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Abstract—In this paper we study a new algorithmic problem
that maximizes the throughput of virtual machine (VM) com-
munication in bandwidth-constrained data centers. Given a set
of VM pairs with different bandwidth demands that are already
placed inside cloud data centers, we study how to allocate the
network bandwidth to the VM pairs to accommodate maximum
number of VM communication while considering that cloud data
centers have limited bandwidths. We refer to this throughput
maximization problem as VMB. Due to the massive growth of
cloud communication traffic in recent years and that service
providers attempt to accommodate as many VM applications
as possible in order to maximize their profits, VMB is an
important problem to study. First we prove that VMB is NP-
hard. Then we propose a suite of algorithms to solve VMB. In
particular, we propose an approximation algorithm that achieves
approximation ratio of 1/(2 · dB

b
e · |E|1/(d

B
b
e+1) + 1), where

|E| is the number of edges in the data center network, B is
the average bandwidth capacity on edges, and b is the average
bandwidth demand of each request. We show through simulations
that our algorithms are effective in accommodating large number
of VM communications under different network parameters.
In particular, our approximation algorithm accommodates more
than 60% of total VM communications, and up to 38% more
VM pairs compared to existing research.

Keywords – Throughput Maximization, Virtual Machine
Communication, Cloud Data Centers, Bandwidth Constraints,
Approximation Algorithms

I. Introduction
Recent years have witnessed a dramatic growth of the cloud

data centers. Consisting of hundreds of thousands of server
machines, cloud data centers host rapidly-growing Internet
applications including video streaming and social media [24],
IoT-based applications such as ambient assisted living [12],
and Massive Open Online Courses (MOOCs) [11]. A recent
report of Cisco Global Cloud Index [2] shows that cloud data
center workloads and compute instances nearly tripled (2.7-
fold) for the last five years, which led to a massive growth in
the volume of data and traffic in cloud data centers.

Meanwhile, as a mature virtualization technology, virtual
machines (VMs) have become one of the key building blocks
of modern cloud data centers. Despite that VMs are isolated
units of CPU cycles, memory, and bandwidth, there are often
cases where VM applications need to communicate across
their isolation barriers. For example, a web service running

in one VM may need to communicate with a database server
running in another VM to satisfy the clients’ transaction
requests. A Google search engine VM might query a database
VM to return search results to the cloud users. Such isolation
unfortunately results in significant overheads (CPU, memory,
and bandwidth) when different VM applications need to com-
municate with each other to achieve application objectives [8].
How to facilitate efficient inter-VM communications in cloud
data centers becomes a challenging problem.

This problem is further exacerbated in bandwidth-
constrained data centers [6], wherein bandwidth provision
does not keep the pace with the growth of bandwidth demands
of VM applications. Despite the continuous improvement of
bandwidth provisions in cloud data centers, bandwidths are
still scarce network resources for the following reasons.

First, cloud providers usually oversubscribe their data center
resources (i.e., CPU, memory, storage, and bandwidth) to
leverage its underutilized capacity in order to maximize their
profits [7]. For example, some production datacenter networks
such as Facebook data centers are oversubscribed as high as
40:1, causing the intra-datacenter traffic to contend for core
bandwidth [20]. Second, the aforesaid VM applications are all
data- and bandwidth-intensive, and many of them are complex
combinations of multiple services that require predictable per-
formances. With an explosive growth of such VM applications
and their ensued network traffic, the demands for network
resources such as bandwidths and switches’ processing ca-
pabilities are rapidly growing. Consequently, such resources
could be exhausted and become a performance bottleneck in
a cloud environment. Although storage and processing power
are commodities, bandwidth is not [3]. For example, while the
cost of storage and computing has come down drastically over
the years (with petabytes of storage and racks of servers of
hundreds of cores), the bandwidth provision still lags behind
and the bandwidth is still relatively expensive [6].

The high bandwidth demands from cloud users, combined
with oversubscription of cloud data centers, lead to cloud
bandwidth overloading. This consequently stresses the cloud
network infrastructures and restrains VM communications in
cloud environment. A cloud service provider thus must manage
such bandwidth overloading while at the same time, aim to
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m a xi mi z e its pr o fit as w ell as mi ni mi z e s er vi c e l e v el a gr e e m e nt
( S L A) vi ol ati o ns. W h e n cl o u d i nfr astr u ct ur es ar e str ess e d a n d
cl o u d r es o ur c es ar e i ns uf fi ci e nt t o a c c o m m o d at e all t h e V M
a p pli c ati o ns, s er vi c e pr o vi d ers will a c c o m m o d at e as m a n y V M
a p pli c ati o ns as p ossi bl e i n or d er t o m a xi mi z e t h eir pr o fits.

