),
and (28) can be separated into each link failure state, except
for variables {wy x}v,vk belong to the normal state. In order to
make constraints (26) to be separable from the normal state,
we define auxiliary variables

w =w], Vi€, Vjey, (32)

where each auxiliary variable wlj can be interpreted as the
local copies of w; in the normal state at each link j failure
state. We now can rewrite constraint (26) with respect to only
local variables at each link failure state as

fkj,lk = wlj,k’ Vi € L, Vk. (33)

The link failure state constraints (25), (27), (28), and (33)
are now decoupled from the normal state. To facilitate for
presentation, we further define the feasible set for the normal
state, 70, and each link failure state, ¥/ as

7O = {({(f o)k, {wiIv)[(22), (23), 24)},

F = {(fL rlves o] W) 1(25), 27), (28), (33)}, Vj € 7.

Then the problem in (31) can be rewritten as

min ZCz(wz) +1 A (34)
jeJ
st ({fhve (widw) € 72,
(fL e, ] h) € 71, Yjes,
w =w/, Vler, Vjer. (35)

The set of equality constraints in (35) represents the consensus
constraints, i.e., it enforces the local copies of bandwidth
allocation variables to be agreement with the corresponding
variables in the normal state. The augmented Lagrangian func-
tion of problem in (34) with respect to consensus constraints
in (35) is given by

Ly J K )
A = ZCl(wl)erZZAi

=1 j=1k=1

J Ly ‘ J Ly
+ 220N @ —en+ 53 v —wil?
j=11=1

j=1i=1

J L

LS .
= Ciw) =D > () w
=1

j=11=1

J K Ly '

+z[ > +zw {+§Z||w{—wz||2],
=1

(36)

where {).lj }vi,vj is the Lagrangian multiplier, and p > 0 is a
penalty parameter.

Defining the primal variables x = ({f}vk, {w;}vi), which
is the decision variable vector in the normal state, and z/ =
({fﬁ,r,’c Wi, {wlj}w) is the decision variable vector in link j
failure state. Then the ADMM decomposition technique can
be used to solve the problem in (34) in an iterative procedure.
Specifically, at the 7-th iteration, the primal variables and dual
variables are updated sequentially as

x[t + 1] = argmin % (x, z[t], A[t]), 37

Z/[t + 1] = argmin & (x[r + 11,2/, A/ [t]), Vj, (38)

e+ 1= 21+ p (]l + 1= wile +11) VL, ¥,
(39
Based on the Lagrangian function (36), we decompose
the problem in (34) into the following J + 1 optimization
problems. The first sub-problem is associated with variables in

the normal state only and corresponding to the primal variables
update in (37)

J L

J L )
min ZCz(wz) > @A) w+ §ZZHw{—wzn2
j=1i=1

j=11=1

st ({(fedves {widv) € 7°. (40)
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Fig. 3. The illustration of information exchange between the normal state
sub-problem and link failure state sub-problems.
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By fixing the values of {0, A/}, and then solving the problem
in (40), we obtain the optimal solution for ({f}vk, {wi}w).

The remaining J sub-problems are associated with variables
in link failure states and corresponding to primal variables
update in (38). For each link j € 7 failure state, we decompose
into the following problem

K Lg Lg
. J N, 0, P J 2
min r;Ak—}—;(ﬂ.l) w] +§§||w, —w|

st ((f v {w] ) € 7. (41)
By fixing (wy, llj )y and then solving the problem in (41), we
obtain the optimal solution for ({f7. 7] }vk, {w] }vi).
Algorithm Implementation: The whole procedure for parallel
algorithm using ADMM is described in Algorithm 1. First,
a master computing node solves the optimization problem
in (40) to obtain the optimal solution ({ f; }vk, {w;}v;). Then it
will broadcast the bandwidth allocation solution of the whole
network {w;}y; to all J distributed computing nodes. Each
distributed computing node solves the optimization problem
in (41) to obtain the optimal solution ({fi,ri}\fk, {wlj}\ﬂ).
Finally, based on the local value of {wlj vt and {w; }y; received
from the master node, the dual variables can be updated as in
line 16 in Algorithm 1. Note that, J optimization problems
associated with link failure states are decoupled and can be
solved in a parallel fashion at different computing nodes
without affecting the others. This parallel implementation
reduces the computation time for the proposed Algorithm 1.
The amount of information exchange between the master
node and distributed computing nodes is depicted in Fig. 3.
The master node broadcasts the bandwidth allocation solution
in the normal state, which is same to all distributed nodes.
Each distributed node needs to send the local information
including dual variable {llj }vi and {wlj }vi to the master node.
This can be done by using Message Passing Interface (MPI),
which is widely used for high-performance computing para-
digm [33]. Note that in Algorithm 1, all SPs and InPs need
to exchange information with the master computing node
to perform computation in each sub-problem. This can be
done via certain entities that are proposed to operate the
wireless network virtualization such as mobile virtual network
operators (MVNOs), who lease the network resources from

