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Abstract—In this work we consider the problem of routing bandwidth value, as is done in current SLAs. On the operator
bandwidth-guaranteed flows with time-variable bandwidth pro- side, the possibility to distinguish the customer bandwidth
files on a MPLS network. We assume that each demand is routed provisioning on a per-hour basis opens the way to the

in an explicitly routed LSP, and the amount of bandwidth that . . . . S - .

must be reserved along the LSP varies during the day according mtroduc_tlc_)n of differentiated billing models (e.g., nlght-tlme
to a piece-wise mask which is known in advance. The time-of- CoOnnectivity cheaper). Such models have been extensively
day bandwidth profiles can be explicitly declared by the VPN used in traditional circuit switched telephone networks, and
customers in the SLA, or alternatively predicted by the ISP based demonstrated helpful to the operator to modulate the customer

on past measurements. _ _ _ behavior in order to optimize and distribute (in time) the
In this framework, we propose a simple on-line algorithm fth twork infrastruct

for optimal selection of LSP paths. We also provide a ILP Usageq € network Infrastructure. .
formulation for the associated off-line problem, and adopt it as Alternatively, for non-VPN flows (e.g., POP-to-POP public

a reference performance bound for the on-line algorithm. traffic) the time-of-day traffic profile might be derived from
Additionally, we compare the performances offixed and variable past measurements. In fact, it has been established that data
routing in presence of time-variable bandwidth profiles. The traffic presents high periodicity at the time-of-day scale (see

results presented here suggest that the priori knowledge of . .
the per-demand traffic profiles can be exploited to achieve a for instance [1] and reference therein, and [2]). Therefore,

fixed routing configuration which can be marginally improved by it should be possible to predict the time-of-day behavior of
variable reconfigurations. We relates our findings with a couple traffic demands based on past measurements.

of previous works that in different application contexts achieved |n all such cases (tv-VPN and predicted traffic) the network
S'”I”ar results. has to route new LSPs taking into account their time-of-day
bandwidth profiles, which is known in advance. With respect
to such routing problem, we distinguish than-line and
the off-line problem instances. In the former, demands are
In this work we consider the problem of routing bandwidthallocated as they arrive, and there is no rearrangement of
guaranteed flows with time-variable bandwidth profiles on greviously allocated paths. In the latter, the entire set of
MPLS network. We assume that each flow (demand) is routddmands is known in advance and all the routes are computed
in a dedicated Label Switched Path (LSP), and that the amojwihtly in a global optimization process. We also distinguish
of bandwidth that must be reserved for a LSP varies durimgtweenfixed and variable routing, depending on whether
the day according to a piece-wise mask which is known or not the route of each demand can be varied during the
advance, denoted @mndwidth profile The per-demand time- time-of-day. Our interest is admittedly for fixed routing, and
of-day bandwidth profiles can be explicitly declared by thee will consider instances of the variable routing problem in
customers and included in the Service Level Agreement (SLA)der to derive reference performance bounds. Incidentally,
with the ISP. This would allow the delivering of a more flexiblave found that the optimal solution to the fixed routing
services, namely the “time-varying Virtual Private Networksproblem with complete knowledge of bandwidth profiles
(tv-VPN), aimed at better matching the customer requiremertisids about the same resources usage than the optimal
in terms of bandwidth reservation timing. With this approaclvariable routing.
the customer requirement might resemble something like:

I. INTRODUCTION

“| want a pipe from sites to site D with assuredL0 In this work we propose a simple on-line algorithm for rout-

Mbps from 8.00 AM to 6.00 PM, with Mbps from ing fixed LSPs with declared time-of-day bandwidth profiles.

6.00 AM to 10.00 PM and only 1 Mbps from 10.00  Our algorithm relies on a simple shortest-path computation,
PM to 8.00 AM. where the link weights are a function of the residpalak

gandwidth This approach basically extends what proposed
[3] for fixed bandwidth demands. We also provide Integer
near Programming (ILP) formulations for the associated off-
ne problems, in case of fixed and variable routing, and solve

1This work was supported by the Italian Ministry for University andthem to obtain reference performance bound for the on-line
Scientific Research through the TANGO Project (PNR 2001-2003, FIRB). algorithm.

On the customer side, the difficulty in estimating her/hi
bandwidth needs in the form of a time-of-day vector iS.
not far from that associated to the estimate of a singi



The rationale behind this work is that tlepriori knowledge problem of on-line routing of guaranteed-bandwidth virtual
of the per-demand time-of-day bandwidth profiles can hmrcuits has been faced in a large number of previous works,
exploited to minimize the overall bandwidth reservation. Ifor instance [3] [6] [7] [8] to cite only few samples. Quite
fact, by coupling demands with increasing and decreasisgrprisingly, none of them ever considered the case of traffic
profiles on a same link, it is possible to achieve a certademands with time-varying bandwidth profile.

