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Abstract—As applications continue to expand, there is a
growing need to provide advance reservation scheduling for
higher-end virtual overlay network services. Hence this work
presents an optimization formulation for this problem and studies
several heuristic solutions using network simulation.

Index Terms—Advance reservation, network scheduling, topol-
ogy overlay, virtual network services

I. INTRODUCTION

THE need to schedule future user demands, i.e., advance
reservation (AR), is becoming an integral requirement

for a range of applications in grid-computing, e-science,
storage backup, community networking, special event broad-
casting, etc. Hence researchers have proposed a range of
connection scheduling schemes for various AR service models
(fixed start/duration, variable start/duration, etc) in bandwidth-
provisioning and optical wavelength-routing networks, see [1]-
[3]. Others have also looked at broader AR rerouting [4],
survivability [5] and distributed implementation [6] strategies.

However, with expanding user application scenarios, there
is a growing need to extend AR schemes to support multipoint
connectivity between several sites. Now many studies in
virtual private network (VPN) design and overlay network
provisioning [7] have looked at interconnection strategies over
physical networks using optimization and heuristic methods.
Notable examples here include the work in [8],[9] as well
as dynamic solutions in [10], [11]. Earlier efforts have also
studied virtual topology (VT) design for optical networks,
see [12]. Nevertheless, the above efforts have only treated
immediate requests that arrive in an “on-demand” or a-priori
manner.

In light of the above, there is a critical need to de-
velop scheduling solutions for multipoint network overlay
services, i.e., termed here as virtual overlay network schedul-
ing (VONS). Indeed, there are no known studies in this
area. Along these lines, this paper is organized as follows.
An idealized integer linear programming (ILP) model for
the VONS problem is first presented in Section II along
with a heuristic solution in Section III using graph-theoretic
schemes. Section IV then presents detailed simulation results,
and conclusions and future work directions are presented in
Section V.
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II. OPTIMIZATION FORMULATION

An ILP model of the VONS problem is presented. The
formulation assumes idealized settings where all overlay re-
quests are known a-priori. Consider the requisite notation. The
network is modeled as a graph, 𝐺(𝑉,𝐸), where 𝑉 is the set of
router/switch nodes and 𝐸 the set of physical links. Without
loss of generality, all links have capacity, 𝐶, and connectivity
is bidirectional, i.e., two uni-directional links between adjacent
nodes. Each physical link 𝑒 ∈ 𝐸 also has a bandwidth-time
function, i.e., 𝑐𝑒(𝑡), which tracks the used capacity at future
time. In addition, the 𝑛-th virtual overlay network request is
denoted by the 5-tuple 𝑟𝑛 = (𝑆𝑛, 𝐿𝑛, 𝑡𝑛𝑠 , 𝑡

𝑛
𝑒 , 𝑏

𝑛), where 𝑆𝑛 is
the set of node sites (𝑆𝑛 ⊆ 𝑉 ), 𝐿𝑛 is the set of virtual links
between nodes in 𝑆𝑛, 𝑡𝑛𝑠 is the start time, 𝑡𝑛𝑒 is the stop time,
and 𝑏𝑛 is the requested bandwidth, 𝑏𝑛 ≤ 𝐶. Normally, request
setup entails scheduling the set of connections corresponding
to the virtual links in 𝐿𝑛, i.e., connection endpoints designated
by virtual link endpoints. As per ILP requirements, time is
discretized into fixed timeslots, i.e., 𝑡𝑛𝑠 and 𝑡𝑛𝑒 are integral
multiples of a fixed timeslot interval 𝑇 . In addition, some
other variables are also defined:

∙ 𝑅 is the set of all VONS requests
∙ 𝑇𝑚 = max

𝑟𝑛∈𝑅
{𝑡𝑛𝑒 } is the maximum stop timeslot across all

requests 𝑟𝑛 ∈ 𝑅
∙ 𝑣𝑛𝑖 ∈ 𝑆𝑛 is the 𝑖-th node selected in 𝑆𝑛

∙ 𝐿𝑛
𝑖,𝑗 is the virtual link between 𝑣𝑛𝑖 and 𝑣𝑛𝑗 ,𝑣𝑛𝑖 ∕= 𝑣𝑛𝑗

∙ 𝑝𝑛,𝑒,𝑘𝑖,𝑗 is a binary flag which denotes virtual link occupa-
tion in time slot 𝑘, i.e., 𝑝𝑛,𝑒,𝑘𝑖,𝑗 = 0 if 𝐿𝑛