We t ar g et t his pr o bl e m i n t his p a p er w hil e f o c usi n g o n V M
c o m m u ni c ati o ns wit hi n a cl o u d d at a c e nt er. I n t h e d at a c e nt ers,
t h e e ast- w est tr af fi c a c c o u nts f or 7 5. 4 p er c e nt of tr af fi c a n d t h e
i nt er n al tr af fi c h as i n cr e as e d m u c h f ast er t h a n I nt er n et-f a ci n g
tr af fi c [ 2]. F urt h er m or e, i nst e a d of f o c usi n g o n t h e g e n er al all-
p air V M c o m m u ni c ati o n p ar a di g m t h at is c o m m o nl y a d o pt e d
b y al m ost all of t h e r es e ar c h [ 2 2], [ 1 3], w e f o c us o n p air wis e
V M c o m m u ni c ati o n i n t his p a p er. P air wis e c o m m u ni c ati o n,
w h er ei n V Ms c o m m u ni c at e i n p airs, is a pr e v al e nt c o m m u ni-
c ati o n p ar a di g m i n cl o u d c o m p uti n g pl atf or ms. F or e x a m pl es,
i n b ot h cl o u d c h at b ots ( e. g., Sl a c k [ 4] a n d A m a z o n L e x [ 1])
a n d cl o u d m ess a gi n g a p ps ( e. g., W h ats A p p a n d F a c e b o o k
M ess e n g er), o n e t o o n e c o m m u ni c ati o n is still t h e m ost
d o mi n a nt o n e. B esi d es, s u c h p air wis e c o m m u ni c ati n g V Ms
c o ul d h a v e a di v ers e b a n d wi dt h d e m a n ds r a n gi n g fr o m l o w-
b a n d wi dt h t e xts a n d v oi c es t o hi g h- b a n d wi dt h li v e-str e a mi n g
vi d e os. H e n c e, it is i m p ort a nt t o pr o vi d e b a n d wi dt h g u ar a nt e es
t o s u c h di v ers e p air wis e a p pli c ati o ns i n or d er t o pr es er v e t h e
pr e di ct a bilit y of t h eir r es p o ns e ti m e.

I n t his p a p er w e i d e ntif y, f or m ul at e, a n d s ol v e a n e w al g o-
rit h mi c pr o bl e m c all e d V M B. Gi v e n a b a n d wi dt h- c o nstr ai n e d
d at a c e nt er, a n d V M c o m m u ni c ati n g p airs wit h v ar yi n g
b a n d wi dt h d e m a n ds, t h e g o al of V M B is t o m a xi mi z e t h e
n u m b er of V M p air c o m m u ni c ati o ns (fr o m t h e p ers p e cti v e
of t h e cl o u d s er vi c e pr o vi d ers). We f or m ul at e t h e V M B
as a gr a p h-t h e or eti c al pr o bl e m a n d pr o v e its N P- h ar d n ess.
We t h e n pr o p os e a s eri es of ef fi ci e nt b a n d wi dt h all o c ati o n
al g orit h ms t h at d e ci d e n ot o nl y w hi c h V M p airs ar e t o b e
a c c o m m o d at e d b ut als o t h e p at h al o n g w hi c h e a c h p air c o m-
m u ni c at es. I n p arti c ul ar, w e pr o v e t h at o n e of t h e al g orit h ms
is a n a p pr o xi m ati o n al g orit h m wit h a p pr o xi m ati o n r ati o of
1 / ( 2 · B