degree of bandwidth saving. More formally, by denotingo the best of our knowledge, the problem of optimal network
with f*(7) the amount of bandwidth required by demandonfiguration in presence of known time-varying traffic only
k at time 7 on a generic link, a total amount of bandwidthappeared in [4] and in [5]. Both works where in the perspective
equal tomax, >, f*(7) is sufficient to support the bundleof off-line configuration, i.e. global optimization, while in this
of demands. On the other hand, in absence of the exaeiper we are mainly interested in the on-line problem. The
knowledge of the full bandwidth profile but its peak, thepplication contexts were also very different from the one

reserved bandwidth would b, max, f*(7). considered here: a connection-less network with OSPF/IS-IS
The potential saving: routing in [4], and a connection-oriented multi-layer network
k k in [5]. Despite the considerable differences in the approach
= - 1 . L : ; :
5 Zk:mraxf (7) mfaxzk:f (7) (1) and in the application scenario, we believe there is a com-

mon fundamental relationship between our findings and the

: . . . ; .experimental results reported in that previous works. Section
compensation of increasing and decreasing bandwidth profil P P P

S ' ‘in this paper is devoted to enlighten such commonalities
the saving is virtually null in case all demands have parallgl S
and suggest a broader direction for further research.

behavior, i.e. they all rise and fall in a synchronized fashion. o :
. o Under the algorithmic perspective the present work has a
In case of tv-VPN profile synchronization can be counteracted ", . : . : . )
) ; . , certain relationship with [3]. In fact, it was the first one to
by means of differentiated billing profiles. Secondly, the : Do .
; . . . .. suggest the shortest-path routing with link-weights dependent
potential bandwidth saving depends on the routing algorithim : . ;
. L ! . . on the residual-bandwidth (let us denote this approach as

and its ability to fit demands with mutually-compensativ

) : . : . ‘Residual Influenced Shortest-Path, RISP). Basically, the on-
profiles on the same links. Our on-line routing algorithm I8 e heuristi . . . . £ th
specifically targeted to achieve this goal ine heuristic proposed in sectlop llis an e>.<tenS|0n of the

' RISP approach, where the residual bandwidth becomes a

. ' vector inT but the link-weight remains a scalar.
In our model the per-demand bandwidth profiles ar8 . .

iece-wise constant, holding a certain bandwidth value for e might wonder why we preferred RISP tq al.ternatlve
P ' roaches, for example MIRA [7] and its derivations [8].

certain time |_nte_rval. It can be exp(_ac_ted that some _d_egree e believe that the main attractiveness of the RISP scheme
discretizationin time would be beneficial for a better fitting of.

compensative demands on the same links, and consequeI tI')E Its exftreme S|mpI|C|ty., so that it can be easny extendeq
e applied to more articulated problems. For instance, in

to increase the potential bandwidth saving. Discretization éﬁprevious work [9] [10] we adopted a RISP-like scheme

time means that the network operator will define a comm?n . ; . )
) . N or the on-line routing ofprotected demandagainst single
set of time-of-day intervals (or “time slots”) for all demands,

. . ; ; and dual faults. As a further step, we are currently working
During the 7-th slot, the generic demankl is associated to | . . : . :

. - L to incorporate the time-varying extensions of RISP into that
a single bandwidth value, say“(r). In other words, the heme, so as to achieve a global model for the on-line
discretization in time enforces the synchronization of changg.% ! global . .
. . ; . . allocation of protected demands with time-variable bandwidth
in bandwidth reservations at the time slot boundaries. ; : . :
profiles. At the same time, we believe that the extension of a
‘MIRA—Iike model to the case of time-varying traffic demands

Js an interesting topic for future research.

depends on several factors. First, as it comes from the mut

The rest of the paper is organized as follows. In secti
Il we relate this work with the existing literature. In sectio
Il we describe our on-line algorithm for fixed routing, while [1l. PROPOSED ONLINE ALGORITHM
In section IV we prowd.e Integer L”?ear Programming (I_LP) We consider the 24 hours day-time partitioned into a total of
formulations of the off-line problem instances, both for flxeg9 time slots, not necessarily of equal duration. The index
and variable routing. In section V we provide several NUMEY-5 o will éenote the generic time slot, while the indicks
ical results assessing the goodness of the on-line algorithyj dm will refer to demands and links res,pectively. We assume
included a comparison with reference bounds as provided iy, 0o oo requests (i.edemandparrive randomly to the
the solution of the of-line optimization instances. In section Vr#etwork. The generid-th demand is associated to a ingress-
we relate our results on fixed and variable routing with tho%egress node pairst, d*) and to a bandwidth-profile vector
found in two previous works, namely [4] and [5]. Finally, indenoted by{ f*(r). ’T ~1,2..0}, being f*(r) the amount

section VIl we conclude and suggest new directions for furthgf bandwidth required by the-th demand during the time slot

research. 7. Let us introduce the notation that will be used throughout
[I. RELATION TO PREVIOUS WORK the rest of the paper:

The literature on routing in connection-oriented packet « 7% is the fraction of traffic from the:-th demand that is
networks, basically ATM and MPLS, is extremely vast. The routed over linkm (0 < r* < 1).

