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Abstract. Due to the fast growths of computer networks, traffic engi-
neering (TE) which tries to satisfy both quality of services and resource
utilization requirements is an important research area. Among TE mech-
anisms, routing algorithm ~ a strategy to select paths for traffic - plavs
a crucial role and there have been many TE routing proposals. This pa-
per gives a thorough study of these algorithms by presenting their key
ideas and mathematical descriptions, and then by various experiments
so to analyse their performances with different metrics. The paper also
discusses the trend of routing algorithms and future research directions.
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1 Introduction

£l

Besides waditional network services. next generation network applications such
as voice over IP, video on demand and web games require certain quality of
services (e.g. minimum available bandwidth guaranteed) described as customer
service-level agreements (SLAs). Network providers try not only to satisfy those
SLAs but also to optimize the network resources for profits. As a rvesult. traf
fic engineering which is defined as techniques to manage traffic flows through
networks with the joint goals of service performance and resource optimization
has altrdcted much attention. One of the most important TE implementation is
reactive routing that dynamically selects routes for data flows based on states of
the network in order to balance traffic loads as well as conform to quality of ser-
vices (QoS) requirements. Although there are several types of QoS criteria such
as bandwidth, delay. and loss ratio, most academic works consider bandwidth
as a primary constraint because others can be efficiently converted into band-
width demand 1], As a consequence, this paper focuses on reactive bandwidth
guaranteed TE routing algorithms.

Specifically, key ideas of those algorithms are reviewed and, for the first time,
their mathematical formulations are presented in the unified manner. Moreover,
the performances are compared and analysed by various experiments with two
metrics: accepted ratio and calculation time. The rest of the paper is organized as
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follow. In section 2, after definitions and notations, bandwidth guaranteed rout.
ing algorithms are classified into three categories: single pair aware, minimum
interference and machine learning. Section 3 presents simulated experiments

and analysis. Finally, section 4 presents conclusions and the future research
directions.

2 Routing Algorithms

2.1 Problem Definition and Notations

A network topology with n node and m links is considered. Each link has its
own capacity and residual bandwidth at a given time. Traffic demands. which
require certain bandwidths from ingress to egress nodes, are handled by the

routing algorithm so as to maximize the number of aceepted demands. Table 1|
lists the mathematical notations.

Table 1. Notations used in formulations

Symbol Description
G(N,L) A direct graph presents the network topology
N{N|=n) is a set of nodes
L(|L| = m) is a set of links
el Capacity bandwidth of link
(1) Residual bandwidth of link | :
d(s.d,b) A traffic demand from ingress node s to egress node d with required band-

width b
D A set of all ingress-egress pairs
Padl A routing path from s to ¢
P A set of all paths from s to d

The goal of routing algorithms is:

Maximize number of satisfied demands
subject to (1)
Find pyg for d(s.d.b)/vl € peg : (1) 2 b

Since ingress-egress pairs have commodity integral flows (i.e. common links as
well as sequences of links), the routing problem summarized in (1) is NP-hard
[2]. Moreover, the algorithms can be generalized as table 2.

2.2 Single Pair Aware Algorithms

The simplest solution is Minimum Hop Algorithm (MHA) where all weights are
statically equal to 1. Dijkstra or Bellman-Ford algorithm is applied to find least
hop counts paths. It means shortest paths are always selected and their links
are quickly congested whereas others underutilize. To improve this property.
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Table 2. General TE routing algorithm

Input A network graph G(N, L) with sets of links and residual band-
widths
A traffic demand d(s,d, b)

Output A satisfied bandwidth path from s to d, pya, toward the optimal
goal in (1)

Or no route satisfying the request
General algorithm 1. Calculate all link weights w({)
2. Remove links that have residual bandwidth less than b
3. Find the least cost path p,s based on weights of remaining
links

Widest Shortest Path algorithm (WSP) [3] selects paths having maximum bottle-
neck link bandwidth between the shortest equal-length ones. Additionally, Band-
width Constrained Routing Algorithm (BCRA) [4] combines three parameters
(link capacity, residual bandwidth, and path length) to calculate link weights.

w(l) = cost(l) = load(l) + 1

8
cost(l) = %
loaa(l) = C(icé@

Heavy weight values mean low capacities and/or heavy loads so those links are
likely avoided, whereas hop count is reflected by the addition of 1. Experiments
confirm that such combination of properties improves the routing performance.