b · |E |1 / ( B
b + 1 ) + 1) , w h er e |E | is t h e n u m b er of

e d g es i n t h e d at a c e nt er n et w or k, B is t h e a v er a g e b a n d wi dt h
c a p a cit y o n e d g es, a n d b is t h e a v er a g e b a n d wi dt h d e m a n d of
e a c h r e q u est. We s h o w t hr o u g h si m ul ati o ns t h at o ur a p pr o xi-
m ati o n al g orit h m a c c o m m o d at es m or e t h a n 6 0 % of t ot al V M
c o m m u ni c ati o ns, a n d u p t o 3 8 % m or e V M p airs c o m p ar e d
t o e xisti n g r es e ar c h u n d er diff er e nt n et w or k p ar a m et ers. T o
t h e e xt e nt of o ur k n o wl e d g e, m a xi mi zi n g t h e t hr o u g h p ut of
p air wis e V M c o m m u ni c ati o n i n a b a n d wi dt h- c o nstr ai n e d d at a
c e nt er h as n ot b e e n a d e q u at el y t a c kl e d b ef or e. O ur w or k is
t h e first t o d eli v er a c o nst a nt-r ati o a p pr o xi m ati o n al g orit h m
f or t his h ar d pr o bl e m.

II. R el at e d W o r k

H o w t o a c c o m m o d at e V M c o m m u ni c ati o n i n b a n d wi dt h-
c o nstr ai n e d d at a c e nt er h as b e e n a n a cti v e r es e ar c h t o pi c.
B o d k et al. [ 6] o bs er v e d t h at t h er e e xists a n i n h er e nt tr a d e off
b et w e e n a c hi e vi n g hi g h f a ult-t ol er a n c e a n d r e d u ci n g b a n d-
wi dt h us a g e. T h e y cr e at e d a n o pti mi z ati o n fr a m e w or k t h at
a c hi e v es b ot h hi g h f a ult-t ol er a n c e a n d ef fi ci e nt b a n d wi dt h

C or e S wit c h es 

A g gr e g ati o n 
S wit c h es

E d g e 
S wit c h es

1 2 53 4 7 8 9 1 0 1 1 1 26 1 5 1 61 3 1 4

V 2 V 1
‘V 1

: P M

: V M
V 3 V 4 V 2

‘ V 3
‘ V 4

‘

Fi g. 1.  A f at tr e e wit h k = 4 a n d 1 6 P Ms. T h er e ar e f o ur c o m m u ni c ati n g
V M p airs: ( v 1 , v1 ) , ..., ( v 4 , v4 ) , e a c h V M is at a diff er e nt P M.

us a g e i n a b a n d wi dt h- c o nstr ai n e d d at a c e nt ers. I n p arti c ul ar,
t h e y pr o p os e d mi ni m u m k - w a y c ut [ 1 5] t o p artiti o n t h e l o gi c al
m a c hi n es i nt o a gi v e n n u m b er of cl ust ers i n or d er t o mi ni mi z e
b a n d wi dt h c o ns u m pti o n.

L e e et al. [ 1 9] pr es e nt e d a s ol uti o n t h at pr o vi d es b a n d wi dt h
g u ar a nt e es t o cl o u d a p pli c ati o ns b as e d o n n et w or k a bstr a cti o n
a n d a w or kl o a d pl a c e m e nt al g orit h m. D u a n et al. [ 1 0] st u di e d
l o a d b al a n ci n g i n a m ulti-t e n a n c y ori e nt e d d at a c e nt er c o nsi d-
eri n g t h e b a n d wi dt h c o nstr ai nt of s er v ers. Yu et al. [ 2 8] st u di e d
h o w t o e m b e d virt u al cl ust ers s ur vi v a bilit y i n t h e cl o u d d at a
c e nt er a n d j oi ntl y o pti mi z e d pri m ar y a n d b a c k u p e m b e d di n gs
of t h e virt u al cl ust ers wit h b a n d wi dt h- g u ar a nt e e. Li u et al.
[ 2 1] pr o vi d e d a n i n- n et w or k s ol uti o n t o a c hi e v e b a n d wi dt h
g u ar a nt e es a n d w or k c o ns er v ati o n si m ult a n e o usl y.