m



e u,(7) is the amount of bandwidth reserved on link This scheme is basically an extension of RISP, and it is
during the time slotr. well suited to incorporate some additional features that are
e Uy = max,—1.0 {un(7)} is the peak link bandwidth of great importance in real networks. For instance it is easy
on link m, i.e. the maximum amount of bandwidthto incorporate multiple-destination demands, as found for
reserved across the entire day-time. Unless differentixample in the routing of inter-AS flows, where usually more
specified, we will assume that the peak bandwidth than one Border Routers are candidate egress points for the
the relevant metric accounting for link resource usagsame flow. This case can be handled with very simple graph
so that occasionally,,, will be simply referred to aiink transformations. Additionally, if a pair of disjoint paths have
bandwidth to be allocated for some demand in order to apply end-to-end
« C,, is the capacity of linkm. path protection, the Dijkstra algorithm can be replaced by the
o w,, is the link-weight associated to link. Its value is Suurballe algorithm that returns the shortest-pair of disjoint
dynamically computed for each new request according paths (see [9] [10]). Such possibilities enrich the attractiveness
the profiles of reserved and requested bandwidth. of the proposed model, but have been left out of the scope of

The generick-th request arrives at the Route SelectioHs paper.
Engine (RSE), which computes the most convenient route
between the ingress-egress paif,{*). We assume that the
new demand will be routed without rearranging the already The allocation mechanism described above is heuristic, and
established ones. The RSE can be either duplicated in e#@re is no assurance that it is effective in optimally fitting the
edge-node, like in the distributed MPLS-TE architecture, d@ndwidth profile of the new reque$tf*(r), 7 = 1,2..0}
centralized in a single route server. In both cases, we &#th the existing profiles of reserved bandwidth on the links
sume that a database is available to the RSE, collecting the(7), 7 = 1,2...0}. In order to evaluate the goodness of
topology information as well as the full profile of reserve@ur approach, we need to consider a performance metric and
bandwidth {u,,(7), 7 = 1,2...0} for each network link. In compare with a reference performance bound. To this purpose,
case of distributed implementation, the link bandwidth profile&€e consider a Integer Linear Programming (ILP) formulation
can be disseminated by appropriate extensions to existi@gthe problem of allocating a given set of demands with
flooding protocols (e.g., OSPF-TE [11]). It is not in theassigned time-varying bandwidth profiles in a capacitated
scope of this paper to compare the centralized vs. distributegtwork, with the general objective of minimizing the peak
implementation of on-line routing, and the interested readegserved bandwidth,,, on the network links.
is referred for instance to [12] and [10] for more material oMve will consider MIN-MAX, MIN-MEAN and mixed opti-
this issue. For each new request, the RSE prunes from tAgation objectives: the factad < a < 1 in the objective
network topology graph those links without enough availabfgnction to be minimized can be varied to trade-off between
bandwidth to accommodate the request, i.e. those for whidtese concurrent objectives. We preferred this approach instead
TE(T) + um(T) > C,, for somer. In a second step, it assignsof defining a convex cost function as done in some previous
a link costw,, to each linkm as a non-decreasing functionworks, e.g. [4] [5]. With the convex-cost approach, one applies
of: an increasing penalty on the link load, and in our case we

T = max  {fH7) + um(7)} (2) do not need to introduce such a penalty. In fact, we use
7=12..0 ILP to solve the off-line instance of the routing problem,
for example: therefore assuming full knowledge of the set of demands under
optimization, and no penalty is needed to defer the emergence
Chm, of bottlenecks.
T O — T ©) The optimization problem can be formulated as follotvs
Minimize:

IV. ILP FORMULATION

Note ? that w,, < oo because of the previous pruning.
We tried several alternative weight functions (see table I). c=0a" Cmar + (1 = Q) Cmean
The numerical results showed that in the considered sample_ | .
scenarios the function (3) holds the better performances. Base&umect to:
on the link weightw,,,, the RSE produces a weighted directed

graph, and on that it runs Dijkstra to find the minimum cost Z ] Z Pk —0 Yk (42)
. . . m ’ m i
path between the assigned ingress-egress pair for the new iyt Syt
demand. _
k=0, > k=1 Vi (4b)
2The random terme << 1 has a marginal role, namely to scramble the m—dk medFk
route selection for parallel demands (i.e., with same ingress-egress pair) in ko Eo_ kE gk
case of a poorly loaded network. In fact, in this case a large number of Z "m Z rm =0 Vk.n #s,d (4c)
network links have null reserved bandwidth, resulting in a quasi-uniform link- m—n men

weight assignment. If multiple paths of equal hop-length exist between a given
ingress-egress pair, the addition of a small randomization in the link-weight®The notation n — n” [resp. “m «— n] identifies the set of directed
prevents from preferential selection of the same path for parallel demanddinks m that have node: as source [resp. destination].