Algorithm 1 Parallel on ADMM

Decomposition

Algorithm Based

1: Initialize: t = 1, {).lj}vz,vj =0

2: repeat

3: At master computing node:

4:  repeat

5: wait o

6:  until receive updates wl] ,).lj from all J distributed

computing nodes

7: step 1: solve (40) for optimal solution ({f }vk, {wi}vi)

8: step 2: broadcast {w;}v; to all J distributed computing
nodes

9: step3:t «—1t+1

10:

11: At each distributed computing node:

12:  repeat

13 wait

14:  until receive the update {w;}y; from the master

15: step 1: solve (41) for optimal solution
Af1.ridve, {w] )

16: step 2: update dual variables:

e+ 1 =210+ p (w]e+ 11— wilr + 1), i

17: step 3: send ().l], w{)vz to the master
18: until a stopping criterion is met

InPs and create virtual resources based on the requests from
SPs [5].

B. Distributed Algorithm Using ADMM

Even Algorithm 1 decomposes the original problem in (31)
into J + 1 sub-problems and provides a parallel computational
framework, it requires to have a central controller to collect all
information of the whole network to solve each sub-problem.
However, in practice, it is hard to be fulfilled due to enormous
amount of signaling. Therefore, in this subsection, we propose
a fully decentralized algorithm for solving the problem in (31),
in which each SP and each substrate link independently solve
their own problems to obtain the optimal solution, while
requires a limited amount of information exchange between
SPs and substrate links.

The objective function in (31) involves operation cost
of substrate links and amount of traffic reduction of SPs.
However, we can separate into the individual cost for each
substrate link as well as the amount of traffic reduction of
each SP. Besides, constraints (22), (23), (25), (26), (27),
and (28) are separable into each SP. The only constraints in
(24) are coupled between substrate links and SPs. In order
to make the constraints in (24) are decoupled between
individual substrate link and SPs, we consider wy; as
the local variables at SP k and define auxiliary variables

as
w; =wj, Ve L. 42)

Each w;x has a local copy wj, at the substrate link, as
illustrated in Fig. 4. We can interpreter w; x as the bandwidth
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Fig. 4. The structure of auxiliary variables define for each substrate link and
corresponding virtual links operate on top of the substrate link.

that virtual link requests to satisfy its service, while wls ¢ as the
true bandwidth that the substrate link can allocate to virtual
link. Then, by adding consensus constraints, the requested
bandwidth and allocated bandwidth reach an agreement.

The problem in (31) can be rewritten as

min ch(w1)+f ZZA] 43)
kex jey
[—1pt] st Arfp=rr, Vk, (44)
g < wik, Vle Ly, Vk, (45)
Alfl=rl, Vj, Vk (46)
fli<swvien, Yji, vk @D
A =D (g =), Vi, Yk, (48)
nj #dy

A < A'*) VK, Y, (49)
w; =w;, Ve L, (50)

K
> wl < W, Ve L. (51)

k=1

The cost function in (43) is substituted by local variables of
each substrate link. The equality constraints in (50) represent
the consensus constraints. Constraints (51) is maximum band-
width capacity constraints with local variables at each substrate
link. We further define feasible set for each SP as

Fe = {(Fro UL ridvis fwnihw)|(44) —
Then, the problem in (43)-(51) can be compactly expressed

(49)}, Vk € K.

as

Ly
min z Ci(w))+r Z z A,{
=1

kex jej

st (Fio (FLrivj Awidv) € R, Yk,

w) =w;, VlelL,

>

i, < WP, VI e L. (52)

w-
Il
-

The Lagrangian function of the problem in (52) with respect
to consensus constraints is given by

