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Abstract—In this work we consider the problem of routing

bandwidth-guaranteed fows with time-varying bandwidth pro-
files on a MPLS network. We assume that each demand is routed
in a fixed LSP, and that the amount of bandwidth that must be
reserved along the LSP varies during the day according to a
piece-wise mask which is known in advance. Such profiles can
be explicitly declared by the VPN customers in the SLA, or
alternatively predicted by the ISP based on past measurements.
In this framework, we propose a sitnple on-line algorithm based
on shortest-path computation with link weights influenced by the
residual peak bandwidth, We alse provide an ILP formulation for
the associated off-line problem, and adopt it as a reference per-
formance bound for the on-line algorithm. The results presented
here show that the proposed algorithm, despite its simplicity,
closely approximates the optimal solution.
The message of this paper is that the a priori knowledge
of the per-demand traffic profiles, still within a fixed routing
framework, can be exploited to achieve a sensible bandwidth
saving, and / or to differentiate bandwidth provisioning (and
billing) on a per-hour basis.

[. INTRODUCTION

In this work we consider the problem of routing bandwidth-
guaranteed flows with time-varying bandwidth profiles on a
MPLS network., We assume that each flow (demand) is routed
in a dedicated Label Switched Path (LSP), and that the amount
ot bandwidth that must be reserved for a LSP varies during
the day according to a piece-wise mask which is known in
advance. At the same time we assume that the routing of
each LSP is not subject to be changed during the daytime. In
other words, our model combines variable (in time) bandwidth
reservations with fixed routing.

The per-demand time-of-day profiles can be explicitly declared
by the customer and included in the Service Level Agreement
(SLA) with the ISP. This would allow the delivering of a
more flexible Virtual Private Networks service, namely the
“time-varying VPN” (tv-VPN), aimed at better matching the
VPN custemer requirements in terms of bandwidth reservation
timing. With this approach, the customer requirement might
resemble something like:
“I want a pipe from site 5 1o site D witht assured 10
Mbps from 8.00 AM 10 6.00 PM, with 5 Mbps from
6.00 AM 10 10.00 PM and only I Mbps from 10.00
PM to 8.00 AM.
Alternatively, for non-VPN flows the time-of-day traffic profile
might be derived from past measurements. In fact, it has been
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established that data traffic presents high periodicity at the
time-of-day scale (see for instance [1] and reference therein,
and [2]). Therefore, it should be possible to safely predict the
time-of-day behavior of single traffic demands based on past
meastreiments.

In all such cases (tv-VPN and predicted traffic) the network
has to route new LSPs taking into account their known time-of-
day bandwidth profiles. With respect to such routing problem,
we distinguish the on-line and the off-line problem instances.
In the former, demands are allocated as they arrive, and there is
no rearrangement of previously allocated paths. In the latter,
the entire set of demands is known in advance and all the
routes are computed jointly in a global optimization process.
In this work we propose a simple on-line algorithm for routing
fixed LSPs with declared time-of-day bandwidth profiles. Our
al goﬂ}hm relies on a simple shortest-path computation, where
the link weights are a function of the residual peak bandwidth.
This approach basically extends what proposed in [3] for
fixed bandwidth demands. We also provide Integer Linear
Programming (ILP) formulations for the associated off-line
problem and solve it to obtain reference performance bound
for the on-line algorithm.

The rationale behind this work is that the @ prieri knowledge
of the per-demand time-of-day bandwidth profiles can be
exploited to minimize the overal! bandwidth reservation. In
fact, by coupling demands with increasing and decreasing
profiles on a same link, it is possible to achieve a certain
degree of bandwidth saving. More formally, by denoting

with f5(r) the amount of bandwidth required by demand

k at time 7 on a generic link, a total amount of bandwidth
equal to max, y_, f*(r) is sufficient to support the bundle
of demands. On the other hand, in absence of the exact
knowledge of the full bandwidth profile but its peak, the
reserved bandwidth would be 3, max, f*(r).