U (T) = ka(v) ko m, T (5) In practice, the implementation of variable routing would
k add complexity and overhead to the network architecture, and
the global rearrangement of demand routes at each time-slot

> u, . i s
Um 2 Um(7) vm, 7 ©) boundary is something that any ISP would dislike. Therefore,
v < O, Vm (7) the variable routing model is not attractive unless the cost of
the additional complexity is payed-off by a sensible resource
1 . . . .
Cmaz > —— Um VM (8) saving. The comparison between the bandwidth consumption
m with the fixed and variable routing formulations, given in
LMoy section V-D, provides a helpful insight into this issue.
mean — 5 - "Um 9
¢ M mzzl Cm v ©) V. NUMERICAL RESULTS
We implemented in a ad-hoc simulator the on-line routing
k
rm €{0, 1} Vk,m (10) mechanism described in section Ill. The ILP instances where

Constraints 4 are classical network flows constraints. |fiPlemented in AMPL [14] and solved with CPLEX [15].
particular 4a and 4b refer to the demand ingress and egré run a number of simulations targeted at investigating the
nodes respectively, while 4c to the remaining intermediaf@!/lowing topics:
nodes. Eq. 5 defines the reserved bandwidth orvhirfior each « Impact of the choice of link-weight function on the on-
time slot. Eq. 6 defines theeaklevel of bandwidth reservation line algorithm performances.
on link m. Eq. 7 enforces the capacity constraint. Finally, eq. « Allocation efficiency of the on-line algorithm compared
8 and 9 define respectively the maximum and mean value of to the relaxed off-line problem instance.
link load, which are the two terms in the cost function to be « Comparison between variable and fixed routing.
minimized. « Impact of time-slot granularity.
The above ILP formulation has the same structure of a clas-All the experiments were run on two test topologies of
sical multicommodity-flows formulation (ref. [13]). The only14 and 30 nodes. The former (fig. 1) is the celebrated NSF
variant is that the demand size and the associated constraigfology which has been extensively considered in several
are defined for each time slot. This formulation can not hsrevious works in routing. The latter (fig. 2) is the same used
resolved for the considered network under test with a large [16], with the arbitrary addition of two links to raise the
number of demands (in the order 1f?). Its integer relaxation node degree to 3.
with continuous routing variablés < ry(r) < 1 will be used We considered the following performance metrics:
In Sectpn V-C to provide a performance boupd. to the'off- o The mean and maximum values of the peak link band-
line routing problem, hence to the on-line heuristic algorithm width across all the network link, denoted by,.,, and
described in section IlI. Cmas TESPECtivEy. T

The routing model expressed by the above formulation, as, The maximum number of allocated demands before the

well as of the heuristic on-line algorithm, is an example of st {ha10t and thel00t" rejection, denoted respectively
fixed routing in that each demand route is fixed in time. by b1, bio andbigo.

In fact, a single routing variable”, is defined across the . . . ' L
full set of time-slots. In our work we were interested in Given that all demands have identical average profiles, it is

evaluating the potential gain in bandwidth saving that Canaeanmgful to consider the number of allocated demands as a

be achieved by aariale routngmodel, where e ruts of TS O Peorkoad. In s prspectle s ien o e
each demand is allowed to change from time-slot to time-si Lo net )(lnrk operational region in the rac%‘cal, cases. Instead
The ILP formulation for the variable routing problem with W perati gon | practi ' '

time-varying demands only requires a minor adaptation to tfﬁ I andtb1root a(;ertal?err: SS |gg|cr?tors of the quasi-saturated and
above formulation: the substitution of the routing variablps 'Y SatUrated region boundarnes.
with r% (), and the replacing of constraints 4 and 5 with th@ Traffic model

following ones: . . .
We considered a random arrival process of connection

requests to the network. For each ingress-egress (paij
Z i (1) =1, Z rE(r)=0 Vk,T (11a) demands arrive according to a poisson process of intensity
sk medk Aij. We adopted a flat spatial distribution of traffic intensities,
Z k(1) =0, Z rk(ry=1 Vk,7 (11b) '-& Aij = A, Vi, . ) o
it ™ For each demand, its bandwidth profile is built randomly by
& kN k k extracting® independent samples, one for each time slot, out
Do ()= o r(r) =0 kst dt (116)  Gfine discrete set of bandwidth unigs, 1..5}. In case of null
men e profile (all 0s) the extraction is repeated. The link capacity is
U (T) = Z ) -rk (r) Ym, T (12) setto 125 units in each direction. By considering a bandwidth
A " unit of 20 Mbps, this correspond to a link capacity of 2.5



Fig. 1. 14-nodes test network (21 links).

Gbps, with a maximum requested bandwidth of 100 Mbps.
The demand duration is infinite, so that after a certain number
of demands have been allocated the network approaches
saturation and starts to reject new requests. In the following we
will denote a sample sequence of requests as an “input trace”.
When comparing different routing schemes, we run parallel
experiments with exactly the same input traces.

