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Abstract— Many important network functions (e.g., QoS pro- border nodes [1], [2], [3], [4]. Consider a domain with two
vision, admission control, traffic engineering, resource manage- porder nodes,a and b, in Figure 1. The delay and the
ment) rely on the availability and the accuracy of the network bandwidth of each physical path fromto b represent a point
state information. However, it is impractical to maintain the . . .
complete state information of a large internetwork at a single lo- on the delay-bandWI(':ith plane,' and the pomtg of all physmal
cation. Instead, a large network is often hierarchically structured, Paths froma to b define aservice staircasewhich outlines
with each domain advertising its aggregated state. To achieve the area of supported services (the shaded area). Any servic
scalability, the amount of information after aggregation should request whose bandwidth and delay requirements fall in the
be minimized. To improve accuracy, the aggregation method 5y04 can be admitted. There are up, which is the number

must be carefully selected. This paper gives a unified account f phvsical links in the d . int the stai
of state aggregation based on the concept of service curves.&h of physical inks in the domain, corner points on the staeca

aggregation of network state is modeled as a recursive process[4]: The goal of aggregation is to approximate the service
of service curve transformation. New approximation methods staircase with limited space independent of the domain size

based on polynomial curves, cubic splines and polylines are \We should point out here that the routing process does nat nee
proposed, and their scalability/accuracy tradeoffs are studied. the approximation curve completely lie within the suppdrte

Our simulations show that these new methods approximate the - Th ter will first reiect all connection
network state far more accurate than the existing methods. Service area. 1he route st reject all connectionuesys

In particular, the polylines achieve the best scalability/accuracy li€s below the approximation curve. The actual path will be
tradeoff. probed and the resource will be reserved after that. The flow

will be rejected as well if the resource requirement can ot b
satisfied in the actually path.

The availability and the accuracy of the network state The work of aggregating a delay-bandwidth sensitive net-
information is essential to many important network funetio work can be traced back to [1], where Lee transformed the
With the explosively growing of the Internet in recent yearsetwork to a spanning tree among border nodes. While the
maintaining the up-to-date state information of a largewoelt  paper provides a distortion-free aggregation for bandwyitfite
has been a difficult task. To solve the scalability probleme, t distortion of the delay can be large. Iwata et al. [2] propbse
current networks are structured hierarchically as a cileof an aggregation approach for networks of six parameters.
domains, which may be further decomposed into sub-domaifise distortion can be minimized by a linear programming
recursively. At each hierarchical level, the state infotiora approach. Korkmaz and Krunz [3] proposed to approximate
can be aggregated and only the aggregated informationnisilti-dimensional QoS state by three values: the minimum
advertised externally. The state aggregation has to azhigelaymin_d, the maximum bandwidtmaz_b, and the small-
two goals. (1) The aggregated information about a domaist stretch factomin_s among all paths between two border
should be as accurate as possible. (2) The size of the agdes. The stretch factor of a path measures how much the
gregated state should be reduced as much as possible. Witdkay and the bandwidth of the path deviate from the besydela
the performance of the network function is decided by thend the best bandwidth of all paths. It essentially defines a
provided information, it is equally important to compacethhyperbola curve that resides below the staircase (Figure 1)
state information so that the scalability is achieved. Assalt, A connection request is accepted if the delay requirement
a tradeoff has to be made. In addition to the above issues, thdarger thanmin_d, the bandwidth requirement is smaller
network aggregation often deals with multi-dimensionatest thanmax_b, and its stretch factor is smaller thaimin_s. Lui
In this paper, although we focus two dimensiodslay and et al. [4] chose a line segment to approximate the staircase.
bandwidth our approaches can be easily extended to mulithe line segment is determined by the least square method
dimensions with one restrictive (bandwidth) and multipléhat minimizes the least-square error, i.e., the summaifon
additive (delay, cost, ... etc.) parameters. the squares of the distances from the corder points to the

The aggregated state of a domain does not contain detailieg¢. The paper demonstrated by simulation that line se¢ggnen
information about the internal structure of the domain, bwtork better than stretch factors on average. It dose notigiésc
only the information describing end-to-end propertiesMeein the general case of the aggregation algebra, however, only

