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Abstract: The virtual network embedding/mapping problem is a core issue of network virtualization. It is concerned mainly
with how to map virtual network requests to the substrate network efficiently. There are two steps in this problem: node mapping
and link mapping. Current studies mainly focus on developing heuristic algorithms, since both steps are computationally intrac-
table. In this paper, we propose a new algorithm based on the proximity principle, which considers the distance factor besides the
capacity factor in the node mapping step. Thus, the two steps of the embedding problem can be better integrated and the substrate
network resource can be used more efficiently. Simulation results show that the new algorithm greatly enhances the performance

of the revenue/cost (R/C) ratio, acceptance ratio, and runtime of the embedding problem.
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1 Introduction

Network virtualization has been considered as a
promising way of allowing multiple kinds of net-
works (including experimental ones) to run on a
shared substrate network (Turner and Taylor, 2005;
Feamster et al., 2007). It could even become a foun-
dation of the future Internet (Anderson et al., 2005;
Bavier et al., 2006).

The virtual network embedding problem is an
essential part of network virtualization. The main
object of the embedding problem is to assign the
virtual network requests reasonably to the substrate
network with node and link constraints being satis-
fied. For example, if a substrate link is 1 Gb/s, the
sum bandwidth of virtual links which are embedded
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on it should not be over 1 Gb/s. These node and link
constraints make the embedding problem non-
deterministic polynomial-time hard (NP-hard) (An-
dersen, 2002). Thus, in practice, it is common for
researchers to find heuristic-based algorithms to ac-
complish embedding in polynomial time, with a sac-
rifice in performance. Meanwhile, an embedding
algorithm should also consider admission control and
online processing for a practical application.

There have been several studies reported on this
issue. Some restrict the search space by considering
only link constraints, while assuming that the node
mapping condition is known beforehand (Ricci et al.,
2003; Lu and Turner, 2006; Zhu and Ammar, 2006).
Some discuss the offline problem (Fan and Ammar,
2006; Lu and Turner, 2006). Some do not consider
admission control (Fan and Ammar, 2006; Lu and
Turner, 2006; Zhu and Ammar, 2006). Yu et al. (2008)
considered node constraints, link constraints, admis-
sion control, and online processing together. How-
ever, the node mapping and link mapping algorithms
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are isolated, which results in room for improvement.

In this paper, we propose a new algorithm based
on the proximity principle for the virtual network
embedding problem. The proximity principle con-
siders the distance factor besides the capacity factor in
the node mapping step. Thus, the two steps of em-
bedding can be better integrated and the substrate
network resource can be used more efficiently. The
idea comes from a simple thought that in a two-step
procedure, the first step, or the fundamental step, is
more important and should be optimized with con-
sideration of the following step. Based on this idea,
we add a proximity principle into the embedding
algorithm to integrate node mapping and link map-
ping. We also build a simulation model and evaluate
our new algorithm.

2 Background

In this section, the virtual network embedding
problem will be introduced, including basic defini-
tions and formulations. Then we describe the simula-
tion model in detail.

2.1 Virtual network embedding problem

The virtual network embedding problem is
concerned mainly with how to assign the virtual
network requests reasonably to the substrate network
with node and link constraints being satisfied. The
problem is important since it is an essential mecha-
nism in every virtualization network. Meanwhile, the
problem is NP-hard in mathematics, so the study on it
will give reference to other NP-hard problems. The
intuitional description of the virtual network embed-
ding problem is shown in Fig. 1.

Virtual network 1 .
® - - $
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Physical Physical Virtual _ Virtual A User
node link node link node

Fig. 1 Virtual network embedding

As shown in Fig. 1, two virtual networks are
assigned to a shared substrate network, which is
composed of two infrastructure provider domains,
and provide their services to three groups of users.
The system works as follows: The virtual network
users, such as researchers or service providers, first
apply for the virtual networks to the infrastructure
providers. Then the embedding algorithm works to
determine the embedding relationship between the
virtual networks and substrate networks. Finally, the
virtual network users can provide their experiments or
services to the end users belonging to their virtual
networks. Note that the two infrastructure provider
domains indicate that there are multiple substrate
network providers. This condition may cause an ad-
ditional node constraint, such as the location con-
straint, for the virtual network embedding problem. It
will be briefly discussed as a future work in the con-
clusion section.