= ZC[(U)I)—}-TZZAJ

k=1 j=1

+ Z(m) (W] —w) + = Z lw] — w |
Ly
-2 [ci) + @ wj)

"‘TZZAJ Z(ﬂz) wi+ = lewl —wy||?,

k=1 j=1
(53)

where {g;}v; is the Lagrangian multiplier, and y > 0 is a
penalty parameter. o

Defining primal variable u = (fk{f,jc,ri}vj, {wi i Ivi) vk,
which is the decision variable vector for SPs, and v = {w;}v;,
which is the decision variable vector for substrate links. Then
the ADMM decomposition technique can be applied to solve
the problem in (52) in an iterative procedure. Specifically,
at the 7-th iteration, the primal variables and dual variables
are updated sequentially as

ult + 1] = argmin % (u, o[t], u[t]), (54)
o[t + 1] = argmin £ (u[r + 1], 0, u[t]), (55)
wlt+ 10 =l +y (Wit + 11 —wlt +11), V. (56)

From the Lagrangian function in (53), we decompose the
problem in (52) into the service provider-level problem and
substrate link-level problem. The service provider-level prob-
lem is associated with primal variable update in (54) and can
be expressed as

K J Ly Ly

min ¢ >3 Al = > () w+ 5 D ] —wil?
k=1 j=1 =1 =1

st. (frs {F L ridv), {wiidw) € F,  Vk. (57)

The substrate link-level problem is associated with primal
variable update in (55) and can be expressed as

Ly
. Y
min E {C](wf) + (m)wa + EHIDf - wl||2}

=1

st wf < WM, VL (58)

After solving (57) and (58), the dual variable is update as
in (56). Moreover, we realize that the problem in (57) is
completely separable into each SP and can be solved by each
individual SP. Each SP k € X solves it own problem as follow

J Ly Ly
. i Y s 2
min 7 Al — wir + = w;, — W,
?_1, k 12_1 Hikwrk + 5 12_1( Lk — WLK)

st (Fi (FLriv twivi) € % (59)



Algorithm 2 Distributed Algorithm Based on ADMM
Decomposition

1: initialize: t = 1, y; =0, VI

2: repeat

3: At each virtual network:

4 repeat

5 wait

6:  until receive updates wls > M1,k from all substrate links
7

8

9

1) solve (59)
2) broadcast wy ; to substrate link

10: At each substrate link:
11: repeat

12: wait

13:  until receive the update wy ; from all SPs
14: 1) solve (60) for optimal solution w;
15: 2) update dual variables:

it +11 = plel +y (wilr + 11— wyft + 1])

16: 3) send u;, wj to SPs
17:
18 t<t+1

19: until a stopping criterion is met

Similarly, the problem in (58) can be decomposed to solve
at each substrate link as

min Ci@]) + (u)" 0} + 0] — wi]?

K
st wp < W (60)
k=1

Algorithm Implementation: We propose a distributed
algorithm to solve the problem in (31) as in Algorithm 2.
The decomposition structure of the solution process is
clearly visible: SPs and substrate links perform optimization
independently. Particularly, SPs solve optimization problem
in (59) simultaneously and send the updated value of w
to the corresponding substrate link. Each substrate link will
solve its local optimization problem in (60) after receiving
all information from SPs, and then updates dual variable u;.
The new values of {w;, u;} will be sent to SPs. This process
is repeated until convergence. Note that, each substrate link
sends exchange information to only SPs who have virtual links
operate on top of it. The distributed nature of Algorithm 2
in which substrate links and SPs are completely decoupled
facilitates for the capability of adapting the dynamic behavior
of wireless links. When physical link capacity varies, each
substrate link updates the constraint in sub-problem (60) and
performs the calculation independently. SPs continue execut-
ing the computation in (59) without any modification.