I. INTRODUCTION



Given two nodes: and b, there may exist multiple phys-
ical paths between them. The set of all physical paths
{p1,p2,...,m} from a to b can be represented by lagi-
cal link (a,b) in the aggregated topology. In this case, a
single pair (bandwidth, delay) is not enough to represent
the state information any more. It should be characterized

domain

paths (bandwidith, delay) by a service staircasdFigure 1). The convex-corner points,
PL a=>w=>b @ 5y which uniquely define the shape of the staircase, are called
ca=>wE>y=> 4, 7)* - . .
Egzznxnz;:)b A representatlves(e.g..,pg), P1, P2, gnd pa in F|'gure 1). The
P4 a=>u =>v=>b 5. 147 set of representatives for a logical lirk, b) is denoted as
P5: a=>u =>w=>b 1, 3)* i inti 2
PO Bt oy > b ws) 7a.b» Which can be calculated in tim@(| E|* + | E|| N| log | NT)
PT:a=>u =>v=>w=>b @.14) [4]. Given the non-decreasing nature of a staircase, the rep
4 . resentatives can be arranged in an ascendlng orgg,r::
e ___A {(w;,d;)},such thatw; < w; A d; <dj, V1 <i<j<I,

where [ is the size ofy,; andI < |E|. If we consider the
© delay as a functionx) of the bandwidth, the service staircase

delay line segment / can be def'ned as

supported services

di sw <

5 .
hyperbola curve ’%(w) = dZ y Wi—1 <w S Wi, V]‘ <1 S I (1)
P5 o0 W > W
°o e 4 > The supported services of linke, b) can be expressed as

= > R*
Fig. 1. service staircase and its approximates for (bantiwiitlay) Sa,b {(w, d) ‘ dz K(w)’ we }

With the assumption that certain service curves are used,
o ) we define an algebra for network state aggregation based on
approximation has been provided. _ service curves. Given a large hierarchically structured/oek,
This paper gives a unified account of state aggregation baggg, the state information of the physical links is aggteda
on the concept of service curves. We propose three CUrVgge physical paths and then logical links, each domain is
polynomial curvespiecewise cubic splingandpolylineswith  reqyced to a much smaller topology consisting of only border
far better accuracy compared with Korkmaz-Krunz's algonit 5des. As a domain advertises its aggregated state, only the
[3] and Line Segment algorithm [4]. The algebra and the adgrvice curves between the border nodes are seen from the
g_onthms related to the state information aggreg_atlon @b o tside of the domain. The same aggregation process can be
discussed and the performance of our methods is demonstraig,eated at higher-level hierarchies with logical linksnige
by our simulations. aggregated into logical paths and high-level logical links
There are two basic types of computation in such process.
L Sequential aggregation is to compute the service curve of a
‘We use a tuple(V, B, E) to represent a domain in apaih pased on the service curves of the links and parallel
hlerarch|c_ally strucFured network/ is the set of nodes N aggregation is to compute the service curve for a logical
the domain,B C V' is the set of border nodes that have link§ini petween two nodes or aggregated paths between nodes.
connecting to nodes outside of the domain, dnds the set g6 two aggregations can be done by recursively calling tw
of directed physical links among the nodeslin Each link  oherationsa andodot between two service curves andxs.
(u,v) is associated with a pair of QoS paramet@rs,., du.). Definition 1: Let #1, ks : R — R* be two service curves.
wherew,,, is the bandwidth and,,,, is the delay of the link. e gnerations is defined as follows: for any bandwidth €
A service request with a bandwidth requirementwofaind g+ (K1 @ ko) (w) = k1 (w) + Ko (w).
a delay requirement of can be satisfied by a linku,v) if  Theorem 1:Let x, and x, be the service curves of two
w < wyp andd > dy,. Therefore, thesupported Services gqq enial links(v1, v2) and (va, v3), respectivelys; @ o is
denoted as,, ., are defined as the set of all requests that ffe service curve of path = v, — vy — v3.

satisfied by link(u, v). Formally, we have Proof: A request(w,d) can be supported by if and
= {(w,d) | w < Wyo ANd > dyy,weRT,de R} only if it can be split into two partsiw, d1) and (w, d2) with

' dy + d2 = d, such that they can be supported by, v2)
which is represented by the upper region above the staircasg (v2,v3), respectively. Namelyd; and d, should satisfy
in Figure 1. The bandwidth and the delay of a physical pathg, > «,(w) andd, > ko(w). Hence,
are defined as, = min(,, )ep Wu,» aNdd, = Z(W)ep wv-
Similar to the supported service of a lirfk, v), we define the di+dy=d < d=>r(w)+r(w)
supported services of paghass,,. = d> (k1P kK2)(w)