2.2 Definitions and formulations
2.2.1 Substrate network

The substrate network will be modeled as an
undirected graph G°=(N*,[°,C5,CY), where N°
and L® are sets of substrate nodes and links, respec-
tively, and C} and C are constraints of substrate

nodes and links, respectively. Cy and C; usually

denote CPU capacity and link bandwidth, respectively.
2.2.2 Virtual request

Each virtual request will be modeled as an un-
directed graph G" =(NV,L",CY,C)), where N and
LY are sets of virtual nodes and links, respectively,
and C and C, are constraints of virtual nodes and

links, respectively.
2.2.3 Embedding

The embedding can be defined as a mapping
action M from a virtual request G" to a subset of the
substrate network G°. The subset is the image of G in

G®, so it should satisfy the constraints (C3,C’) from

G®. The mapping action can be expressed as follows:

M(GY): (GY,C\.C)) = (G°,CR,CY).
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It can be further detailed as node mapping and
link mapping:

M (NY): (NY,C0) = (N, C),
M, (LY): (LV,C))—(L,C)).

From the expression above, it can be seen that
the virtual network embedding problem is a two-step
procedure, which is the foundation of our innovation.

2.2.4 Revenue and cost

Revenue is the profit of the embedding action. It
is one of the main factors we use to judge the per-
formance of an embedding algorithm. Revenue is
defined according to the scale of the virtual request as
follows:

Rev(M(G")=a, Y. BW(IY)+B, Y. CPU(Y), (1)

NerV n¥eNY

where BW is the bandwidth of the request link, CPU
is the capacity of the request node, and o and fx are
the weighting coefficients to balance the effect of BW
and CPU. The weighting coefficients can also indi-
cate the unit prices in revenue when the study comes
to a practical application.

Cost is the price for finishing the embedding. It
is defined according to the nodes’ CPU and links’
bandwidth used for the virtual request in the substrate
network:

Cost(M(G"))=a. Y. HOP(IY)BW(I")

NerV 2
+B. Y, CPUY), @

nVeNY

where HOP(") is the hop count of the virtual link /¥
when it is assigned to a set of substrate links. ac and
pc are the weighting coefficients to balance the effect
of BW and CPU. They can also indicate the unit
prices in the cost. Note that the intermediate CPU,
which is used to forward data for a multiple-hop vir-
tual link, is determined by the BW it carries and the
hops it takes. Thus, it is contained in the BW part of
the cost model and the effect could be shown up by
adjusting the coefficient ac. However, we will not
discuss the intermediate CPU in detail since the cur-
rent model is widely used and qualified to validate our
new algorithm.

The R/C ratio is defined as follows:

C- ReV(M(GV )
 Cost(M(GY))
ay Y BW(IY)+5, z CPU(n")
Ta Yy HOPU )BW(IY ) + . S CPUGY)’

NelV n'eNY
3)

The R/C ratio is an important factor to judge the
performance of an embedding algorithm, since it
indicates the efficiency of substrate network resource.
In this paper, we assume agr=fr=ac=fc=1 to normal-
ize the simulation results. Thus, the R/C ratio is re-
stricted in [0, 1], and 1 indicates the optimum
embedding.

2.2.5 Acceptance ratio

The acceptance ratio indicates how many re-
quests are successfully accepted from all the requests.
It is defined by the following formulation:

Number of accepted requests

Acceptance ratio = .(4)

Number of all requests

2.2.6 Runtime

Runtime indicates the average time we use for
each embedding time window, which is introduced in
detail in Section 2.3. Runtime is defined by the fol-
lowing formulation:

. Total runtime
Runtime = - - . %)
Number of time windows

2.3 Model of embedding

To make our work more practical, we present an
embedding model based on the architecture in pre-
vious work (Yu et al., 2008). The model not only
considers the performance of embedding, but also
takes online processing and admission control into
account. Thus, our work could be easily migrated to a
practical embedding system.

