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Abstract— Computing constrained shortest paths is funda-
mental to some important network functions such as QoS
routing, which is to find the cheapest path that satisfies cer-
tain constraints. In particular, finding the cheapest delay
constrained path is critical for real-time data flows such as
voice calls. Because it is NP-complete, much research hasbe
designing heuristic algorithms that solve thez-approximation
of the problem with an adjustable accuracy. A common ap-
proach is to discretize (i.e., scale and round) the link delaor
link cost, which transforms the original problem to a simpler
one solvable in polynomial time. The efficiency of the algo-
rithms directly relates to the magnitude of the errors intro-
duced during discretization. In this paper, we propose two
techniques that reduce the discretization errors, which dbws
faster algorithms to be designed. Reducing the overhead of
the costly computation for constrained shortest paths is pacti-
cally important for the successful design of a high-througlput
QoS router, which is limited at both processing power and
memory space. Our simulations show that the new algorithms
reduce the execution time by an order of magnitude on power-
law topologies with 1000 nodes. The reduction in memory
space is similar. When there are multiple constraints, them-
provement is more dramatic.

. INTRODUCTION

paths can be used in many different circumstances, for in-
stance, laying out (long-term or short-term) virtual citsu

in ATM networks, establishing wavelength-switching paths
in fiber-optics networks, constructing label-switchinghsa

in MPLS based on the QoS requirements in the service
contracts, or applying together with RSVP. There are two
schemes of implementing the QoS routing algorithms on
routers. The first scheme is to implement them as on-line
algorithms that process the routing requests as they arrive
In practice, on-line algorithms are not always desired. Mvhe
the request arrival rate is high (major gateways may receive
thousands or tens of thousands of requests every second),
even the time complexity of Dijkstra’s algorithm will over-
whelm the router if it is executed on a per-request bagdis.
solve this problem, the second scheme is to extend a link-
state protocol (e.g. OSPF) and periodically pre-compuge th
cheapest delay-constrained paths for all destinatiomsnfo
stance, for voice traffic with an end-to-end delay require-
ment of 100 ms. The computed paths are cached for the du-
ration before the next computaion. This approach provides
support for both constrained unicast and constrained multi
cast. The computation load on a router is independent of the
request arrival rate. This paper studies the second scheme.

A major obstacle against implementing distributed mul- A path that satisfies the delay requirement is calléeba

timedia applications (e.g., web broadcasting, video telec
ferencing, and remote diagnosis) is the difficulty of ensyiri

sible path Finding the cheapest (least-cost) feasible path is
NP-complete. There has been considerable work in design-

QoS (Quality of Service) over the Internet. Besides the isAg heuristic solutions for this problem. Let andn be the
sues of packet scheduling, admission control, resoureg-reshumber of links and the number of nodes in the network,
vation, and traffic engineering, the QoS routing is a criticaespectively. Juttner et al. used the Lagrange relaxation
element for QoS provision. It is to find a constrained shortmethod to approximate the delay-constrained least-cast ro
est path — a network path that satisfies a given set of coig problem in timeO(m? log* m) [9]. However, there is no
straints (e.g., minimum bandwidth requirement and boundéleoretical bound on how large the cost of the found path can

end-to-end delay) [1], [2], [3], [4], [5], [6], [7]. For inte
active real-time traffic, the delay-constrained least-pagh

be. Korkmaz and Krunz used a non-linear target function
to approximate the multi-constrained least-cost path {rob

has particular importance [8]. It is the cheapest path whotam [10]. It was proved that the path that minimizes the tar-
end-to-end delay is bounded by the delay requirement ofg&t function satisfies one constraint and the other conssrai
time-sensitive data flow such as a voice call. The additiongiultiplied by 'k, where)\ is a predefined constant arid
bandwidth requirement, if there is one, can be easily hais-the number of constraints. However, no known algorithm

dled by a pre-processing step that prunes the links without

the required bandwidth from the graph.

Note that path caching does not eliminiate the problem ofrigpdon-
strained shortest paths because those paths must be edlbeédre being

The algorithms for computing the constrained shortestched.