Il. AGGREGATIONMODEL
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region Il

Let x, be the service curve qf; a service requestw, d) L ve
can be supported by if and only if d > r,(w). Therefore, region |  (Wh, dr)
Ky = K1 © Ko u region I!I

D : ;

Definition 2: Let k1, ko : RT — RT be two service curves. delay] ~ region! I
The operatior® is defined as follows: for any bandwidth € region IV | gp
RT, (k1 ® k2)(w) = min(ky (w), ko (w)) W, dy ° . d))

Theorem 2:Suppos€(a, b) is a logical link that represents >
two pathsp; andp,, froma to b. Let k; andk, be the service bandwidth
g;lr(\/esb)ofpl andp,, respectivelyx; ® ko is the service curve Fig. 2. area distance

a,b).

Proof: Let s,, and s,, be the supported services of
p1 and po, respectively. The union of,, ands,, forms the It is natural to use the sizes of these regions to judge the
supported services @&, b). A requestw, d) can be supported quality of approximation by’.
by (a,b) if and only if it can be supported by eithgr or p,, Given a service staircaseand an approximation curue,
namely,d > k1(w) V d > ko(w). We further have the positive area distancép.a.d.), A, (k, '), measures the
total size of regions of over-estimated services. Tiegative

d>wi(w)Vd=ko(w) <= d=min(k(w),k2(w))  area distance(n.a.d.),A_(k, x'), measures the total size of

— d> (k1O K)(w) regions of under-estimated services.
Let k. be the service curve of; a service requestw, d) Ay (k, k) = /Oo max(x(w) — &' (w), 0) dw
can be supported by if and only if d > &, (w) by (I1). —o0
Therefore, kg, = K1 ® Ka. [ |

A (m ) = /Oo max(’ (w) — K(w), 0) duw

— 00

Theorem 3:The set of service curves is closed under the
operations» and& and has the properties of associativity an%heren(w) — W (w) = 0 if & (w) = 0o A K(w) = oo.

commutativity. _ The selection of these two criteria is based on the design
. .Proof. T.he result of two service curves underand ® philosophy of the systemA_(k, ') means aggressive as
is still a service curve by Theorems 1 and 2. Therefore, tgnimizing it would require most supportable services to be

set pf service curve functions is closed un@and @. Itis accepted, whileA . (x, ') only requires that the accepted
straightforward to prove that ande are associative and COM-raqests receive the desired QoS. As an alternative eriteri
mutative since+ and min are associative and commutativearea distance(a.d.), A(k, ') — A (k. 5') + A_(x, ') can

be considered as a tradeoff between these two. Our goal is to

Thus far we have cgmplej[ed the basic algebra for serviggq the appropriate approximation curves so that(r, x'),
curves. The purpose is to introduce a general approachdg(mﬁl), and/or A(k, #') are minimized without incurring
aggregate network state information. The service curves Ggo much overhead.

be the service staircases or approximation curves. Theonletw _ o
aggregation process can be considered as recursivelyiagply®: Polynomial Curve Approximation
® and @ to the service curves of the links (paths) in the Let the first representative of the staircasebe (wy, d;),

topology. which is the convex corner with the smallest bandwidth, and
the last representative l§@,, d;, ), which is the convex corner
Ill. A PPROXIMATION CURVES with the largest bandwidth, our first approximation method
It is necessary to approximate the aggregated domain std#&s @ polynomial function
in order to reduce the space requirement. While improving d cw < w;
information accuracy will always increase the space com- kP (w) = Yot sw <w < wy,
plexity, our goal is to limit the space complexity for stagin 00 Tw > wp

the aggregated state between two border nodes to a cons&r&J
independent of the size of the domain and maximize ﬂ&%rv
information accuracy at the same time. Before we introdu%(at

our new approximations, a criteria for comparing the qualit The problem of finding coefficientsy, a1, ..., a,, € R such

of\(/jvlfferent Igpproxgn?tpl? rrt]ettho?: 'quetf'rl,ed' db that A(k, kP€) is minimized is difficult. Instead, we use the
© use rigure ,O nustrate , € distortion caused by 48ast square method to find the polynomial that best minimize
approximation curve:’. Supposex’ instead ofx is stored in the least-square error as an approximation. Givendata

the. aggrggateq nelt:Nor.IrI. t’f‘ service fgqtl;@ﬁtéi) n (hover— H10ints(w1,d1), eeesy (Wi, d,) ON the staircase, the least square
estimated) region 1l will be accepted based on the store ethod tries to minimize the cost function

information but rejected in reality. On the other hand, aiesq m
(w,d) in (‘under-estimated region Ill can be supported in blag, a1, .0 = Z(di — KP(w;))?
reality but rejected by the stored state information. Tfoees

ally theline segmenin [4] is a special case of polynomial
es withn = 1. With a largem, better accuracy is achieved
the overhead is increased as well.

