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Node Splitting for Improved Virtual Network Embedding:
A Feasibility Study∗
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and Hyogon KIM†a), Member

SUMMARY When the residual resources on a virtualized substrate net-
work (SN) are insufficient to meet the resource demands from the requested
virtual network (VN) at specific locations, we can attempt to accommodate
the VN by allocating resources at alternative locations and transparently
serve the accesses to the VN by having them internally rerouted to the ac-
tually allocated locations. In this letter, we explore the feasibility of nodal
resource splitting in such alternative allocation scenarios. We find that in
order to facilitate such alternative allocations, we should first define the
node-link resource dependencies. Once the dependencies are given, we
demonstrate that the splitting can visibly improve the SN utilization and
the request rejection rate for VN embedding requests under many network
scenarios.
key words: network virtualization, node resources, resource splitting, em-
bedding performance

1. Introduction

We can embed multiple virtual networks (VNs) on a virtual-
ized substrate network (SN). However, finding the optimal
solution to embed VNs on a given SN is known to be NP-
hard [1], and many heuristic algorithms have been proposed
[1]–[6]. The embedding problem can be divided into node
and link embedding problems. In node embedding, we allo-
cate nodal resources on an SN such as CPU cycles or disk
space to VN nodes, whereas in link embedding, we allocate
link resources like bandwidth for virtual links. In order to
increase the number of VNs embedded on a given SN, we
should devise methods to improve the successful embedding
rate of the more constrained resource type.

When the residual resources on a virtualized substrate
network (SN) are insufficient to meet the resource demands
from the requested virtual network (VN) at specific loca-
tions, we can attempt to accommodate the VN by allocating
resources at alternative locations and transparently serve the
accesses to the VN by having them internally rerouted to
the actually allocated locations. For a detailed discussion,
we consider the system model shown in Fig. 1. The SN
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Fig. 1 System model.

serves VN creation requests that arrive at rate λ, and the VNs
leave the SN at rate μ after completing their mission. Note
that to the SN provider, the desirable operating point for the
SN is in the high-utilization regime (i.e., λ → μ) as over-
provisioning the SN infrastructure can be costly. On the
other hand, it has to minimize the rejection rate of VN cre-
ation requests for better client satisfaction. Consequently,
the SN provider must frequently deal with a situation where
the resource required for VN creation cannot be met by the
residual capacity on the SN at specific locations. This letter
focuses on this critical operating regime where alternative
resource mapping is required.

There is a substantial body of work on alternative re-
source mapping [1], [2], [4], [5], [7]. While all these works
pertain to link relocation or splitting, the work of Butt et al.
considers node relocation [2], and that too without any split-
ting. The reason is that there are potentially complex issues
when node splitting is considered. In case of CPU cycles
and disk space, for instance, problems like scheduling can
arise when using them in a distributed manner.

In our exploration of the potential value of node split-
ting, we leave the detailed investigation to future work and
attempt to illustrate the most rudimentary aspects. Further,
we approach the alternative node resource mapping problem
as a generalization of the node relocation problem of Butt et
al. [2]. In other words, we allow the allocation of not only
the entire requested node resource at an alternative SN node,
but also fractions at multiple alternative locations.

2. Split Embedding of Virtual Nodes

Suppose that a client requests the SN provider to allocate an
amount of Ql(Rx) of a node resource of type x at location
l on the SN. Let us denote the available capacity of type x
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resource at l by Cl(Rx). If we have Cl(Rx) ≥ Ql(Rx), the
allocation succeeds; otherwise, the SN provider could take
three approaches. First, it could simply decline the VN em-
bedding request. Second, it could reallocate some of the al-
ready allocated VNs to accommodate the incoming VN that
requests Ql(Rx). In this case, the notion of priority has to
be defined for the VNs [2], and the derived overhead associ-
ated with the suboptimal allocation of the moved VN needs
to be considered to determine if such relocation violates the
resource requirements of existing VNs. Third, it could ac-
commodate the embedding request at a set of locations K,
where

∑
k∈K Ck(Rx) > Ql(Rx). This letter explores the third

approach.
When alternative resource mapping occurs, a ripple ef-

fect can arise. Namely, the mapping can generate additional
resource demand for other resource types y � x. For ex-
ample, suppose the client requested Ql(Rcpu). If the CPU
resource was split into R(1)

cpu and R(2)
cpu and allocated on two

SN nodes l and m, respectively, the computation supposed
to be performed on l can be distributed over the two nodes.
However, in order to move the input and the output of the
computation, we will need additional bandwidth (Rbw) on
the link between l and m. This derived Q[l→m](Rbw) on path
l→ m depends on the type of application that the VN is cre-
ated for and may affect other VNs that have been allocated
bandwidths on the path. Unless we take into account this
derived demand, not only the incoming VN but also some
of the already allocated VNs may fail to meet their required
resource allocation.