can find such a path in polynomial time. [10] proposed the discretization error is zero on a pdthand the standard
heuristic algorithm, which has the same time complexity adeviation is proportional tq/!(P), wherel(P) is the length
Dijkstra’s algorithm. It does not provide a theoretical bdu of P. The path delay discretization works on the path delays
on the property of the returned path, nor provide condifionanstead of the individual link delays, which eliminates the
guarantee in finding a feasible path when one exists. In goFoblem of error accumulation. Based on these techniques,
dition, because the construction of the algorithm ties towe design fast algorithms to solve theapproximation of
particular destination, it is not suitable for computingieo the constrained shortest-path problem. We prove the cor-
strained paths from one source to all destinations. For thisctness of the algorithms, and demonstrate their effigienc
task, it is slower than the algorithms proposed in this papéy simulations.
by two orders of magnitude based on our simulations. The rest of the paper is organized as follows. Section I
Another thread of research in this area is to design polyeviews the existing approaches. Section Il describes the
nomial time algorithms that solves the NP-complete prolsandomized discretization, and Section IV describes ttie pa
lem with an accuracy that is theoretically bounded. Givetlelay discretization. Section V and VI provide analytical
a small constant, Hassin’s algorithm [11] has a time com-and simulation results, respectively. Section VIl drawe th
plexity of O("* log log %), where UB and LB are the costs conclusion.
of the fastest path and the cheapest path from the source
node to the destination node, respectively. The algorithm
finds a feasible path if there exists one. The cost of the path
is within the cost of the cheapest feasible path multipligd b Consider a network:(V, E'), whereV is a set ofn nodes
(1+4¢). Chen and Nahstedt solved a similar problem in timand E is a set ofm directed links connecting the nodes.
O((m + nlogn)z), wherex = O(n/e) in order to achieve The delay and the cost of a link,v) € E are denoted
the e-approximation [12]. Goel et al.’s algorithm [13] hasasd(u,v) andc(u,v), respectively. The delay and the cost
the best-known complexity @((m + nlogn)%), whereL  of a path P are denoted ad(P) and c(P), respectively.
is the length (hops) of the longest path in the network. U(P) = ( EE d(u,v), ande(P) = Ze c(u,v). Letl(P)
computes a path whose cost is no more than the cost of Y o
cheapest feasible path, while the delay of the path is Withtf;lgthe length (number of hops) 8t andL be the length of

. He longest path in the network.
(1 +¢) of the delay requirement. Given a delay requirement P is called afeasible pathf

One common technique O_f the above f_;llgorithms [llli(P) < r. Given a source node let V; be the set of nodes
[12], [13] is to discretize the link delay (or link cost). Due,[0 which there exist feasible paths from For anyt € V.,

to the discretization, the possible r_\umber of dlffer_enaylel the cheapest feasible path, ; from s to ¢ is defined as
values (or cost values) for a path is reduced, which makes ’

the problem solvable in polynomial time. The effective- d(P;;) <r

ness of this technique depends on how much error is intro- (Py4) = min{c(P) | d(P) < r,¥pathP from s to t}

duced during the discretization. The existing discreitirat

approaches have either positive discretization error ¥er eThedelay-constrained least-cost routipgoblem (DCLC) is

ery link or negative error for every link. Therefore, the-disto find the cheapest feasible paths frero all nodes inl’;,
cretization error on a path is statistically proportiormtite ~Which is NP-complete [14]. However, if the link delays are
path length as the errors on the links along the path add @l integers and the delay requirement is bounded by an inte-
In order to bound the maximum error, the discretization h&€r A, the problem can be solved in tini¥ (m + n log n)\)

to be done at a fine level, which leads to high execution tinfy Joksch’s dynamic programming algorithm [15] or the ex-
of the algorithms. tended Dijkstra’s algorithm [12].

Given the limited resources and ever-increasing tasks of 70 € V.i € [0..A], let w[v,i] be a variable storing the
the routers, it is practically important to improve the effi€ost of the cheapest pathfrom s to v with d(P) < 4, and
ciency of the network functions. While QoS routing is ex [v, 4] storing the last link of the path. Initiallyy[v, 7] =
pensive due to its non-linear nature, it has particularifiign o, Vv # s, andwls, i] = 0. «[v, i] = NIL. Assuming that all
cance to reduce the router’s overhead in computing the cdifik delays are positive, Joksch’s algorithm can be desdrib
strained shortest paths. In this paper, we propose two te@s follows.
niques randomized discretizatioandpath delay discretiza- [y i] = min{w[v,i — 1], wlu,i — d(u,v)] + c(u, v),
tion, which reduce the discretization errors and allow faster Y(u,v) € E, d(u,v) < i}
algorithms to be designed. The randomized discretization ’ ’ T
cancels out the link errors along a path. The larger the topdlow suppose the link delays are allowed to be zero.(Let
ogy, the greater the error reduction. The statistic mean bé the subgraph consisting of all zero-delay links. For each