The potential saving $ = ¥, max, f*(r) — max, ¥, f*(r)
depends on several factors, First, as it comes from the mutual
compensation of increasing and decreasing bandwidth profiles,
the saving is virtually null in case all demands have parallel
behavior, i.e. they all rise and fall in a synchronized fashion.
Secondly, the potential bandwidth saving depends on the
routing algorithm and its ability to fit demands with mutually-
compensative profiles on the same links. Our on-line routing
algorithm is specifically targeted to achieve this goal.

In our model the per-demand bandwidth profiles are piece-
wise constant, holding a certain bandwidth value for a certain
time interval. It can be expected that some degree of dis-
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cretization in time would be beneficial for a better fitting of
compensative demands on the same links, and consequently to
increase the potential bandwidth saving. Discretization in time
means that the network operator will define a common set of
time intervals (or “time slots™) for alt demands. During the 7-th
slot, the generic demand k is associated to a single bandwidth
value, say f*(7). This enforces the synchronization of changes
in bandwidth reservations at the time slot boundaries.

The rest of the paper is organized as follows. In section II
we relate this work with the existing literature, In section III
we describe our on-line algorithm for fixed routing, while in
section IV we provide an Integer Linear Programming (ILP)
formoiation of the associated off-line problem. In section V
we provide Several numerical results aimed at assessing the
goodness of the on-line algorithm. Finally, in section VI we
conclude and suggest new directions for further research.

II. RELATION TO PREVIOUS WORK

The problem of on-line routing of guaranteed-bandwidth
virtual circuits has been faced in a large number of previous
waorks, for instance [3] [4] [5] [6] to cite only few samples.
Quite surprisingly, none of them ever considered the case of
traftic demands with time-varying bandwidth profile.

To the best of our knowledge, the problem of optimal network
configuration in presence of known time-varying traffic cnly
appeared in [7] and in {8). Both works where in the perspective
of off-line configuration, i.e. global optimization, while here
we are mainly interested in the on-line problem. The appli-
cation contexts were also very. different from that considered
here: a connection-less network with QSPF/IS-IS routing in
{73, and a connection-oriented multi-layer network in [8].
Under the algorithmic perspective the present work has
a certain relationship with [3], which first suggested the
use of shortest-path routing with link-weights dependent on
the residual-bandwidth for load balancing. Let us denote
this approach as Residual-bandwidth Influenced Shortest-Path
(RISP). Basically, the on-line algorithm proposed in section III
is an extension of RISF, where the residual bandwidth becomes
a vector in 7 but the link-weight remains a scalar.

One might wonder why we preferred RISP to alternative
approaches, for example MIRA [5) and its derivations [6].
We believe that the main attractiveness of the RISP scheme
is in its extreme simplicity, so that it can be easily extended
to be applied to more articulated problems. For instance, in
previous works [9] [10] we adopted a RISP-like scheme for
the on-line routing of protected demands against single and
dual fault protection, and time-varying reservations could be
-straightforwardly incorporated into that model. At the same
time, we believe that the extension of a MIRA-like model to
the case of time-varying traffic demands is an interesting topic
for future research,

[1I. PROPOSED ON-LINE ALGORITHM

We consider the 24 hours day-time partitioned into a total of
& time slots, not necessarily of equal duration. The index + =
1,2...@ will denote the generic time slot, while the indices k

and m will refer to demands and links respectively. We assume
that connection requests (i.e., demands) arrive randomly to the
network. The generic k-th demand is associated to a ingress-
egress node pair {s*,d) and to a bandwidih-profile vector
denoted by { f*(7), r = 1,2...©}, being f¥() the bandwidth
required by the k-th demand during the time slot 7.

Let us introduce the notation used in the rest of the paper:

«+ 7 is the fraction of traffic from the k-th demand that is
routed over link m (0 < 7% < 1.

o up{r) is the amount of bandwidth reserved on link m
during the time slot 7.

o Uy = MaXy—y. g {um(T)} Is the peak link bandwidth
on link m, ie, the maximum amount of bandwidth
reserved across the entire day-time. We assume that the
peak bandwidth is the relevant metric accounting for link
resource usage, so that occasionally v,, will be simply
referred 1o as link bandwidth.

