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Abstract— Recent proposals for network virtualization provide i vinusl end-system
a promising way to overcome the Internet ossification. The key
idea of network virtualization is to build a diversified Internet to
support a variety of network services and architectures through
a shared substrate. A major challenge in network virtualization
is the assigning of substrate resources to virtual networks (VN)
efficiently and on-demand This paper focuses on two versions of
the VN assignment problem: VN assignment without reconfigu-
ration (VNA-1) and VN assignment with reconfiguration {YNA-
I1). For the VNA-I problem, we develop a basic scheme as a
building block for all other advanced algorithms. Subdividing
heuristics and adaptive optimization strategies are then presented
to further improve the performance. For the VNA-II problem, we
develop a selective VN reconfiguration scheme that prioritizes the Fig. 1. Network virtualization: Building a diversified Internet
reconfiguration of the most critical VNs. Extensive simulation ex-
periments demonstrate that the proposed algorithms can achieve
good performance under a wide range of network conditions.

individual virtual network nodes and links. Specifically, each
I. INTRODUCTION virtual node is assigned to one of the substrate nodes and each

The Internet has been a great success in the past pdigual link ?s assigned to a substrate 'pgth that connects the
decades and has provided a whole new way to access §Rg€sPonding end nodes. In our envisioned scenario, DVN
exchange information. Its success has stimulated enorm&§&nands would arrive at different time instances and request
growth and wide deployment of network technology anEP s_et up V|rtual_ networks (VNs) w!th different topologies and
applications. However, the growth and deployment itself [§etimes. Allowing VNs to be assigned to the substrate net-
now creating obstacles to future innovations. Specifically, d§¢rK efficientlyand on-demands desirable for the following
to the multi-provider nature of the Internet, adopting a nel#Fasons.
network architecture requires not only changes in individual « Increasing efficiency in the substrate resource utilization
routers and hosts, but also joint agreements among ISPs. The would allow the substrate network to accommodate more
size and scale of today’s Internet make the introduction and VNs with limited resources and reduce hot spots or
deployment of new network technology difficult [1], [2]. congestion.

Network virtualization provides a promising way for ad- « On-demand assignment means that the assignment for
dressing the ossification of the Internet [1]. In such an €ach VN is determined based on the current network
approach, a substrate network provider (SNP) provides a Situation as the demand arrives. Given that DVN demands
common substrate to support a number of diversified virtual can arrive at any moment and the SNP would not have
networks (DVN). These DVNs, implemented iytual routers information regarding future arrivals, it is important for
connected throughvirtual links, in turn would provide a the SNP to be able to make the assignment decision in
range of different communication services to applications, response to each individual demand as they arrive.
using a variety of protocols (as shown in Figure 1). In dointp this work, we are motivated by the above considerations
so, the burdens of providing an “everything-to-everybodytd study the following on-demand VN assignment problem:
network architecture or requiring universal agreements on &fpon the arrival of a VN request, assign its topology to the
chitecture and protocol changes are released. Furthermore,shiestrate network to achievew and balancedload on both
diversified Internet would make it possible for an individuasubstrate nodes and links. A special case of the VN assignment
or organization to rapidly deploy a DVN with potentiallyproblem can be formulated as an unsplittable flow problem
global scope, without making any direct investment in physicalhich is NP-hard. Therefore, the VN assignment problem is
infrastructure [2]. intrinsically difficult and heuristics will be used to solve the

One of the fundamental functions of network virtualizatioproblem.
is the mapping or assigning of substrate network resources td his paper focuses on the algorithm design for two versions



of the VN assignment problem: VN assignment without recomumber of nodes in the network [8]. It was extended to the
figuration ¥NA-I) and VN assignment with reconfigurationcase of finite holding time circuits in [9].

(VNA-II). For the VNA-I problem, where the VN assignment The node selection and placement problem has also been
is fixed throughout the VN lifetime, we developed a basistudied in the context of web server replication and access
scheme to achieve near optimal substrate node performaneévork design [10]-[12]. Shet alinvestigated the server
and use it as a building block for all other advanced algorithmglacement problem in overlay networks to ensure desired
Subdividing heuristics and adaptive optimization strategies aervice quality to all its customers [13]. The VN assignment
then presented to further improve the performance. For theoblem considered in this paper also includes selecting sub-
VNA-II problem, we developed a selective VN reconfiguratiostrate nodes for VN requests. However, the node selection is
scheme that prioritizes the reconfiguration for the most criticahly a part of the problem and our goal is to map the VN
VNs. In doing so, we can achieve most performance benefitgology to the substrate topology to efficiently use network
of the reconfiguration without excessively high cost. resources.

Developing specific protocols to exchange substrate network
information and carry out VN assignment algorithms is also
an important issue. However, it is beyond the scope of thfis Network model
paper and deserves a separate study. We model the topology of the substrate network as a graph

The rest of this paper is organized as follows. Section s = (Vs, Es), whereVs is the set of substrate nodes and
discusses the related work. Section Il presents the netwdfk is the set of substrate links. Théh VN arrives at time
model and formalizes the VN assignment problem. Section b/ and lasts for a certain lifetime. Its topology is modelled as
presents algorithms for VN assignment without reconfiga graphG:, = (Vi, EY,) with the set of virtual node¥;, and
ration. Dynamic VN reconfiguration algorithm is given inthe set of virtual linksE?, respectively*.

Section V. Section VI evaluates the proposed VN assignmentThe assignment of thé'th VN includes following two

algorithms on a wide range of network settings and the pag&mponents:

concludes in Section VII. » Node assignment: Each virtual node is assigned to a different
substrate node. It is formalized as a mappjfig: Vv, — Vs
from virtual nodes to substrate nodes such that

IIl. NETWORK MODEL AND PROBLEM DESCRIPTION

Il. RELATED WORK

The VN assignment problem shares similarities with the fn(0) € Vs, Vi € Vi
virtual circuit routing and virtual private network (VPN) fa(@) = fi(0),iffa =10
design prObIem.S [3.]_[6]' .A” of them involve f!ndlng paths « Link assignment: Each virtual link is assigned to a substrate path
for .source/destlnatlon palrs. In both the rF’U“Og anq VPN between the corresponding substrate nodes. It is formalized as
dESIgn pI’Ob|emS, |OcatI0nS Of Source/destlnatlon paIrS that a mappmgfi : E{'/ — ’PS from virtual links to substrate paths
need to be connected are given as input parameters. In network such that
virtualization, however, the mapping between the VN and the i m= i AN P ANy FR i

