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Abstract—Software defined networks are a new Internet archi-
tecture paradigm that allows co-existence of heterogeneous net-
work architectures. They optimize network management (mainte-
nance, operability, and effective content delivery) by provisioning
a centralized network intelligence. Virtual network embedding
(VNE) algorithms improve scalability and utilization of physical
resources in data center networks (DCNs). In this paper, we
implement various DCN topologies and evaluate performance
of VNE algorithms using the VNE-Sim simulator. We compare
performance by implementing both server-centric and switch-
centric DCN topologies.

Index Terms—Networks virtualization, virtual network embed-
ding, software defined networks, data center networks

I. INTRODUCTION

Virtualization in data centers reduces inefficient resource
utilization and addresses high storage and processing de-
mands [5], [26]–[28]. Network virtualization enables flexible
network operability and maintenance by sharing the existing
physical network resources [21], [31], [43], [44]. This new
paradigm addresses the rapidly growing network demands
on the Internet infrastructure. The software defined network
(SDN) model decouples the network layer control and data
planes integrated within the Open Systems Interconnection
Internet model and leads to a logically centralized approach
that facilitates network management [33], [38], [41].

In the virtualized network model, the Internet service
providers (ISPs) are categorized as infrastructure (InPs) and
service (SPs) providers. The InPs own and manage the physi-
cal infrastructure while SPs establish agreements with InPs to
access network resources and offer end-to-end services [14].
Virtual network embedding (VNE) is a process of allocating
physical network resources when embedding virtual networks
(VNs) onto substrate networks (SNs) [32], [37]. The VNE
success rate depends on the substrate and virtual network
topologies as well as the embedding algorithms [18].

VNs consist of nodes with central processing units (CPUs)
and links with bandwidth capacities [14], [43]. Substrate
network resources are allocated to virtual nodes and links
through the virtual node (VNoM) and virtual link (VLiM)
mappings [16]. Attending to virtual network requests (VNRs)
whose arrival rate may vary is a crucial component in the
VNE process. The VNRs are served based on deployed VNE

This work was supported by the Natural Sciences and Engineering Research
Council (NSERC) of Canada under grant R31-611284.

algorithms. Mapping limited resources of a substrate network
for virtual requests is an NP-hard problem [6].

We evaluate VNE algorithms using server-centric and
switch-centric DCN topologies. The paper is organized as
follows: An overview of VNE algorithms and their perfor-
mance metrics is given in Section II while DCN topologies are
described in Section III. We discuss the simulation scenarios
and results in Section IV and conclude with Section V.

II. VIRTUAL NETWORK EMBEDDING

Based on the approach used to solve the VNoM and
VLiM tasks, VNE algorithms are categorized as uncoordinated
two-stage, coordinated two-stage, and coordinated one-stage
algorithms. In the uncoordinated two-stage algorithms, VNoM
is first solved heuristically and the generated node mapping is
used to solve VLiM by using the shortest-path or multicom-
modity flow (MCF) algorithms with or without path splitting.
This approach results in a narrow solution space. Path splitting
maps a virtual link onto multiple substrate links [10]. Although
permitted with MCF algorithms, it is not an option in case
of shortest-path algorithms. In case of coordinated two-stage
algorithms, VNoM is solved first while considering virtual
link constraints [9], [11], [17]. VLiM is then solved by using
the shortest-path or MCF algorithms. Two-stage coordinated
algorithms include Global Resource Capacity (GRC) [17],
GRC with MCF (GRC-M) [22], ViNEYard (D-ViNE, R-
ViNE, WiNE) [11], and Monte Carlo Tree Search (MCTS)
based VNE algorithms [25]. They simultaneously solve node
mapping along with considerations for link constraints. GRC
algorithm employs a node-based ranking algorithm that applies
large-large and small-small mappings [9] between the substrate
and virtual nodes. It solves the VLiM problem by using the
breadth-first search (BFS) to find the shortest-path between
nodes. GRC-M algorithm relies on MCF for path splitting to
maximize substrate resource utilization [22].

ViNEYard algorithms solve the VNoM as a mixed-integer
problem (MIP) while the MCF algorithm is used to perform
the VLiM. Deterministic (D-ViNE) or randomized (R-ViNE)
rounding techniques are used for linear programming relax-
ation of MIP. They lead to high VNR acceptance ratio and
larger revenue because of successful coordination of node
and link mappings [11]. VNE algorithms based on MCTS
employ MCF (MaVEn-M) or shortest-path (MaVEn-S) [25]
to solve the VLiM while Markov decision process (MDP) is



used to perform the VNoM [12], [29]. These VNE algorithms
maximize revenue by searching for the most profitable em-
beddings. At each state of the MDP, rewards are given for
each performed action to maximize the expected cumulative
rewards [25]. In the coordinated one-stage algorithms, the
virtual node and link mapping tasks are solved simultaneously
by creating a suitable optimal virtual link between nodes [8].