Despite of using different network parameters. the above algorithms are clas-
sified as single-pair-aware because thev greedilv find good routes for the being
demanded ingress-egress pair but not consider other ones. It might noticeably
affect future requests. As a result, minimum interf@rence solutions are proposed.

2.3 Minimum Interference Algorithms

The first Minimum Interference Routing Algorithm (MIRA) uses the maxflow-
mincut characteristic [1]. When a routing requesf arrives, a maxflow residual
graph is computed to determine a mincut set for each other ingress-egress pair.
According to the maxflow-mincut theory [5]. a bandwidth decrease of a link
belonging to the mincut set will lead to the same amount reduction of the cor-
responding maxflow value. It means if such links are selected to route the cur-
rent request, they will interfere with future demands of other pairs (i.e. narrow
maxflow of them). MIRA defines those links as critical and assign more weights
to them.

wall)= > aye ifliscritical of (s',d)
(s',d)D\(s.4)
@y reflects the importance of the pair (s, d’)
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MIRA computes link weights from all ingress-egress pairs except the current
demanded pair. Such current pair is exciuded because the algorithm aims tg
prevent interference with the other ones. When all pairs are treated equally
(a = 1), a weight is the frequency of link’s criticality, and the more critical g
link is, the less it is chosen. Evaluations prove that MIRA outperform MHA
in term of accepted ratio. Inspired by MIRA, different minimum interference
algorithms are proposed.

Authors of NewMIRA (6] comment that MIRA only takes links of mincut sets
into account, whereas all links that put up maxflows might affect future demands.
Therefore, NewMIRA calculates a link’s criticality by its load contribution to
meaxflow and the residual bandwidth.

ps'd’
val)= 3 g
(s'sd’)€ D\(3,d)

8¢ is the maxflow of the pair (s',d’)
,"dj is the subflow of 6°¢ through link !
High interfering links are ones that largely contribute to maxflows and/or have
small remaining bandwidths. Similar to MIRA, the NewMIRA also excludes the
current pair (s,d) from weight calculation.

Dynamic Online Routing Algorithm (DORA) [7] does not use maxflows for
interference but use the numbers of time links appearing in disjointed routing
paths. Specifically, a link eriticality of one (s,d) is decreased if that link is a part
of any path from s to d, and increased if it belongs to paths of the other pairs.

eriticality,d(l) = Y > w
- (i.J)€D piySdP,,
0 iflgpy
u=<-1 ifiecp,;andij=sd
1 iflep;and iy £ sd
dP;; is the disjointed path set of the pair (i.j)
Realizing that the cricicalities are computed solelv by the network topology
(i.e. by identification of disjointed paths); those values are prior-determined and
only recalculated once the topology changes. This calculation is called the offline
phase to differ from the online reactive routing phase. When a routing request
arrives (i.e. the online phase), weights are formed from the corresponding criti-
calities and the current bandwidths. Because the interference is pre-determined,
DORA selects routes more quickly than the above algorithms. especially when
_ there are many ingress-egress pairs.
Wsy(l) = (1 - a).Ne, ) + (a).Nrrs
Ne,,) € [0,100] is the normalization of the eriticalitysqy(l)
Ngra € [0.100] is the normalization of the reciprocal of r(1)
o € [0,1] is the proportion paraméter

—
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Similar to DORA, Bandwidth Guarantee with Low Complexity algorithm
(BGLC) [8] has two phases. The critical values are directly proportional to the
frequencies of links in all possible paths rather than the disjointed paths of just
other pairs. In addition, the online phase also involves the residual bandwidths.
X
r(l)
eriticality(l) = z Z lf;%

VN

ff,j}ED p:;EPu

ul) = 0 Hig 2

w(l) = eriticality(l)

| P;;| is the number of all paths from i to j

Besides the minimum interference ideas, additional routing algorithms are re-
cently proposed in the extent of machine learning applications.