All a b o v e w or k f o c us es o n h o w t o pl a c e t h e V Ms or w or k
l o a ds i nsi d e cl o u d d at a c e nt ers t o a c hi e v e b a n d wi dt h g u ar a nt e e
or r es o ur c e ef fi ci e n c y. O ur w or k i nst e a d ass u m es t h e V M p airs
h a v e alr e a d y b e e n pl a c e d i nsi d e t h e cl o u d d at a c e nt ers. T his
ass u m pti o n is v ali d f or t h e f oll o wi n g r e as o ns. O n c e t h e V Ms
a n d w or kl o a ds ar e pl a c e d a c hi e vi n g v ari o us ef fi ci e nt r es o ur c e
utili z ati o n, it is p ossi bl e s u c h i niti al pl a c e m e nt is n o l o n g er
ef fi ci e nt d u e t o d y n a mi c r es o ur c e d e m a n ds of w or kl o a ds i n
pr o d u cti o n d at a c e nt ers [ 2 5]. We t h us n e e d t o c o nsi d er t h at t h e
V M a p pli c ati o ns a n d w or kl o a ds ar e alr e a d y pl a c e d i n t h e cl o u d
d at a c e nt ers a n d as k h o w t o o pti mi z e t h eir r es o ur c e utili z ati o n
d y n a mi c all y. O ur d esi g n e d al g orit h m c a n i n d e e d b e e x e c ut e d
p eri o di c all y f or t hr o u g h p ut m a xi mi z ati o n of V M c o m m u ni c a-
ti o ns i n r es p o ns e t o d y n a mi c us er b a n d wi dt h d e m a n ds.

T h er e ar e a f e w w or ks t h at all o c at e c o m m u ni c ati n g V Ms
f or ef fi ci e nt b a n d wi dt h us a g e [ 1 8], [ 1 4], [ 2 3]. K u m ar [ 1 8]
pr es e nt e d hi er ar c hi c al b a n d wi dt h all o c ati o n i nfr astr u ct ur e t h at
s u p p orts s er vi c e-l e v el b a n d wi dt h all o c ati o n f oll o wi n g pri or-
iti z e d b a n d wi dt h f u n cti o ns. K ar m a k ar et al. [ 1 4] d esi g n e d
a f e w b a n d wi dt h all o c ati o n p oli ci es wit h t h e o bj e cti v e of
m a xi mi zi n g t hr o u g h p ut a n d b a n d wi dt h utili z ati o n w hil e mi n-
i mi zi n g t h e s er vi c e ti m e a n d t ur n ar o u n d ti m e. N a g ar aj et al.
[ 2 3] pr o p os e d a fl e xi bl e a n d f ast b a n d wi dt h all o c ati o n c o ntr ol
t h at e n a bl es o p er at ors t o s p e cif y h o w t o all o c at e b a n d wi dt h
a m o n g c o nt e n di n g fl o ws t o o pti mi z e f or diff er e nt s er vi c e-l e v el
o bj e cti v es. C h e n et al. [ 9] f or m ul at e d a n o pti mi z ati o n pr o bl e m
t h at all o c at es b a n d wi dt h t o m a xi mi z e t h e s o ci al w elf ar e a cr oss
all t h e a p pli c ati o ns.

N o n e of t h e w or k s p e ci fi c all y m a xi mi z es t h e t hr o u g h p ut
(i. e., n u m b er of b a n d wi dt h r e q u ests) of a cl o u d d at a c e nt ers

A ut h ori z e d li c e n s e d u s e li mit e d t o: C alif or ni a St at e U ni v er sit y D o mi n g u e z Hill s. D o w nl o a d e d o n S e pt e m b er 2 7, 2 0 2 2 at 1 7: 2 3: 5 0 U T C fr o m I E E E X pl or e.  R e stri cti o n s a p pl y.  



targeted in this paper. More importantly, most of above re-
search designed integer linear programming (ILP) solutions
that run in exponential time and polynomial-time heuristics
that do not have performance guarantees. We instead take a
different approach by designing an approximation algorithm
that is not only time-efficient but also provides performance
guarantees to the service providers.

The most related work to ours is by Wang et al. [27]. They
proposed efficient bandwidth allocation schemes to achieve
energy efficiency in cloud data centers. In particular, they
formulated a multi-commodity minimum cost flow problem,
proved its NP-hardness, and proposed a heuristic solution for
bandwidth allocation. As their problem set up is similar to
ours, we compare with their work.

III. Problem Formulation of VMB

Network Model. We model a data center as an undirected
general graph G(V,E). Here V = Vp ∪ Vs is a set of
physical machines (PMs) Vp and a set of switches Vs. E
is the set of edges connecting either one switch to another
switch or a switch to a PM. The bandwidth capacity of edge
e ∈ E is denoted as Be. There are l communicating VM pairs
P = {(v1, v′1), (v2, v

′
2), ..., (vl, v

′
l)} that are already created

and placed on the PMs. All the 2l VMs are randomly placed
on the PMs where VM v is placed at PM S(v) ∈ Vp. VM pair
(vi, v

′
i), 1 ≤ i ≤ l, demands bi amount of bandwidth in order

for vi and v′i to communicate with each other.