𝑖,𝑗 does not use
link 𝑒 ∈ 𝐸 at time slot 𝑘; 𝑝𝑛,𝑒,𝑘𝑖,𝑗 = 1 if 𝐿𝑛

𝑖,𝑗 uses link
𝑒 ∈ 𝐸 at time slot 𝑘

∙ 𝑣 → 𝑒 if 𝑣 ∈ 𝑉 is the egress node of link 𝑒 ∈ 𝐸; 𝑒 → 𝑣
if 𝑣 ∈ 𝑉 is the ingress node of link 𝑒 ∈ 𝐸

Using the above, the objective function is defined as:

𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒
∑

𝑟𝑛∈𝑅

∑

𝑣𝑛
𝑖 ∈𝑆𝑛

∑

𝑣𝑛
𝑗 ∈𝑆𝑛

∑

𝑒∈𝐸

∑

0≤𝑘≤𝑇𝑚

𝑏𝑛𝑝𝑛,𝑒,𝑘𝑖,𝑗 (Eq.1)

subject to the following constraints:
∑

𝑣𝑛
𝑖 →𝑒

𝑝𝑛,𝑒,𝑘𝑖,𝑗 = 1 𝑟𝑛 ∈ 𝑅, 𝑡𝑛𝑠 ≤ 𝑘 ≤ 𝑡𝑛𝑒 , 𝑣
𝑛
𝑖 ∈ 𝑆𝑛, 𝑣𝑛𝑗 ∈ 𝑆𝑛

(Eq.2)∑

𝑒→𝑣𝑛
𝑖

𝑝𝑛,𝑒,𝑘𝑖,𝑗 = 0 𝑟𝑛 ∈ 𝑅, 𝑡𝑛𝑠 ≤ 𝑘 ≤ 𝑡𝑛𝑒 , 𝑣
𝑛
𝑖 ∈ 𝑆𝑛, 𝑣𝑛𝑗 ∈ 𝑆𝑛

(Eq.3)∑

𝑒→𝑣𝑛
𝑗

𝑝𝑛,𝑒,𝑘𝑖,𝑗 = 1 𝑟𝑛 ∈ 𝑅, 𝑡𝑛𝑠 ≤ 𝑘 ≤ 𝑡𝑛𝑒 , 𝑣
𝑛
𝑖 ∈ 𝑆𝑛, 𝑣𝑛𝑗 ∈ 𝑆𝑛

(Eq.4)
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∑

𝑣𝑛
𝑗 →𝑒

𝑝𝑛,𝑒,𝑘𝑖,𝑗 = 0 𝑟𝑛 ∈ 𝑅, 𝑡𝑛𝑠 ≤ 𝑘 ≤ 𝑡𝑛𝑒 , 𝑣
𝑛
𝑖 ∈ 𝑆𝑛, 𝑣𝑛𝑗 ∈ 𝑆𝑛

(Eq.5)
∑

𝑒→𝑣

𝑝𝑛,𝑒,𝑘𝑖,𝑗 =
∑

𝑣→𝑒

𝑝𝑛,𝑒,𝑘𝑖,𝑗 𝑟𝑛 ∈ 𝑅, 𝑡𝑛𝑠 ≤ 𝑘 ≤ 𝑡𝑛𝑒 ,

𝑣 ∕∈ {𝑣𝑛𝑖 , 𝑣𝑛𝑗 }, 𝑣𝑛𝑖 ∈ 𝑆𝑛, 𝑣𝑛𝑗 ∈ 𝑆𝑛 (Eq.6)
∑

𝑟𝑛∈𝑅

∑

𝑣𝑛
𝑖 ∈𝑆𝑛

∑

𝑣𝑛
𝑗 ∈𝑆𝑛

𝑏𝑛𝑝𝑛,𝑒,𝑘𝑖,𝑗 ≤ 𝐶 𝑒 ∈ 𝐸, 0 ≤ 𝑘 ≤ 𝑇𝑚

(Eq.7)

𝑝𝑛,𝑒,𝑘𝑖,𝑗 = 𝑝𝑛,𝑒,𝑘+1
𝑖,𝑗 𝑟𝑛 ∈ 𝑅, 𝑒 ∈ 𝐸,

𝑡𝑛𝑠 ≤ 𝑘 < 𝑡𝑛𝑒 , 𝑣
𝑛
𝑖 ∈ 𝑆𝑛, 𝑣𝑛𝑗 ∈ 𝑆𝑛 (Eq.8)

Overall, Eq. 1 tries to minimize the resource utilization
across all VONS requests, i.e., formulated as a sum of path
length-bandwidth products. Meanwhile the constraints handle
flow conservation (source nodes in Eqs. 2/3, destination nodes
in Eqs. 4/5, and transit nodes in Eq. 6), link capacity limitation
(Eq. 7), and route consistency (Eq. 8).