The substrate network graph is denoted by Gs(Ns, Es),
where Ns = {ns1, ns2, . . . , nsj} and Es = {es1, es2, . . . , esk}
are sets of j substrate nodes (vertices) and k substrate
links (edges), respectively. The ith VNR is a triplet
Ψi(G

Ψi , ωΨi , ξΨi), where GΨi(NΨi , EΨi) is the VN graph
with l virtual nodes NΨi = {nΨi

1 , nΨi
2 , . . . , nΨi

` } and m
virtual edges EΨi = {eΨi

1 , eΨi
2 , . . . , eΨi

m }, ωΨi is the VNR
arrival time, and ξΨi is the VNR lifetime [25].

Performance of VNE algorithms is evaluated based on:
acceptance ratio, generated revenue, incurred cost, and sub-
strate resource (node and link) utilizations. The goal of VNE
algorithms is to increase the revenue by minimizing the
embedding cost. Acceptance ratio is defined as:

pτa =
|Ψa(τ)|
|Ψ(τ)|

, (1)

where Ψa(τ) is the number of accepted VNRs and Ψ(τ) is
the total number of VNRs that arrive over a time interval τ .

InP’s revenue R(GΨi) from embedding VNRs is calculated
as:

R(GΨi) = wc
∑

nΨi∈NΨi

C(nΨi) + wb
∑

eΨi∈EΨi

B(eΨi), (2)

where wc and wb are the weights for the CPU C(nΨi) and
bandwidth B(eΨi) requirements, respectively.

The cost C(GΨi) of embedding VNRs is defined as:

C(GΨi) =
∑

nΨi∈NΨi

C(nΨi) +
∑

eΨi∈EΨi

∑
es∈Es

fe
Ψi

es , (3)

where fe
Ψi

es is the total bandwidth of substrate link es allocated
to the virtual link eΨi . The substrate node and link utilizations
are calculated based on the available cost and bandwidth
resources:

U(Ns) = 1−

∑
ns ∈ Ns

C(ns)∑
ns ∈ Ns

Cmax(ns)
(4)

U(Es) = 1−

∑
es ∈ Es

B(es)∑
es ∈ Es

Bmax(es)
, (5)

where Cmax(ns) and Bmax(ns) are the maximum available
substrate node CPU and substrate link bandwidth, respectively.
Revenue increases with higher acceptance ratios and improves
by increasing node and link utilizations [25].

III. DATA CENTER NETWORK TOPOLOGIES

Data Center Networks (DCNs) are virtualized to meet
the increasing network demands and to better utilize limited
physical resources [3], [7], [42]. DCNs are categorized as
server-centric, switch-centric, and hybrid topologies based on
the implementation of packet forwarding [30], [39]. In server-
centric topologies (Mesh-of-Torus, FiConn, DCell, CamCube,
BCube,) [13], [34], [35], [40], servers (hosts) are used for
data forwarding, computation, and storage while in switch-
centric topologies (Three-Tier, Spine-Leaf, Fat-Tree, F2Tree,
Diamond, and Collapsed Core) [1], [2], [4], switches are
responsible for network interconnections as well as data for-
warding and servers are used for computation and storage.
Hybrid topologies (star-wired ring) [15], [45] employ both
switches and servers for routing tasks.

DCell [19], [36] shown in Fig. 1 (top) is a recursive
server-centric DCN topology that consists of servers and mini-
switches with each server connected to a single mini switch
within a cell. Interconnections between servers are formed
recursively. DCellk, the kth level of a DCell topology, is
constructed using the (k − 1)th DCell as a building block.
BCube [20] shown in Fig. 1 (bottom) is a recursive server-
centric DCN topology with k levels and n hosts. BCube0 is
level-0 of the DCN topology and contains all hosts that are
connected to n-port switches.

Fig. 1. Server-centric DCN topologies: DCell(1,4) (top) with level k = 1,
5 DCell0s, and 4 hosts in each DCell0 [19]. BCube(2,4) (bottom) with 4
BCube0s and 4 hosts in each BCube0 [20].

The switch-centric Three-Tier topology [1] shown in Fig. 2
(top) is a widely used multi-tiered topology that consists of
core, aggregation, and edge layers. The Spine-Leaf topol-
ogy [4] consists of spine and leaf layers where each switch
in the spine layer is connected to all the switches in the leaf
layer, as shown in Fig. 2 (middle). Collapsed Core [2] is a
cost-effective version of the Three-Tier topology because the
core and aggregation layers are combined into a single layer,
as illustrated in Fig. 2 (bottom).