[I. PROBLEM DEFINITION AND EXISTING
DISCRETIZATION APPROACHES



i € [0..A], immediately after Joksch’s algorithm calculates [1l. RANDOMIZED DISCRETIZATION

wlv,i], Vv € V, Dijkstra’s algorithm is executed 0ff: 10 p1¢ creates positive rounding error on every link. The
improvew(v, i] on zero-delay paths [13]. error accumulates along a path. The larger the topology, the
The above integer-delay special case points out a heulignger a path, the larger the accumulated error. The same
tic solution for the general NP-complete problem, which iﬁqing is true for RTF, which has negative rounding error on
to discretize (scale and then round) arbitrary link delays fyery link. The insight is that if we can reduce the error in-
integers [11], [12], [16], [13]. There are two existing disrodyced by discretization, we can improve the performance
cretization approachesound to ceiling[12] andround 1o of the algorithm. With a smaller error, the new problem after
floor [13]. Both approaches map the delay requiremetat  giscretization is closer to the original problem. The solut

a selected integex, while the link delays are discretized asyq the new problem will also be closer to the solution of the
follows. original problem.

Round to ceiling (RTC): For every link(u, v), the delay  Qur first approach is randomized discretization. It rounds
value is divided bys. If the result is not an integer, it is to ceiling or to floor according to certain probabilities. €Th

rounded to the nearest larger integer. idea is for some links to have positive errors and some links
to have negative errors. Positive errors and negativeerror
d°(u,v) = fMﬂ (1) cancel out one another along a path in such a way that the
r accumulated error is minimized statistically.

Round randomly (RR): For every link(u, v), the delay
value is divided bys. If the result is not an integer, it is
rounded to the nearest smaller integer or to the nearestrlarg
integer randomly such that the mean error is zero.

Round to floor (RTF): For every link(u,v), the delay
value is divided byy. If the result is not an integer, it is
rounded to the nearest smaller integer.

d(u,v)

@ (u,0) = [ =22 @ ) P
" 0 (u,v) = [S22X] with prob.py = S22\ — S22
With either Joksch's algorithm or the extended Dijkstra’s LMM with prob.p; = 1 —p;

algorithm, both RTC and RTF can solve thapproximation )
of DCLC, which is to find a path® for every node € Vi,
such that The discretization error of a linku, v) is

d(P) < (1L+e)r A" (u,v) = d(u,v) — d’ (u, U)g @)

C(P) < C(Ps’t)

and the discretization error of a pathis

wherec is a small percentage. The delay of the path is al-
lowed to exceed the requirement by a percentage of no more A"(P) = Z A"(u,v) = d(P) —d"(P)
than ¢, while the cost should be no more than that of the (u,v) on P

cheapest feasible path, ;. Using RTF, the delay scaling

: i Following the iterative approach of [13], the randomized
algorithm (DSA) proposed by Goel et al. achieves the bea cretization algorithm (RDA) is described below. Let
time complexityO((m + nlogn)L/e)

) among all existing be a small constant. We use the extended Dijkstra’s short-
algorlthms [13_]' ) ) ) i est path algorithm (EDSP), which is equivalent to Joksch’s
The discretization error of a link, v) is defined as algorithm, except thaw[v, 7] stores the cost of the cheapest
r path P from s to v with d"(P) = i.
Al (u,v) = d(u,v) — d' (u, v (3)  The algorithm assumes a preprocessing step that removes
A, v) = d(u, v) — d°(u, v>§ @) all nodes to which there are no feasible paths from

9)

>3

Initialize(V, s, A)
1. for eachvertex € V, eachi € [0..\] do
2. wlv,i] := oo, w[v,i] :=NIL, §[v,i] := o0
APy = > Al(u,v) (5) 3. w[s,0]:=0, 8[s,i] =0
(u,v) on P

The discretization error of a path is defined as

. B . RelaxRDA(u, v, i, \)
AP)y= > Au,v) ©) 4 =it d(u)

(u,v) on P 5. error = d[u,i] + A"(u,v)



6.
7.
8.
9.
10.
11.
12.

if error < 0then
error := error + 1/
i'=1 -1

if i < Xandw(v,i'] > wu,i] + c(u,v) then

oo 1= ]+ el
0w, '] :.: min{é[v, '], error}

EDSPRDA(G, s, \)

13. Initialize(V, s, A)

14. fori=0to A do

15. Q:=V

16. while Q # () do

17. u := ExtractMin(Q)

18. if wlu,i] = oo then

19. break out of the while loop
20. Q:=Q —{u}

21. for every adjacent nodeof v do
22. RelaxRDA(u, v, 7, A)
RDA(G, s)

23. A= Xo

24. do

25. A=2A

26. EDSRPRDA(G, s, \)

27. while Jv € V, d(P”) > (1 + &)r,

whereP? is the path with migw[v, ] | 7 € [0..\]}

Lemma 1:1t always holds thabt[u,i] > 0,Vu € V,i €

[0..)].