Carefully note that the scheduling problem for regular point-
to-point connections is NP-complete [1]. Hence the VONS
optimization problem is also of similar complexity as it
is polynomially more complex. Overall, the computational
complexity of the above ILP formulation is very high. For
example, consider a 10 node mesh topology fielding just 5
scheduled overlay network requests with maximum durations
of 15 timeslots and approximately 3 nodes per overlay topol-
ogy. Here the total number of variables is upper-bounded by
3 × 10 × 10 × 15 × 10 × 10 = 450, 000. Indeed, this is a
very significant number, making the problem very difficult to
solve on most common server systems. As a result a heuristic
scheduling solution is now presented.

III. HEURISTIC SOLUTION

A graph-theoretic VONS heuristic is now presented for
regular bandwidth-provisioning networks (with considerations
for optical wavelength networks left for future study). The
solution assumes random “on-demand” requests, i.e., reflec-
tive of real-world settings as opposed to idealized a-priori
settings. Furthermore, arrivals can now occur in continuous
time, obviating the time-slotting constraint on 𝑡𝑛𝑠 and 𝑡𝑛𝑒 .
The pseudocode for the algorithm is shown in Fig. 1 and
basically loops through all virtual links in the request and
routes each using a given traffic engineering (TE) strategy.
The computations are done over a temporary copy of the
network graph, 𝐺′(𝑉,𝐸), derived from 𝐺(𝑉,𝐸) by removing
non-feasible physical links, i.e., without sufficient capacity in
the request interval, 𝑐𝑒(𝑡) < 𝑏𝑛 in [𝑡𝑛𝑠 , 𝑡

𝑛
𝑒 ]. Furthermore, three

different TE routing approaches are considered here:

∙ Minimum hop count This scheme assigns unity link
weights and finds the shortest route in 𝐺′(𝑉,𝐸) via
Dijkstra’s algorithm. This approach pursues resource
minimization and can yield saturation on specific links.

∙ Maximum bottleneck This scheme chooses the end-
to-end route with the maximum “free” capacity.
Specifically, the k-shortest paths (k-SP) between the
source/destination nodes are computed and the one with

1: Given incoming request 𝑟𝑛 = (𝑆𝑛, 𝐿𝑛, 𝑡𝑛𝑠 , 𝑡
𝑛
𝑒 , 𝑏

𝑛), gener-
ate temporary graph copy 𝐺′(𝑉,𝐸) = 𝐺(𝑉,𝐸)

2: Remove non-feasible links in 𝐺′(𝑉,𝐸), i.e., 𝑐𝑒(𝑡) < 𝑏𝑛

in [𝑡𝑛𝑠 , 𝑡
𝑛
𝑒 ];

/* Loop and provision all virtual links in request */
3: for 𝑖 = 1 to ∣𝐿𝑛∣ do
4: if minimum hop count then
5: Assign unity weight to links in 𝐺′(𝑉,𝐸)
6: Run Dijkstra’s shortest-path for 𝑖-th virtual link
7: else if minimum distance then
8: Assign dynamic weight to links in 𝐺′(𝑉,𝐸), Eq. (9)
9: Run Dijkstra’s shortest-path for 𝑖-th virtual link

10: else
11: Run k-SP between end-points of 𝑖-th virtual link
12: Select path with maximum bottleneck bandwidth
13: end if
14: end for
15: if all virtual link connections in 𝐿𝑛 routed then
16: Setup successful, copy 𝐺′(𝑉,𝐸) → 𝐺(𝑉,𝐸)
17: end if

Fig. 1. VONS heuristic algorithm.

the largest bottleneck link capacity (in request interval)
is selected. This “load-balancing” approach may yield
longer paths.