1] 1 : . e P. s 7v € E

substrate network could be arbitrary, this extra degree of free- _fL (@0) € Ps(fn(@), In(0)), Vo v
dom increases the complexity of the problem. Furthermore, in WherePs is the set of all substrate path8s (s, ¢) is the set of
the VPN design as well as the static routing problem, only link ~ Substrate paths from the source nad® the destination node

utilizations are considered while the VN assignment problem t. avis the V'rtl_Jal link from virtual nodet to ©. )
considers load balancing of both substrate nodes and links. WWhen a VN arrives, the substrate network determines the

Another unique feature of the VN assignment probleﬁ\bove VN assignment and allocates network resources on the

is that requests arrive in terms of a graph, as opposed ected substrate nodes and paths accordingly. The allocated
a source/destination pair for the ordinary routing problerﬁgbstrate resources are released when the VN departs. Further-

Therefore, the VN assignment problem has both online-routi re, if an existing VN changes its assignment, the substrate

and off-line routing features: within the same VN reques'ﬂk;work_ will releaze IFl”eV'OUSW allocated rebsourges bz the
multiple requests for virtual links arrive at the same tim@'d assignment and allocate new resources based on the new

- " : : : P : assignment.
(similar to off-line routing), while no information is available™ 1> quantify the resource usage of the substrate network,

for future VN requests (similar to on-line routing). Thisye yse the notion otress The substrate node stress at
batch-arrival process allows us to consider multiple concurreithe ¢, Sy (t,v), is defined as the number of virtual nodes
virtual link requests together to use the network resourct&t are assigned to the substrate nede Vg. Similarly,
more efficiently. the substrate link stress at time Sy, (¢, ¢), is defined as the
eﬂ_umber of virtual links whose substrate path passes through

The load balancing problem on networks is a gener

Ization of the load balgr_lcmg problem on _unrelated par_a”ellMore generally, a set of mapping constraints (such as the capacity of the
machines [7]. A competitive strategy to minimize congestiorssbstrate nodes/links, locations of access routers and distances between virtual

in online virtual circuit routing was developed by ASpne§°des) may be attached to the VN assignment problem. In this paper, we focus
on the basic scenario, where there are no constraints attached. The solution

e_t al't_o gc_hleve a_com_petltlve_ ratio @?(105 n) for permanent of the basic problem can be easily extended to the constrained version by
(i.e., infinite holding time) virtual circuits, where: is the checking the constraints and considering only feasible assignments.



o
© O Qo @ @ o
(a) Optimal link stress(b) Optimal node stress

Fig. 3. Different virtual network assignments: (a) achieves the optimal link
stress and (b) achieves the optimal node stress

Fig. 2. VN assignment: Allocate substrate resources to VN nodes and "”E%ipacity that could be allocated to virtual links Reducing
the stress will reduce the total bandwidth needed along that

the substrate link € Es. Therefore, the arrival, departure“nk' Furthermore, to provide guaranteed performance, special

and reconfiguration of theé'th VN determines the network efforts are needed to isolate different virtual links within
state transition as follows: the same provisioned substrate link. Therefore, reducing the

« Thei'th VN's arrival: substrate link stress would reduce the above isolation efforts.
_ P i 2) For unprovisioned links, reducing the stress will reduce the
Sn(t,v) =Sn(t,v) +1, % e {fN(zj)‘” €W} effects of cross traffic interferences since less virtual links are

e

Si(t,e) = Sp(t™,e) +Cle),Ve € {fL(e)|é € Ev} sharing the substrate link.
Furthermore, having a balanced stress across the substrate
« Thei'th VN's departure: network is essential to avoid hot spots and reduce congestion.

B Lo ; Therefore, the objective of the VN assignment problem is to
Sn(t,v) =Sn(t™,v) 1, Vv € {ff_V(”)‘” € V‘_/} maintain low and balancedstress among all substrate links
Si(t,e) =Su(t™,e) = Cle), Ve € {fL(é)|é € Ev} and substrate nodes.
To evaluate the stress balancing performance, we define the
_ _ ) node stress ratioHy) as the ratio of the maximum node
+ Thei'th VN's reconfiguration: stress and the average node stress across the whole substrate
network. Similarly, the link stress ratid?() is the ratio of the

Sn(t,v) = Sn(t",v) =1,V € {ffZV(ﬁ)‘@ < V‘Zf maximum link stress and the average link stréss,
SN(t,U’) = SN(t_,U/) + 1,V1}/ (S {f;\;(’f})‘f] c V\i’} max SN(t,’U)
Sp(t,e) = Sp(t™,e) — Cle),Ve € {fi(é)|e € By Rn(t) = —25¥s 1)
Si(t,e) = Sc(t™,e)+ C(e'), Ve’ € {fi(e)|é € Ey ['1);3 Sl IVl
max Sr.(t, e)
where ¢t~ and ¢t are the time instances immediately before Rr(t) = ccbs 2
and after the arrival, departure or reconfiguration evélt, [ > Su(t,e)]/|Es]
is the number of times that the substrate lnkppears in all e€fs

selected substrate paths for e VN. (f%, fi) and(fy, fi) From the definition, we can see thag (t) > 1 and Ry (t) >

are the original and the reconfigured assignments for’the 1 for all £ > 0. The stress ratio is a proper metric to evaluate
VN respectively. the load balancing performance since a smaller stress ratio
indicates that the stress is more balanced. If the node (or link)
stress ratio idl, the network achieves optimal load balancing

Given a substrate topolog¥; = (Vs, Es) with the current since all substrate nodes (or links) have the same stress.

stress level on each substrate link and node, upon the arrival of\lthough the link stress ratio reflects the load balancing
a VN request? = (V;i, Ei,), our goal is to assign substratd’€rformance, it may not be sufficient to reveal the true effi-

; : . ... _ciency of the VN assignment. Figure 3 illustrates the problem
nodes and links to realize the virtual topology specified in th 8 stress ratio. The substrate network has a 3-node 2-

request (as shown in Figure 2). link topology (shown as shadowed circles and thick links).
There are various ways to map a VN to the substrafhere are6 single-link VNs (represented by ellipses and

network. The key issue is how to efficiently use substrate réks connecting them) that are needed to be assigned to the

sources. Due to limitations on processing power, each subst{gstrate network. Both Figure 3(a) and 3(b) achieve perfect

d Id onlv be virtualized int A ber of virt %n stress balancing since thelt; = 1. However, the latter
node could only be virtualized Into a certain NUMber ot VINUgs ot efficient in using the link resources, since its links have

nodes. Therefore, maintaining low stresses across all substifher stress. This indicates that assignments with different
nodes is important for the efficient use of network resourcesfficiency could have the sanfe;,. The key factor here is the