Proof:

holds thatd(P}") >

})iu

After

12, §[v, '] < error. Hence,d(Pi“ (u,

d(P* + (u,v))
= d(P) + d(u,v)

> z'X + S[u, ] + d” (u, )g
T

= (i+ dr(u,v))A + d[u, i) + A"(u,v)

Lines 4-8,d(P" + (u,

i'% + d[v,4']. The lemma holds after the call.

Lemma 3:Let P! be the path stored by[u, i]. It always

holds thatd(P;*) < (i+I1(F"))%, Yu € V,i € [0..)], where

[(P}!) is the length (hops) aP!.

Proof: Suppose it holds before Reld®DA(...) is called.
P* <

(2

It holds initially. The value of§ changes only
at Line 12. Supposé[u,i] > 0 andd[v,i’] > 0 before
RelaxRDA(...) is called. Because { < A"(u,v) < 1,
Lines 6-7 make sure thatror > 0. Hence,d[v,i] > 0
after Line 12. The lemma remains true after the call. O

Lemma 2:Let P! be the path stored by[u, i]. It always
i% + 0lu,d], Yu e Vi€ [0..]].

Proof: Suppose it holds before ReldDA(...) is called.
Py > iy + 6[u,i].
+ (u,v).

+ A" (u,v)

v)) > 1'% + error. After Line
v)) = d(Fy) =

> |

After Line 12,d(P}* + (u,v)) = d(P7) < (¢ + I(P})))%.

The lemma holds after the call. O
Theorem 1:RDA solves thes-approaximation of DCLC
intimeO((m + nlogn)L/¢).

Proof: We first prove that if RDA terminates, it solves
the e-approaximation of DCLC. Consider an arbitrary node
t. Let P;; be the cheapest feasible path. Assume this is the
only path froms to ¢t. Consider RelaxRDA(...) is called on
a link (u,v) of Py,. After Lines 4-5,i/ = i + d"(u,v) =
i+ (d(u,v) — A" (u, )2 = z+(d(u,fu)—error—i-é[u,i])%.
After Lines 6-8, becauserror > 0, i’ < i + d[u, ]2 +
d(u,v)2. By Lemma 2,i + d[u,i]2 < d(P*)2. We have
i < (d(P*) + d(u,v))2 < d(Psy)2 < A Lines 9-12 will
be executed. Eventually? ; will be stored byr[t, ] for
some; < \.

Now if there exist other paths fromto ¢t and one of them
replacesP;; during the relaxation, the path must have a
smaller cost tharP ;. Hence, when RDA terminates, let
p' be the path returned by RDA ferwith min{w[t,i] | i €
[0..A]}. We must have(p') < ¢(Ps), andd(P?) < (14¢)r
because otherwise RDA won't termlnate.

We now prove that RDA terminates in tim@((m +
nlogn)L/e). WhenX > £ by Lemma 3,v¢t € V,
d(P") < A+1(PY))% < r+1U(P)F < (1+¢e)r. By
Line 27, RDA terminates.

The new path under consideration is The time complexity of each execution of EDRPA(...)

is O((m + nlogn)\). SinceX doubles each time, the time
of the last execution is larger than the combined time of all
previous executions. Therefore, the complexity of RDA is
O((m +nlogn)L/¢). O

It is easy to see why RDA has the same worst-case
time complexity as DSA. It could happen thét(u,v) =
d’ (u,v),¥(u,v) € E, which makes RDA identical to DSA.
However, with much larger probabilities] (u, v) follows
a distribution with positive errors and negative errors-can
celling out each other along a long path, which allows RDA
to run much faster than DSA on an average case. For an
arbitrary routing instance, it can be proved that if DSA can
terminate with a\ value, then RDA must be able to termi-
nate with the same value; the opposite statement is not

(i + 1(P{))x. The new path under consideration igrue. RDA usually terminates with a smallgrvalue than
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Lemma 6:Let P! be the path stored by[u, :]. It always
holds thatd(P") < (i+1(FP"))%, Yu € V,i € [0..)], where
[(P}") is the length (hops) aP}".

RTF, RTC, and RR all perform discretization at the link Proof: Suppose it holds before Re[ﬁ(DA() is called.
level. Each link carries certain amount of error, which may(pr) < (i + I(P{*))%. The new path under consideration

accumulate along a path. Another way to control the totad P+ (u,v)

error is to perform discretization on the path level, usimg t
interval partitioning method for combinatorial approxima
tion [17]. Given a patiP,

d(P)

I(P) = =

Al (10)

The error is independent of the path length. The path dis-

cretization algorithm (PDA) is shown below. EDFDA is
omitted because it is identical to EDFDA except that it
calls RelaxPDA.

