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Abstract— This paper presents a model of an on-line network to manage connectivity and to deliver resilience and Grdde o
bandwidth management scheme: at random time instants band- Service (GoS) across the network. See [8] and the references
width prices are computed and are used to adjust the bandwidts  yherein for a description of TE methods and applications Th
of the network paths in response to the traffic conditions. Tle . . .
distinguishing features of the scheme are that it works witlout second methqd fo_rms the basis of network engineering (NE)
centralised control and thus scales to large networks, andhat Where bandwidth is moved to where the network flows are
rather than using traffic engineering to move network flows to located. This paper investigates the use of NE to manage the
where the network bandwidth is located, network engineerig network GoS.

i to mov ndwidth to where the flows are located. ; ; ; ;

Ssirr?jlz(tjiono rescl)JItes 220\(/1 tgat tr?e regllﬁcati?)n gcr?er%: prodes A systematic way O].c applying NE is to assign a broker
prompt and robust bandwidth provisioning. r.eferr'ed to as a bandwidth manager to each route. At random
Keywords: bandwidth prices; bandwidth reconfiguration; dis- time instants the manager calculates the expected valee, ov
tributed control; network planning and optimisation; scalability. =~ a short period of time known as the planning horizon, of

an extra unit of bandwidth (the buying price) and also the
. INTRODUCTION expected value, over the same short period of time, that the

This paper presents a model of network bandwidth mareute would lose should it give up a unit of bandwidth (the
agement that is based on a distributed scheme for automatiiing price). Bandwidth can then be transferred from esut
bandwidth reallocation [3]. The reallocation scheme can leat place a low value on bandwidth to routes that place
used in the context of a connection-oriented network whegehigh value on bandwidth. An essential component of the
relatively long-lived paths are used to provision resosrfte reallocation scheme is that the bandwidth transfer protess
connections (the terms path/route and connection/callbeil based on local information only.
used interchangeably), whose average holding times ar& mucThe bandwidth managers are thus aware of local resource
less than the path lifetimes. Multi-Protocol Label Switadi demands and bandwidth prices, and reallocate bandwidth
(MPLS) networks [9], in which Label Switched Paths (LSPsimong themselves in order to maintain the performance of
act as the long-lived paths, provide a possible environrimenttheir routes. In this way the managers are autonomous, act
which such a bandwidth reallocation scheme could be usefwithout centralised control from a system coordinator and

The reallocation scheme is restricted to connection-tein behave entirely according to local rules. Such a scheme is
traffic with admission controls. Hence we use the terndistributed and scalable.
connections and lost connections or equivalently callslasid  This paper evaluates the robustness of such a bandwidth
calls. The number of connections that can be simultaneousiallocation scheme. The remainder of the paper is orgadnise
carried on a route depends on the amount of bandwidik follows. Section Il presents a method to compute buyinlg an
allocated to the route. However, at any point in time, it iselling prices for bandwidth in connection-oriented netego
possible that due to traffic fluctuations or network equiptme8ection Il discusses how the prices are used in the bankwidt
changes, the connections in service on one route are usiegllocation scheme. Section IV investigates the robsstne
only a small part of the bandwidth allocated to that routef the reallocation scheme with respect to several potentia
while the bandwidth on another route is heavily utilised.oTwuncertainties and/or inaccuracies in the parameter vavhéash
methods have been developed to deal with this situatiost, Firdetermine the operation of the reallocation scheme. Sestio
the arriving calls can be offered to the least utilised rouwvaluates how the reallocation scheme can be used to protect
of a multi-path route connecting the origin-destinatiorirpa the performance of one traffic class from the demands of an-
second, bandwidth can be transferred from underutilisate other traffic class. The conclusions are presented in Sewtio
to overutilised routes.