Maintaining low link stresses is also important in botfinaximum link stress. Therefore, instead of using the stress

provisioned substrate links.€., substrate links with perfor- 'atio, we use the maximum link/node stress as the performance
. . . . metrics, i.e., we want to minimize both the maximum node

mance guarantees for its carried virtual links) and unprovitass and’ maximum link stress. Due to the heterogeneity

sioned substrate Iinkské.,substrate links without performanceof the substrate topo]ogy, it may hot be possib|e to achieve

guarantees). 1) For provisioned links, there is a provisionegtimal stress for both substrate nodes and substrate links at

B. Virtual network assignment problem description



the same time. Again, using Figure 3 as an example, it is easy

to verify that the VN assignment in Figure 3(a) minimizes

the maximum link stress and its maximum link stress and 3
maximum node stress afeand 6 respectively. Figure 3(b),

on the other hand, minimizes the maximum node stress and 8
the corresponding maximum link stress and maximum node

stress are bothl. In fact, there is no such assignment for

these VNs that could achieve both the optimal node stress and (@) (b)

optimal link stress. Therefore, instead of having a single term, ) o o

the objective function of the VN assignment problem shoufdd- 4 Neighborhood resource availability, numbers beside links/nodes
be defined as the combination of the two: represent the stress

3

O“}}é%’;SN(““”)+5'§2%’;5L(“i’e) 3
whereq; is the time instance immediately after thith VN A. A basic VN assignment algorithm
arrival, o, > 0 are weights for the node stress objective and A naive way to perform VN assignment is to treat the
link stress objective respectively and are determined by tAgde stress optimization and link stress optimization as two
specific application scenario. independent sub-problems and solve them sequentially. How-
To summarize, the VN assignment problem for thiéa ever, we will see from the simulation results presented later
VN can be formalized as the following snapshot optimizatiofhat this approach usually results in high link stress since the
problem upon the VN's arrival: selected substrate nodes may be far away from each other.
« Inputs: g: this subsection, we propose a VN assignment algorithm

1) Substrate network information: The substrate topol; . .
ogy Gs., snapshot of the current substrate nod at considers both node and link stresses throughout the VN

stresses{Sy(ai ", v)[Vv € Vs} and link stresses assignment process.

{Sr(a;",e)|Ve € Es}, wherea;” is the time instant ~ The key idea of our algorithm is to select a cluster of
immediately before theth VN arrival. substrate nodes that are not only lightly loaded but also likely
2) The requested VN topolog¥y, to result in low substrate link stresses when they are connected.
« Find the mappings from the théth VN topology to the g js achieved through a coarse-to-fine approach: First, a
substrate topologyfy and f;, . . n oo

« Minimizing cluster center in the substrate network is identified based
on the stress level in its neighborhood. Substrate nodes are

then selected sequentially based on their distances from the
In this paper, we consider two versions of the VN aSSignmeWi\)”%jlilgtgrs gtlegnqgglt\)lggljizzi!cltrilgggﬁice any directly connected
problem_: VN as&gnment W'thOUt rgconﬁgurauon (VNA-1) arIQ/irtual link of a virtual node will go through one of the directly
VN assignment with reconfiguration (VNA-II). The formerconnected substrate links of the corresponding substrate node,
refers to the case where the VN assignment is fixed for teabstrate nodes with high link stresses on all their directly

whole VN lifetime and the latter refers to case where the VRonnected links should be avoided. To quantify the stress level
assignment is allowed to changed during the VN lifetime. Iff @ Substrate node and its connected substrate links, we define

the next two sections, we will present algorithms for botﬂ‘e following neighborhood resource availability (NR):

- 11’22‘1}); SN(ai,v) + G- gel%)é SL(ai,e)

versions of the problem respectively. NR(t,v) = [Snmax(t) = Sn (£, v)]- Y [Simax(t)—Sc(t,€)] (@)
IV. VNA-I: VN A SSIGNMENT WITHOUT ecL(®)
RECONFIGURATION where Snmax(t) = max,cv, Sn(t,v) and Sypax(t) =

For each VN request, if the mappings of the virtual nodesaxcces S (t, €) are the maximum node stress and maximum
are given, then the VN assignment problem becomes an difik stress of the substrate network respectivélyw) is the
line load ba|ancing routing prob|em where the source ag@t of substrate links directly connected to substrate node
destination are the ingress and egress nodes of each virtualhe above definition of NR captures both the node stress
link and each flow has a unit demand. This can be formulat@gd neighboring link stresses in the sense that a substrate node
as a well-known NP-hard unsp|ittab|e flow pr0b|em Wher@/lth a hlgh NR means that both the node itself and some of its
the objective is to minimize the maximum link load [14]-directly connected links are lightly loaded. The cluster center,
[16]. The general VN assignment problem is even hard@tich is the first selected substrate node, is therefore identified
since the node mappmg could be arbitrary and we want &8 the substrate node with the highest NR value. In the example
optimize both node stress and link stress. Therefore, heurigtftown in Figure 4, assuménmax(t) = 5 and Sjmax(t) = 8,
approaches are used to solve the problem. In this section, f#en the NR for the substrate node in Figure 4(a) and 4(b) are
will first describe a basic VN assignment scheme that acté and 12 respectively. Therefore, the former substrate node
as a building block for all other advanced algorithms. A preferred even though it has a lower node degree.