Fat-tree Data Centers. We focus on k-ary fat-trees [5], where
k is the number of ports of each switch. Fat-tree topologies
are widely adopted in data centers to interconnect commodity
Ethernet switches. However, the problem formulation of VMB
and its solutions are applicable to any topologies. There are
three layers of switches in a fat-tree: edge switch, aggregation
switch and core switch from bottom to top. In particular,
there are k PODs (i.e., Points of Delivery) in a k-ary fat-tree.
Each POD contains k/2 aggregation switches and k/2 edge
switches. Each edge switch directly connects to k/2 PMs; and
each of its remaining k/2 ports is connected to each of the k/2
aggregation switches from the same POD. In general, a k-ary
fat-tree supports k3

4 PMs. Fig. 1 shows a fat-tree with k = 4
and 16 PMs. As an example, there are four communicating
VM pairs: (v1, v

′

1), ..., (v4, v
′

4), each VM is at a different PM.

Probability of Proximity (PoP) of VM Pairs. To facilitate the
analysis of our VMB algorithms, we first introduce a new
concept to quantify the closeness of two VMs in any VM pair
in a k-ary data center. We define probability of proximity (PoP)
as the probability of one VM that is 0, 2, 4, and 6 hops away
from the other VM in the same pair assuming all VMs are all
randomly placed on the PMs.

Fig. 2 shows the PoP of any VM pair w.r.t. k in a k-
ary fat-tree. For example, the PoP for two VMs in a VM
pair that are under different PODs (thus are 6 hops away) is
k3

4 −
k2

4
k3

4

, which is 1 − 1
k . The PoPs for 0, 2, and 4 hops of

the two VMs in the same pair are 4
k3 , 2

k2 − 4
k3 , and 1

k −
2
k2 ,

 0
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Fig. 2. The probability of proximity for VM pairs in a k-ary fat-tree.

respectively. An interesting observation from Fig. 2 is that with
the increase of k, the PoP for any VM pair of being 6-hop
away increases while the PoPs for other proximities decrease
(with the exception of 2 and 4 hops, for which the PoPs first
increase and then decrease).

Problem Formulation of VMB. We give below definition.
Definition 1: (Feasible VM Pair Set.) A set of VM pairs

is feasible if and only if all the VM pairs in this set can
successfully communicate with each other with the demanded
bandwidth; that is, they are satisfied). Denote a feasible set of
k VM pairs as Pf = {(vf1, v′f1), (vf2, v

′
f2), ..., (vfk, v

′
fk)} ⊆

P , 1 ≤ k ≤ l. Let binary variable xei indicate if the
communication of (vfi, v

′
fi), 1 ≤ i ≤ k, goes through edge

e ∈ E: xei = 1 if yes and 0 otherwise. For any feasible set,
it must be

∑k
i=1(xek · bfi) ≤ Be for any e ∈ E. �

The objective of the VMB is to find a feasible VM pair set
with the largest number of VM pairs. More formally, let F
denote the set of all feasible VM pair sets. The goal is to find
a feasible VM pair set Pm

f ∈ F such as |Pm
f | ≥ |Pf | for all

Pf ∈ F (here | · | means the cardinality of the set). We refer to
|Pm

f | as the maximum throughput of the VM communications.
EXAMPLE 1: In Fig. 1, there are four VM pairs: (v1, v

′
1),

..., (v4, v
′
4), each VM is at a different PM. Assume Be = 1,

∀e ∈ E, and bi = 1, 1 ≤ i ≤ l, the maximum throughput
is thus 4, as shown using the different dashed lines. In this
case, all the four VM pairs can be accommodated without
violating the bandwidth constraints on edges. However, if any
of the VM pair has bandwidth demand of more than one, the
maximum throughput will be less than four. �

Theorem 1: VMB is NP-hard.
Proof: We consider a spacial case of VMB wherein each edge
has bandwidth capacity of one unit and each of the l VM pairs
requests one unit of bandwidth (i.e., bi = Be = 1, ∀e ∈ E,
1 ≤ i ≤ l), and denote it as VMB-1. To prove VMB is NP-
hard, we show that VMB-1 is equivalent to maximum edge
disjoint path problem (MEDP) [16], which is NP-hard.