The core idea of the architecture is the time
window. We assume that the virtual request arrives in
a time window in two conditions: first, a new virtual
request arrives randomly following a Poisson distri-
bution; second, the request that failed in the last time
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window will be postponed into the waiting queue and
embedded in the current time window. Note that the
postponed request could be rejected after failing for
certain times set up beforehand. The virtual request
leaves in two conditions: first, a request will survive
for a random time and finish with releasing the re-
source it occupied; second, some dangerous or illegal
requests could be closed and the resource could also
be released. Thus, we execute the embedding proce-
dure once in each time window by the following
steps:

1. Release the resource of requests left in the last
time window, including finished and closed requests.

2. Count arrived requests in the current time
window, including new and postponed ones.

3. Sort the virtual requests by their revenues to
embed the request with the largest revenue first. Then
map the requests to the substrate network. If suc-
cessful, update the state of residual resource in the
substrate network; else, postpone the request into the
waiting queue, or reject it after failing for certain
times set up beforehand.

Fig. 2 shows the flow of the embedding model
described above.

Embedding Req rejected
Req Embedding
e Troped A ostponed \ succeeds
arrives
Jl New Postponed
leaves Closed Finished
-Current time windows Req: request

Fig. 2 Time window model of embedding

As shown in Fig. 2, two new requests and one
postponed request arrive in the current time window.
They are sent into the embedding algorithm, gener-
ating the following results: one is rejected, one is
postponed, and one is embedded successfully and
finished in two time windows. Note that a former
mapped request may be found to be dangerous and
closed in the current time window.

3 The proximity algorithm

In this section, we first explain the motivation of
our work. Then we describe the proximity algorithm

we proposed in detail. Finally, we briefly discuss the
complexity of the new algorithm.

3.1 Motivation

We used the algorithm in a previous work (Yu et
al., 2008) as a baseline algorithm. It finishes the virtual
network embedding in two steps: mapping virtual
nodes using the greedy algorithm and mapping virtual
links using the k-shortest path algorithm. Both algo-
rithms are mature and easy to implement. However,
they are executed irrespectively with each other. Thus,
an optimal node mapping decision may not be suitable
for link mapping. For example, we find such unrea-
sonable situations hard to avoid in the baseline algo-
rithm: the nodes selected by the greedy algorithm are
usually far away (multiple hops) from each other; thus,
the nodes and links between them will be overloaded.
Meanwhile, the substrate resource is used inefficiently
since one virtual link occupies many substrate links.

To overcome these problems, we propose a new
algorithm based on the proximity principle. The idea
comes from the simple thought that in a two-step
procedure, the first step, or the fundamental step, is
more important and should be optimized with con-
sideration of the following step. Thus, in the new
algorithm, we increase the priority of the substrate
nodes that are connected to the former selected ones.
This procedure considers the distance factor as well as
the capacity factor for a substrate node. Thus, the
following link mapping will benefit from that, which
results in a good integration of the two mapping steps.
Fig. 3 explains the advantage of our new algorithm by
an example.

As shown in Fig. 3, when mapping request 1,
both algorithms will select A-B-C. When mapping
request 2, the baseline algorithm will still select
A-B-C since the substrate nodes A and C have the
largest capacity. This embedding result will make the
link A-B-C and node B heavy-loaded, and the sub-
strate resource is used inefficiently since the single
virtual link d-e occupies two substrate links. In con-
trast, the proximity algorithm will select substrate
node D instead of C for the virtual node e. This is
because, after request 1 and virtual node d have been
assigned, the substrate node D has a better priority
than C considering both capacity and distance factors.
Thus, the proximity algorithm evens up the system
load and uses the substrate resource more efficiently.
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Fig. 3 Advantage of the proximity algorithm
(a) Mapping request 1 (Req 1) with the baseline algorithm; (b)
Mapping request 2 (Req 2) with the baseline algorithm; (c)
Mapping Req 1 with the proximity algorithm; (d) Mapping
Req 2 with the proximity algorithm. a—e: request nodes; A—E:
substrate nodes. Numbers within the nodes and links denote
node CPU and link BW, respectively