improved VN assignment algorithm that subdivides the VN 2) Substrate node selectiomfter identifying the cluster
.center, the next step is to select the rest of the substrate

topology is then presented. Adaptive optimization strategif§qes for the VN request. Rather than simply selecting nodes
that achieve desirable tradeoffs between the node stress @l minimum stresses, our node selection algorithm also

link stress optimization objectives are also discussed. considers the link stress by weighting the node stress based



on its distances to other selected substrate nodes. We adygerithm 1 Basic VN assignment algorithm (Upon thi¢h
the definition of distance from the shortest-distance pa¥N arrival)

algorithm [17], which can effectively balance the network load |NpUTS:

among links and efficiently utilize network resources. Based G, = (v, Es): substrate topology;

on this notion, the distance of a single substrate pahtime S(a; ,v), Yo € Vs: current link stress;
t is defined as: S(a; ,e),Ye € Es: current node stress;
d(t,p) = Z ! (5) ()Ugl':vj’JT(S‘{'&7 Fir): VN topology:
toy Simax(t) + 01 — Sr(t,€) Fi(8), V6 € Vi and fi(é),Ve € Ei,

where §;, < Sjpmax(t) is a small positive constant to v, = () {Note: V4 is the set of selected substrate nddes
avoid dividing by zero in computing the distance. And the V4 = V4 U {arg max ., NR(a; ,v)}

distance between two substrate nodeand v is defined as  for j =2 ..., Vi do
the minimum distance of all paths between them, Va=VaU{arg mincy._, m(a;,v)}
s—Va L
end for
D(t, (u,v)) = pegéi(% " d(t,p) (6)  Assign nodes irV/4 to virtual nodes such that

NR(f7.(@)) > NR(f(0)), iff Degreda) > Degred)
Since the VN topology could be arbitrary, there could be a Find the shortest-distance path for all virtual links

virtual link between any pair of virtual nodes. Therefore, to
minimize the overall distance, the weight a virtual node is set

to be the summation of distances to all previously assigned o )

virtual nodes. Combining the distance and node stress, we BseSubdividing the virtual network

the following node potentiabs the criteria for substrate node

In the basic VN assignment algorithm, the requested VN is

selection: :
mapped to the substrate network as a whole unit. Small VNs

Z D(t, (v,u)) have smaller footprints on the substrate network and are there-

(t,v) = ueVa 7 fore easier to fit into isolated low stresse_d subregions in t'he

Snmax(t) + 6 — Sn(t,v) substrate network. As an extreme case, if every VN contains

?_le a single virtual link, then we have the most flexibility to
allocate substrate network resources and can always achieve
optimal link stress performance. As the VN topology becomes

value. The set of substrate nodes with the minimum potentl%rger’ it is more difficult to b.a}lance the Ipa_lq if we consider
are then selected. the whole VN at once. To utilize the flexibility of the small

. topology, we break up the VN into a number of connected
After all substrate nodes are determined, we need to ma virtual networks SUbVN. Each subVN is of a simple

the virtual nodes into the selected substrate nodes such fha . ;
. . . siar topology and the connections between subVNs define the
virtual nodes with higher degree are mapped to substrate

nodes with higher NR. The intuition behind this is that virtuagOnSIraints in substrate node selection. Another advantage of
nodes with higher degree will setup more virtual links. AIFUdeVIdlng is that by breaking down the big network into

of these virtual links will go through some of the substratg number of small subVNs, computational requirements are

L . : educed since less virtual nodes and links are considered
link in the neighborhood of the corresponding substrate nodg. . :
. n each subVN assignment process. Furthermore, since all
Therefore,the above matching tends to reduce the congestio . : . .
. SUBVNs have star topologies, the only possible links in the
and balance the link stress.

3) Substrat th selectiorfhe last st ¢ the basic VN subVN are to/from the subVN center. Therefore, we can be
.) ubstrate path selectionthe 1ast step of the basic more accurate in calculating the node potential in Eq. (7), since
assignment scheme is to connect the selected substrate n%iﬁs(u v)) can be summed over exact virtual links instead

based on the virtual topology. Th's IS a standard_ rout assuming virtual links to every previously assigned virtual
problem and we use the shortest-distance path algorithm [

again to select the path with minimum distance (defined In e sybdividing algorithm works in a recursive way: starting
Eqg. (5)) between corresponding substrate nodes. Therefgrem the original VN topologyGy = (Vy, Ev), the algorithm

it is consistent with Eqg. (6) in our node selection procesinds the virtual node with the highest degree as the center of
The detailed basic VN assignment algorithm is given in Algghe subVN. All neighboring virtual nodes directly connected

rithm 1. The basic VN assignment algorithm presented abolfethe selected center and the corresponding virtual links form
' ) ubVN and are removed from the original VN. This process
can be used directly to allocate substrate resources for Y WNhiinues on the residual topologyr = (Vir, Er) until all

requests. However, since its node selection process doestAgtvirtual links have been assigned to a certain subVN. The
take the VN topology into consideration, the basic algorithmetailed algorithm is given in Algorithm 2. Figure 5 shows
may become inefficient when the VN has a sparse topolog? €xample of the subdividing process. Given an original VN

; ; ; own in Figure 5(a), the subdividing algorithm sequentially
Furthermore, the basic algorithm always compromises tR nerates three subVNs as shown in Figure 5(b), 5(c) and 5(d)

: . e
node stress performance with the link stress p?rformar‘%e%pectively. The above process divides a VN topology into a
regardless of the current network situation. More intelligeffumber of subVNs with some inter-subVN constraints. Each
approaches are discussed next to address these issues. subVN is then assigned to the substrate network based on the

whereV, is the set of selected substrate nodes for the sa
VN anddy < Snmax(t) is a small positive constant to avoid
dividing by zero. We choosé; = é65 = 1 as the default



Algorithm 2 Subdividing algorithm may result in poor link stress performance. This is because

INPUTS: Gv = (Vv, Ev) the selected nodes may be scattered far away from each other
OUTPUTS: Gviy = (Vv), Evy),i =1,2,- - in the substrate network and choosing these nodes may result
in excessively long substrate paths. The basic VN assignment
Gr=Gv,i=0,Gyq) =10 scheme described in Section IV-A also aims at minimizing the
while Gr # 0 do maximum node stress and could achieve near optimal node
¥ = arg may, ., Degre¢d’)} stress and much better link stress performance, as will be
Viy = Vo U{0} shown later in the simulation results. Therefore, it can be
for Va € Vg do viewed as a node optimization strategyode-op}. On the
if 94 € Er then other hand, if the objective is to optimize link stress only,
Vo = Vo U@}, Evay = By U0} then the node selection and link mapping should be solely
end if based on the substrate link stress. Specifically, we use the
end for same algorithm in Algorithm 1 but with a modified definition
Gr=Gr—Gyu,i=i+1 of the NR and the node potential as follows:
nd whil N
end whie NR(1,0) = 3 [Simax(®) — S(t.)] ®)

ecL(v)

;\ #(t,v) = D Dt (v,u)) 9)
l—o ueVy
This modified algorithm aims to optimize link stress perfor-

(a) VN topology  (b) SUbVN1 () SUbVN2  (d) Subyn3 ~ mance and therefore is called the link optimization strategy