∙ Minimum distance This scheme achieves a balance
between the above two strategies by using dynamic
link weights that are inversely-proportional to the lowest
residual capacity in the request interval:

𝜔𝑖𝑗 = 𝐶/(𝜒+ 𝜖) (Eq.9)

where

𝜒 = min
𝑡∈[𝑡𝑛𝑠 ,𝑡

𝑛
𝑒 ]
𝑐𝑒(𝑡) (Eq.10)

and 𝜖 is a small value chosen to avoid division errors.

Overall, the algorithm in Fig. 1 returns success if all overlay
link connections are routed, and in this case updates the
network graph as well, i.e., 𝐺′(𝑉,𝐸) → 𝐺(𝑉,𝐸).

IV. PERFORMANCE ANALYSIS

The performance of the VONS heuristic is analyzed via
simulation using OPNET 𝑀𝑜𝑑𝑒𝑙𝑒𝑟𝑇𝑀 . Two topologies are
tested here, including the well-known NSFNET backbone with
16 nodes/25 links (3.12 node degree) and the denser Deutsche
Telekom (DT) network with 27 nodes/52 links (3.85 node
degree). All the nodes are generic IP multi-protocol label
switching (MPLS) routers with 10 Gbps links. Furthermore,
overlay requests have exponentially-distributed holding and
inter-arrival times with means 𝜇 and 𝜆, respectively. Namely,
a scaled mean holding time of 𝜇 = 600 sec is used and the
mean inter-arrival times are adjusted as per load. Note that
this average holding time is just a relative figure and does not
necessarily reflect real-world values.
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Fig. 2. Overlay request blocking: a) NSFNET, b) DT.

Fig. 3. Average path lengths: a) NSFNET, b) DT.

Meanwhile the virtual overlay topology sizes are uniformly
varied from 4-6 nodes with corresponding (virtual link) band-
width requests ranging uniformly from 200 Mb/s to 1.0 Gb/s,
i.e., in 200 Mbps increments to model fractional Ethernet
demands. Here the node/sites in the overlay topologies are
randomly selected from the network nodes. Furthermore, the
virtual links are selected using the random Inet topology
generator [13] to achieve a node degree of about 2.5. Finally,
each run is averaged over 500,000 requests, and a modified
Erlang load metric is defined to account for overlay network
size:

Modified Erlang load =

6∑

𝑛=4

(𝑛− 1)× 𝜇/𝜆 (Eq.11)

where the virtual overlay topology sizes range from 𝑛 = 4 to
6 nodes and the 1/𝜆 represents the mean inter-arrival rate.

Initial tests are done to measure request blocking rates
for the various TE (virtual link) routing strategies, Fig. 2.
These results show that the minimum distance heuristic (Eq.
1) consistently gives the lowest blocking for both topologies.
In particular this scheme yields less than half the blocking
rate of the maximum bottleneck scheme at low-medium input
loads (log scale). By contrast the maximum bottleneck scheme
only yields marginal (negligible) blocking reduction over
the minimum hop count scheme, despite its sizable increase
in computational complexity, i.e., 𝑘-SP computations versus
Dijkstra’s shortest path.

Next, the average path lengths of the computed routes for
the virtual links (in the overlay topologies) are plotted in
Fig. 3. As expected, the minimum hop count routing scheme

gives the lowest utilization of all. Nevertheless, the minimum

distance heuristic provides very competitive performance here,
with average path length values coming within 2% of the mini-
mum hop count scheme. Conversely, the hop count utilization
with the maximum bottleneck scheme is notably higher, by
about 15% for both topologies.

Carefully note that the VONS heuristic in Fig. 1 tries to
setup all virtual link connections in the order in which they
are listed in the request, i.e., random. Now modified versions
of the heuristic have also been tested to better “shuffle” the
sequence in which the virtual links are attempted, e.g., longest-
path first, etc. However, these renditions show no noticeable
reduction in blocking over the base random ordering scheme.
Overall, these findings indicate that the minimum distance
scheme gives the best performance tradeoff in terms of min-
imizing blocking and also lowering resource consumption on
virtual link routes.

V. CONCLUSIONS

There is a growing need to develop advance reservation
scheduling algorithms for virtual overlay network services.
This paper addresses this concern and proposes an optimiza-
tion model along with a graph-based heuristic solution (for
resource minimization and load balancing). Simulations show
that dynamic load-based link weighting schemes give the
best performance/tradeoffs in terms of blocking reduction and
resource utilization. Future efforts will look at incorporating
survivability capabilities for overlay scheduling.
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