Initialize(V, s, \)
1. for each vertex € V, eachi € [0..A] do
2. wlv, 1] := oo, 7[v,i] :=NIL, z[v,i] := 00

3. wls,0]:=0, z[s,i]:=0

RelaxPDA(u, v, i, \)

4. il .— Lz[u,i]td(u,v) )\J

if i < Aandw(v, '] > wu, ] + ¢(u,v) then
wlv, '] := wlu, i] + c(u,v)
v, 7] == u
z[v,#'] := min{z[v, 4], z[u,i] + d(u,v)}

o

© N

PDA(G, s)
9. \:= )\0
10. do
11. A=2)
12.  EDSPPDA(G, s, \)
13. while 3v € V, d(P?) > (1 +¢&)r,
whereP? is the path with midiw[v, ] | 7 € [0..\]}

Lemma 4:Let P! be the path stored by[u, i]. It always
holds thatz[u,i] < d(P}*), Yu € V,i € [0..A].

The proof is trivial based on Line 8.

Lemma 5:Let P* be the path stored by[u, i]. It always
holds thatz[u, ] > i, Vu € V,i € [0..A].

Proof: Suppose it holds before Reld&DA(...) is called,
namely,z[u, ] > if andz[v,7'] > i'%. The new path under
consideration i?* + (u, v).

Lz[u, q —i; d(u,v)

z[u, 1] + d(u,v)

i Al

i<

A
4T

z[u, 1] + d(u,v) > i X

When Line 8 is executed,[v, i'] > i’ remains true.

After Lines 5-8,d(P}* + (u,v)) = d(P7) < (i' + I(P))%.
The lemma holds after the call. O
Theorem 2:PDA solves thes-approaximation of DCLC
intime O((m + nlogn)L/¢).
The proof is similar to that for Theorem 1.

Both RDA and PDA can be easily extended to handle
more than one constraints (Appendix A).

V. ANALYSIS

For RTF, the discretization error of every link is non-
negative with a tight upper bound &f. Hence, the dis-
cretization errors of links on a pafhA will add up to a non-
negative value with a tight upper bound 9f(P), which is
linear to the path length. Statistically, the longer thehpat
the larger the error. For instance Af' (u,v), V(u,v) € P,
is uniformly distributed in[0, §), the mean ofA/(P) is
5[ (P).

For RTC, the discretization error of every link is always
non-positive with a tight lower bound of 1. If A%(u,v),
V(u,v) € P, is uniformly distributed in(—%, 0], the mean
of AS(P) is —5;I(P).

The error of the path delay discretization is always non-
negative with a tight upper bound &f, independent of the
length of the path.

To study RR, we model(u, v),V(u,v) € E, as a random
variable, whose probability density function fs ,(z),z €
[0, +00). For any pathP, A"(P) is also a random variable.
Assume the delays of different links are independent.

Theorem 3:Given a pathP, the mean ofA”(P) is zero

and the standard deviation 6f (P) is at most- VzlA(P), re-
gardless of the probability distributions of the link deday

Proof: Consider an arbitrary linku, v) on P.




A" (u,v) V(A" (u,v))
r 2 [%S)
= dw,0) =& (w03 - | G- G- 15

A2 r r

[ d(u,v) - [\ with prob.p; = 2\ | A | NI S N
{d(um) g U))\J§ with prob.p, =1 —py * (T‘A LT/\J) qrﬂ ’I"/\)] fupl@)dz
r2 [ x x x x
=5 [N = I A= 12 funlo)ds
The mean (or expected value) &f (u, v) is .2 OOO . . . .
= IANT =2 (1 —=([2N1=2
o RS RS
r r : fu,v(x)dx
(A (w,v) = (d,0) ~ (22030
d(u,v) . 7 Becausey(1 — y),y € [0, 1), reaches its maximum value
+ (d(u,v) — | ——= . MX) P2 of 1/4 wheny = 1/2, we have
There are two cases. V(AT - P2 1
. Case 1: %% ) js aninteger, i.e. 402 ) — [dluv) 37 (A" (u,v)) V/O g funl@)de
| 4wv) )|, then it is clear tha(A” (u,v)) = 0. _
. Case 2: IfMA is not an integer, then 402
Therefore, given ararbitrary probability density func-
by =1 du,v) \ | Ld(u’v)/\J tion of d(u,v), we showed thatZ(A"(u,v)) = 0 and
r r 11) V(A(u,v)) < 4&2, for every (u,v) on P. The mean and
_ dw,v) o d(u,v) the variance of\" (P) are
= S50 - S
E(A"(P)=E( Y A'(w,v))
E(A"(u,v)) (u,v) oNP
d(u,v) or.  d(u,v) d(u,v) = Z E(A"(u,v)) =0
= (d(u,) ~ [N 5) - (Fa - ) Wi
du,v) . r d(u,v d(u, v
() — (A0 )y D)y
=0 V(A" Z A" (u,v)
( )onP
Denote (A" (u, v)) asy for clarity. Since the probabil- =Y V@) < r*1(P)
ity density function ofd(u,v) is fu.(z),z € [0,4+00), the ) AN
variance ofA" (u, v) is
The standard deviation @€" (P) is
V(A" (u,v)) a(A"(P)) =+/V(A"(P)) < rViP)
o T T 9 2\
= [ =N - m :
0 . Fig. 1 shows how the discretization errors of RTF, RTC
+(z — L;)\JX —w)? - pal - fun(z)da and RR grow with the path length. The link delay is ran-
22 [ o . . . domly generated, following an exponential distributioritwi
== —A—[- prH(=A— P2 a mean at ms. As shown in the figure, the discretization
2 [(TA [TM)? (r/\ LTAJ) ] 100 ms. As shown in the fi he di izati
0