(link-opt).
Fig. 5. Subdividing the virtual network, constrained nodes are marked in Based on the application context, either the node-opt or
black. link-opt strategy can be used to perform VN assignment. As

we discussed earlier, due to the heterogeneity of substrate

basic algorithm described in Section IV-A and the attachégpmogy’ it may not be posgble .to achieve both the optimal
inter-subVN constraints are handled as follows: node performance and optimal link performance. Therefore,

« Unconstrained subVN: In this case, there is no constraint on tHESt?ad of using either the nqde-opt or link-opt for all VN
subVN assignment which means that the subVN can be assig@&ignments, we use an adaptive strategy that chooses between
to any location in the substrate network. Assume the requestiéte node-opt and link-opt for any given VN request adaptively.
VN topology is connected, then the only unconstrained subVN The node stress ratio and link stress ratio defined in Eq. (1)
is the first one generated by the subdividing algorithm. Thﬁnd (2) provide a straightforward way to identify the relative

basic scheme can therefore be directly applied to this subV . . . .
An unconstrained subVN is shown in Figure 5(b). pérformance of link and node stress balancing. Specifically, if

« Constrained subVN: In this case, the mappings of some virtuHlz (t) > Rx(t), the substrate link stress is more unbalanced.
nodes in the subVN have already been determined by tRtherwise, the substrate node stress is more unbalanced.

previous assigned subVNs. Therefore, only nodes that aggon the arrival of a new VN request, the adaptive scheme

not constrained need to be assigned. Assume therenare gotarmines if the node stress or link stress is more unbalanced

unconstrained VN nodes, based on whether the subVN center |sd . th d t link-opt strat dinal
constrained or not, it can be further divided into the followinf/ln performs the node-opt or link-opt strategy accordingly.

two cases: ore generally, we can set adaptive threshold) € [0, +0),

— Center constrained: If the subVN center is constraine@nd use the ada_ptwe Scheme ShO_V\’n_'n A'QO_“thr_n 3. The
then the node selection is based on the relative distancea@aptive strategy is especially effective if the objective of the
the center. Specifically, the algorithm seleetssubstrate VN assignment is in the form of Eq. (3). In that case, the
nodes with the least potential. A center constrained subViHl,e of could be determined based on valuesaoénd 3.

is shown in Figure 5(c). _
— Center unconstrained: In this case, we need to determiﬁtg\)r example, we can sgt=a/[.

the subVN center first by selecting the substrate node with— i E— _
the maximum NR. After that, we can use the same scherfégorithm 3 Adaptive optimization strategy (Upon thiéh

as the center constrained case. A center unconstraingdl arrival)

subVN is shown with Figure 5(d). if Ry(a;) > 7 Ry(a;) then
Note that since all subVNs have star topologies, the only Perform link-opt
possible virtual links are those connecting to the subVN centerelse
Therefore, when calculating the potential in Eq. (7),should Perform node-opt
be modified to contain only the subVN center. end if

C. Adaptive optimization strategies V. VNA-II: VN A SSIGNMENT WITH RECONFIGURATION

We have shown in Section III-B that there are inherent |, heo dynamic process of VN assignment, network con-
tradeoffs between optimization objectives of node stress aagl . . '
link stress. To optimize the node stress, a simple way is $3/0NS change over time due to the grrlval and. departure of
select substrate nodes with the least stress. However, this nai#ial networks. As a result, VN assignment without recon-

approach totally ignores the link stress in node selection afiguration may lead to inefficient resource utilization where
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Fig. 6. Effects of different reconfiguration orders

some part of the substrate network can become excessighyee 2-node VNs and one 3-node VN). The 2-node diamond
loaded while others are under-utilized. Similar to the case ¥N is non-critical since it is not carried by any maximum
rerouting [18], reconfiguring existing VNs can help to improvstressed link. In contrast, the other two 2-node VNs and the 3-
performance under dynamic situations. However, periodicaliyde VN are all critical since they use the maximum stressed
reconfiguring all existing VNs is not desirable for a numbdmk. If the 3-node VN reconfigures first, then the network
of reasons. enters the state shown in Figure 6(b). The maximum link
First, VN reconfiguration is much more expensive thastress is reduced from 3 to 2. On the other hand, if the 2-node
rerouting. The cost of reconfiguration includes both the cordiamond VN reconfigures first, then the network state is shown
putational cost and the service disruption cost. Computationial Figure 6(c) and the maximum link stress is unchanged.
cost refers to the expenses involved in recomputing the VN &@bviously, the former reconfiguration is more desirable.
signment and therefore is proportional to the frequency of VN Based on this notion of criticality, we developed a selective
reconfiguration. Service disruption cost is incurred becauszconfiguration scheme to perform efficient reconfiguration
the normal operation of a VN is affected when it is switchely giving higher priority to critical VNs. The key idea is
from one assignment to another. Unlike flow rerouting whete reconfigure only a subset of the existing VNs that are
at most one path change happens per rerouting event, mhest critical in reducing the maximum stress instead of
reconfiguration of a single VN may result in more substantia¢configuring all existing VNs. The selective reconfiguration
changes involving botmode switchingand multiple path algorithm has two components: a global marking process and
switching Node switching happens when the assignment pér VN reconfiguration processes.
a virtual node is changed from one substrate node to anothert) Global marking:The marking process periodically (with

o ; - ; marking periodry;) compares the node stress rafiy
Path switching happens when the assignment of a virtual li d link stress ratidz, (Eq. (1) and (2)) to determine which

is changed from one substrate path to another. The diSTupt§Kk is more unbalanced. The algorithm then identifies a set of
of the reconfiguration is therefore significant if all VNs areritical substrate nodes (or links) accordingly as follows:

reconfigured periodically. _
Based on the above discussion, we quantify the reconfigu- " (tn) = {v[S(tar,v) 2 (1= 0) - Snmax(tar), v € Vst

ration cost as follows: Ec(ta) = {e[S(tar, e) = (1 = 0) - Symax(tm), e € Es}
wheret,, is the time instance of the marking evefitc [0, 1]
is thereconfiguration thresholdhat controls the stress level to
where Rygcfg is the reconfiguration rate, defined as thge considered as critical. For examplle= 0 means that only
number of reconfiguration events per time utitygqe and the maximum stressed nodes/links are considered critical and
Rpath are the node and path switching rates and are definge- 1 means that all links/nodes are considered critical. Next,
as the number of substrate node and substrate path switchies/Ns that are currently using the critical nodes (or links)
per time unit respectivelyw;, w2, ws > 0 are weights of each are marked for reconfiguration until the next marking event.
cost component and are determined by the specific applicatibite detailed marking algorithm is given in Algorithm 4.
scenario.