MEDP is formally defined as below. Given an undirected
graph G(V,E), there are a set of k connection requests, each
of which is specified by a pair of terminals si and ti where
si, ti ∈ V . Let T be the set of all terminal pairs (s1, t1), ...,
(sk, tk). T is realizable in G if there exists mutually edge

Authorized licensed use limited to: California State University Dominguez Hills. Downloaded on September 27,2022 at 17:23:50 UTC from IEEE Xplore.  Restrictions apply. 



disjoint paths P1, P2, ...., Pk such that Pi has end points si
and ti. The goal of MEDP is to find a maximum realizable
subset of a set T of terminal pairs in a graph G.

To show that MEDP is equivalent to VMB-1, let G′ be the
data center graph with k VM pairs, wherein VM pair (vi, v

′

i)
corresponds to the terminal pair (si, ti) in G. As each edge
has bandwidth capacity of one unit and each of the l VM pairs
requests one unit of bandwidth, a feasible VM pair set of k
VM pairs in VMB-1 and their routes must give k edge disjoint
paths in MEDP, and vice versa. Therefore, there exists a VM
throughput of k in G′ if and only if there are k realizable
terminal pairs in G.

IV. Algorithmic Solutions for VMB

In this section we propose three algorithms viz. an approx-
imation algorithm, a greedy algorithm, and a blocking island-
based bandwidth allocation algorithm [27] to solve the VMB.

Approximation Algorithm. We first present our approxima-
tion algorithm. Algo. 1 below works as follows. It first assigns
each edge in G a weight of 1. It then iteratively finds a shortest
path of minimum cost (among all the paths) connecting a VM
pair while satisfying the capacity of each edge. That is, if the
accommodated VM pair is (vk, v

′
k), then each edge on this

path must have remaining bandwidth of at least bk. Then,
it multiplies the weights of all the edges on this selected
path by α = |E|

1
dB/be+1 , where B is the average bandwidth

capacity of edges and b is the average bandwidth demand of
VM pairs. Using Fibonacci heap, the shortest path computation
takes O(|E| + |V |log|V |). There are at most l rounds, each
round one VM pair is accommodated. In each round it finds
among at most l VM pairs one minimum weighted route that
can be satisfied. Therefore the time complexity of Algo. 1 is
O(l2 × (|E|+ |V |log|V |)).

Algorithm 1: An Approximation Algorithm for VMB.
Input: A data center graph G(V,E), l VM pairs P with

demands bi, 1 ≤ i ≤ l, bandwidth capacity Be of edge
e ∈ E;

Output: a feasible VM pair set F ;
0. F = ∅, α = |E|

1
B̄/b̄+1 ;

1. For each e ∈ E, set its initial weight to 1;
2. while (there are still VM pairs that can be accommodated)
3. Find minimum weighted path Pi where adding Pi does

not violate any edge’s bandwidth capacity, and Pi

connects VM pair (vi, v
′
i) not yet connected;

4. F = F ∪ {i};
5. Use path Pi to route the message from S(vi) to S(v′i);
6. Update available bandwidth of all edges in Pi;
7. Multiply the length of all edges in Pi by α;
8. end while;
9. RETURN F .

The rationale of α is that when an edge is selected to
accommodate the bandwidth request of some VM pair, we will
increase its weight to discourage this edge from be used again

immediately to route other VM pairs. This pricing method
enables Algo. 1 to accommodate as many VM pairs as possible
to achieve some constant-factor approximation ratio, as shown
below.

Theorem 2: In a VMB instance, if all its edges have the
same bandwidth capacity of B and all its VM pairs have the
same bandwidth demand of b, then Algo. 1 achieves 1/(2 ·
dBb e · |E|

1/(dBb e+1) + 1) approximation ratio. That is, the total
number of satisfiable VM pairs by Algo. 1 is at least 1/(2 ·
dBb e · |E|

1/(dBb e+1) + 1) times of the maximum number of
satisfiable VM pairs in the optimal solution.
Proof: We first consider a special case of dBb e = 2. Let F ∗

be the set of routing requests satisfied in the optimal solution
and F be the set of requests satisfied by Algo. 1. A path Pi

selected in Algo. 1 is short if its length is less than α2.
Let Fs denote the set of short paths selected by Algo. 1.