errors of RTF and RTC grow linearly with the path lendth,

2When the link delay follows an exponential distributione tverage
error caused by RTF is smaller than that caused by RTC. Hayweten

When d(uv U) =T, p1 = %/\ - L%)\J by (7), andpy = the link delay follows a uniform distribution, the averageoe by RTF is
[ZA] — £A by (11). Hence, the same as that by RTC.



Comparing RTF, RTC and RR. lambda: 10 Comparing RTF, RTC and RR. lambda: 20
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Fig. 1. Compare the average discretization errors of RTE BRiid RR with respect to different path lengths. The verted is the
average of Af (P)|, |A¢(P)|, or|A"(P)| over 10000 sample paths.

Comparing RTF, RTC and RR. Path length: 6 hops Comparing RTF, RTC and RR. Path length: 14 hops
200 ‘ 500 :
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Fig. 2. Compare the average discretization errors of RTK; Rifid RR with respect to differentvalues. The vertical axis is the
average of Af(P)|, |A¢(P)|, or |A"(P)| over 10000 sample paths.

while the error of RR grows sublinearly. Fig. 2 shows tha&ccording to probabilities proportional to their respestin-

in order to achieve certain discretization error goal, RR rdulfilled degrees. A Waxman topology is formed as follows:
quires much smallek than RTF and RTC, which means thathe nodes are randomly placed in a one-by-one square, and
algorithms based on RR are likely to have less executidhe probability of creating a link between nodend nodey

time. is

_d(uvv)/ﬁL
VI. SIMULATION p(u,v) e

A. Simulation Setup whered(u, v) is the distance betweenandv, 8 = 0.6, and

] ] ] L is the maximum distance between any two nodes. The
The simulation uses two types of network topologies th@verage node degree is 3.

are generated based on the Power-Law model [18] and thel’he default simulation parameters are: The link delays

Waxman model [19]. For a Power-Law topology, 10% 0f¢,qtq) are randomly generated, following the exponential
the nodes has a degree of one, and the degrees of the ofjjefiv tion with a mean of 100 = 0.1. Ay = 3. Each

_nodes foII_owapower law, i.e., the frgquenﬁyofadegree data point is the average over 1000 randomly generated
is proportional to the degre&(> 2) raised to the power of routing requests. More specifically, we randomly generate
aconstang) = —2.2. ten topologies. On each topology, 100 routing requests are
10 dO generated with the source node randomly selected from the
topology. We run DSA, RDA, and PDA to find a cheapest
After each node is assigned a degree according to the poi@asible path to every destination for which a feasible path
law, a spanning tree is formed among the nodes to ensurexsts. All simulations were done on a PC with PIV 2GHz
connected graph. Additional links are inserted to fulfik th CPU and 512 Megabytes memory.
remaining degrees of every node with the neighbors selectedlhe performance metrics used to evaluate the routing al-
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total number of routing requests
total cost of returned paths Fig. 5. Scalability comparison

avg cost=
g number of returned paths

number of returned paths that are feasible ) ) )
number of returned paths of average cost and success rate in all simulations, we shall

focus on execution time in the sequel.
All algorithms under simulation guarantee that the delay of Fig. 4 compares DSA, RDA, and PDA on Waxman
any returned path is bounded by+ ¢)r. topologies with 1000 nodes. Both RDA and PDA again out-
) ] perform DSA significantly.