2.4 Machine Learning Algorithms

Random race - a machine learning technique - is applied in Random Race based
Algorithm for TE (RRATE) [9] to improve route computation time. The routing
race approach is summarized as follow:

~ The offline phase selects k shortest paths for each ingress-egress pair (s,d) as
racing candidates and initialize a race reward value r; s4 for the path i of
(s.d).

— The onlinesphase includes two stages: learning and post-learning. These stages
are conducted separately for each ingress-egress pair,

— In the learning stage. when a demand dis, d, b) arrives, costs of the k selected
paths are computed based on the number of critical links and the maximum
residual bandwidths. Specifically, critical links are determined by the MIRA's
maiflow-mincut definitions (i.e. critical links belong to anincut sets).

(,‘Ost(p,",d} = kl.C;_,,d - kQ/Rj_,gd
C;_sq is the number of critical links in the path p;
Ct'__sd = Z Z v
(s.d)EDIED; _4a
wiliw {1 ?fl 1s cz:itica.l. f)f (s.d)
0 if{ is not critical of (s, d)
R; g is the maximum remaining bandwidth in p; 4
B if d(s,d,b) is routed through p,-: sd
Ry ea = mazigp, ,4(r(l) — b)

ky, kg are the moderation parameters
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— High cost values mean there are more critical links and/or small remaining
bandwidths. Therefore, routes are chosen in the increasing order of costs. I“01
example, the smallest cost path is first checked for bandwidth requirement. I¢
all links satisfy the demand then traffic is routed through that path; otherwise,
the second smallest cost path is considered and so on. Additionally, whenevel
& path is selected, its corresponding Zi,q is accumulated by 1. The racing of
those reward values continues until one of the paths reaches a pre- deﬁned
threshold N. Then, k paths of the (s,d) pair are sorted by the decreasing
order of their respective rewards. Further requests of (s, d) are handled by the
post-learning stage.

— In the post-learning stage, there is no computation but a route is selected
within the sorted paths. Particularly, paths are verified against bandwid:l
requirement in the order of racing positions (i.e. the reward values). If the
first route does not satisfy the demand, next ones are inspected. The process
repeats until a satisfied route is found or all k paths are cliecked.

~ Both two phases are reset if the network topology changes. However, nor-
mal networks do not change frequently so the post-learning stage of RRATE
reduces the routing decision time.

Using the same random race technique, Paths Optimal O ‘dering Algorithm
{POOA) [10] modifies RRATE in several aspects.

— The offline phase not only selects k shortest paths for each Ingress-egress
pair but also computes critical values. A link criticality relates to its subflows
constituting the maxflows. Given that a link { belongs to one or more paths
from s to d, the criticality is determined as:

F‘\ . f_sr."
criticality(l) = '_‘"j'ri"%"}'_" :

X T‘ e G
— | F

o % is the subflow of link [ throw the maxflow

— The learning state (online phase) calculates path costs by the criticalities aud
the residual bandwidths

- eriticality(l
cost(pi_.a) = Z __()_y)

Similar to RRATE, paths with low costs are considered first and the winuing
route is rewarded. However, the POOA racing threshold is not those reward
values but is the whole position orders of k paths. In particular, after each
demand is routed, the learning stage sorts k paths by their accumalated re-
wards. If that order is chaﬂcred comparing to the order of the last demiand.
then the race is reset. In other words, the race ends on the condition that the
path order continuously remains k times. (The POOA threshold is fixed to &
instead of another NV value of RRATE.)

11—'.‘.0:_;.1

:

il
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— The post-learning state is the same as RRATE. It is noticed that the POOA
cost. computation is faster than RRATE’s because the criticalities are pre-
computed. Nevertheless, the later race process may be longer than the former
due to the racing mechanism. Experiments will further compare and analyse
them.

3 Experimets and Analysis

3.1 Simulation Environment

All the above algorithms are implemented in the network simulator NS2 [11] for
experiments. Two different network topologies are simulated: one (figure 1(a))
is adapted from many previous TE routing works such as [1], [7}, [10], and
the other (figure 1(b)) inherits the real CESNET MPLS topology [12]. Both
networks’ links are bidirectional and have two types of capacity. The higher (the
thicker links in the figure) is 4800, 10000 and the lower (the thinner ones) is
1200, 1000 bandwidth units respectively.