The traffic model adopted in this work is admittedly arbitrary
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 dy- Fig. 2. 30-nodes test network (61 links).
namics (see for example [1] and [17]). In any case, such model TABLE |

can not be independent from the Underlying toPOIOgy Stl’IUCtur%:OMF’ARISON BETWEEN DIFFERENT LINKWEIGHT FUNCTIONS FOR THE

given that in most cases the topology building prodefisws ]
. . N, . K ON-LINE ALGORITHM: MEAN VALUES OF b, OVER 500 TRIALS (STD.DEV.
the evolution of the traffic distribution. Perhaps, in force IN BRACKETS)

of such intimate correlation, the research community should

pursue the definition of a unique topology/traffic model. So far, Ta-nodes net 30-nodes net.
there is no established and widely-accepted model for traffi link-weight fun. b1 | bio | bioo | b1 | b0 | b100
. . . 629.7 664.3 742.7 1106.0 1160.8 1303.9
generation at the macroscopic scale. Therefore, in our study we, | .., - o Cm | @y | @9 | @9 | 9 | con | @5
had to arbitrary choose a traffic model, and we gave preference 6402 | 6711 | 7467 | 11810 | 12352 | 13717

on purpose to one that is as “neutral” as possible: flat spatial 8 | wm = cCm—em | @sa | @1 | @25 | 618 | @se) | @8
distribution (\;; = A\) and bandwidth samples uncorrelated in 5990 | 6319 | 7198 | 10977 | 11482 ] 1278.2

c Wy =1 (316) | (29.3) | (224) | (51.8) | 475 | (32.1)

time. Moreover, having in mind that the direct application of 6222 | 6545 | 7386 | 11162 | 11618 | 1296.0

H H : . D Wi = Tm (31.3) (28.2) (23.3) (54.8) (51.2) (34.4)
such algprlthm is to support the deI|\_/ery of tv—VPN services, T e B
an additional obstacle to the adoption of a realistic model e wm = em ar4) | ary | @os) | @51 | (254 | @80

of bandwidth profiles is the fact such service have not been
deployed to date. The replication of this study with different
topology/traffic models will be itself an interesting directiorthe minimization of mean and maximum link bandwidth are

for further research. often in contrast. In fact, a preferential selection of shorter
) ) ) ) paths tends to minimize,,.., at the cost of a potentially
B. Choice of the link-weight function larger ¢,,q5. On the contrary the preferential minimization of

In a first set of simulations we investigated the impact af,... pushes towards longer detours.
the link-weight function on the performances of the on-line Our results show that the link-weight function “A” and
routing algorithm. We considered several different types 6B” produce the best performances. The allocation capacity
function, among the others those given in table I. For each @f “A” is always higher than “C” and “D” §; in table I),
them, we run 500 simulations and reported in the table tiéth a lowerc,,,. in the full range of demands (fig. 3). The
mean numbeb,, of allocated demands before th€" blocked function “B” allocates more demands than “A” (approximately
request, withn = 1,10,100. In particular, the value ob; +2% for the 14-nodes and: +7% for the 30-nodes), while
directly expresses the capacity of the on-line routing algorithkeeping a lowerc,,,,, at the cost of a highet,,cq,. This
to fill the network before that service degradation appears fimeans that function “B” tends to produce longer paths than
the form of request blocking. “A”. Between "A” and “B” we give preference to the former,
Beyond such metrics, it is also important to consider the abiligs we believe it is a good compromise between allocation
of the on-line routing scheme to save network resources, ipmwer (highb;) and global bandwidth usage (I0w,cqx),
bandwidth. In fig. 3 we plot the values f,,, andc,..n and unless differently specified in the rest of this paper we
after each allocated demand for a sample input trace, ntil will adopt it in the on-line algorithm.We recognize that such
The general objectives of minimizing bandwidth usage armeference might appears like “a matter of taste”, on the
maximizing demand allocation are not in contrast. Insteadther hand there is no objective metric telling how much



output values ofc,,cqn and c,,,q. Where extremely close to
that reported in in fig. 4. In other words, the quality of the
solutions with respect to the dual metrig,.., and cq.

7 was quite robust to changes in the coefficient of the objective
function. Interestingly, a similar result was reported in [4] with

: a completely different cost function (convex piece-wise linear).
From fig. 4 it can be seen that the the on-line algorithm
achieves a mean peak bandwidth reservation which is very
close to the optimum, especially in case of “A” link-weight
function. The distance from the optima},.., is negligible
when the load is low (until 700 demands). After this point,
the on-line algorithm with the “B” function produces higher

E Cmean, While with the “A” function it more closely follows
the optimality. In any case, the deviation from the optimality
is of few percentage points.
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_ _ _ _ _ algorithm leads to larger values than the optimal for light load.
Fig. 3. Comparison betweefincan and cmax for different link-weight  Thjs js not a major concern, since in such region the peak

functions f le input trace. . o . - .
unctions fora sampie it frace link bandwidth is faraway from saturating the link capacity,

therefore the risk of emerging bottleneck links that could

an operator is accepting to trade path lengths for allocatifRtentially block new demands is still negligible. On the other
power, the decision being driven by external factors (e.§and, when the network load augments, the on-line algorithm
the policy of link resizing). We remark that in general i@Ssigns higher link weights to heavy-loaded links, so that
is not difficult to tailor the on-line algorithm to the specificthe growth of c,,,o, slows and its values get closer to the
preferences of a network operator, for example by includir@ptimal ones. The convergence ©f,. towards the optimum
additional constraints on the maximum path length, or a veRgcurs earlier for the “B” link-weight function, but at the cost
high penalty for exceeding some link bandwidth watermark@f @ slightly largercy,cq,.: this clearly indicates a stronger
etc. It is out of the scope of a research paper to elabor&@¥€ference for longer but less loaded paths.