In order to avoid this problem, we need to compute the
increase in the derived demand in case of an alternative node
resource mapping. For the computation, we should know
the relation between resource types before we commit to
splitting the node resources. For example, the additional
bandwidth cost in the above example for each link on the
path l→ m can be represented as a product of the amount of
relocated node resource and the node-link resource depen-
dency (NLRD), which we denote by Xbw\cpu. Namely, for
each link on the path l→ m, we need R(2)

cpu ·Xbw\cpu addition-
ally.

One problem in the above formulation is that it might
be difficult for the SN provider to know X a priori for vari-
ous types of VNs. As mentioned above, it is likely a facet of
the application running on the VN. Therefore, it is desirable
to have the NLRD be specified by the client, i.e., the VN re-
quester. The following discussion is based on this premise,
but in case the user does not specify it, the SN provider can
set it to infinity, effectively disabling the split node alloca-
tion for the requested VN.

Algorithm 1 is a recursive algorithm that embeds the
nodes {v1, v2, . . . , vn} and the connecting links in the VN
into the SN. It is executed every time a new request for VN
embedding arrives at the system (see Fig. 1). We assume
that the VN requester’s original specification designates the
SN node sk for embedding vk. We further assume that in
addition to embedding at the originally specified location,

one can accept the embedding at a “neighbor” node at dis-
tance d satisfying d ≥ 0. We call them the candidate nodes,
and get candiate nodes(s, d) below is the function that gets
them.

Algorithm 1 embed VNET(vk).
1: if k > n then
2: /* successfully allocated for all virtual nodes */
3: return 1 /* SUCCESS */
4: end if
5: /* sort substrate nodes by residual capacity */
6: S c = sort(get candidate nodes(sk, d))
7: for i = 1 to m do
8: /* m = # of elements in S c */
9: if (EVN(vk , S c[i])) ∧ (EVL(vk , S c[i])) ∧ (embed VNET (vk+1))

then
10: return 1
11: else
12: disembed() /* rollback */
13: end if
14: end for
15: /* need to split virtual node */
16: for i = 1 to m do
17: S cs = sort(get candidate nodes(S c[i], d) − {S c[i]})
18: for j = 1 to l do
19: /* l = # of elements in S cs */
20: if (EVN2(vk , S c[i], S cs[ j])) ∧ (EVL(vk , S c[i])) ∧ (EVL2(S c[i],

S cs[ j])) ∧ (embed VNET (vk+1)) then
21: return 1
22: else
23: disembed()
24: end if
25: end for
26: end for
27: return 0 /* FAILURE */

We begin by identifying the candidate SN nodes S c

in which to allocate the virtual node v1 (i.e., invoke em-
bed VNET with k = 1). Then, the candidate nodes within
radius d are sorted in decreasing order of their residual CPU
resource (sort, line 6). For each candidate node S c[i], we
check if its nodal resource can satisfy the demand for vk
(EVN, line 9). If so, we proceed to check if the resource
demand for the incident virtual links of vk toward other al-
ready embedded nodes vz, z < k, can be satisfied at S c[i]
(EVL, line 9). To check if vk and vz satisfy Q[vk↔vz](Rbw), we
use the Edmonds-Karp algorithm [5]. If the maximum flow
is larger than Q[vk↔vz](Rbw), EVL succeeds. The use of the
Edmonds-Karp algorithm is simply for neutrality. If there
is a specific routing algorithm adopted by the SN, it should
be employed instead in the EVL check. When the EVN and
EVL checks are successful, we move on to embed the next
virtual node vk+1.

In case the whole node embedding of vk fails at all can-
didates, we roll back any partial resource allocation for vk
(line 12). Then we attempt to split the virtual node (lines
15-27). For each candidate node S c[i] (on which we could
not allocate vk), we obtain its neighbor set S cs. For each
element of S cs, we check if we can split the node resource
demand between S c[i] and S cs[ j] (EVN2, line 21). Although
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it can be implemented in a more sophisticated way, the
EVN2(vk, S c[i], S cs[ j]) function is implemented in a greedy
way in this letter for simplicity. It first takes all available re-
source from node S c[i] and then takes the remaining amount
from S cs[ j]. For example, suppose vk requires 50 units of
nodal resource. If S c[i] can provide only 40 units, while
S cs[ j] can provide 30 units, we take all 40 from S c[i] and
the remaining 10 (out of 30) from S cs[ j]. After this splitting,
S c[i] ends up with 0 units of the resource, and S cs[ j] has 20
units. Then as mentioned above we check if the virtual links
toward already embedded nodes can be provisioned (EVL,
line 20). If so, we go on to check if the link resource be-
tween nodes S c[i] and S cs[ j] is sufficient to support the de-
rived link resource requirement, which arises because of the
splitting (EVL2, line 20). Note that unless the NLRD X is
given, this check cannot be performed. If all three checks
are successful, the split allocation of vk is complete, and we
move on to vk+1. But if even this split allocation fails, we
declare the embedding of the given VN to be a failure.