i=1



By taking the first derivatives we have the following linear
equations withk = 0,1, ...n.
9¢

Por = —Qwa(di — Zang) =0 delay
Qg X .
i=1 7=0

The values ofag, a1, ...c;, can be calculated by solving the
above linear equations.

The space needed for storidg® is n + 5 float numbers, bandwidth >
with n + 1 floats for the coefficients and 4 floats fay;, d;,
wp, andd,,. Fig. 3. polyline approximation

B. Cubic Spline Approximation

In polynomial approach, we assume a global approximatich: Polyline Approximation
It can be improved by taking into consideration the local Although a cubic spline approximates the local trends of
information of the service staircase. Our second approxima staircase very well, it has a weakness. Like a polynomial
tion method uses a cubic spline®®, which approximates curve, a cubic spline incurs heavier distortion near theeor
the service staircase segment by segment with piecewiseoints as it uses eontinuouscurve to approximate thaiscrete
polynomial functions. We make a brief description of cubisteps (Figure 2).
spline in the following. Details about curve fitting by s@in  The corner points contain more information than the other
functions can be found in [5]. points on the staircase because they determine the shape of t
Letw; = Ao < A1 < ... < Ay = wy, be an even partition of staircase. Furthermore, some corner points are more imngort
the intervallw;, w;]. Take two additional values with the sameahan others. For example, there are eight corner points in
spacing on both sides of the interval:; and_; smaller than Figure 3. Points A, B, and C are more important than the other
wy; Ag+1 and Ag1o greater thanw;,. A series of cubic spline five because they control the global shape of the staircase.

basis functions are defined. For< j < g, Hence, we can approximate the staircase by only keeping the
2 Oy — w)? most important corner points. In Figure 3, we may keep only
Bj(w) = (Aj42 — Aj—2) Z 5 s + A, B, and C, and use a polyline’! across them to approximate
s=—2 Hk:72,k;ﬁs()‘j+8 — Aj+k) the service staircase.

Now the problem is to determine which corner points are
more important than the others. Suppose we are allowed to
choose onlyk corner points due to a space limitation. We

where (x)4 equalsz if z > 0, and0 otherwise.
The cubic splinex°*(w) is a linear combination oB,(w).

d ;w < wyp would like to choose suchk points that minimizeA (s, k).
K (w) = g aBi(w) jw <w <y Suppose there are corner points in total. The number of
00 JW > wp different combinations of: points isC¥. It takesO(n) time

where ag, a1,...,a, are coefficients, which determine thel® COMPUteA(x, w*') for each comEina_tion. Therefore, for a

shape of the cubic spline. The larger the valug ofhe more brute-force algorithm, it take@(ncn? time to find the best

the number of coefficients and the better the approximatiorf: POINts. In the following, we describe a heuristic algorithm
Similar to the previous subsection, we use the least squifith @ time complexity ofO (k). _

method to find the coefficients that minimizes the least-sgua CG1Ven a set of corner points on the staircasels ..., An }.

error defined below. Initially, the approximation polylinex?’ is a line segment
g connectingA; and A,,, represented asi;—A,,. Compute

dlag, o, ...y ag) = Z(di — K% (w;))? the distances from all other corner points to the polyline,
' P and find the corner pointl, with the maximum distance to

A;—A,. Then insertA, into the polyline, which becomes
A;—A,—A,,. Repeat the above process until the polyline
containsk corner points.

