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ABSTRACT

Traditional routing algorithms were designed for data transmission applications but were
not for multimedia applications. Because these applications need to support quality of service
(QoS) such as bandwidth, end-to-end delay, end-to-end delay-jitter and loss rate.

In this thesis, we study a QoS routing algorithm called “k-WSP.,” for precomputed
paths. It is a modified version of Bellman- Ford algorithm which employed weighted fair
queueing service discipline. It can be used to provide tight upper bound on end-to-end delay, end-
to-end jitter and ensure that no packet loss. The algorithm was design for supporting performance
guaranteed service.

For precomputation of QoS paths, the size of the routing table must be very large in order
to store all QoS routes. However we have proposed that many paths are likely to be redundant as
paths satisfying defined conditions could be neglected. Results from the simulation showed, that
the size of routing table can be greatly reduced. Many redundant paths are deleted, while still

achieving the optimal performance.
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1. COMPLEXITY _REDUCTION(G,s ,b,f ,t,pd ,A,H"")
INITIALIZE —SINGLE —SOURCE(G,0,s)

3. for i<«1 to HF@
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b
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12, H(P) < h,[z]
13. J(P) < jitter bound ~ slaaumsii 4.2
14. return TRUE

15. return FALSE

COMPLEXITY _REDUCTION(G s ,b.f ,7,pd , A, HI
16. r(? = Abandwfdrh

17. do for each edge e =u,v)eE[G]

18. o(e) < aumsii2.1
19. d(e) < aumsii4.4, uaz aumsin4.5
20. m(e)max — zmmsﬁ'4.7

21. H™ <— qumsin4d.6

22, H_ < aunsid.8
23. C(P) ¢« o
24. D(P) « o
25. J(P) «
26. B(P) <=0

27. H(P) <

INITIALIZE - SINGLE — SOURCE(G,i,s)
28. do for each vertex v eV [(G]

29, c;[v] <«

30. b,v]<«0

3l. d,[v] <

32, h;[v] < =

33. 7z, [v] <= NIL
34. c,[s]«0

35. b,[s] >
36: h;[s] « D
37. d,[s]« 0

RELAX(” sV, ia z, Adelny )



38, ifvi=z
9. ifd,p]>d, u]+d,v)

4. then d ] <d, [u]+d@,v)

41. c;v] e, m]l+e(mp)

4. Bl h, u]+1

43. B[] < MIN(b,_ [1],6 @)
44. mv] «u

45. else if ((d,[u]l+d@,v) <Ay, )and (c,v]>c, [u]l+c,v))

46. then d [v] «=d,_ ful+d(u,v)

47. e;v]<«c, [u]l+e(u,v)

48. (A K gl = Fr g RN

49, b;v] < MIN(Ob, [u]l,bu,v))
50. miv] <« u

MIN (x,y)

5. if 3 Ky

52. refurn Xx

53. else

54. return y
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Abstract

Though routing with multiple QoS constraints is
known to be a NP-complete problem, we have shown in
our previous works [I1] [2] that, for a number of specific
QoS constraints, it can be solved in polynomial time,
when Weighted Fair Queueing (WFQ) service disci-
pline is employed. For precomputation of QoS paths,
the size of the routing table must be very large in or-
der to store all QoS routes. However, in [2], we have
proposed that many paths are likely to be redundant as
paths satisfying defined conditions could be neglected.
In this paper, results from the simulation showed, as
ezpected, that the size of routing table can be greatly
reduced. Many redundant paths are deleted, while still
achieving the optimal performance.

1 Introduction

Searching a route with multiple QoS constraints for
supporting performance guaranteed service, is known
to be a NP-complete problem [3]. However, we have
shown in (1] that considerations from the service disci-
pline could greatly reduce the complexity of the prob-
lem. For a number of specific QoS constraints (band-
width, delay, delay jittér, buffer space constraints), it
can be solved in polynomial time when Weighted Fair
Queueing (WFQ) service discipline is employed [1].

In this paper, we propose a QoS routing algorithms,
called “k-W S Pgp” for exact pre-computed paths. It
is the modified version of Bellman-Ford (BF) algorith-
m. Here WSP stands for Widest Shortest Path, and
k is the maximum number of WSPs for each BF iter-
ation, i.e. widest, 2"%widest, 3"%widest, ..., k*Fwidest.
k-W SPgp could create routing table supporting traf-
fic request for which flow specification parameters may
take any values and are not known a priori.