« C,, is the capacity of link m.

o i, is the weight associated to link m. Its value is
dynamically computed for each new request according
to the profiles of reserved and requested bandwidth.

The generic k-th request arrives at the Route: Selection Engine
(RSE), which computes the most convenient route between the
ingress-egress pair (s*, d¥). We assume that the new demand
will be routed without rearranging the already established
ones, The RSE can be either duplicated in each edge-node,
[ike in the distributed MPLS-TE architecture, or centralized in
a single route server. In both cases, we assume that a Network
State Database (NSD) is associated to the RSE, collecting the
topology information as well as the full profile of reserved
bandwidth {u,,(7), 7 = 1, 2...0} for each network link m. In
case of distributed implementation, the link bandwidth profiles
can be disseminated by appropriate extensions to existing
fleoding protocols (e.g., OSPE-TE [11]). For each new request,
the RSE prunes from the network topology graph those
links without enough available bandwidth to accommodate the
request, i.e. those for which f¥(7)4+um(r} > Cp, for some 7.
Therefore, in case that no route exists between the assigned
endpoints with sufficient residual bandwidth 10 support the
demand along alf time slots, the new request is rejected. In
a second step, it assigns a link cost w,, to each link m as a
non-decreasing function of:

- k
zm= max {fH(r) +um(r}} M
for example:
= @
2 Cm —zm

Note that wy, < oo because of the previous pruning. We
considered several alternative weight functions (see table I).
The numerical results showed that in the considered sample
scenarios the function given by 2q. 2 holds the best perfor-
mances. Based on the link weights w,, the RSE produces 2
weighted directed graph, and on that it runs Dijkstra to find
the minimum cost path between the assigned ingress-egress
pair for the new demand.
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This scheme is basically an extension of RISP, and it is well
suited to incorporate some additional features that are of great
importance in real networks. For instance it is easy to incor-
porate multiple-destination demands, as found for example in
the routing of inter-AS flows, where often multiple Border
Routers are candidate egress points for the same flow. This
case can be handled with very simple graph transformations.
Additionally, if a pair of disjoint paths must be allocated for
some demand in order to apply end-to-end path protection, the
Dijkstra algorithm can be replaced by the Suurballe algorithm
that returns the shortest-pair of disjoint paths (as done in [9]
[101). Such possibilities further enrich the attractiveness of the
proposed model.

IV. ILP FORMULATION FOR THE OFF-LINE PROBLEM

The allocation mechanism described above is heuristic, and

there is no assurance that it is effective in optimally fitting the
bandwidth profile of the new request {f*(r), r =1,2..0}
with the existing profiles of reserved bandwidth on the links
{#m(7), 7 =1,2...0}. In order to evaluate the goodness of
our approach, we need to consider a performance metric and
compare with a reference performance bound. To this purpose,
we consider a Integer Linear Programming ([LP) formulation
to the problem of allocating a given set of demands with
assigned time-varying bandwidth profiles in a capacitated
network, with the general objective of minimizing the peak
reserved bandwidih v, on the network links.
We will consider MIN-MAX, MIN-MEAN and mixed opti-
mization objectives: the factor 0 < « < 1 in the objective
function can be varied to trade-off between such concurrent
objectives. We preferred this approach instead of defining a
convex cost function as done in some previcus works, e.g. [7}
[8]. With the convex-cost approach, one applies an increasing
penalty on the link load, and in our case we do not need to
introduce such a penalty, In fact, we use ILP to solve the off-
line instance of the routing problem, therefore assuming full
knowledge of the set of demands under optimization, and no
penalty is needed to defer the emergence of bottlenecks. The
optimization problem can be formulated as '