The first method forms the basis of traffic engineering Il. THE PRICE OF BANDWIDTH
(TE) where network flows are moved to where the network Consider a connection-oriented network where requests for
bandwidth is located. Many TE methods have been developmahnection on route arrive in a Poisson stream. If the current



number of connections on routeis less than the capacity of

the route (the terms bandwidth and capacity are used inter- buying price

changeably), the request is accommodated, else the request ;

is rejected. The connection holding times are exponewtiall 5

distributed. 05
We use a bandwidth pricing method [4] which models a 5

route as an Erlang loss system and computes the expected =

lost revenue due to connections being blocked, conditional -
the system starting in a given state. The expected lost teven 15055 I
is used to compute both a buying price and selling price fgf™a!rateA [CI 9

bandwidth, relying on knowledge of the state at time zero. 5 go initial occupancy:
A manager is assigned to each route and we assume that
a route’s manager is making reallocation decisions for a
planning horizon ofr time units. We can regard the valug'9: 1. The buying price of bandwidth as a function of the asiion
arrival rate A\ and the initial occupancy of the route: the planning horizon
of U extra units of bandwidth, or the buying price, as the — 1¢/».
difference in the total expected lost revenue over tiher]
if the route were to increase its bandwidth Gyunits at time
zero. Likewise, we can calculate the selling pricdofinits of unit U is set to four. The choice of these values is motivated
bandwidth as the difference in the total expected lost regenin [3]. Fig. 1 shows that the buying price increases as the
over time [0, 7] if the route were to decrease its bandwidtlzonnection arrival rate\ and the initial occupancy increase.
by U units. The selling priceS. o (7, U) exhibits similar behaviour, and
For a route with bandwidth”', let R.(7) denote the the prices are strictly convex functions 6fis the sense that,
expected revenue lost in the intervidl 7], given that there for all values ofU, B. c(7,U) < Sc.c(7,U).
are ¢ connections at timé. The buying and selling prices
Beo(r,U) and S..c(r,U) of U units of bandwidth are then I!l. A DISTRIBUTED BANDWIDTH REALLOCATION SCHEME

100

given by The buying and selling prlcesB(T) (7, U) and
Beo(T,U) = Re.c(7) = Reoqu(T) Sé:’CT(TT,U) of bandwidth on router vary over time

because the occupaney. varies over time. It is therefore
and likely that situations will arise where it will be advantages

to reallocate bandwidth among the routes.
As stated previously, the defining ingredient in our realoc
— { Rec-u(T) = Rec(T), 0<c<C-U tion scheme is the manner in which bandwidth is reallocated
Re-vc-u(r) = Rec(r), C-U<ec<C. among the routes. Bandwidth reallocation takes place letwe
R.c(7) is given by [4] the inverse of the Laplace transforniransit routes and their constituent direct routes. If osigh
“local” transfers are permitted, we avoid the need to coraput
ﬁ{c_c(s) = 0(\/5)Pe(s/A) and choose from the large set of possible reallocations and w
’ (s +Cu)Po (s/A) — CubPe-1 (s/A) do not need to consider the potentially widespread impboat
where A and . are the parameters of the exponential connegf a particular local reallocation.
tion arrival and connection service processes respegtiges The bandwidth reallocation scheme works as follows. At

5670(7', U)

the expected revenue earned per connection, specified instants of time, a comparison is made between the
_ ¢ M) buying price of bandwidth on transit routeand the sum of
Pe(s/A) = (=p/N)° T (=s/p) the selling prices on the constituent direct routes D,., and
and between the selling price of bandwidth on transit routand

the sum of the buying prices on the constituent direct routes

c c—k
c\ [—s —-A ; ;
pgk/u) (—s/p) = Z <k> ( k/ﬂ) (7> k! ¢ € D,. For a transit route, if

k=0
(r) ()
is a Charlier polynomial [6]. A computationally stable meath Be..c, (U ;1; SC“C[ w0 @
> E T

for efficiently calculating the functiong. (s) is presented
in [5]. These are numerically inverted using the Eulehen the transit route acquirésunits of bandwidth from each

method [1] to yield theR, (7). of its constituent direct routes. Alternatively, if
Fig. 1 presents the buying pricB. «(7,U) of bandwidth o)
on a route of capacity’ = 100. The planning horizon- = Scr o, (7, U Z Bce e, (1, U), )