The possible maximum value of k is equal to the
maximum number of different residual bandwidth!, K,
where K < |E|, and |E| is the number of links in the
network. Thus in the worst case, the size of the routing
table would be K times that of WSP. However, using
simulation, we show that, in each iteration of BF, not

In practice, link bandwidth will take only discrete values.
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all of the K possible WSPs are needed to be stored
in the routing table. Many paths could be ignored,
when the defined conditions are satisfied, because bet-
ter path is already available.

This paper is organized as follows. In Sect. 2, we
briefly describe the definition of QoS routing problem
for pre-computed paths. In Sect. 3, the QoS bound
expressions of WFQ service discipline are given. The
proposed k-W SPgp algorithm and simulation results
are presented in Sect. 4 and 5 respectively. Related
works are mentioned in Sect. 6. Conclusion is in Sec-
%A

2 QoS Routing Problem for Pre-

Computed Paths

We simply assume that a communication network
can be modeled as a direct connected graph G = (V,
E). Here V represents the set of nodes, which could be
routers, servers or switches, and E represents the set
of edges or links of the network. h(e) = h(u,u) =1,
d(e) = d(u,v), ble) = b(w,v), j(e) = j(u,v), {(e)
[(u,v) are the hop, delay, available bandwidth, jitter
and loss functions of link e, connecting directly the n-
ode u to node v. A source node s and a destination
node z, (s,z € V), are given. The problem is to find
a route or path from source node s to destination n-
ode z, P(s,z) = (s,j,k,...,l,z{; such that it (i) would
consume minimum resources by using minimum hop
route, (i1) would balance the load in the network by
choosing widest bandwidth route, (i#i) would satisfy
all of the multiple QoS constraints.

* Let H(P), D(P), J(P), L(R) and B(P) ave thej
number of hops, delay, jitter, loss and bottleneck band-
width on the path P(s, z) respectively. The QoS con-
straints are symbolized by A with respective suffixes.
In this paper, we consider the deterministic guaranteed
service. The loss probability is considered to be zero
(buffer space constraint). In other words, every node
or switch along the selected route must have enough
buffer space, so that queueing loss will not occur for
any packet at that node.
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end-to-end delay bound

crg+HS: 2 4 Z

"

l:l{%% T pd|(€}}

Tq

end-to-end jitter bound

o'!-{-H'S'
'(

buffer space at n‘" switch

g +nS% ..

Table 1: End-to-end delay bound, delay-jitter bound, and buffer space requirement of Weighted Fair Queueing

(WFQ) service discipline.

3 Weighted Fair Queueing (WFQ) Ser-
vice Discipline

The guaranteed service class of the Integrated Ser-
vice model [4] in the Internet is based on the Weighted
Fair Queueing (WFQ) [5]. It can be used to provide
a tight upper bound on the end-to-end delay, end-to-
end jitter, and ensure that no packet is lost due to non
availability of bufler at each switch, assuming no failure
of network components. Table 1 shows the expressions
to calculate such bounds and buffer space requirement
(for no queueing loss) of a flow g, for which the traffic
characteristic is in the form (o, pq, SE,..) [6]. Here o
is the token bucket size or maximum burst size, p, is
the token generation rate of the leaky bucket, S . is
the maximum packet size of the requested flow ¢ re-
spectively. rg is the guaranteed rate for the connection
or the amount of bandwidth to be reserved for the re-
quested flow g (14 > pg). Smaz is the maximum packet
size allowed in the network. R;(e) and pd.-(e) are the
total bandwidth (link capacity) and propagation delay
of link e which is the i** hop on the route traversed by
the connection. H is the number of hops of the route.

4 QoS Routing Algorithm for Exact
Pre-Computed Paths (k-WSPgp)

4.1 Algorithm Description

The proposed algorithm k-W S Pgr is modified from
Widest-Shortest Path (WSP) algorithm (using BF al-
gorithm) proposed by Guerin et. al. [7], and Ma and
Steenkiste [8]. In the first iteration, it find one-hop k&

WSPs (1**WSP, 2"¢WSP, ..., k'* WSP) from a source
to all destination nodes in the network. In the sec-
ond iteration it finds two-hops & WSPs, and continue
to higher iterations with longer hops. The algorithm
terminates after H,.q.. iterations, where Hp,,. is the
predefined maximum hop length. If there are more
than one paths having the same bottleneck bandwidth
and same number of hops, the one having minimum
path static delay (defined later) is kept.

Let us suppose that k is a predefined number. If
k = K, we can always find QoS (bandwidth, delay.
and delay jitter) satisfying route in polynomial time, it
there exists one [1] [8]. However, later in this section,
we will explain that not all of the K’ WSPs are needed
to be stored in practical situations. Some of them are
actually redundant and could be ignored. Thus the
required routing table size could be reduced.