Minimize:
C:C!'Cmg,;'f’(l _a)’cmean
Subject to: ,
York=1, Y rh=o vk (3a)
m--gk mh-s"
SSk=o, S k=1 vk (3b)
m—sdk me-d*
Dk = k=0 Ven#sd (0
TT~=+T11 mM+—n
um(f) = Z fk(‘r) . 'r‘fn V‘m, T (4)
k
Um 2 umlT)  Ym, 7 (5)

The notation “mm — n” [resp. “m «— n"] identifies the ser of directed
links rn that have node n as source [resp. destination}.

v S Cm Ym (©)
Crmoz 2 a ‘U Vm )
M
1 c 1
c‘mean=ﬂ"zz}":'vm . (8)
m=1
rE €{0,1} ¥k,m @

Constraints 3 are classical network flows constraints. In par-
ticular 3a and 3b refer to the ingress and egress nodes
respectively, while 3¢ 1o the remaining intermediate nodes.
Eq. 4 defines the reserved bandwidth on link m for each time
slot. Eq. 5 defines the peak level of bandwidth reservation on
link m. Eq. 6 enforces the capacity constraint. Finally, eq. 7
and 8 define respectively the max and mean value of link load, -
which are the two terms in the cost function to be minimized.
The above [LP formulation has the same structure of a clas-
sical multicommodity-flows formulation (ref. [12]). The only
variant is that the demands size and the associated constraints
are defined for each time slot. This formulation can not be
resolved for the considered network under test with a large
number of demands (in the order of 102). Its integer relaxation
with continuous routing variables 0 < r% () < 1 will be used
in section V-B to provide a performance bound to the off-
line routing problem, hence to the on-line heuristic algorithm
described in section III

Fig. 1. Test networks.

V. NUMERICAL RESULTS

We implemented the on-line routing algorithm in an ad-hoc
simulator. The ILP instances where implemented in AMPL
and solved with CPLEX [13). We run a number of simulations
aimed at investigating i) the impact of the choice of weight
function on the on-line algorithm performances, and ii) the
allocation efficiency of the on-line algorithm compared to the
relaxed off-line problem instance.

All the experiments were run on two test topologies. The
former (fig. 1-left, 14 nodes, 21 links) is the celebrated NSF
topology which has been extensively considered in several
previous works in routing. The latter (fig. 1-right, 30 nodes,
61 links) is the same used in [14], with the arbitrary addition
of two links to raise the node degree to 3. We considered a
random arrival process of connection requests to the network.
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For each ingress-egress pair (i, 7) demands arrive according
to a poisson process of intensity A;;. We adopted a flat spatial
distribution of traffic intensities, i.e. Ay = A, Vi,j. For
each demand k, its bandwidth profile is built randomly by
extracting 8 independent samples, one for each time slot, out
of the discrete set {0, 1..5} of bandwidth units. We considered
© = 3 time slots. The link capacity is set to 125 units in each
direction. By considering a bandwidth unit of 20 Mbps, this
correspond to a link capacity of 2.5 Gbps, with 2 maximum
requested bandwidth of 100 Mbps.
The demand duration is infinite, so that after a certain number
of demands the network approaches saturation and starts to
reject new requests. In the following we witl denote a sample
sequence of requests as an “input trace”. When comparing
~ different routing schemes, we run paraflel experiments with
exactly the same input traces.
The traffic model adopted in this work is admittedly arbi-
trary and very simple. It does not pretend in any way to
be representative of real traffic distribution in space nor in
time. The synthesis of a convincingly representative traffic
model is still an open point for research, despite the recent
considerable achievements towards the comprehension of real
traffic dynamics (see for example [1] and [15]). Therefore,
in our study we had to arbitrary choose a traffic model, and
we gave preference on purpose to one that is as “neutral”
as possible: flat spatial distribution (A;; = A) and bandwidth
samples uncorrelated in time. The replication of this study with
different topology/traffic models will be itself an interesting
direction for further research.
We considered the following performance metrics:
» The mean and maximum peak link bandwidth across all
network links, denoted by ¢;pean and Cinqr respectively.
o The maximum number of allocated demands before the
1°¢, 10t* and 100" rejection, denoted respectively by b;,
b]o and bmg.
Given that all demands have identical average profiles, it is
meaningful to consider the number of allocated demands as a
metric for network load. In this perspective by is taken as the
boundary indicator of the non-saturated region, that constitutes
the network operational region in the practical cases. Instead,
big and b1gp are taken as indicators of the quasi-saturated and
fully-saturated region boundaries.