B. Comparing RDA and PDA with DSA Fig. 5 compares the scalability of the three algorithms

Fig. 3 compares DSA, RDA, and PDA on Power-Lawvith respect to the network size. The gains by RDA and
topologies with 500 nodes. Both RDA and PDA are mucPDA increase for larger topologies. The improvement ex-
faster than DSA, with PDA achieving the best executioneeds an order of magnitude for 1000-node networks.
time. The average costs of the three algorithms are com-Fig. 6 compares the algorithms with differentvalues.
parable. The success ratio of RDA is slightly better than thEhe differences are bigger whers smaller.
other two. Because the three algorithms are close in termsln summary, the simulations confirmed our prediction that

success rate=




TABLE |

Power-Law, delay requirement = 1500, network size = 500
EXECUTION TIME (MILLISECONDS) ON POWER-L AW

90

80 RDgﬁ ,,,,,,,,,,, ] TOPOLOGIES WITH TWO CONSTRAINTS
or PRA T no. of nodes] DSA | RDA | PDA
I 1 100 100.0 | 120 | 4.4
200 4711 | 441 | 22.2

300 1437.2| 116.3| 67.5
400 3127.3| 264.1| 129.2
500 6252.7| 638.8| 328.9

avg execution time (milli sec)

TABLE Il
epsilon EXECUTION TIME (MILLISECONDS) ON WAXMAN
Waxman, delay requirement = 1500, network size = 500 TOPOLOGIES WITH TWO CONSTRAINTS
5 120 DSA ——
% 100] RO no. of nodes| DSA | RDA | PDA
E 100 1155 | 8.0 5.6
o 807 200 551.3 | 38.1 | 23.9
£ 60| 300 2056.3| 150.5| 70.3
% a0k 400 3951.2| 236.1| 111.6
) 500 8550.9| 473.0| 211.3
S
° 5 io is éo és 30 TABLE Il
epsilon EXECUTION TIME (MILLISECONDS) OF FINDING

DELAY-CONSTRAINED LEASFCOST PATHS FROM A SOURCE

Fig. 6. Compare DSA, RDA, and PDA with respect to different
TO ALL DESTINATIONSON ON POWER-LAW TOPOLOGIES

values
S _ _ no. of nodes| RDA | PDA | HMCOP,\ = 2

the execution time could be greatly improved by reducing 100 13 | 08 352
the discretization error, which was achieved very effetyiv 200 3.1 | 22 159.4
by RDA and PDA. Even with 1000 nodes and one con- 300 58 | 3.8 369.5
straint, RDA and PDA computes the constrained shortest 400 83 | 6.9 673.4
paths within 38 milliseconds and 25 milliseconds, respec- ggg 132 92-46 1292-2
tively, which makes them practical solutions for routers to 19.6 12. 1615.
. - 700 25.3| 17.0 2285.9
compute the QoS routing paths periodically. 800 321 | 208 3024.2
. . 900 404 | 26.5 3946.1
C. Multicast-Constrained Shortest Paths 1000 48.2 | 32.0 4964.8

The comparsion when there are two constraints (e.g.,
bounded delay and bounded lay jitter) are shown in Tables
I'and Il. For networks with 300 nodes, PDA outperformshat of Dijkstra’s algorithm. HVICOP relies on building a
DSA by 21 times on Powerlaw topologies and 29 times oshortest-path tree from all nodes to a specific destination a
Waxman topologies. a source tree from a source to all other nodes. This design is
The last iteration of DSA, RDA, or PDA dominates insuitable to construct a delay-constrained least-cost (OCL
terms of both execution time and memory usage, which apath from one source to one destination. It is not suitable to
O((m + nlogn)A¥) andO(nAk), respectively, wheré is  construct DCLC paths from one source to all destinations.
the number of constraints. Therefore, for any run of the afo solve this problem, HMCOP would have to repeat
gorithms, the memory usage is proportional to the executigimes, with a total time complexity of (nm + n?logn).
time. The previous comparison on execution time thus pr@n the other hand, RDA or PDA constructs a single con-

vides a relative comparison on memory usage as well.  strained shortest path or a constrained shortest-pathvitiee
_ _ unchanged time complexity @ ((m + nlogn)%).
D. Comparing RDA and PDA with COP The comparison of RDA/PDA and MCOP is made un-

We compare RDA and PDA with a fast heuristic algoder two scenarios. The first scenario is to use them as on-line
rithm H.MCOP [10], whose time complexity is the same aslgorithms that process delay-constrained least-cosbani
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RDA, PDA v.s. H MCOP, Power-Law, Network size = 500 ment of 100 ms. In this way, the computation load on a
2 ‘ ‘ "~ RDA . router is independent of the request arrival rate. Unden suc
ol MOCP, lambie 2 2. a | scenario, RDA/PDA significantly outperforms MCOP by