Link delay is composed of queueing, transmission,
and propagation delay. Queueing delay is the same
as the delay jitter (see Table 1). They are dynamic
as they change with the requested flow specification
(04, Pqr S&,q,) and the amount of bandwidth to be re-
served (ry) for flow gq. For k-WSPgp, neither any of
the flow specification parameters nor r, are known a
priori. The maximum value of 74 of a path that could
be reserved is the bottleneck bandwidth of that path.

Thus minimum queueing delay also depends on the
bottleneck bandwidth of that path. Transmission and
propagation delay are static. They depend on the stat-
ic or constant parameters such as the link bandwidth
capacity, length of the links, transmission media, etc.
Thus the static link delay is defined as

Smaz
R(e)
The end-to-end delay of a path P, D(P) is defined as:

D(P) = D:tatic(P) - Ddynamic(-P) (2)

d:taﬁc(c] = | pd(c} (1)

where

D:tatic(P) = Z d:tutic(e}

ecP

9q + H(P)Sgnaz (4)
Tq

When r, is selected equal to bottleneck bandwidth
B(P) of path P, we get the minimum end-to-end delay
of path P, D™ (P), which can be defined as:

(3)

Ddynamic(P) =

D™(P) = Dusatic(P) + Dfymamic(P)  (5)

where

Tg +H(B) 5L s
B(P) (6)

The delay jitter and minimum delay jitter of the path
P can be defined using Eq. (7) and Eq. (8) respectively.

J(P) = Daynamic(P) (7)
Jrru'n(P) —4 Dmin

dynamt’c(P) (8)

At iteration i of k-WSPgp, k WSPs with i hops to
all the reachable nodes are found. If there are more
than one paths having the same bottleneck bandwidth,
the one having minimum D, (P) is saved in that
iteration. After a route P is found, H(P), B(P) and
D,taric(P) are then known. D"““S]PL and J™"(P)
can then be computed. Let this path be P,. Assume
that there are p WSPs already found ancf stored in
the routing table for the same source-destination pair.
Also suppose that among them, there exists a path Py
with number of hops less than or equal to Fy.

If P, has greater (or equal) bottleneck bandwidth
and lower (or equal) static delay than P, then all the
conditions stated in Eq. (9), (10) and (11) are valid.
We claim that in that case we do not need to save P,
in the routing table, as P, is a better route.

B(Py) < B(F:)

Dmin

dynamiec

(o=

(9)

H(Py) 2 H(P:) (10)



D:tutic(Py)E Dnia.tic(P:) (11)

Contrary to the above, if there already exists a path
P. (for the same s-d pair) such that when P, is com-
pared with P. , conditions stated in Eq. (12), (13) and
(14) are satisfied, then P, could be deleted from the
routing table. Of the already stored paths, those sat-
isfying Eq. (12), (13) and (14) will be deleted and P,
will be included. The set conditions Eq. (9)~(11) and
Eq. (12)~(14) are checked in turn for every new entry.
Either none or only one of the set of conditions would
be satisfied.

B(Py) =z B(P.) (12)
H(Py) < H(P:) (13)
D::al{c(Py) E D:tatic(Pz) (14-)

When Eq. (9)~(11) are satisfied, for the same flow
specification, the larger (or equal) bottleneck band-
width route P., has lower (or equal to) the minimum
dynamic delay (see Eq. (6)) compared to path P,.
Thus if P, has lower (or equal) static delay path and
number of hops than P,, P, will have higher (or e-
qual) minimum total delay than P.. Queueing delay
is equal to delay jitter of the route. Therefore path P,
also has higher (or equal) minimum delay jitter than
P.. Thus P, is better than (or equal to) P, considering
all the QoS criteria (bandwidth, delay, and delay jit-
ter). Py also does not have lower number of hops than
P,. Path P, is redundant and not needed to be stored
in the routing table. Following similar arguments, we
can say that P, is to be deleted, if conditions stated in
Eq. (12), (13) and (14) are valid.

The factors that may make P, having lower total
delay than path P. are its transmission and propa-
gation delay, as it would always have higher or equal
minimum queueing delay than P.. The route using
high speed links has low transmission delay. It is like-
ly that a route with high bottleneck bandwidth will
have low transmission delay. The propagation delay
depends on the transmission media and link length.
The high-speed links usually are optical-fiber and has
lower propagation delay than other transmission me-
dias. Paths with longer hops also tend to have high-
er static delay. The conditions in Eq. (9), (10), and
(11) are likely to be satisfied simultaneously in many
occasions for paths using low-speed links. Therefore
the number of paths needed to be stored in the rout-
ing table could be much less than maximum possible.
Similarly, conditions in Eq. (12), (13), and (14) would
likely be satisfied simultaneously.