A. Choice of weight function

In a first set of simulations we investigated the impact of
the weight function on the performances of the on-line routing
algorithm. We considered several different types of function,
among the others those given in table 1. For each of them, we
run 500 simulations and repoerted in the table the mean number
by, of allocated demands before the nt® blocked request, with
n = 1,10, 100. In particular, the value of b, directly expresses
the capacity of the on-line routing algorithm to fill the network
before that service degradation appears in the form of request
blocking. It can be seen that functions “A” and “B” produce
the best allocation performances.

Beyond such metrics, it is also important to consider the ability

of the on-line routing scheme to save network resources, i.e.
bandwidth. The general objectives of minimizing bandwidth
usage and maximizing demand allocation are not in contrast.
Instead, the minimization of mean and maximum link band-
width are often in contrast. In fact, a preferential selection
of shorter paths tends to MiMMiZe Cpeqan at the cost of a
potentially larger Cime.. On the contrary the preferential mini-
mization of ¢4, pushes towards longer detours. In fig. 2 we
plot the values of €pyq; 20d Cmeqy after each allocated demand
for a sample input trace, until by, for the weight functions
“A’ and “B”. Tt can be seen that weight “B” holds a lower
Cmaz at the cost of a higher ¢eq.. This means that function
“B” tends to produce longer paths than “A”. However, under
heavy loaded conditions, i.e. after 900 allocated demands, the
difference in ¢4z between the two weights diminishes. The
decision between the two should depend on the particular
application. Depending on whether or not the cost of longer
LSPs pays off a slightly higher allocation power, weight “B”
might be preferred to “A”.

B. Comparison with relaxed off-line optimal configuration

After tuned the on-line algorithm with the choice of a
suitable weight function, we were interested in assessing its
goodness with respect to a provable bound. To this purpose,
we solved the integer relaxation of the ILP formulation of the
associated off-line problem instance, as given in section IV.
The integer relaxation of the routing variables £ (1) € [0, 1]
corresponds to the possibility of arbitrary tnulti-path routing
(also called “splittable traffic” in [5]).

In fig. 2 we compared for a sample input trace the values
of Crnean And Cmas obtained with the on-line heuristic with
the optimal values obtained by solving the relaxed off-line
optimization, for different number of demands. More precisely,
the optimal values of ¢ypeqn (circles in fig. 2) where obtained
by solving the MIN-MEAN form of the LP/off-line problem,
ie. with &« = 0 in the objective function. Conversely, the
optimal values of ¢, (triangles) where obtained by solving
the MIN-MAX problem {& = 1). We also tried with inter-
mediate values of 0.01 < o < .99, and we found that in all
cases the output values of cmeqn and cynqr Where extremely
close to that reported in fig. 2. In other words, the quality of
the solutions with respect to the dual metric Cmean and Cpax
was quite robust to changes in the coefficient of the objective
function. Interestingly, a similar result was reported in [7] with
a completely different cost function (convex piece-wise linear).
From fig. 2 it can be seen that the on-line algorithm achieves
a mean peak bandwidth reservation which is very close to the
optimality. The relative distance from the optimal cpeqyn iS
negligible when the load is low (until 700 demands). After
this point, the on-line algorithm with “B” weight holds higher
Crmean. While “A” follows the optimality within a gap of few
percentage points.