Furthermore, the reconfiguration order of different VNs wilAlgorithm 4 Global marking algorithm
affect the VN assignment performance. If there is a limit on if Ry (tr) > Ry (tar) then
the number of reconfigurations, reconfiguring VNs that are on Identify critical substrate link€c (tar)

C = wi - Brecfg+ w2 - Rnodet ws - Rpath (10)

maximum stressed links/nodes will be more likely to reduce Mark = all ~ VNs —on critical links:  {i[3e S
the maximum stress than reconfiguring other VNs. Therefore,elsEeV’ fi(e) N Ee(tm) # 0}
VNs that are on the maximum stressed links/node<dtieal Identify critical substrate nodek. (¢xr)

to the performance. Even if there is no limit on the number of  Mark all VNs on critical nodes{i|3v € Vit, fi (v) € Ve (tar)}

reconfigurations, reconfiguring non-critical VNs before critical end if

ones may take up resources that could otherwise be used by

critical VNs to improve the performance. 2) Per VN reconfiguration:The above global marking pro-
Figure 6 illustrates the effects of reconfiguring differentess only determines which VNs are allowed to reconfigure.

VNs. Assume that the network is originally in a state shown ifhe actual reconfiguration process happens at each individual

Figure 6(a), where there are 4 VNs on the substrate netwdrkl. Upon the VN arrival, the VN assignment algorithm
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Fig. 7. Global marking and per VN reconfiguration events with related M

time scalesA, M andR are VN arrival, marking and reconfiguration events OF . . . .
respectively. Numbers besides R and i index the VN. Numbers besides wheret' is the time instance of théth sample andM is

M show the indexes of marked VNsa; andrr are the marking period and the total number of samples.

reconfiguration period respectively. Each data point in the simulation results is obtained by
running the simulation until 80,000 VN requests have been
serviced. Furthermore, to reduce the effects of transient sim-

presented in Section IV is performed to allocate substraiation results, we start to collect data after the first 40,000

resources. Furthermore, each existing VN also periodicaljN requests. The results in this section are shown with their

checks (withreconfiguration periodr}, for the i'th VN) if  95% confidence intervals.

it is selected by the marking process. If it is the case, then ) . i )

the VN reapplies the VN assignment algorithm in Section 1%+ VN assignment performance without reconfiguration

to compute the new assignment. Otherwise, the VN keeps jtsl) Effects of the offered loadn the first experiment, we

current assignment. The previous marking and reconfiguratijgr€ase the VN arrival ratd while fixing the average VN

. : : time and show the performance of the following static VN
events and the corresponding time scales are |Ilustratedaggignment algorithms:

Figure 7. « Basic The basic VN assignment algorithm given in Section V-
The selective reconfiguration algorithm reduces the re- A _ _ _
configuration cost by selecting only a subset of VNs for ¢ SUS(;(Nd_The hbai}CN VN ?SSlgnment with the enhancement of
. ; ; " . subdividing the topology
_reconflgurz_sltl(_)n. By allowing _only (?”tlcal VNs _to reconflggr_e, « Adaptive The SubVN based scheme with the adaptive optimiza-
it also optimizes the reconfiguration order since non-critical

A . . tion strategy where the adaptive threshgle- 1
VNs are less likely to be reconfigured. Furthermore, since t .
r comparison purposes, we also show results of the least

marking proqess.happens pe”.Od'Ca”y’ the aIgonthm can ad?(gjatlded algorithmléast-load that treats link stress optimiza-
to dynamic situations by selecting different sets of critical VNtsIon and node stress optimization separately by selecting

accordingly. the least loaded substrate nodes as the virtual nodes and
connecting them using the shortest distance path algorithm.
VI. PERFORMANCEEVALUATION Since there is no blocking in the systeire( VN requests
are never rejected for service), both, ., and N, grow
In this section, we first evaluate the performance of VHNnearly with A (as shown in Figure 8). Note that under a
assignment algorithms without reconfiguration. Next, we irffiixed A, the arrival rate of VN nodes is fixed. Therefore,
vestigate the performance of our selective VN reconfiguratithe average substrate node stress is the same for any VN
algorithm under different parameter settings. Finally, we egssignment algorithm. Figure 8(a) shows that the least-load,
amine the VN assignment performance over a wide range kgsic and subVN based schemes can all achieve sinjlar,
network settings. which is very close to the average node stress (shown in dashed
line in Figure 8(a)). SinceV,,.. could not be lower than the
] ) ) i average node stress, this result indicates that all of the above
A. Simulation settings and performance metrics three algorithms achieve near optimal node stress performance.

We have implemented a discrete event simulator for the adaptive scheme has higli€y,, since it trades off node

assignment. The substrate network is a 100-node 316-IRAKESS performance for link stress p_erformance.

random topology generated by the GT-ITM tool [19]. W? The link stress performance in I_:|gure 8(b) shows th::_lt the
assume that VN requests arrive in a Poisson process with %ﬁSt'lo"f‘d scheme performs poquy in termsLgf,.,. The basic
average rate\ VNs per time unit, and the lifetime of VNs VN assignment scheme efiectively reducBs... by more
follows an exponential distribution with an averageuof 275 than 30%. The subVN based scheme further redudes..

time units. Unless otherwise specified, the VN topologies apé{ supdividing the VN topology. The ad_aptive scheme has the
random and the VN size is uniformly distributed frointo best link stress performance and its,.. is about65% lower

10. The average VN connectivity.€., probability that there than the least-load schem_e.
is a virtual link between a pair of virtual nodes) is fixed to be ReSults of the average link stress and average substrate hop
50%. count for virtual links are given in Figure 8(c) and Figure 8(d)

To evaluate the performance of a VN assignment algorithfgSPectively. They clearly show that our VN assignment algo-
we use Poisson sampling, with an average inter-arrival tifiéhms reduce the resources usage by using shorter substrate
of 1 time unit, to estimate the time-averaged maximum nogths. The least-load scheme, in contrast, does not consider
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Fig. 8. VN assignment performance under increasing offered load

link stress in node selection so the selected substrate nodes
could be far away from each other. Therefore, the least-load
algorithm has much higher average link stress and average
substrate hop count. We also observe in Figure 8(d) that the
average substrate hop count is fixed under different VN arrival
rate. The reason is that all of our VN assignment schemes are

Max link stress

based on the relative orders of node/link stress, NR, or node 200
potential, and these relative orders do not change with the 100 ]
offered load. o Lo
. . . 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1
From this experiment, we can see that the basic VN as- Average VN link probatifty
signment algorithm is consistently better than the least-load Fig. 9. Effects of VN connectivity

algorithm such that it can achieve near optimal node stress
performance with much lower and more balanced link stresses.