the details and possibilities of such “customization” processhe above results globally show that the allocation behavior
Rather, we are interested in providing a proof-of-concept th@k the on-line algorithm is within few percentage points from
the basic underlying algorithm is efficient, and simple enoudhRe optimality with respect to mean and total bandwidth usage,

to be adapted to a broad range of practical scenarios. with acceptable performances in terms of maximum link load.
. ] ] Our conclusion is that the proposed on-line scheme, still very
C. Comparison with LP off-line simple, can be regarded as highly efficient. This lets strict

After tuned the on-line algorithm with the choice of amargins of further improvement. Hence, it seems there is small
suitable link-weight function, we were interested in evaluatingpom for further refinements and/or additions to the algorithm
the goodness of our on-line algorithm with respect to which are likely to come along with an increase in system
provable bound. To this purpose, in section IV we develop@dmplexity and/or reduced scalability, unlikely to be payed-
a ILP formulation to the problem of allocating a given sedff by few percentage points of performance improvement.
of demands with time-varying traffic profile in a capacitated ) i
network (off-line problem). We solved its integer relaxatior?- Fixed vs. variable routing
by letting the routing variables be continuousir< 7% (1) < The on-line routing scheme proposed in section Il couples
1. This corresponds to the possibility of arbitrary multipattime-variable bandwidth reservations wiflxed routing In
routing (also called “splittable traffic” in [7]). fact, the amount of bandwidth reserved by a generic LSP on a
In fig. 4 we reported the, .., andc,,., curves as obtained link follows a time-varying profile, but the LSP route is fixed
with the on-line algorithm for a sample input trace. Botlin time and does not change.
the cases of “A” and “B” weight function are plotted, andRemoving the fixed routing constraint would mean to allow
compared with the optimal values obtained by solving thtbe demand route to change from time-slot to time-slot. This
off-line problem instance with the relaxed LP formulationwould add more flexibility to the allocation model, and po-
for different number of demands. More precisely, the optim&ntially improve the global bandwidth saving by allowing the
values ofc,,..qr (circles in fig. 4) where obtained by solvingroute configuration to adapt to the specific traffic distribution
the MIN-MEAN form of the LP/off-line problem, i.e. with in each time-slot, irrespective of what happens in the others.
«a = 0 in the objective function. Conversely, the optimal value®/e will refer to such scheme amriable routing as opposite
of ¢maq (triangles) where obtained by solving the MIN-MAXto fixed routing. The main drawback of variable routing is that
problem ¢ = 0.99). We also tried with intermediate valuesany such scheme would require additional network capabilities
of 0.01 < « < 0.99, and we found that in all cases theand fatally add complexity to the network protocols, for
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Fig. 4. Comparison between mean and max bandwidth usage with the &ig. 5. CDF of the peak link load after 1030 demands (30-nodes network).
line algorithm (“A” and “B” weight functions) and the optimal values obtainedComparison between optimal solution with variable / fixed routing (relaxed
with the off-line relaxed problem instance. LP with & = 0.1) and on-line algorithm.

Such results globally show that the optimal solution obtained
instance on the control plane. with relaxed (splittable) variable routing holds the same band-
In our investigations we were interested in evaluating theidth usage than relaxed fixed routing. In other words, the
potential bandwidth saving of variable routing versus fixefixed routing constraint has a marginal impact on the quality
routing, in the context of time-varying bandwidth profilesof the optimal solution.

To this purpose, we derived in section IV a ILP formulatiorThis conclusion could seem counterintuitive. In fact, it is easy
for the associated off-line problem: given a set of demands provide simple counterexamples - small graphs with a small
and associated bandwidth profiles, find the tsettof routes number of demands - where the gap between fixed and variable
(one for each time-slot) for each demand. Again, the objectiveuting is considerable. On the other hand, in networks with
function to be minimized was the peak link bandwidth, throug large size and/or a large number of demands the statistical
the metrics,,cqn ande,,q., and there was no penalty for routeimpact of such pathological cases is likely small. Admittedly,
changes. a similar explication was reported by Fortz and Thorup in
We solved the relaxed off-line instances of variable and fixgd]. We believe that this argument might explicate not only
routing for the same set of input traces, for different numbetie closeness of the optimal values for fixed and variable
of demands, for both the considered topologies, and witbuting, but also the the closeness of our on-line algorithm
different values ofa. Quite unexpectedly, in all cases thao the optimality.

distance between the values@fcq, andc,,., obtained with Our findings are consistent with the results found indepen-
variable and fixed routing was extremely close, and in mogéntly by Fortz and Thorup [4] and by the same authors [5] in
cases indeed negligible. In order to get a deeper insight irdther application contexts. A comparative discussion between
the phenomenon, we plotted in fig. 5 the full complementatiie three works is given in the section VI.