P/ where the signalling rate = VX is the rate at which teDy

reallocations are attempted. The planning ratias set to 1. then the transit route releasés units of bandwidth to each
The signalling ratid/ is set to 0.1. The bandwidth reallocatiorof its constituent direct routes. The above two inequalitie



cannot be simultaneously satisfied. If neither condition is
satisfied, no reallocation occurs. More precisely, in oraer
acquire (release) bandwidth, the buying (selling) price of
bandwidth on a transit route must be greater than (be les3 tha
the accumulated selling (buying) price of bandwidth on the
constituent direct routes by a small positive amoakhown

as thefloor price This is done to prevent oscillating bandwidth
reallocations: unless stated otherwises 10~°.

The manager of a transit route obtains the buying and selling
prices by means of a signalling mechanism. Signals or cbntro
packets are sent at random intervals of time along eachitrans
route, recording the buying and selling prices of the constit
direct routes. When a control packet reaches the egressryout
a calculation is performed: if the sum of the direct routeibgy
prices is greater than the transit route selling price, ttien
transit route will give upU units of bandwidth, which are
taken up by each of the direct routes. Alternatively, if thens
of the direct route selling prices is less than the trangiteo Fig. 2. The network model.
buying price, then each of the direct routes will give Up
units of bandwidth, which are taken up by the transit route.

The control packet is returned along the reverse route fragimulation experiments assume that the connection artival
the egress router to the ingress router making the necessgignalling and connection holding processes are expaaenti
reallocations to the capacities of the constituent direates. Other holding time distributions were also investigated3h
The capacity of the transit route is adjusted when the céontro _ o

packet reaches the ingress router. A. Floor price sensitivity

See [3] for a discussion on how often the managers of The floor pricee denotes the minimum reduction in the
transit routes send out control packets, the determinaifon expected lost revenue that is necessary for a bandwidth re-
the planning horizons, used in the calculation of buying allocation to take place. Although an optimum value for the
and selling prices and the determination of the amdundf floor price can be determined experimentally, there would be
bandwidth to be transferred in each reallocation. Signglli no need to find a near-optimal value for the floor price if the
protocol issues such as the impact of signalling delays lwhigeallocation scheme were relatively insensitive to theiealf
will give rise to working with out-of-date bandwidth prign the floor price.
information, and the impact of lost signalling packets whic Fig. 3 presents the GoS, the revenue loss and the realloca-
necessitates the refresh/cancellation of soft state ase aion ratio for several values of the floor priee Confidence
discussed in [3]. intervals are omitted since they are sufficiently small to be
indistinguishable from the plot itself. The figure showsttha
the reallocation scheme is relatively insensitive to thieieaf

In this section we investigate the robustness of the reallre floor price. Note that a larger value for the floor pricel wil
cation scheme with respect to several potential unceraintreduce the number of successful reallocations. This wél
and/or inaccuracies in the parameter values which determigidecrease in the reallocation success ratio which is defised
the operation of the reallocation scheme, namely the value o
the floor pricee, the estimated values of the connection arrival
rates \,., and the possibility that the bandwidth managers 259 . %0
occasionally make incorrect reallocation decisions. '

The bandwidth reallocation scheme is applied to the net- 201 \ / “"
work model presented in Fig. 2 which represents a fictitious
29-node 45-link network model based on the geography of 151 \ /3003.7 %

1,04 713.1 20

IV. THE ROBUSTNESS OF THE REALLOCATION SCHEME

GoS (%)
Loss (x1E-3)