Let F̄ be the length function at the first iteration in Algo. 1
where a long path is selected. For a path P ∗i in the optimal
solution F ∗, it is short if F̄ (P ∗i ) < α2. As there are no short
paths left when the length function reaches F̄ , it must be the
case that path P ∗i has length at least α2. We thus have the first
observation OB (a): For a request i ∈ F ∗ that is not satisfied
by Algo. 1 (i.e., i ∈ F ∗ − F ), F̄ (P ∗i ) ≥ α2.

In the iteration where short paths are no longer available,
the total length of the edges in the graph is

∑
e F̄ (e). The

sum of the edges in the graph starts out with |E| (length 1
for each edge as indicated in Algo. 1). Adding a short path
to the solution Fs can increase the length by at most α3 as
the selected path has length at most α2, and the lengths of the
edges are increased by an α factor along the path. We therefore
have the second observation OB (b):

∑
e F̄ (e) ≤ α3|Fs|+|E|.

Consider OB (a) and all the paths in F ∗ − F , we get∑
i∈F∗−F F̄ (P ∗i ) ≥ α2|F ∗ − F |. On the other hand, each

edge is used by at most two paths in the solution F ∗, so we
have

∑
i∈F∗−F F̄ (P ∗i ) ≤

∑
e 2F̄ (e). Combining these with

OB (b), we get α2|F ∗| ≤ 2(α3|F | + |E|) + α2|F |. Finally,
we divide both sides by α2, and considering that |F | ≥ 1 and
α = |E|1/3, we get |F ∗| ≤ (4|E|1/3 + 1)|F |.

Above proof is for dBb e = 2. For any value of dBb e, if we
choose α = |E|1/(dBb e+1) and consider paths to be short if
their lengths are at most αd

B
b e, we get |F | ≥ |F ∗|/(2 · dBb e ·

|E|1/(dBb e+1) + 1).
Above proof technique is inspired by Kleinberg et al. [17]

solving the disjoint paths problem using pricing method, and
is used in our previous work [26] solving a routing request
maximization problem in static ad hoc networks.

Greedy Algorithm. We also present an efficient greedy
algorithm to serve as the benchmark for the performance
comparison. Algo. 2 works similar as Algo. 1 except that
it does not consider the pricing method adopted in Algo. 1.
In each round, it selects one VM pair that has not been
satisfied whose connecting shortest path is the minimum;
and meanwhile, each edge on this shortest path should have
enough available bandwidth for the bandwidth demand of this
VM pair. This continues until no more VM pairs can be
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(b) Be = 10Gbps, bi is random.

Fig. 3. Varying number of ports k of switches.

accommodated due to insufficient bandwidth in the data center.
Its time complexity is again O(l2 × (|E|+ |V |log|V |)).

Algorithm 2: A Greedy Algorithm for VMB.
Input: A data center graph G(V,E), l VM pairs P with

demands bi, bandwidth capacity Be of edge e ∈ E;
Output: a feasible VM pair set F ;
0. F = ∅;
1. For all e ∈ E, set its weight to 1;
2. while (there are still VM pairs that can be accommodated)
3. Find minimum weighted path Pi where adding Pi

does not violate any edge’s bandwidth capacity, and
Pi connects some VM pair (vi, v

′
i) not yet connected;

4. F = F ∪ {i};
5. Use path Pi to route the message from S(vi) to S(v′i);
6. Update available bandwidth of all edges in Pi;
7. end while;
8. RETURN F .

Blocking Island Bandwidth Allocation Algorithm [27].
Wang et al. [27] proposed a bandwidth heuristic allocation
scheme that achieves proportional energy efficiency in data
centers. The key idea of their algorithm is to abstract the orig-
inal network graph into a tree containing available bandwidth
information and then apply the blocking island-based method
to decide which traffic demand should be allocated with its
demanded bandwidth. To achieve a higher success ratio of
bandwidth allocation and higher computation efficiency, it
selects the unallocated traffic demands as below. First, it sorts
all the VM pairs by maximum minimum-available bandwidth
edge in descending order. If there are ties, it chooses the one
with shorter path first. If there are still ties, it chooses the one
with highest bandwidth demand first. Then, it places each VM
pair along its shortest path, breaking ties randomly.