distribution function (CDF) of the peak link load over all the ) )

network links, obtained with the variable and fixed routin§- 'Mmpact of time-slot granularity

versions of the off-line problem with relaxed routing variables In the above sections we showed that the proposed on-line
anda = 0.1, on the 30-nodes network and for a total of 103@lgorithm is effective in exploiting tha priori knowledge of
demands. It can be seen that the two distributions are vdrgndwidth profiles to minimize the overall bandwidth usage. In
close to each other. In fig. 5 we also reported the CDF obtaintis section we are interested in evaluating the gain achievable
by the on-line algorithm (with the “A” function), loaded with by the proposed scheme versus the traditional reservation
a sequence of the same set of demands. Again, the closesésgegy, which assumes knowledge of the peak bandwidth
of this curve to the others constitutes a further confirmatiamly. At the same time, we are interested in assessing the
of the effectiveness of our on-line algorithm. dependence of such gain with respect to the granularity of the
Similar results hold for the 14-nodes network. In that casBme-discretization, i.e. the number of time-sl&s

we verified for a sample input trace that the relaxed offn the traditional reservation scheme (hereafter referred to
line problem becomes unfeasible after 650 demands, beath “peak-based”) the demand size is represented by a sin-
with fixed and variable routing, while the on-line algorithngle value, namely the peak requested bandwidth =
accepted 635 demandefore the first rejectign.e. only -2%. max,—; ¢ {f"’(r)}. Hence, the bandwidth reserved on each
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link is also a scalar, and will be denotedgs. Instead, in our rofie-based

scheme both the demand size and the link reserved bandwidth |, B g online euristic

are vectors of siz® in the time-slot index-. w00 ! Tmmo
To compare the two schemes, we implemented a “peak- |
based” on-line algorithm that reserves an amount of bandwidtkror ¢
equal to f* for each demand along its path and for the, |~
entire day-time. The route selection is similar to that escribeéjsoo—
in section 1Il, with a link-weight function that is inversely =
proportional to the residual bandwidth (‘A” function), the only £e} 58— ---g----- 1
difference being in the definition of the residual bandwidth
itself. Formally: 00l i

Cn
Cm - (m + fk)
The peak-based on-line algorithm was compared with that , ‘

proposed in section lll, referred here as “profile-based”. The ° ° Number o ms sots © ® ®

comparison was made for different values of time slot gran-

ularity, from © = 2 (12-hours S|O'[S) t® = 24 (1 -hour Fig. 6 ‘COmparison between “peak-based” and “profi_le—b_ased" on-line
. .algorithms: numbeb,, of allocated demands before theth rejection versus

slots). The cas® = 1 was taken as a reference, since iQumber of time slo® (n=1,10,100, average over 500 iterations).

this case there is no distinction between the two approaches.

Twin experiments were run with peak-based and profile-based

algorithms for the same input trace. The figure 6 plots tHeetween mutually compensative demands more problematic.

number of allocated demands before & 10t" and 100" The fact that the expected degradation is extremely slow

rejection 6,, bio and biog), for the 30-nodes network. Each(approximately—6% from © = 2 to © = 24) is a further

point is the average over 500 simulations. As expected tipglicator of the power of the proposed algorithm.

peak-based
online euristic

(13) 200} i

Wy =

peak-based algorithm is sensibly less efficient: its allocation V1. DISCUSSION ON THE RESULTS
power is between 36% and 82% less than the profile-based ) : ] ]
algorithm. In this section we expand the discussion about the ex-

Furthermore, the performance of the peak-based strategy Bg[imental res_ults reported in section VD and relate them
come less and less efficient with increasing number of tinfdth the experimental results of two previous works [4] and
slots, while for the profile-based allocation the performandgl- The three works refer to different application scenarios:
degradation is marginal. This was expected and can be eagﬁ)srﬂflguratloq of a_connectlon.—less network [4], configuration
explained in the light of the adopted traffic model, by considf @ connection-oriented multi-layer network (namely IP over
ering the average per-demand bandwidth consumption for #°M) [5], and on-line routing in a MPLS network (this
two schemes. In fact, the average amount of bandwidth thaPRPer)- Despite such differences, all these papers share some
reserved by the peak-based strategy in each time slé {s) ( fundamental commonality in the results. In fact, they all

denotes the sample average): consider the problem of network configuration under the
condition that the input traffic is variable in time - with time-
E (Tgﬁg@ {fk(r)}> of-day periodicity - and knowra priori. Given the different