VI. SIMULATION RESULTS

In this section, we use the computational experiment
to evaluate the performance of our proposed algorithms.
We generate a random substrate network topology comprising
20 physical nodes and 70 physical links. The bandwidth
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Fig. 5. The convergence performance of the proposed algorithms.

capacity of substrate links are generated randomly with a
uniform distribution from [50, 100] Mb/s. We also deploy
10 virtual networks on top of the substrate network, each
virtual network has the random number of nodes from [5, 10],
and the random number of links from [10, 15]. We select one
node as a destination for each virtual network, and source
nodes inject data with an average rate randomly generated
from [10, 15] Mb/s. We assume the convex operating cost
function of each substrate link is Ci(w;) = a;/(3,; wl,k)z,
where a; is generated randomly for each substrate link from
a uniform distribution a; € [0.002, 0.004] $/Mb?%. The link
failure set 7 is selected randomly from 10% of the total
substrate links and 7 = 0.3 in all simulations, unless otherwise
stated. Virtual networks are allowed to reduce half of the
traffic data when substrate links fail. All tests are conducted
on a Windows 7 64-bit personal computer with Intel i7-4770
3.4 GHz CPU and 16GB of RAM. Each sub-problem in our
proposed algorithms is solved using CVX [34].

A. Convergence and Computational Performance

We show the convergence behavior of our proposed
algorithms in Fig. 5. Since both algorithms are implemented
and performed on a single computer, the delay time due
to local information exchange can be ignored. We plot the
relative error of the objective function versus the number of
iterations without applying any specific termination condition
for the proposed algorithms. For parallel Algorithm 1, the
relative error approaches to 1073 in about 15 iterations, while
distributed Algorithm 2 needs about 20 iterations to yield
the same relative error. The faster convergence behavior of
Algorithm 1 is due to the smaller number of sub-problems
compared to those of distributed Algorithm 2, and conse-
quently reach to an agreement at a faster speed. Specifically,
in this simulation, Algorithm 1 produces a master problem and
7 parallel problems corresponding to 7 link failure states,
while for Algorithm 2, the number of decomposed problems is
80 (10 problems for SPs and 70 problems for substrate links).

A larger set of link failure 7 leads to a greater number
of constraints in the optimization problem, and generally
increases the computation time of two algorithms. There-
fore, we investigate the computation time of the proposed
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Fig. 6. Computation time of two proposed algorithms versus percentage of

link failure.

algorithms by varying the percentage of link failure. For
each percentage of link failure, we select the set of substrate
links can possibly failed randomly and run 100 realizations to
average out the result. In Fig. 6, we plot the computation time
of two algorithms to reach the relative error < 1072, Since
Algorithm 1 is proposed to be implemented in a parallel fash-
ion, the total computation time of each iteration is determined
as the total computation time in the normal state sub-problem
and the maximum amount of computation time among J
different link failure sub-problems. For Algorithm 2, the
computation time of each iteration is the maximum amount of
computational time among SPs and the maximum computation
time among substrate links. We ignore the delay time due
to information exchange. From the result in Fig. 6, a higher
percentage of link failure increases the computational time of
both algorithms, especially in Algorithm 1. This due to the
fact that a larger percentage of link failure does not increase
the number of consensus constraints in Algorithm 2; while
in Algorithm 1, the number of consensus variables increases
significantly. Therefore, much more iterations are required to
reach the global solution.

We further plot the computation time for different layers of
decomposition structure in two algorithms versus the percent-
age of link failure. In Fig. 7, we show the average computation
time of the master node, who solves the normal state problem,
and average computation time of distributed computing nodes,
who solve the link failure state problems in parallel fashion.
As it can be seen in Fig. 7, the computation time of the master
node increases as the percentage of link failure increases,
while the computation time at each distributed computing node
is not affected. This can be explained by the decomposition
structure in Algorithm 1, when the number of link failure
states increase, the number of consensus constraints in (35)
increase accordingly. This leads to a higher complexity of
the normal state problem in (40), and a larger number of
sub-problems in (41). However, J sub-problems in (41) are
performed in parallel fashion by distributed computing nodes,
the complexity does not grow.