3.2 Details of the proximity algorithm

In this subsection, we introduce the details of our
new algorithm. The core objective of the new algo-
rithm is to increase the utilization of the substrate
network resource using the proximity principle. The
simulation in Section 4 shows that the acceptance
ratio and runtime become better at the same time as
the byproducts. We use the time window model in-
troduced in Section 2. The details of the proximity
algorithm are as follows: After virtual requests are
sorted by their revenues (Section 2.3), we first select
one with the maximum revenue. Then we sort this
request’s nodes by their required resources, which are
defined as

RR(n")=CPU(") > BW("), (6)

NeL(n)

where L(nv) denotes the set of adjacent virtual links
of n". Then we select one with the maximum required
resource, and assign it to the substrate node with both
enough CPU and maximum weighted available re-
source, which is defined as follows:

WAR(n*) = Corr”CPU(r*) >. BW(), (7)

SeL(n®)

where L(ns) denotes the set of adjacent substrate links
of n°. Corr is the correlation factor for the substrate
node ns, and the coefficient m is the number of the
substrate nodes which is not only already assigned in
the same request, but also directly connected to n°.
This procedure can make sure that if some substrate
nodes are already selected, the nodes connected to
them will have a better chance to be selected. Note
that we use an exponential model for the weighted
coefficient instead of a linear model since the expo-
nential model is simpler and performs better.

After the substrate nodes are selected, we use the
k-shortest path algorithm to solve the link mapping
problem. It is an approximation approach since link
mapping is also NP-hard (Kleinberg, 1996; Kollio-
poulos and Stein, 1997).

The detailed steps of the proximity algorithm are
shown as follows.

Algorithm 1 The proximity algorithm

1 sort the requests according to their revenues in descending
order

for each request in order do
sort the virtual nodes according to their required

resources in descending order

4  for each node of the request in order do

assign it to the substrate node with both enough CPU
and maximum weighted available resource

6 if failing in Line 5 then

[SS I )

(93]

7 reject the request and postpone it into the waiting queue
break

8 end if

9 end for

10 end for

11 sort the already mapped requests according to their
revenues in descending order

12 for each request in order do

13 for each virtual link of the request do

14 search the k-shortest paths for increasing &

15 if there exist paths that satisfy the virtual link constraint

then
16 map the virtual link to the shortest path
17 else
18 reject the request and postpone it into the waiting queue
break
19 end if
20  end for
21 end for

3.3 Brief discussion of the complexity

Compared to the baseline algorithm, the new al-
gorithm we proposed adds a computational cost in
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finding the coefficient m. However, since we need only
to check the nodes already selected in the same request,
the added computational cost will be negligible.

Moreover, since the new algorithm considers
node mapping and link mapping at the same time, the
link mapping in the new algorithm will be much easier
than the baseline algorithm. Thus, the total runtime
will decrease. We will demonstrate this by recording
the runtime of both algorithms in simulation.

4 Simulation and analysis

In this section, we first introduce the simulation
environment and parameter setting, and then analyze
the performance of the new algorithm by comparing it
with the baseline algorithm.

4.1 Simulation environment and parameter set-
ting

We used the GT-ITM tool (Zegura et al., 1996)
to generate the substrate network. It is a widely used
method for network topology generation and simula-
tion. The substrate network has 100 nodes and around
500 links, which is close to the scale of a medium-
sized Internet service provider (ISP). The nodes’ CPU
and links’ BW both follow a uniform distribution
from 0 to 100 units.