The adaptive VN assignment algorithm effectively balances 291 . b s
the link/node stress objectives and significantly reduces the 264" S : Ew
maximum link stress from the basic VN assignment algorithm. 2 ”ff;/

Furthermore, the virtual network built by our VN assignment
algorithms has better quality than the least-load algorithm

since the average virtual link length in substrate hop counts is 16 t/{ fﬁ

R=0667-R, |

significantly lower. 14
2) Benefits of the subVN schem&he next experiment 12 wQ%
focuses on the subVN based scheme. Figure 9 compares - 15 2 3
L,,... of both the basic scheme and the subVN scheme when "
the average VN connectivity is increased frah® to 1.0 Fig. 10. Tradeoffs between link stress and node stress performances

and the VN arrival rate is fixed at0 per time unit. Both
curves appear to be linear to the average VN connectivity
since the latter linearly determines the arrival rate of virtuglach sampling instance in the simulation, we plot a point
links. The subVN scheme achieves consistently lowgy,, in the Ry vs. Ry, graph using the corresponding values of
than the basic scheme but the differences between these tWg;, R;) as the coordinates. Therefore the location of the
reduces from aboui3% to almost zero as the VN connectivity( Ry, Ry) point indicates its relative performance of node
increases fron.2 to 1. Recall that the key improvement ofstress balancing and link stress balancing. Specifically, all
the subVN scheme over the basic scheme is to perform ngstsints located above the line d8;, = Ry achieve better
selection based on actual VN topology instead of assuming fdlbde stress balancing than link stress balancing, while points
VN connectivity. Obviously, the above difference becomes legscated below the line o, = Ry have better link stress
significant as the actual VN connectivity increases. This ekalancing performance. In this experiment, we fix the VN
periment indicates that the subVN algorithm is more effectivgrival rate atl5 per time unit and vary the adaptive threshold
for VNs with sparse connectivity. For the densely connectedto be 0,0.667,1,1.5, 00 respectively and plo{ Ry, Ry)
VNs, the basic scheme could be used instead to simplify theints obtained from all sampling instances in Figure 10.
VN assignment process without losing much performance. AQote thaty = 0 and n = oo represent the pure link
the rest of the paper, we use the subVN scheme by defaulpptimization (link-opt) and pure node optimization (node-opt)
3) Effectiveness of adaptive optimization strategid& strategy respectively.
demonstrate the effectiveness of adaptive optimization stratefigure 10 shows that VN assignment algorithms with dif-
gies in VN assignment, we use dy vs. Ry, graph: During ferent values ofy form distinctive clusters in thé&y vs. Ry,
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Fig. 11. Performance vs. reconfiguration threshold

graph. Points of the node-opt strategy=£ o) are all located icantly lower than its non-reconfiguration counterpart when
near the line ofkR = 1, indicating that the node-opt strategyd is small. When# increases fronD to 0.1, N,,., of the
achieves the optimal node stress balancing. However, it Hedk-opt scheme decreases slightly since more critical VNs are
very unbalanced link stress than all other cases since its poiatl®wed to reconfigure. Whetis further increased, more non-
have the highesR; values. In contrast, the link-opt strategycritical VNs are reconfigured and take up substrate resources
(n = 0) has the lowes?;, values and therefore has the beghat could otherwise be used by critical VNs to rediég,..

link stress balancing performance. All intermediate values dherefore, N,,., eventually increases a8 increase. The
adaptive thresholg result in different tradeoffs between nodeadaptive strategy demonstrates similar patterns but with a
and link stress performance: Asincreases front) to oo, the much smaller fluctuation magnitude since its node stresses are
VN assignment algorithm puts more emphasis on node stressre balanced. Reconfiguration of the node-opt scheme has

optimization and less on link stress optimization. little effects onNV,,,... performance since the node-opt scheme
Furthermore, points of = 0.667, 1, 1.5 are closely located always achieves near optimal node stress performance.
along their corresponding reference linesitf = 0.667Ry, In terms of theL,,.., Figure 11(b) shows a more compli-

Ry, = Ry and Ry, = 1.5Ry respectively, except for a smallcated picture for the node-opt scheme.llts,.. increases with
number of outlying points that occur during the transients. when# < 0.4 since more non-critical VNs are competing
This indicates that the adaptive threshelds able to effec- with critical VNs. However, L,,., has a sudden drop as
tively control the exact tradeoff between node and link stregsincrease from0.4 to 0.5. To understand this phenomena,
balancing. For the rest of this section, we will only show thEigure 11(c) gives the average ratio of VNs that perform
results of three representative optimization strategies: link-ape reconfiguration in the node-opt strategy. It shows that the

(n = 0), node-optf = co) and adaptives( = 1). percentage increases fron5% to more than90% when 6
_ . . _ increase from0.4 to 0.5. This indicates that there are about
C. VN assignment performance with reconfiguration 50% of the VNs that are only located on most lightly loaded

Experiments in this subsection examine the performance $bstrate links and reconfiguring them would make more room
the selective VN reconfiguration algorithm. We choose tH& accommodate critical VNs to redue, .. Therefore, when
same value for both the marking periad; and per VN ¢ > 0.5, almost all VNs are allowed to reconfigure ahg,,.
reconfiguration periodr;, so that critical VNs could have is reduced.

a chance to reconfigure promptly. Note that although their Figure 11(d) shows three reconfiguration cost components
periods are the same, the marking and reconfiguring events @efined in Eq (10)) and all of them increase with the recon-
not synchronized since the latter is determined by the arriviiguration thresholdd. The changes are especially dramatic

time of each individual VN. for small 6 values. Therefore, a smal should be used to