A similar behavior can be observed for Algorithm 2 in
Fig. 8, we can see that the computation time at each substrate
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Fig. 7. Average computation time of the normal state sub-problem and link
failure state sub-problem in Algorithm 1.
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Fig. 8. Average computation time of each substrate link and each service
provider in Algorithm 2.

link is not affected by the percentage of link failure, while the
computation time for each SP increases accordingly. This can
be explained by the independence of the substrate link-level
problem in (60) to link failure states. Particularly, the decom-
position structure in Algorithm 2 produces the optimization
problem for each substrate link in (60) whose complexity does
not depend on the percentage of link failure. In contrast, the
optimization problem that each SP performs in (59) grows the
complexity as the percentage of link failure increases. Note
that, this property can facilitate for the practical implemen-
tation of Algorithm 2 since each substrate link normally has
less computation capability, while SPs with better computation
capability can perform higher complexity computing tasks.

B. System Performance

We evaluate the efficacy of our model in guaranteeing the
minimal amount of traffic reduction when substrate links fail
by plotting the percentage of traffic reduction of individual
SP in Fig. 9. We compare the result with and without incor-
porating preventive traffic disruption model into the resource



TABLE 11
OPERATION COST AND BANDWIDTH UTILIZATION COMPARISON

Problem in (11) | Problem in (31)
Bandwidth (Mb/s) 1504 1513
Cost ($/s) 223.8 230.9
100

Il ithout preventive traffic disruption
V77) With preventive traffic disruption

Percentage of Traffic Reduction (%)

1 2 3 4 5 6 7 8 9 10

Service Provider

Fig. 9. The comparison of percentage of traffic reduction at individual service
provider when substrate links fail with and without incorporating preventive
traffic disruption model.

allocation problem. We realize that incorporating preventive
traffic disruption model can significantly reduce the amount
of traffic reduction. Moreover, the result also indicates that
¢1-norm in the objective function ensures a sparse number of
SPs have to reduce traffic in link failure states. Particularly,
only SPs 3, 4, 5, 7, and 8 have to reduce traffic demand when
substrate links fail.

Furthermore, we examine the effect of preventive traffic
disruption model to the operation cost of the substrate network.
Note that the problem in (11)-(14) and the problem in (31) can
both fully satisfy for traffic demand of all virtual networks in
the normal state, i.e., all substrate links are fully operational.
However, the problem in (31) takes into account the constraints
that ensure the minimal amount of traffic disruption of SPs
when substrate links fail. This enforces the substrate network
to allocate a certain amount of surplus bandwidth to some
virtual links in each virtual network so that when substrate
links fail, SPs can find another routing path to deliver data
from source to destination. Table II lists the operation cost of
the substrate network, the total bandwidth capacity allocated
to virtual networks for the optimization problem in (11)-(14)
and the problem in (31). It can be easily inferred from Table II
that the optimal solution of the problem in (11)-(14) utilizes
less bandwidth capacity, and consequently the lower operation
cost of the substrate network is achieved.

We next evaluate the effect of parameter z on the operation
cost of the substrate network as well as the amount of traffic
disruption of SPs. In general, higher values of 7 increase the
weight for £;-norm term in the objective function, and the
resultant optimal solution will ensure smaller amount of traffic
disruption of SPs when substrate links fail as illustrating in
Fig. 10. However, it also leads to higher operation costs for
the substrate network. Based on the result from the figure,
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Fig. 10. The effect of 7 on the operation cost of the substrate network and
the percentage of traffic disruption of SPs.
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Fig. 11. The effect of percentage of link failure incorporated into the model
on the total bandwidth allocated to virtual networks and the operation cost of
the substrate network.

the network operator can select appropriate values of 7 to
satisfy the design criteria for the whole system. The selection
will obtain the trade-off between the operation cost for InPs
and quality of service for SPs.

Finally, we study the effect of percentage of link failure
on the operation cost of the substrate network. Although
incorporating a higher percentage of link failure will provide
a better preventive level for traffic reduction, it may incur in
general a higher operation cost in the normal state. In Fig. 11,
we show the amount of surplus bandwidth that the substrate
network allocates to virtual networks when we increase the
percentage of link failure. We can see from Fig. 11 that the
larger amount of surplus bandwidth the substrate network has
to allocate to virtual networks to ensure the minimal amount
of traffic disruption when we incorporate higher percentage
of link failure. However, the operation cost of the substrate
network increases accordingly.

VII. DISCUSSIONS

Link failure survivability and survivable routing for network
virtualization (both wired and wireless networks) has been an
important problem to ensure the quality of service for end-
users. Due to the coexistence of multiple virtual networks
on the same substrate network, even a single failure in



the substrate network can affect a large number of virtual
networks simultaneously. Therefore, resource allocation and
routing problems for virtual networks need to take into account
substrate link failure constraints to guarantee performance of
service providers.