While choosing a path from all of the routes avail-
able in the routing table, the minimum hop (say hop-
count = i) routes are first checked for bandwidth, delay
and delay jitter constraints, using Eq. (15), (16) and
(17). The widest path is first checked. If it can not sat-
isfy delay constraint, the next widest path is checked.
This continues until either (1) the bandwidth or delay
jitter constraint is violated, or (2) no path is available
in the routing table for that hop-count. Routes with
one more hop-count (= i + 1) are tried next. As be-
fore, the widest path is tried first. The search goes
on until all routes up to maximum hop-count Hy,q. is
exhausted.

B(P) > Apanduidtn (15)

where Apsnduwidth = Pq-,

Dmin(P) < Adelay (16)
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Jmi“(P) S Ajiuef (17)

The minimum amount of bandwidth r, that has to be
reserved for the selected path, can be computed by
Eq. (18), (19) and (20), where r3¢/*¥ and ri‘**c" are
the minimum bandwidth required to satisfy delay and
delay jitter constraints respectively.

9q + H(P)Sgna:

delay __

T —= 18
7 Adei’ay = Dnmtic(P) ( )
" + H(P)S? :
1_;;!!:1- = "'q maz 19

£ Ajl'tte'r ( )
s MAx{pq'T:eIay’r_;itter} (20)

4.2 QoS Routing Table

QoS routing table in our scheme is a 3 dimension
matrix |V |- Hpmqe -k], where |V| is the number of nodes
(destinations) in the network, Hpmqe= is the maximum
number of hops for a path allowed, and k is the maxi-
mum number of WSPs to a destination. Routing table
entry [u, v, w] at node z contains routing information
of the w**WSP, P(z,u), from node z to destination u,
with v hops. There are 3 fields of informations in each
entry.

e Path’s bottleneck bandwidth: B(P(z,u)).

s neighbor: the next neighbor's router address of
the path P(z,u).

o path’s static delay: D,;q1i.(P(z,u)).

5 Simulation Results

The communication networks used in our experi-
ments are optical fiber, full duplex and directed, with
homogeneous link capacity bandwidth of 155.52 Mbps
(OC3). Random networks (15, 30, 45, and 60 nodes)
are generated by modifying the routine described in
[9]. The positions of the nodes were fixed in a rect-
angle of size 4000 x 2400 km?, roughly the size of the
USA. Nodes of all these networks were so connected
that the degree of each node is at least 2, and the av-
erage node degree is 3. We initialize and divide the
background traffic in each link in to 3 cases, with the
following discrete random values.

155 Mbps (K = 31)
155 Mbps (K = 15)
155 Mbps (K = 7)

1., Case .50, db .
2. Case 2: 5, 15, 25, ...
3.7 Case 3:5, 30, 55, ...

In the slgorithm, we set k to be K of each case
and H,,. to be the |V|— 1. Results in Figure 1 show
that the average number of routes (for Case 1) after
deleting redundant routes is very much smaller than
before deleting. This is also true for Case 2 and Case
3, as can be compared Figure 2 with Figure 3. Because -
Case 1 has the largest value of K than others, there
are QoS routes more than Case 2 and 3 respectively.

6 Related Works

Guerin et. al. [7] proposed WSP algorithm for exact
pre-computed paths. Unlike k-W S Pgp, propagation
and transmission delay are neglected in their paper.
WSP can find a route that can satisfy bandwidth and
delay jitter only. Guerin et. al. [10], and Ma and 5-
teenkiste [8] proposed to run shortest path algorithm
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for each possible residual bandwidth when ry is not
known a priori. However, their algorithms were pre-
sented as on-demand algorithms. g and S7, .. are as-
sumed to be known a priori. Deﬁmtlon of link delay is
also different from ours. Moreover, we show that the
paths satisfying the defined conditions, are not need-
ed to be stored in the routing table, as better path is
already stored.

7 Conclusion

In this paper we present a precomputed QoS routing
algorithm that could create routing table supporting
traffic request for which flow specification parameters
could take any values and may not be known a priori.
The size of the routing table would be |E| times that of
WSP, in the worst case. However, paths satisfying the
defined conditions could be ignored. Simulation resilts
showed that many paths are redundant. Therefore the
required routing table is very much smaller.
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