R e orders of magnitude when the number of nodes is large, as

157 T ] shown in Table .

o Therefore, HMCOP is more suitable as an on-line algo-
rithm, while RDA/PDA are more suitable to calculate DCLC
paths from one source to all destinations so that a routing ta
ble for certain QoS service class can be established. In addi

10

avg execution time (micro sec)

| oo

500 1000 1500 2000

delay requirement (1) tion, RDA/PDA are the choice when a constrained multicast
RDA, PDA v.s. H_MCOP, Power-Law, Network size = 500 tree Is Calculated Centra”y'
500 RDA ——
- 3 — VII. CONCLUSION
450 | "= H_MOCP, lambda = 2 ]
. w H_MOCP, lambda = 5= . . .
AR H_MOCP, lambda = 20--s--- ] In this paper, we proposed two techniques, randomized

discretization and path delay discretization, to desigt fa
algorithms for the delay-constrained least-cost routirgipp
lem. While the previous approaches (RTF and RTC) build
up the discretization error along a path, the new techniques
either make the link errors to cancel out each other along

350

avg cost

300

250

200

500 1000 1500 2000

delay requirement (r) the path or treat the path delay as a whole for discretization

RDA, PDA v.s. H_MCOP, Power-Law, Network size = 500 which results in much smaller errors. The algorithms based
‘ P y on these technigues run much faster than the best existing
1 algorithm. Although the technigques were described in the
context of delay-constrained least-cost routing, theylwan
easily used for multi-constrained least-cost routing sach
delay-delayijitter-constrained least-cost routing.
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1988. Initialize(V, s, \)
[20] H. De Neve and P. Van Mieghem, “A Multiple Quality of Sere for each vertew € V do
Routing Algorithm for PNNI,”IEEE ATM WorkshopMay 1998. for eachiy € [0..}], ..., each;, € [0..A] do
W[V, i1, ..., ig] 1= 00, TV, 11, ..., ix] ;= NIL
forj=1tok,i=0toXdo
0v,i] := 00

wls,0,...,0] := 0, §1[s,0] :=0, dx[s,0]:=0

RelaxRDA(u, v, 41, ..., ik, A)
for j =1tokdo
i i= i + dj(u,v)
error; := 6;[u,i;] + A% (u,v)
if error; < 0then
error; 1= error; +1; /A
i =il =1
if 7 < X...andi, < Athen
if wlv, ), ..., 8] > wu, i1, ..., ig] + c¢(u,v) then

wlv, iy, ..., 1] = wlu, i1, ..., 0] + c(u,v)
v, i), ., 0) =
for j =1tokdo

djlv,45] := min{d;[v, i}], error;}

EDSPRDA(G, s, \)
Initialize(V, s, A)
fori; =0to ), ...,ip, = 0to A do
Q:=V
while Q # 0 do
u := ExtractMin(Q)
if wlu,i1,...,4,] = oo then
break out of the while loop
Q:=Q— {u}
for every adjacent nodeof v do
RelaxRDA(u, v, 41, ..., 1§, A)

RDA(G, s)
A= )\0
do



Ai=2)
EDSPRDA(G, s, \)
while 3v € V,3j € [1..k], d;(P?) > (14 ¢&)r; Ad,;(PY) # oo,
whereP? is the path with midw(v, i1, ..., ix] |
i1, .y ik € [0.A]}

EDSPPDA is omitted because it is identical to
EDSPRDA except that it calls RelalDA.

Initialize(V, s, A)
for each vertex € V do
for eachi; € [0..)], ..., eachy, € [0..\] do
W[V, 01, ...y bg] 1= 00, TV, 11, ..., 1] = NIL
forj=1tok,i=0toAdo
zjlv,i] == o0
wls,0,...,0] := 0, 21[s,0] := 0, 2x[s,0] :=0

RelaxPDA(u, v, 41, ..., ix, A)
for j =1tokdo
Z; = |_Z] [uvzj]:;dj(uav) )\J
if i < A...andij, < Athen
if wlv, ), ..., 1] > wlu, i1, ..., 0] + c(u,v) then
wlv, iy, .., 0] == wlu, i1, ..., 1] + e(u,v)
w[v, i), ..., 00) = u
for j =1tokdo
zjv, 23] = min{z;[v, 23], zjlu, 5] + d;(u,v)}

PDA(G, s)
A= /\0
do
A=2)
EDSPPDA(G, s, \)
while v € V, 35 € [1..k], d;(P?) > (1 +¢&)r; Ad;(P") # o0,
whereP? is the path with mifw[v, i1, ..., ig] |
i1, ..y ik € [0.A]}
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