The virtual network requests were generated
following the previous work (Zhu and Ammar, 2006).
The number of virtual nodes follows a uniform dis-
tribution from 2 to 10. Each pair of virtual nodes
randomly connects to each other with a probability of
0.5. The virtual nodes’ CPU and links” BW follow a
uniform distribution with the size increasing from
10% to 90% of the substrate network’s CPU and BW.
This configuration not only evaluates the perform-
ance of the new algorithm in different conditions, but
also shows the influence of the increasing requests’
scale. The arrival of the virtual network requests fol-
lows the Poisson distribution with the mean of five
requests per time window. The duration of the re-
quests is exponentially distributed with the mean of
10 time windows. We ran the simulation in each
condition for 500 time windows and used the average
values to make our simulation results statistically
stable. We can infer from the duration that the
evaluation system will become stable after about 10

time windows, which makes 500 time windows
enough for the stability of the results.

DELAY is a parameter to indicate the time win-
dows a virtual request will wait. Corr (Eq. (7)) is the
main reflection of the proximity principle. The effect
of Corr will be simulated in the following section.

The factors we used to judge the performance of
the embedding algorithm are as follows: R/C ratio,
acceptance ratio, and runtime (Egs. (3)—(5)).

4.2 Results and analysis

4.2.1 Impact of increasing request’s BW: CPU=50%,
BW=10%-90%, DELAY=3, Corr=2

As shown in Fig. 4, while the request’s BW in-
creases from 10% to 90% of the substrate network’s
BW, the performance of the new algorithm keeps
better than that of the baseline algorithm: the R/C
ratio is larger (28% on average); the acceptance ratio

1.0
09} —&— Proximity algorithm ]
! ++++ Baseline algorithm
08¢ 1

07t
06}
T 054
04t
03}
02f

—&—  Proximity algorithm A

©

Baseline algorithm

30 | —=— Proximity algorithm o
- +++ Baseline algorithm :

Runtime (s)

0 10 20 30 40 50 6IO 7I0 8IO 90
BW (%)

Fig. 4 The R/C ratio (a), acceptance ratio (b), and run-

time (c) with increasing BW

CPU=50%, DELAY=3, Corr=2
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is larger (10% on average); the runtime is less (22%
on average). These results show that our proximity
algorithm uses the substrate network resource more
efficiently, which is reflected by the R/C ratio.
Meanwhile, more requests are accepted since we
squeeze out some room for them by enhancing the
utilization of the substrate network. Moreover, the
runtime is also saved. We believe it is mainly because
the link mapping step of the proximity algorithm
maps the virtual link in a shorter distance, with a
higher success ratio. Thus, the time is saved by
avoiding backtracking.

For both algorithms, while the BW increases, the
R/C ratio and acceptance ratio decrease, and the run-
time increases sharply, meaning that the request’s BW
scale affects the system performance, especially for
the runtime. Note that the acceptance ratio increases a
little as the BW increases up to 60%. This is because
we map the virtual request in descending revenue
order to increase the utilization of substrate resource.
Thus, as the BW increases, a virtual request with
larger revenue could fail in link mapping and the
corresponding resource will be saved for the follow-
ing smaller requests. Thus, there exists a chance that
two or more small requests, instead of one large re-
quest, are mapped successfully. That is why the ac-
ceptance ratio increases a little. However, it is a small
effect compared with BW after BW increases up to
around 60%. Thus, the acceptance ratio decreases
sharply by that point.

4.2.2 Impact of increasing request’s CPU: CPU=
10%-90%, BW=50%, DELAY=3, Corr=2

As shown in Fig. 5, while the request’s CPU in-
creases from 10% to 90% of the substrate network’s
CPU, the performance of the new algorithm keeps
better than that of the baseline algorithm: the R/C
ratio is larger (33% on average); the acceptance ratio
is larger (7% on average); the runtime is less (28% on
average). These mean that in all CPU conditions, our
proximity algorithm has a better performance than the
baseline algorithm.