V. Performance Evaluation

Simulation Setting. In this section, we compare the per-
formances of our algorithms viz. approximation algorithm
Algo. 1 (referred to as Approximation) and greedy algorithm
Algo. 2 (referred to as Greedy) with blocking island-based
algorithm [27] (referred to as BI). We also present a variation
of the Approximation that focuses on the load-balancing of
the edges, and refer to it as LB. In particular, when there are
multiple edges available, LB selects the one whose remaining
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Fig. 4. Varying bandwidth demands bi of VM pairs.

bandwidth is the maximum. We create data centers of different
sizes, wherein each edge has a bandwidth capacity. The source
and destination VMs of each VM pair are randomly placed on
the PMs and each VM pair has a bandwidth demand for its
communication.

Unless otherwise mentioned, the bandwidth capacity on
each edge of the cloud data center is set as 10Gbps. In all
the simulation plots, each data point is an average of 10 runs
and the error bars indicate 95% of confidence interval. For fair
comparison, we run different algorithms on the same cloud
data center instance with the same initial placement of VM
communication pairs. Finally, as the number of accommodated
VM pairs depends on the total number of VM pairs l, to be
consistent in all the cases, instead of presenting number of
satisfied VM pairs as the throughput, we normalized it as the
ratio between the number of satisfied VM pairs and l, and
refer to it as routing percentage.

Effects of Number of Ports k of Switches. We first investi-
gate the effects of k on the throughput of VM communications,
shown in Fig. 3. We increase k from 4, 8, 12, to 16, with
number of PMs varying from 16 to 1024. We set he number of
VM pairs l = 10·k3

4 ; i.e., 10 VM pairs are randomly placed on
each PM. We have several observations. First, with the increase
of k, the throughput of all the algorithms decreases. This is
consistent with our previous analytical analysis shown in Fig. 2
that when k is large, it’s more likely two VMs in the same pair
are six hops away from each other, costing more bandwidth
compared to when k is small. Second, we observe that
Approximation outperforms the BI, which outperforms the LB
and Greedy in terms of throughput of VM communications.
In particular, the Approximation produces up to 38% more
throughput of the VM communications than the BI.
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Fig. 5. Varying number of VM pairs l.
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Effects of Bandwidth Demands bi. We then investigate the
effects of bandwidth demands bi of VM pairs on the VM
throughput, shown in Fig. 4. We set k as 12, which means
there are l = 10 · k3/4 = 4320 VM pairs. Fig. 4(a) assumes
that each VM pair has the same uniform bandwidth demands
as specified and in Fig. 4(b), the bandwidth demands of VM
pairs are random numbers between 0 and the specified band-
width. Again we observe the same trend that Approximation
performs the best among the four algorithms. In particular, the
Approximation produces up to 35% more throughput of the
VM communications than BI does.

Effects of Number of VM pairs l. Finally we vary the number
of VM pairs l in Fig. 5 and investigate the performance of
the four algorithms in data center of k = 12. In particular,
we change l from 10 · k3/4 = 4320 to 40 · k3/4 = 17280.
Fig. 5(a) fixes each VM pair’s bandwidth demand as 400Mbps
while in Fig. 5(b), the bandwidth demand of each VM pair is a
random number in [0, 800Mbps]. In these stressful scenarios,
again we observe Approximation performs the best by yielding
more than 60% of VM communications, showing that it is an
effective bandwidth allocation scheme.

VI. Conclusion and Future Work
We proposed a new algorithmic problem to maximize the

throughput of VM communication in bandwidth-constrained
data centers. Given a set of VM pairs inside cloud data centers,
each with a particular bandwidth demand, it studies how to
allocate the cloud network bandwidth to the VM pairs to
accommodate maximum number of VM communication (i.e.,
maximizes the throughput) while considering that cloud data
centers have limited bandwidths. We proved its NP-hardness
and proposed a suite of algorithms. One of our algorithms is
an approximation algorithm that achieves approximation ratio
of 1/(2 · dBb e · |E|

1/(dBb e+1) + 1), where |E| is the number of
edges in the data center network, B is the average bandwidth
capacity on edges, and b is the average bandwidth demand
of each request. We compared it with existing approach and
showed that our algorithm accommodate up to 38% more VM
pairs compared to existing approach under different network
parameters. In our current setup, we assume that each VM
pair has the same priority thus our goal is to maximize the
number of VM pairs to be satisfied. As a future work, we
will consider that different VM pairs not only have different
bandwidth demands but also different priorities (i.e., weights).
How to maximize the total weight of all the accommodated
bandwidth requests become a new challenging problem.
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