3. Evaluation

The parameter values used in the evaluation are presented
in Table 1. Most of the parameter values are taken from the
literature to put the results in perspective. First, the SN con-
sists of 50 nodes, where the connectivity is given by either
a heavy-tailed distribution corresponding to the power-law
distribution with exponent γ = 3 [8] or a random distribution
[9]. The former essentially reflects Barabási-Albert model
where the preferential attachment toward more connected
nodes is accounted for [10], whereas the latter does not have
such preference. At each node, the available CPU resource
is uniformly distributed between 50 and 100, and the avail-
able bandwidth on each link is also uniformly distributed
between 50 and 100 [3]. The VN requested by the client has
a random topology generated by the GT-ITM topology gen-
erator [9]. The size of the VN is relatively small, having 2
to 5 nodes where each node requires 10 to 20 units of CPU
resources and 10 to 20 units of bandwidth. The inter-arrival
time of the VN creation requests is exponentially distributed
between 5 to 25 time units, and their lifetimes are also ex-
ponentially distributed with a mean of 1,000 time units [3].

Table 1 Experimental parameters.

Parameter Value

No. of nodes in SN 50

SN connectivity
Power-law distribution, γ = 3

GT-ITM random topology
Max. CPU in a SN node U[50, 100]
Max. SN link bandwidth U[50, 150]

No. of nodes in VN U[2, 5]
VN topology GT-ITM random topology

CPU req. for a VN node U[10, 20]
Bandwidth req. for a VN link U[10, 20]

Request inter-arrival time (1/λ) [5, 25], exponential
VN lifetime (1/μ) 1000, exponential

Allocation range (d) 1
CPU-bandwidth NLRD 0.1 ≤ Xbw\cpu ≤ 100

From Little’s Law, the average number of VNs in the steady
state is given by N = λT , so it ranges between 40 and 200
depending on λ. The range of candidacy d is set to 1, so only
the directly connected neighbors are considered in addition
to the originally specified substrate node when node embed-
ding is attempted. Finally, we vary the NLRD between the
CPU and bandwidth resources from 0.1 to 100. Note that
as this coefficient increases, so does the overhead of split
allocation; thus, it becomes more difficult.

When we operate the SN with the given parameters, we
obtain the results shown in Figs. 2 and 3. Figures 2(a) and
2(b) show a comparison of the embedding rejection rate as a
function of the node resource utilization between the two SN
topologies. The rejection rate is the probability of a client
being rejected when it submits a VN creation request with
its associated resource requirements, such as those given in
Table 1. Node utilization refers to the fraction of the sub-
strate node resource that is allocated to some VN. We can
see that without split allocation, the rejection rate becomes
visible when the node utilization exceeds 70%, and most re-
quests are rejected well before the utilization reaches 90%.
In contrast, split allocation delays the significant rejection
events until later. For instance, with Xbw\cpu = 0.1, more

Fig. 2 Embedding rejection rate.
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Fig. 3 Additional revenue and link cost.

than half of the requests are still accepted after 95% uti-
lization. As Xbw\cpu increases, the rejection rate naturally
approaches that of the no split case, for which we can re-
gard Xbw\cpu = ∞, serving as the bottom line for the node-
splitting case. In conclusion, the results show that for a
wide range of the NLRD values, the split allocation algo-
rithm allows the SN provider to utilize the SN to a fuller
degree, while accommodating client requests with less re-
jection; therefore, user satisfaction improves.

If Fig. 2 sheds light on the effect of split allocation on
user experience, Fig. 3 gives the SN provider’s perspectives.
It essentially shows how far node utilization can be pushed
and at what link cost, before the rejection rate becomes un-
acceptably high. Reiterating the results of Fig. 2, the figure
demonstrates that node splitting increases the node utiliza-
tion for all values of Xbw\cpu. Namely, the curves for node
splitting cases reach farther to the right. The difference will
determine the additional revenue [7] for the node-splitting
SN. However, the bandwidth toll for the split allocation also
rises compared with the no-splitting case. Naturally, the
cost incurred on the link increases as the NLRD value in-
creases. For instance, the X = 100.0 curve lies on top.

However, in case the SN is node-bound as we assume in
this letter, that is, in case the node resource shortage is the
dominant reason for rejecting client request, the NLRD is of
less importance. Utilizing otherwise idling link capacity to
accommodate more clients through node splitting should be
the only reasonable option for the SN provider in this case.

4. Conclusion

In this letter, we explored the potential value of and the re-
quirements for split node resource allocation. The results
are encouraging. Using parameter values based on past
studies, we can achieve significantly lower rejection rates
for client requests for virtual network creation, and that at
higher utilization of the substrate network. However, we
find that the dependency relation between different types of
resources should be given to help make the decision on ac-
cepting a request. The relation hinges on how the virtual net-
work is used, and it can be given by the client who is likely to
know better for what purpose the requested virtual network
will be used. Our experiment with a wide range of possible
dependency values shows that the split node resource allo-
cation has a positive impact on both the user performance
and provider performance, and this impact is worth inves-
tigating further. A possible direction in a follow-up study
is to find ways to determine the inter-resource dependencies
for specific uses of virtual networks.
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