application contexts, the terms “network configuration” and
that is increasing with® given that thef”*(7) samples are “input traffic’ assume different meanings. A solution of net-
extracted independently. Instead the profile-based strategyvabrk configuration is a set of OSPF/IS-IS link weights in
locates on averagf (f’f(r)), which is independent from®. [4], a logical topology plus a set of LSP routes in [5], and
This is confirmed by fig. 7, wherein we compared the growth set of LSP routes here. The input traffic is a node-to-node
of reserved bandwidthcf,..,, andc,,q.,) with the number of traffic matrix in [4], and a set of point-to-point demands in our
demands for the two algorithms, for two different values aforks. In all the three works some method was proposed that
O. The slopes of such curves roughly represent the averagelicitly takes into account the amount of traffic at different
per-demand bandwidth consumption. It can be seen thatiraes - assumed known in advance - to produce a fixed (or
considerable difference hold betweéh = 3 and © = 8 static) network configuration solution that can accommodate
with the peak-based algorithm. Instead with the profile-bas#ue traffic and its variability. In all the three works it is found
approach the variation wit® is minimal. that the goodness of such a fixed solution is very close to that
A certain performance degradation of the profile-based scheawhievable with independent optimizations at different times
with increasing® was expected, since an increase in th@n approach referred to as “time-specific” in the following).
number of time slots directly results in a higher variabilitfMore precisely, Fortz and Thorup considered two different
of the per-demand profile due to the independent extractitiaffic matrices (night and day), and found that the quality of
of the f*(7) samples. In turn this would make the matchingheir sub-optimafixed solution is within 10% from theptimal



@:‘3 ‘ ‘ ‘ promising direction for further research, with both academical
1 and practical implications. On the academical side, further
profle-based research efforts should be spent in investigating whether there
] is some more general theoretical principle underlying such
results, that can explicate them at a broader level than the
| specific application scenarios in which they were conceived.
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VII. CONCLUSIONS AND FUTURE WORK

In this work we proposed a simple on-line algorithm for
the fixed routing of demands with variable bandwidth require-

40

20 = o P ] ments, to be applied in virtual-circuit platforms like MPLS.
= o reie-ase Basically, the algorithm proposed here is an extension in the
o e e w ww ow time domain of an existing dynamic shortest-path approach.
e We also provided ILP formulations for the associated off-

~ ] line problem, both for fixed and variable routing, and we
used them to obtain reference performance bounds for the on-
line algorithm. The results show that our algorithm is highly
efficient and closely approaches the optimality in terms of
bandwidth usage.
Beyond its efficiency, an important source of attractiveness
resides in 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
e caak e [9] [10] in order to provide a global scheme for single and dual
[ | e | fault protection, with and without bandwidth sharing, in pres-
K 200 400 [ 1200 ence of demands with time-varying bandwidth requirements.
This is one of our current working directions.
Fig. 7.  Comparison between *peak-based” and “profile-based” on-ligased on the proposed scheme, ISPs might find convenient
algorithms: cimean and cmaa Versus number of demands f&r = 3 (top) L . . .
and® = 8 (bottom). the delivering of more flexible services, for example time-
varying VPN, that better match the customer needs in terms
of bandwidth provisioning timing. Also, from the above con-
siderations ISPs are solicited to monitor and put efforts in the
time-specific solution. Analogously, in [5] the authors found prediction of the full time-of-day traffic profiles (e.g., on a 12-
similar distance between tiseib-optimalfixed solution (called or 8- hours time-slot granularity) and not only of their peaks.
JCET therein) and theest foundime-specific solution (called In fact, we showed that with the proposed scheme such full
ICET). In fact, in that context it was not possible to give anformation can be directly translated into a considerable gain
provable optimality bound because the associated optimizatianresource saving and allocation power.
problem was intrinsically non-relaxable. Again, in this papdn a broader perspective, the results presented here suggest
we found that the quality of theub-optimalfixed solution that thea priori knowledge of the per-demand traffic pro-
(as given by the on-line heuristic) is very close to tpimal files can be exploited to achieve an optimal static routing
time-specific solution (as given by the relaxed off-line instana®nfiguration which cannot be further improved by dynamic
of the variable routing problem). Additionally, we found thateconfigurations. This lets small room to the usefulness of
the quality of theoptimal fixed solution (as given by the dynamic reconfiguration schemesovided that future traffic
relaxed off-line instance of the fixed routing problem) closelgrofiles are known or can be predicted in advan€kerefore,
approximates theptimal time-specific solution. the installation of rerouting functionality into the network for
The similarity between these results is indeed remarkabtegcking changes in the traffic pattern might be avoided at all,
considered that they were obtained in very different applicatiam at least such mechanisms might be relegated to handle the
contexts, with different traffic models, parameters, topologiesnpredictable components of the global traffic.
cost functions etc. Admittedly, our results are limited to the assumptions made in
In summary, the common message behind such works is ttid@s work, particularly about the choice of the traffic model.
in several networking scenarios with variable input traffigVe recognize that a conclusive quantitative assessment of our
there is no need of variable network configurations, as facheme necessitates a topology/traffic model more thoroughly
as the traffic variations are known in advance or can lmund to reality. On the other hand, the fact that very sim-
predicted to some extent. We believe that this is an importélar results were obtained in other works [4] [5], carried in
contribution of the three works as a whole, that indicatesdifferent contexts and for different topology/traffic models is
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encouraging about the validity of our conclusions.

We are currently investigating our scheme under different traf-
fic models, for instance with non-flat spatial traffic distribution.
This second phase of investigations is in a very preliminary
stage. Still, to date we only found further confirmations to the
findings reported in this paper. Our feeling is that the general
results reported here arebust with respect to the choice of
the topology/traffic scenaridrhe verification of this statement
needs of course further investigations, but it seems itself an
interesting directions for further research.
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