Europe. (The reallocation scheme has also been tested on net
works models derived from Rocketfuel data [10].) Each orgi .
destination pair is connected by a single least cost (ssidutg B9s 406 4606 400 o1 42T
count) route. (The reallocation scheme can readily be ee@n 7 N w0
to the case where each (O,D) pair is connected by several e Reiention et (right scale) N
routes.) The network model and its traffic matrix are desatib ¥ TEe s i+ s om o1 1 1
in [3]. A simulator was developed to model the connection ar- epsilon
rival, admission and service processes, the signallingges

bandwidth price calculation and bandwidth reallocatioheT Fig. 3. The reallocation scheme is relatively insensitivethte floor price.

(%) oney uoneosojeay




the number of successful reallocations versus the totab@nm direct routes if possible({,. —c,» > U for eachr’ € D,)
of reallocations attempted. This ratio quantifies the wihste else no bandwidth reallocation is conducted
effort spent in gathering pricing information for capacity  when neither Eqn. (1) nor Egn. (2) holds, instead of
reallocation attempts which, if they were implemented, ldou no bandwidth reallocation being executed, bandwidth
result in revenue gains which are less than the floor price. is either acquired or released (if possible, see above)
The bandwidth reallocation scheme therefore does not de- with equal probability, depending on the outcome of a
pend on reallocations which yield marginal expected profits ~ Bernoulli experiment.
This may be surprising since from an economic viewpoirRig. 4 presents the GoS, the revenue loss and the reallacatio
a market equilibrium (a bandwidth assignment state thédiccess ratio for several values of the error probability
minimises loss thus clearing bandwidth supply and demandpnfidence intervals are omitted since they are sufficiently
potentially depends on conducting exchanges with marginghall to be indistinguishable from the plot itself, except f
expected profit. Note however, that such a deferred trade m@g caseP = 1. The figure shows that the reallocation scheme
still be executed later when the demand of the party seekingi$ relatively insensitive to the value of the error probil
acquire bandwidth, and therefore the buying price, in@eas Even when one in three reallocation decisions is wraRg=
In addition, it is unlikely that the many accumulated smal).333), the network is still better off than without bandwidth
gains of the omitted bandwidth reallocations will have egeallocation. When nearly all of the reallocation decisi@ne
significant effect on the GoS or on the revenue loss, becaws®ng (P ~ 1) the network’s performance collapses.
the number of the marginally profitably trades is small. With Thus a small probability (in magnitude equal to the order of
reference to Fig. 3, compare the slow decline in the realloce packet loss probability in a current generation IP netyvo
tion success ratio for = 107 (47.9 %) when increased up of executing incorrect bandwidth reallocation decisiorss h

to 1073 (47.5 %) or evenl0~2 (45.2 %). little impact on the efficiency of the bandwidth reallocatio
scheme. The scheme would appear to possess an intrinsic
B. Incorrect reallocation decisions capability for self-correcting wrong decisions by revacsin-

Another aspect of the robustness of the reallocation scheﬁ%reCt bandwidth transfers upon the next reallocatiograpt.

is the impact of incorrect reallocation decisions. For eglM C. Errors in traffic estimates
it cannot be guaranteed that all reallocation decisiongacon The manager of route needs to know the connection arrival
to what is recpmmended by the r'eallocatlon schem.e, SINGe Ar, the signalling rates,., the connection holding time
data transmission errors may result in corrupt, thoughglde

: . . . 1 and the number of connections in servigein order to
rices or may communicate incorrect reallocation instount. . . ; ) .
P y . . . calculate the bandwidth prices. In our simulation experitag
Incorrect reallocation decisions on transit routare mod-

. . " . we assume that the values of these parameters are known and
elled by assuming that with probabiliti” each reallocation P

. . we use them in our calculations. In a real implementatiog the
attempt departs from its standard behaviour as follows would have to be estimated on-line and errors may arise in
« when Eqn. (1) holds, instead of acquirifg units of their estimation.