1) Effects of reconfiguration thresholdie first examine keep reconfiguration cost low. Fortunately, as we have seen in
the effects of the reconfiguration threshald Figure 11(a) both Figure 11(a) and 11(b), having a smaltould achieve
and 11(b) show the performance the VN reconfiguration withost of the benefits of dynamic reconfiguration as long as
node-opt, link-opt and adaptive strategies tass increased We only allow critical VNs to reconfigure. The appropriate
from 0 to 1. Note that) = 0 means only VNs using the highestvalue of § should be determined by the substrate topology
stressed substrate nodes/links are allowed to reconfigure wiiligl the resulting stress distribution. We 8et 0 in the rest
0 = 1 means all VNs are allowed to reconfigure. Results f@f the paper since it gives the best overall performance for our
the corresponding non-reconfiguration schemes are also sh@iwnulation topology.
in dotted lines. 2) Effects of reconfiguration periodAnother important

Our first observation is that VN reconfiguration generallparameter of the VN reconfiguration algorithm is the re-
achieves bettet.,,,. and N,,.. performance than the cor-configuration periodrg, which determines the frequency of
responding non-reconfiguration schemes. Figure 11(a) shawsonfiguration. Figure 12 gives the performance of the recon-
that NV, of the link-opt reconfiguration scheme is signiffiguration algorithm when, is increased fron to 640 time
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Fig. 12. Performance vs. reconfiguration period

settings. Due to space limitation, we only show results for VN
assignment without reconfiguration.

1) Effects of substrate network connectivitfFigure 13
shows the VN assignment performance when the average
substrate node degree is increased from 3 to 19. We observe
that bothV,,,, and L,,,,, decrease as the substrate network
connectivity increases and the changeslrip,, are more
dramatic. Furthermore, the absolute performance differences
(a) Maximum node stress (b) Maximum link stress among different VN assignment schemes are reduced as the
substrate network becomes more densely connected.

In terms of N,,.., increasing the substrate connectivity
means more substrate nodes become close to each other and,
therefore, the node selection scheme will not concentrate
only on a small number of substrate nodes. As a result, the
node stress becomes more balanced. In terms,of., when
the substrate network is more connected, shorter paths can
be found between substrate nodes and the effects of node
selection on link stress balancing become less significant.
Therefore, when the substrate network is densely connected,
even the naive least-load algorithm achieves acceptable link
stress performance. As a summary, this experiment indicates

Fig. 14. Performance vs. VN size that the proposed VN assignment scheme is more effective
when the substrate network has sparse connectivity.

) ] ] 2) Effects of VN size:This experiment studies the per-
units. Figure 12(a) shows tha,,.. of both the link-opt and formance of VN assignment algorithms under different VN
adaptive strategies increases wi The node-opt strategy is sjzes. Figure 14 shows the results when the maximum VN
not sensitive torp since it can always achieve near optimaize increases from 2 to 50. Note that the substrate network
node stress performance. Figure 12(b) shows that. of s fixed at 100 nodes, increasing VN sizes makes the node
both the node-opt and adaptive strategies increasesmith siress palancing easier since larger VNs are less sensitive to
Therefore, having a smati; will achieve better overall perfor- heijr node selection. As an extreme example, if the VN size
mances. In terms c_Jf recon_figu_ration cost, hoWBVE_Ef, haying V8Ythe same as the total number of substrate nodes, then all
small reconfiguration period is not desirable since it woulglyorithms achieve perfect node stress balancing. This explains
result in excessively high costs as indicated by Figure 12(g)e reducedN,,.. increasing rate for both the link-opt and
which shows the reconfiguration cost components for t%laptive strategies at large VN sizes in Figure 14(a).
adaptive strategy. The cost curves of the other two optimization|, tarms of Lumas, both the adaptive and link-opt strate-
strategies are similar. Considering the performance and cgils have significantly better performance than the least-load
together,7 = 10 is a good choice since it can achieve moslypeme. The node-opt strategy also performs better than the
of the benefits of reconfiguration without excessively high cogtact-10ad scheme, but the differences are small especially for
larger VNs. Again, this is because for larger VNs, the effects
of node selection are less important, and therefore the node-opt
strategy is more similar to the least-load scheme.

The final set of the experiments examines the performance3) Multi-domain substrate network topologyfo see the
of VN assignment algorithms under a wide range of netwopgerformance of the VN assignment algorithms under multi-
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« For VN reconfiguration, reconfiguring only a subset of the

(1]

(2]

domain substrate topology, we used a 124-node 510-Iin[t%]
transit-stub substrate topology generated by the GT-ITM tool

instead of the random topology. The substrate topology ha:
single4-node transit domain and each transit node is attach

by three 10-node stub domains. Figure 15 shows fhat, of
the least-load scheme in this scenario is alngaines higher

48

(5]

than the basic VN assignment algorithm. The differences are
significant as compared to the corresponding results on randds) Q. Fang, J. Cobb, and E. Leiss, “A pre-selection routing scheme for

substrate topology (Figure 8(b)). This is because the substrate

nodes with the lowest stress may be scattered in differerp;t]
domains and the least-load algorithm would select them for

a single VN request. As a result, the transit-stub links beco
highly loaded because they are the only links that conn

ol

different domains. The proposed VN assignment scheme, in

contrast, avoids hot spots by allocating resources for a sing

VN within the same domain.

VIl. CONCLUDING REMARKS

Network virtualization is a promising way to de-ossify th
current Internet by providing a shared platform for a varie

g

(10]

11]

of new network services and architectures. A major challenge

in building the diversified Internet is to perform efficient and2]
[13]

on-demand VN assignment.

In this paper, we developed a basic scheme for VN as-

signment without reconfiguration and use it as a buildi

block for all other advanced algorithms. Subdividing heuristics

and adaptive optimization strategies are presented to further
improve the performance. We also developed a selective \AN!
reconfiguration scheme that prioritizes the reconfiguration g

T

(18]

the most critical VNSs.

We evaluate the performance of the proposed VN
signment algorithms through extensive experiments and
findings are summarized as follows:

o The basic VN assignment algorithm performs consis-

tently better than the least-load algorithm. [19]
The benefits of subdividing the VN topology are more
significant when the VN topology is sparse.

The advantage of proposed VN assignment algorithms is
more prominent when the substrate network is sparsely
connected.

The proposed VN assignment algorithms can effectively
avoid hot spots or congestion in the substrate network
(such as the transit-stub links).

existing VNs that are most critical achieves most of the

benefits of dynamic reconfiguration while keeping a low

cost. Small reconfiguration threshold and reconfiguration
period should be used but their exact values should be
determined by the specific substrate topology to achieve
the desired tradeoff between performance and cost.
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