IV. SIMULATION SCENARIOS AND RESULTS

Performance of VNE algorithms is evaluated for a range
of VNR traffic loads using various DCN topologies (substrate



Fig. 2. Switch-centric DCN topologies: Three-Tier (top) with core, aggrega-
tion, and edge layers [1]. Spine-Leaf (middle) with spine (aggregation) and
leaf (edge) layers [4]. Collapsed Core (bottom) with aggregation and edge
layers [2].

networks). We implement the DCell topology using the VNE-
Sim discrete event simulator [24] to evaluate performance of
MaVEn-M, MaVEn-S, D-ViNE, R-ViNE, GRC, and GRC-M
algorithms. DCell performance is then compared to server-
centric (BCube) and switch-centric (Three-Tier, Spine-Leaf,
and Collapsed Core) topologies. Elements of SNs for various
DCN topologies and parameters used to generate VNs are
listed in Table I. CPU of substrate nodes and bandwidth of
substrate links are 100 units. Each virtual node is connected
to a maximum of 3 virtual nodes. The VNR arrival process is
assumed to be Poisson with a mean arrival rate of λ requests
per unit time and exponential lifetime of 1

µ thus generating
traffic of λ× 1

µ Erlangs. Each simulation scenario lasts 50,000
time units. A computational budget (number of simulations)
β = 5 is used for MaVEn-M and MaVEn-S algorithms.
Processing times and performance results for VNE algorithms
using various DCN topologies are shown in Fig. 3 and Fig. 4,
respectively. Experiments are conducted using an MS-Surface
platform with 8 GB memory and Intel i5-7200U processor.

TABLE I
ELEMENTS OF DCN TOPOLOGIES AND VIRTUAL NETWORK PARAMETERS

DCN topology Servers Switches Links
(hosts) (layer/level k)

DCell(1,4) 20 5 (DCell0) 30
BCube(2,4) 16 4 (BCube1), 4 (BCube0) 32
Three-Tier 90 3 (core), 6 (aggregation), 18 (edge) 126
Spine-Leaf 90 6 (spine), 18 (leaf) 198
Collapsed Core 90 6 (spine), 18 (leaf) 123
Parameter Value Distribution
CPU [2, 20] units uniform
Link bandwidth [1, 10] units uniform
Link splitting rate 0.1
Lifetime mean rate 1,000 exponential
Number of nodes [3, 10] uniform

The simulation results indicate that DCell topology offers
high performance while requiring fewer network elements.
Comparable performance is exhibited in case of both MCTS
based algorithms while the highest acceptance ratio is achieved

using MaVEn-M algorithm. Both MaVEn-M and MaVEn-
S algorithms outperform other VNE algorithms in terms of
revenue to cost ratio with MaVEn-S algorithm exhibiting the
best performance. The highest node and link utilizations are
obtained using MaVEn-M algorithm. Although GRC algo-
rithm requires shorter processing times, it is outperformed
by GRC-M, D-ViNE, and R-ViNE algorithms for all metrics
except revenue to cost ratio. The lowest revenue to cost ratio
is observed for D-ViNE and R-ViNE algorithms.

Fig. 3. Processing times for VNE algorithms using various DCN topologies.

Performance of VNE algorithms has been evaluated using
server-centric (BCube) [23] and switch-centric (Three-Tier,
Spine-Leaf, Collapsed Core) [18] DCN topologies. Reported
results indicate that Spine-Leaf and BCube offer higher accep-
tance ratios than DCell. Similar acceptance ratios are obtained
for DCell, Three-Tier, and Collapsed Core topologies. Unlike
other topologies, revenue to cost ratios for DCell improve
more than 0.05 units with increased traffic load. When using
MCTS based algorithms, DCell offers higher revenue to cost
ratios than BCube, Three-Tier, Spine-leaf, and Collapsed Core
topologies. Higher link and node utilizations are obtained
using DCell in comparison to BCube, Three-Tier, Spine-Leaf,
and Collapsed Core topologies. Because of DCell’s recursive
connections between hosts, links and nodes are better utilized
while network offers comparable acceptance and revenue to
cost ratios using fewer network elements than other topologies.
Increasing the the maximum number of connected nodes from
3 to 5 within virtual networks significantly affects acceptance
ratio and resource utilizations in server-centric topologies.

V. CONCLUSION

We evaluated performance of VNE algorithms using DCell
topology and compared performance between server-centric
(BCube) and switch-centric (Three-Tier, Spine-Leaf, Col-
lapsed Core) DCN topologies using the publicly available
discrete event simulator VNE-Sim. Performance was evaluated
based on acceptance ratio, revenue to cost ratio, and node
and link utilizations. MaVEn-M and MaVEn-S algorithms
outperformed other algorithms for most performance measures
due to their optimized embeddings. Comparable performance
was achieved using DCell having fewer network elements than
other DCN topologies.



Fig. 4. Comparison of server-centric and switch-centric DCN topologies: DCell (1st row), BCube (2nd row), Three-Tier (3rd row), Spine-Leaf (4th row), and
Collapsed Core (5th row). Shown are acceptance ratio, revenue to cost ratio, and average node and link utilizations as functions of VNR traffic load. Generated
results indicate that recursive connections between the hosts in DCell lead to better link and node utilizations with comparable acceptance and revenue to cost
ratios while using fewer network elements than in other topologies.
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algorithm with path splitting for virtual network embedding,” in Proc.

IEEE Int. Symp. Circuits Syst., Montreal, QC, Canada, May 2016,
pp. 666–669.
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