The space needed for storiig’ is 2k float numbers, two

where(ws,dy), ..., (W, d,,) arem data points selected from
the service staircasep > g + 1. The first derivatives of the
(o, a1, ..aq) give us the following(g + 1) linear equations

with & =0, 1, ..g. for each selected corner point.
d¢ e 4
By = —2ZBk(wi)(di - Zaij(wi)) =0 | _IV. SIMULATION RESULTS |
i=1 J=0 In this section, we study the performance of different
The values ofag, a1, ..c4 can be calculated by solving theapproximation approaches by simulations. We compag-
linear equations. nomial curve (PC), cubic spline (CS), and polyline (PL),

The space needed for storikg® is g + 5 float numbers, together with the existing approaches lofe segment(LS)
with g + 1 floats for the coefficients and 4 floats fay, d;, [4], Korkmaz-KrunZKK) [3], best point(BP) andworst point
wp,, anddy. The minimal value forg is one. (WP). The domain topologies in our simulation follow the
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Waxman model [6] with the average node degree of 4. 10% V. CONCLUSION
of the nodes in the domain are randomly selected as the edgén this paper, we propose a new way of representing
nodes. We assign the delays and bandwidths of the physite# network state aggregation in delay-bandwidth semsitiv
links based on the exponential distribution with an averagetworks. The QoS state information can be best described
of 100 units. The performance of the different service ceirv@s a service curve supporting and © operations and the
are calculated and presented after taking the average of H@@regation of the state information is considered as aegsoc
independently-generated domains. In our simulations, see wapplying these two operations reccursively. The detailgd-a
the relative area distance compared with the BP or WP lwa together with the algorithms of the recursive aggregati
judge these approaches in order to eliminate the influenceadfthe state information in multi-level hierarchical netks
the different domains. Since the n.a.d. of the BP is alwayas been discussed. We approximate the service curve by
zero, the relative n.a.d. is computed compared with the Wiffferent approaches, that is, the polynomial curve, thieicu
instead. spline, and the polyline approach. These new curves achieve
The approximation accuracies of different aggregation apruch better accuracy in approximating the original state
proaches are presented in Figure 4. While KK and LS hav#ormation both globally and locally, depending on thepa
fixed space requirements, PC, CS and PL are adjustableuagd to store the curves. Better accuracy is achieved bgrlarg
to the aggregated state space. In our simulations, all theg@ce. The extensive simulation results shows that the new
approaches use 8 float numbers for fairness. Our result sh@pgroximation approaches significantly outperform Korkma
that PC, CS, and PL outperform LS and KK. While thérunz algorithm [3] and Line Segment algorithm [4]. Among
performance of PC and CS is comparable, PL is the bestr new approaches, polyline has the best performance when
among all these approaches. Its area distance is roughly tine required space size increases.
fourth while its space requirement is only doubled compared
with LS in our simulation. KK has significant positive area
distance, close to 70% that of BP. Its negative area distancé!! W C. Lee, “Spanning Tree Method for Link State Aggregatin Large
| . it ial desi t Communication Networks,” ilEEE INFOCOM'95 vol. 1, Boston, MA,
always zero given its special design nature. USA, Apr. 1995, pp. 297302,
Figure 5 shows the accuracy/space tradeoffs by PC, CS, #dA. Iwata, H. Suzuki, R. Izmailov, and B. Sengupta, “QoS rmgtion
PL. In this simulation, the domain size ranges from 50 to 250 algorithms in hierarchical ATM networks,” iCC’1998 vol. 1, Atlanta,
. : o . gy GA, USA, June 1998, pp. 243-248.
nodes, following a uniform distribution. The honzonta!lsa}e [3] T. Korkmaz and M. Krunz, “Source-oriented topology aggion with
the space (number of floats) used to store the service curve.multiple QoS parameters in hierarchical networksCM Transactions on
icai i Modeling and Computer Simulatiprol. 10, no. 4, pp. 295-325, 2000.
ghe I’esrL:“Sf for CS are ml_ss_lng when the m'.lmber of floats_ls[%? K.-S. Lui, K. Nahrstedt, and S. Chen, “Routing with Topgy Aggre-
ue to the fact th_at the minimal space requirement of _CS IS"/. gation in Delay-Bandwidth Sensitive Networks,” to appear in IEEE
When the space increases, all these approaches achieve bettdransactions on Networking
approximation accuracy. The figures demonstrate that PL H2lsP: Dierckx,.Cur\./e and Surface Fitting with Splines Oxford, England:
he b fi h h . lativel Oxford University Press, Inc., 1993.
the 'eSt rqte of improvement when the space Is relative ylsn’{@] B. M. Waxman, “Routing of Multipoint Connections|EEE Journal of
and it achieves the best accuracy/space tradeoff compared t Selected Areas in Communicatipmp. 1617—1622, Dec. 1988.
CS and PC approaches.
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