Regarding the maximum peak bandwidth cyge, the on-line
heuristic leads to larger values than the optimal for light
load. This is not a major concern, since in such region
the reserved bandwidth is faraway from saturating the link
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TABLE 1
COMPARISON BETWEEN LINK-WEIGHT FUNCTIONS IN THE ON-LINE
ALGORITHM: VALUES OF by (MEAN / STD.DEV. OVER 500 TRIALS).

14-noues nea, 30-nodes neL

Tink-weight fin, by b1o_| bioo by b0 | 100

6297 6643 T4L7 11060 11608 13039

Al wn=plm— | on | @9 | @y | s | on | ey
640.2 671t T467 11800 12352 13717

Cm

B tm =elm—Im {28.4) (2.1} [vrX }) {51.8) (48.6) {30.8)
5990 631.9 7199 1097.7 11432 1278.2

[ wm =1 (316} (393} 24 {51.8) “41.5) {21
22 654.5 TH6 11162 11514 1296.0

D Wm = Tm (31.3) (28.2) (23.3) (34.8) (5L.2) {34.4)
ms 2640 1372 4031 e 628.5

E wen, = T wry | oty o eon | eso | ose | oo

capacity, therefore the risk of emerging bottleneck links that
could potentially block new demands is still negligible, On
the other hand, when the network load augments, the on-line
heuristic assigns higher link weights to heavy-loaded links,
so that the growth of ¢, slows down and converge to
the optimurn, These results globally show that the allocation
behavior of the on-line algorithm is within few percentage
points from the optimality with respect to bandwidth usage.
Additionally, we compared the allocation power of our on-line
algorithm - based on the full knowledge of the f*(r) profiles
- with a traditional on-line routing scheme where only the
peak requested bandwidth fY,, = max, {f¥(r)} is known
for each demand. In the same network scenario considered
above, we verified that with & = 3 time-slots the profile-
based algorithm allocates up to =2 50% more demands than the
traditional peak-based scheme (figures could not be included
here for sake of space limitations).

T T T T T T T T T
opt. (oti—Fne LP/fxed a=0) | | : ; : : :
opt. (oft-line LPMixed o=ty {17777
(on-Ena hauristlc, A weight) | :
(on~Ene npuristic, A weigh) |
{on-fine heuristic, B waigh) | - :
{on-line heuristic, B weight) | 1

.
ocmun
ae,

120

k] 100 1190
Number of cemands
Fig. 2. Mean / maximum bandwidith usage obtained with the on-line

algorithm (“A” and “B" weights) and the relaxed off-line optitnization.

VI. CONCLUSIONS AND FUTURE WORK

We proposed a simple on-line algorithm for the routing of
demands with variable bandwidth requirements, to be applied
in virtual-circuit platforms like MPLS. Basically, the algonthm
proposed here is an extension in the time domain of an existing

dynamic shortest-path approach (RISP). We also provided
an ILP formulation for the associated off-line problem, and
we used it to obtain reference performance bounds for the
on-line algorithm. The results show that the proposed on-
line algorithm is highty efficient and closely approaches the
optimality in terms of bandwidth usage.

Based on the proposed scheme, ISPs might deliver more
flexible connectivity services, for example time-varying VPN
with declared profile, or time-dependent billing schemes, in
order to better tailor the customer needs in terms of bandwidth
provisioning timing. Furthermore, ISPs are solicited to put
efforts in the monitoring and prediction of the full time-of-
day traffic profiles, rather than only of their peaks. In fact,
we showed that such information, where available, can be
exploited to achieve a considerable allocation gain.

Beyond its efficiency, the proposed algorithm is attractive
because of its extreme simplicity, that makes it suitable to
be adapted in more advanced routing scenarios. For example,
considering the problem of routing fault-protected demands, it
can be straightforwardly incorporated in the model proposed in
[9] [10] in order to provide a global scheme for single and dual
fault protection, with and without bandwidth sharing, in pres-
ence of demands with time-varying bandwidth requirements.
This is one of our working directions. Additionally, we are
further investigating the performance gap between fixed and
variable routing with more sophisticated traffic models.
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