bandwidth, bandwidth is released to the constituent direct|n this section we investigate the impact of errors in the
routes if possible ¢, — ¢, > U), else no bandwidth estimated value of the connection arrival rate on the efficac
reallocation is conducted of the reallocation scheme. Let. = \.(1 + §,) denote an
« when Eqgn. (2) holds, instead of releasibg units of estimate of\, whered, is a random variable sampled from a
bandwidth, bandwidth is acquired from the constitueniniform distribution in the rangé- X, X|] where X < 1. An
value of \/. is computed by sampling a new value &f each
time the manager of routecomputes the buying/selling price

50

P 100 of bandwidth.

] e R oo (right scale) /}AS% % Fig. 5 presents the GoS and the reallocation success ratio fo
23 e several values of the arrival rate error parameéfeConfidence
254 70 @ . . . ..
2 intervals are omitted since they are sufficiently small to be
S 201 60 % indistinguishable from the plot itself. The figure showsttha
g o - e 4 - 32 the reallocation scheme is relatively insensitive to reatde
S 154 — ¢ ¢——6— o . . . .
/ “©s errors in the estimated values of the connection arrivasat
10+ L 0 E This result is in agreement with [2] where it is shown that
n n [ — 1691 . . . .
sl 1 mms s Diss 138 14963 2 it is possible to obtain a robust routing that guarantees a
10 nearly optimal utilization with a fairly limited knowledgef
0,0 T T T T T T T 0 i 1
e 1ms 104 s om o1 1 the applicable traffic demands.

error probability

V. BANDWIDTH REALLOCATION AMONG SERVICE CLASSES

Fig. 4. The reallocation scheme is relatively insensitie the error In this section we investigate another aspect of the robust-
probability P of an incorrect reallocation decision. ness of the bandwidth reallocation scheme where the scheme
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Fig. 5. The reallocation scheme is relatively insensitieetrors in the ) )
estimation of the connection arrival rates. Fig. 7. The results of inter-class trading: the GoS for thparturbed class 0

and the sinusoidally perturbed (random phases) class 1.

is used to protect the GoS of one trafiitass against the . 6
terminates after somkg5 x 10° calls per class have completed

bandwidth demands of another traffic class. i , : T
The calls offered to the network are partitioned into tW("ilnd two smusmda_l cycles “a."e elapsed. Each simulation is

classes referred to as class0 and class 1. Two routes con c&:pendently rephgatgd 50 times. Results as quoted tefer

each OD-pair, one route for class0 traffic and the oth e mean of all replications and confidence intervals aredvas

route for class 1 traffic. We consider two forms of bandwithLn a confidence level d§5%. For computational efficiency,

reallocation, namelyintra-class and inter-classreallocation. the approximate pricing scheme in [5] is used instead of the

In intra-class reallocation, bandwidth reallocation wldace pngng;cheme n r[14]'(3 S with | | di Bandwidth
between a transit route and its constituent direct routed, a Ig. 7 presents the Gos with Intra-class trading. Bandwidt

no reallocation takes place between the class0O and ClaggilI;cationft;crgrahsesethg GfOSIOf thle unr?e;]tqrbedbglassnt fr
constituent direct routes. In this case, the class0 and tla: :09 0 _to 0.75 o. The 505 Of class 1, which IS su .JeCt o a
virtual networks are managed independently. sinusoidal traffic perturbation with random phase, is redlc

In inter-class reallocation. bandwidth reallocation EII(E;‘rom 5.67% to 1.58%. This demonstrates that the reallocation

place between a transit route and its constituent diredesou scheme can provide effective bandwidth assignment despite

and in addition reallocation takes place between the doesti thT:_tral;nclperturbatl(t)nih GoS when inter-cl di
direct routes of the different classes as illustrated in. lBig Ig. 7 also presents the GoS when inter-class (cross-gadin