For both algorithms, when CPU increases, the
R/C ratio decreases a little, while the acceptance ratio
decreases clearly. Compared with the results in Sec-
tion 4.2.1, we see that CPU affects the acceptance
ratio more than BW. The runtime situation is different
from that in Section 4.2.1 in two aspects: first of all,

the CPU has less effect than BW on the runtime,
which means mapping nodes needs less computa-
tional cost than mapping links; second, the runtime in
Section 4.2.2 decreases along with the increasing
CPU. We believe this situation occurs because the
large CPU fails in node mapping. Thus, some runtime
will be saved by avoiding mapping corresponding
links.
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Fig. 5 The R/C ratio (a), acceptance ratio (b), and run-
time (c) with increasing CPU
BW=50%, DELAY=3, Corr=2

4.2.3 Impact of increasing Corr: CPU=10%-90%,
BW=50%, DELAY=3, Corr=1-4

As shown in Fig. 6, while Corr changes from 1/2
to 4, the R/C ratio continues to increase. After Corr>2,
the R/C ratio grows slowly, which means the effect of
Corr is limited by that point. Thus, we choose Corr=2
in our simulation to keep the balance of the distance
factor and the capacity factor. Note that while Corr=1,
the proximity principle is not working, which makes
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the proximity algorithm equal to the baseline algo-
rithm. While Corr<l, the proximity principle works
opposite to the condition Corr>1, which means the
substrate nodes closed to the already chosen ones will
have a lower chance to be sclected. Thus, while
Corr=1/2, the performance of the proximity algorithm
is worse than that of the baseline algorithm (Fig. 6).

1.0 r r
—+— Corr=1/2
0.9 —— Corr=1 ]
0.8} —&— Corr=2
: —e— Corr=3
0_7‘. —8— Corr=4
0.6%
Q
N4 0.5;'_*‘47 B S e w——
04} —
0.3}
0.2F
0.1F
9020 30 40 50 60 70 80 90

CPU (%)
Fig. 6 Performance with increasing Corr for the prox-
imity algorithm

BW=50%, DELAY=3

4.2.4 Path splitting

Path splitting is an assistant function of substrate
network brought up in previous work (Yu et al.,
2008). It splits the virtual link into small pieces in
order to assign more requests to the substrate net-
work. The baseline algorithm with path splitting in-
creases the revenue clearly, but the cost is also in-
creased; thus, the R/C ratio is poor. To demonstrate
that our proximity algorithm is more suitable for the
path splitting function, we simulate the proximity
algorithm with path splitting and compare it to the
baseline algorithm. In the simulation, the splitting
ratio indicates the ratio of requests allowed to be split.
Other parameters are as follows: CPU=50%, BW=
50%, DELAY=3, Corr=2.

As shown in Fig. 7, while the splitting ratio in-
creases from 0 to 100%, the performance of the
proximity algorithm is better than that of the baseline
algorithm: the R/C ratio is larger (31% on average);
the acceptance ratio is larger (8% on average). Note
that the runtime of the proximity algorithm is more
(7% on average), but it is close to that of the baseline
algorithm. Moreover, the total gain of the new algo-
rithm is still positive with consideration of the R/C
ratio and the acceptance ratio. Thus, we can conclude
that the proximity algorithm is more suitable for the
path splitting function.

0.9 —&—  Proximity algorithm

08 - -+- Baseline algorithm

0.2+ —&—  Proximity algorithm 1
0.1F
(b)

-« ++- Baseline algorithm

60 | —&— Proximity algorithm
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o

()
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Splitting ratio (%)

Fig. 7 The R/C ratio (a), acceptance ratio (b), and run-
time (c) with the increasing splitting ratio
CPU=50%, BW=50%, DELAY=3, Corr=2

5 Conclusions

The main concern of the virtual network em-
bedding problem is how to develop an algorithm both
effective and easy to implement. By this study, we
believe that we have found a better balance between
the two factors. Simulation shows that the new algo-
rithm based on the proximity principle greatly en-
hances the performance of the embedding in almost
all conditions. Meanwhile, the runtime is saved in
most simulation conditions.

There are still some issues that should be further
discussed. First, the node mapping step is usually
restricted in practice, such as in location or special
functions. However, we believe that the proximity
principle is still useful in such situations with some
adjustments. Second, weighted available resource is
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defined as an exponential function. We believe other
models should be developed for different application
conditions. Last but not the least, the scale of the
virtual network is briefly mentioned in this paper. We
believe it is an important issue, since it affects not
only the performance of the embedding algorithm, but
also the management policy of the substrate network,
such as the charge problem.
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