Due to the distributed and independent operation nature
of SPs in wireless networks, the post-link failure protection
mechanism, i.e., handling protection after network failures
happen, may not be practical to guarantee QoS for critical
applications. Wireless networks are more vulnerable to net-
work failures, and physical link outage may happen more
frequently. Moreover, the dynamic and distributed topology
of wireless networks make the recovery mechanism to run
longer time to reconfigure the system to the new optimal
operation point, and consequently lead to intolerable period
of service discontinuation for multiple SPs. Therefore, the
proposed preventive approach in this paper is more realistic
for wireless network virtualization since it can provide better
protection scheme by pre-allocating redundant resources for
each virtual networks before any failure happens. Even though
this method incurs a higher operation cost for InPs during
the normal operation state, it provides higher performance
satisfaction for SPs without stopping operation of each virtual
network immediately after failures occurs.

However, in wired network virtualization, the primary
approach for handling network failures is reactive mechanism,
which is performed after the failure occurs by a centralized
entity [35]-[38]. After any physical link is broken, failures
in virtual networks can be repaired by migrating virtual links
operated on top of the original broken links to other available
substrate links dedicated for backup purposes. The backup
resources can be shared by other backup purpose or will be
used when there are new virtual network requests [39]. Since
the restoration is carried out after the link failures happen, this
method is more cost-effective and achieves lower operation
cost during the normal operation state. However, it may lead
to a high possibility of huge amount of data loss in virtual
networks during the failure.

The reactive approach for handling network failures is
more suitable for wired network virtualization due to its
efficient resource utilization and advantages in computation.
By relocating failed links to backup resource after failures
happens, this method can significantly reduce the operation
cost and avoid resource wastage due to the low probability
of link failures in wired networks. Moreover, by performing
centralized computation to migrate and map broken links to
another available links, this approach can result in an overall
network optimization and faster computation time due to the
fixed topology of wired networks.

Even though we primarily focus on incorporating QoS
requirements for SP against network failures for wireles
scenarios in this paper, the proposed formulation model can
also be applied to wired network virtualization with some
modifications of the problem in (21)-(28) as follow

Ly
min > Ci(w))+7 > 1A 1)
=1

jes

st Axfy=ri, Yk, (62)
S < wiks Ve € L, Vk € X, (63)
> wig < W, Vi€ L, (64)

k
Agfizr.i, Vke K, VjeJ, (65)
fkj,lk E w]j,ka Vlk € Lk) Vk € K& V.] € ]9 (66)
> wl =W, vie g, (67)
k
A= (rm—ri). VkeX, Vjed, (68)
ngF#dy
A} < A", Vke X, Vjes. (69)

The difference between the models in (61)-(69) and
in (21)-(28) is the bandwidth allocation vectors in (66) are
allowed to reschedule to the new optimal operation point after
link failures happen instead of using the pre-allocated band-
width resource as in the preventive model. In this model, when
any physical link is broken, the central entity will reallocate the
bandwidth to virtual networks, which can achieve the global
resource utilization and minimal operation cost.

VIII. CONCLUSIONS

In this paper, a resource allocation and routing for wireless
network virtualization has been studied. We propose a new
formulation for preventive traffic disruption for SPs in wire-
less network virtualization. The proposed model minimizes
the operation cost of the substrate network in the normal
state while still guarantees for the minimal amount of traffic
reduction when substrate links fail. Due to the large-scale
nature of the formulated model, directly solving the optimiza-
tion problem can be intractable. We then apply the ADMM
decomposition technique to propose two algorithms, namely
parallel algorithm and distributed algorithm. The parallel
algorithm decomposes the centralized problem into multiple
sub-problems that can be solved concurrently at different
computing nodes, while the distributed algorithm allows each
SP and substrate link distributively solve the local problem
to converge to the global optimal solution. Numerical results
are conducted to demonstrate the convergence behavior as
well as computational efficiency of the proposed algorithms.
Moreover, the results also show that our model ensures a
sparse number of SPs have to reduce traffic when substrate
links fail.
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