E— P

A Rl e

(a) MIRA topology (b) CESNEZ topology
= Fig. 1. Network topologies

For each topologyv. three routing scenarios are evaluated, The first scenarios
constantly demands 2000 static paths that stay in the network forever after being
setup. The second one sets 2000 requests dynamically. Those requests arrive
randomly accordingto the Poisson distribution of mean A = 80 demands per time
unit; whereas their holding (routing) time are distributed by the Exponential
mean p = 30 time units. The third scenario is mixed between 200 static and 1800
dynamic requesrs. In this case, the distribution values are A = 40 and p = 10.
Furthermore, four ingress-egress pairs of (0, 12), (4, 8), (3, 1), and (4, 14); and
eight pairs of (0, 18). (1, 11), (3, 16), (4, 7), (5, 13), (6. 19) , (15, 0) and (19,
8) are set for MIRA and CESNET topologies respectively. The former network
has random bandwidth demands between 10, 20, 30, and 40 units. Meanwhile,
the later arbitrarily needs 40, 80, 120, or 160 units for a raquest.

Two metrics are used to evaluate the algorithms in the aspect of the optimal
goal described in (1). Firstly, percentage of accepted requests is compared, Ob-
viously, the higher the accepted percent is, the better an algorithm performs.
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The second metric is the average of computing time which is counted when a re.
quest arrives until it is accepted or rejected. This metric indicates the complexity
of the reactive online routing phase, and should be minimized.

3.2 Evaluation Results

To obtain confident results, experiments are repeated several times with eithey
different requests or algorithms’ parameters. Comments in this paper describe
the overall observation although there are few exceptions. Table 3 shows evaly-
ating values with following parameters.

— For DORA, the bandwidth proportion ¢ = 0.5

— For RRATE, the moderation parameters k; = ky = 0.5, the number of pr-
selected path k = 25, and the racing threshold N = 10

— For PODA k= N =720

Among single pair aware algorithms, the traditional ones (MHA and WSP)
aceept least number of demands in most experiments, whereas BCRA which
considers more network's properties achieves better performances. There is an
exception where W8P gains second highest percentage in the example results of
mixed request experiment (table 3(c)). It might cause by equal-length paths in

Table 3. Comparison of accepted percent {in %) - computing time (i miliseconds)
subject to number of requests (NoR)

(a) Results of static requests on MIRA network

[ wom [ aima WSP | BCRA | MIRS | NewMIRA | DORA [Berc  [meare |
[ 200 [ o901y | td0-018 | tomar= | faoeros 108267 | 109028 | 160-0.38 | 100-2.06 |
| g0 | G4UTDLIS | G6.30a0.31 | BT00e150 | 67000185 | OM4DRLT | 6700003 | 6 DwnE | 7

radh A Pedee . MEE-L T BLASLES | SN0 | D Ziaing
S 24900 20 | 3130t | 3860:0 4 [ 3197038 [ 2797030 | 2947004 | 26 tieaal |
{2000 [ 1800012 | $560.0.03 | 3175019 | 35 62-100 | 210008 | 4 3808 | 30.80-028 | 1900 | tasmenne i

(b) Besults of dynamic requests on CESNET network

NoR | MHA wsp BCRA | MIRA NewMIRA | DORA | BELC | RRATE | POOA
130-9,16 1W09-0.21 100-0.3% | 120-4.74 | 199-2.50 104-0.37 90031 \ 10G-5.25 10G-3.59

o
o
o

500 | 86.00-0.17 | 83.80-0.01 | 3480-9.35 | 5460455 E 59.50-2.61 | 35E0-0.37 | 85 20.03a | $100-3496 | §8.20-

1000 | 78.50-0.17 | ™2pe021 | 31 10-0.83 | 80.20-447 | BAB0-2.8 | #0.10-0.37 ‘ TRE0-U29 | 9380-1.73 | BFl0-04.

1800 | WG 1T | T T3-021 | S2 53353 | §10T-487 | $T.00-285 | 8033004 | o007 sua0-121 | ssan-ni0 |

2000 | F040-9,07 | 7835021 | 8279-93} | 53.15-450 | §7.05-2.88 SI.I!~_-D.‘6} $1.30-0.29 | 88.10-9:34 | 86.50-0 33?