Bandwidth reallocation between the constituent directesu za?dwldtth regllo::hatlog 'g er;attaled. At thetextf) ednsT of 3 ?mall
of the different classes is referred to @®ss-trading eterioration In ne 505 0f th€ non-perturbeéd classt trom

The arrival rates), () of class1 calls are subjected t00.75% to 0.94%, the GoS of the perturbed class1 improves

) . . from 1.58% to 1.04%.
a perturbation as described below. The_arrlval ran,_asof Although inter-class trading has a beneficial impact on
class 0 calls are left unchanged. Perturbing the arrivasrat work performance. class 0 is now indirectly exposed & th
of class1 calls only allows us to compare the efficiency cg‘e P ' y €xp

. . S raffic fluctuations of class 1 since class1 can acquire band-
intra-classbandwidth reallocation in the presence or radese . . ;
, i e L . width from the constituent direct routes of its non-pertdb

of traffic variations. In addition, it will be shown that inte
class trading improves the network’s overall GoS, althotingh
GoS of the unperturbed class 0 may suffer when its allocated
bandwidth is acquired by the perturbed class1 in order to T Gase 1 o realic
better accommodate its varying traffic. Eéiz 22332233232

We assume that the arrival rate.(¢) of class1 calls to -~ Glass 1, cross-rade
router is subject to a time-dependent sinusoidal variation. The
network model presented in Fig. 2 is used to investigate the

Overall GoS
-no realloc 4,08 %
-no cross-trade 2,73 %
-cross-trade 2,40 %

effect of inter- and intra-class reallocation. Each sirtiata <
(G
link link link class O transit rout
O VO VO W W N N 0
ffffff T
O [] T ( O ] T 1] (‘ .w‘ class 1 transit rout oLl ‘ J\“‘ 7 ‘ : A ‘i:/?;g:f:
0 / v /] v /] i / 0 3,0x10° 6.0x10° 9,0x10° 1,2x10" 15x10°

Fig. 6. Inter-class trading: transit routes trade with eather via their Fig. 8. The results of inter-class trading: the GoS for thparturbed class 0
respective constituent direct routes. and the sinusoidally perturbed (constant phases) class 1.



counterpart. Thus only the perturbed traffic of class 1 #yric [4]
benefits.

However, the overall gain from enabling inter-class trgdin [5]
can be redistributed between the two classs. If the buyimg an
selling prices of class 0’s constituent direct routes aedextby
a factor of 1.2, then the GoS of class 1 is approximately equ!ﬁ]
to 0.91 (which is close to the performance without inter-clasq7]
trading), while the GoS of class0 improves @&72%. Thus
it is likely (although not proven) that by choosing a scaling[s]
factor between 1.0 and 1.2, arbitrary distributions of tlaéng
resulting from inter-class trading between class0 andsdas
are possible.

The impact of inter-class trading is further examined in
Figs. 8. As before, the network carries two traffic class§
Class 0 is not perturbed and class 1 is subject to a synclenis
sinusoidal perturbation. Fig. 8 presents the GoS of both cal
classes when no bandwidth reallocation takes place. The
figure shows that that the GoS of both classs is substantially
improved when intra-class bandwidth reallocation takesl
The figure shows that the GoS of both classs improves further
when inter-class bandwidth reallocation takes place. Hewe
the inter-class trading allows the indirect reallocatidriband-
width between the two classes and the sinusoidal pertoripati
of class 1 is communicated to the unperturbed class 0.

(9

VI. CONCLUSIONS

This paper presents a distributed scheme for on-line band-
width reallocation in a connection-oriented transporivoek.
A bandwidth manager is assigned to each route. The managers
are autonomous, acting without centralised control from a
system coordinator and behave entirely according to local
rules. The managers are aware of local resource demands and
bandwidth prices. The managers reallocate bandwidth among
themselves in order to maintain the GoS of their routes.
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