{c) Results of mixed requests on CESNET network

——

WEP BCRA MIRA 'ﬁmmmﬁnom BGLC | RRATE | POOA |
100 | 100-0.30 | 100:0.88 | 100-0:38 | i00-530 | (60-248 | 100-030 | 109-0.30 | 100-527 | 100.0.39

NoR | MHA

500 | 77.00-0 25 | TH00-2.30 | T6.30-0.03 | 76.80-4.67 | T640-238 i_‘s;o-o_‘s 6.40-0.29 E 75003 21 ll 76.00-0.47 |
|

1000 | TQ.10-0.21 | 71.30-0.2¢ | T1.70-0.32 '-'G.SCI--IAiTé?QU 23T | TIB0-0.37-| 1050078 | Tl40-1.15 6920342 |

1500 | 66.80-0.20 | 60.87-0.28 | s8.z0-p32 | 67 13430 | 55:92-2.22 | €820.037 | $8.00-035 | 70.87-1 73 | 66.03-0.42 |

1000 | 6335019 E TRI0-023 | SB.65-0.33 | 66.30-4 57 | B4.15-270 | 63 0%-03" | 89.53-038 : Thi0-146 64.90-0.40 |
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the network topology. Nevertheless, such result is not the overall trend. On the
other hand, this category has the fastest computing time due to no additional
calculation except the shortest path algorithm.

In addition, interference minimum algorithms attain considerable improve-
ments of accepted percent over shortest path algorithms. Specifically, DORA
accepts 7% higher number of requests than MHA in the static test (table 3(a)).
Table 3(b) also depicts a 10% improvement of NewMIRA over WSP. However,
there is no leading algorithm within the interference minimum category. For ex-
ample, DORA obtains the highest value (25.35%) in the static experiment but
the lowest one (81.15%) in the dynamic test. Meanwhile, in this test, NewMIRA
outperforms the others with 87.05% comparing to the second highest of MIRA
only at 83.15%. In the term of route selecting time, there is a significant difference
between one-phase and two-phase algorithms. Particularly, the computing time
of MIRA is even 10 ten times greater than DORA and BGLC’s because MIRA
recalculates maxflows for each routing demand whereas the others predetermine
link’s eriticalities and need much less time to form link weights.

Finally, the machine learning algorithms (RRATE and POOA) also have good
performances. Especially, RRATE achieve the best accepted percent in many
test sets. Values of the dynamic and mixed requests experiments (table 3(b) and
3(c)) are the examples. Moreover, the average computing times of RRATE and
POOA are compatible to the others. After the learning stage (e.g. after the first
100 requests in table 3(b)), the time significantly reduces. On the other hand.
performances of these algorithms are greatly affected by the heuristic racing
parameters (k and N values of RRATE; k value of POOA). For example, in the
experiment of mixed requests on CESNET topology. when k is changed to 20
and N to 3, the average computing time of RRATE at 2000 requests decreases
three times from 1.46 to 0.50 ms. whereas the corresponding percentage even
increases from 71.2 to 71.5 %. However, it is almost impossible to choose the
best values for all cases because the algorithms’ performances depend on not
ouly the network topology but also the routing requests.

a

4 Conclusion

This paper presents a study of traffic engineering routing algorithms. First, the
routing problem is defined in the aspect of quality of services and traffic engineer-
ing objectives. Then, well known algorithms are described within three different
categories: single pair aware, interference minimum, and machine learning. Fi-
nally, after thorough experiments, following conclusions are obtained:

— Traditional shortest path algorithms are not good enough for traffic engi-
neering requirements. The application of network properties such as links
capacities, residual bandwidths can improve the routing effectiveness.

— The interference idea which computes links® criticalities based on the effects of
current selections on future routing demands clearly enhances the number of
accepted requests. Nevertheless, network topology and routing requests vary
algorithms’ performances so there is no best solution.
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Recently, machine learning techniques have been introduced for further i
provements of TE routing algorithms. Because the requests themselves great| ¥
impact the routing decisions, using history demands and routing data is 5
promising direction for traffic engineering problem.
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