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ABSTRACT

Due to the fast growlhs of computer networks, traffic engineering which tries to satisfy
bath quality of services and resource utilization requirements is an important research area
Among traffic engineering (TE} mechanisms, routing algorithm — a strategy 1o select paths for
traffic — plays a crucial role and there have been many TE routing propesals. This paper presents
an application case of those algorithms on MPLS networks by giving their key ideas and
mathematical descriptions, and thea by various experiments so to analyze the rouling
performances with different metrics. The paper also discusses the trend of routing algorithms
amd future ressarch directions.

Keywaords: bandwidth gualﬁnteed routing, traffic engineering, MPLS.

1, INTRODUCTION

Besides traditional network services, next generation network applications such as voice
aover [P, video on demand and web games require cerfain quality of services (e.g. minimum
available bandwidth guaranteed) described as customer service-level agreements (SLAs).
Network providers try not only 1o satisfy those SLAs but also 1o optimize the network resources
for profit reasons. As a result, traffic engineering which is defined as techniques to manage
traffic flows through networks with the joint goals of service performance and resource
optimization has attracted much attention,

The most imporant technique to implement TE iz routing scheme, which selects routes of
data flows satisfying QoS5 demands. Basically, there are two tvpes of routing algorithms:
proactive dnd reactive [1]. The former uses fixed information to configure routing so the
network's operation is simple but not robust to traffic variations; whereas, the latter considers the
state of network (i.e. residual bandwidths) when handling requests. As a result the performance
of reactive routing network can be optimized at all times though it takes extra cost to monitor the
network state. This paper focuses on the reactive dynamic routing algerithms with bandwidth
constirami
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On the other hand, Multiprotocol Label Switching (MPLS) [2] is a technology in high
speed networks which forwards labelled data packets along Label Switching Paths (LSPs).
Those paths zre pre-defined using signalling protocols such as Resource Reservation Protocol
(RSVF) and Label Distribution Pretocol (LDP). This feature of MPLS facilitates TE operations

because traffic flows can be set up and managed explicitly. This paper presents an application
case of TE routing algorithms on MPLS cnvironments.

Specifically, key ideas of those algorithms are reviewed and, for the first time, their
mathemarical formulations are presented in the unified manner, Mareover, the performances are
compared and analysed by various experiments with metrics of accepted ratio and calculation
time. The rest of the paper is organized as follow. In scetion 2, after definitions and notations,
bandwidth guaranteed routing algorithms are classified into three categories: single pair aware,
minimum interference and learning machine. Section 3 presents simulated experiments and
analysis. Finally, section 4 discusses the evelutional trend of routing algorithms and the future
research dirsctions.

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 s0 a5 o maximize the number of
accepted demands. Table 1 lists the mathematical notations,

Table ! Hotations used in formulations

Syl Deseription

GV, L) A digect graph presents the network 1opalomy
N({|¥} = n) % a set of nodes

L{JL] = m) 15 2 521 of Links

] Capacity bandwidth of link §

il Residval bandwidth of Lnk 1

d{x d, &) Adratfis demend -Fom-ngress-node —5-fo- epress- node—d-with requared
bandwadth b

n A set of all ingress-egress pairs

Prd A routing path from g to d :

Pra A m:_nf all paths from £ to d

The geal of routing algorithms is:

. Maxtmize muimber of satisfied demands
subject Lo (1
Findp,  fordis.d. B iviep,:r(D=b
76
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Since ingress-egress pairs have commodity integral flows (ie. common links as well as
sequences of links), the routing problem summarized in (1) is NP-hard [3]. Mareowver, the
algorithms can be generalized as table Z.

Table 2, General TE routing algarithnn

Iaput A network greph GON, L) with sets of link capacities and resicheal bandwidibs
Awaffic demand dis, 4,5}

Culpul A sausfied bandwidth path frem s to d, p,, toward the optineal aoal in (1)

O1 noroute satisfying the request

General algorithm 1, Caleelane afl lick weights wiiy
2. Bemowe links that have restdual bandwideh less than &

3. Find the least oot pathp,  based on weights of remaining links

2.2.Single pair aware algorithms

The simplest solution is Minimum Hop Algorithm (MHA) where all weights are statically
equal 1o 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, [4] propose Shortest Widest Path routing {SWP) which
chooses paths having maximum bottleneck link bandwidth, If several paths get the same residual
bandwidth then hop count is computed. Additionally, Widest Shortest Path algonithm (WSF) 15
supgested in [5]. Like MHA, WSP find shortest paths first, EI‘II:' the largest residual bandwidth is
only considered when there are equal-length routes.

Nt restricted to one property, Bandwidth Constrained Routing Algerithm (BCRA) [6]
combines three parameters (link capacity, residual bandwidth, and path length) to caleulate link

weights.
wil) = cost{) = lead() + 1

cast{l) = %
e =)
load(l) = h

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

Despite of using different network parameters, the above algorithms are classified as
single-pair-aware because they greedily find good routes for the being-demanded ingress-cgress
pair but not consider ather ones. It might noticeably aftect future other requests. As a result,
minimum interference solutions are proposed.

23 Minirmum interference algorithms

—1

—1
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The first Minimum Interference Routing Algorithm {MIRA) uses the maxflow-mincut
characteristic [T]. When a rowting request arrives, a maxflow residual graph is computed to
determine a mincut set for cach other ingress-epress pair. According to the maxflow-mincut
theory [B], a bandwidth decrease of a link belonging 1o the mincut set will lead to the same
amount reduction of the corresponding maxflow value. It means if such links are selected to
route the current request, they will interfere with future demands of other peirs (ie. nammow
maxflow of them). MIBA defines those links a5 critical and assian more weights ta them by the
equation:

wea () = g 5 ifliscriticalof(=s'.d")
e T T ET

0C.ryr reflects the importance of the pair (s°,.d")

MIRA computes link weights from all ingress-egress pairs except the current demanded
pair. Such current pair is excluded because the algorithm aims to prevent interference with the
other ones. When all pairs are weated equally (@ = 1), a weight is the frequency of link's
griticality, and the more critical a link 15, the less it is chosen, Evaluations prove that MIRA
cutperform MIIA i torm of accepied iatio. Tuspiecd by MIRA, different minimum interference
algorithms are proposed.

Authors of NewMIRA [9] comment that MIRA ooly takes links of mincut sets into
account, whereas all links that put up maxflows might affect future demands. Therefore,
MewhIRA celeulates a link’s eriticality by its load contribution to maxflow and the residual
bandwidth,

ﬁ:‘rn‘.r
[} = ;
W (1] e
(& " DN 5]
67 2'is the maxflow of the pair (5" ")
£¥ %ia the subflow of 8¢ through link |

High interfering links are ones that largely contribute to maxflows and'or have small
remaining bandwidths, Similar o MIRA, the MewMIRA also excludes the current pair (5. o
from weight calculation,

Dynamic Online Routing Algorithm (DORA) [10] does not vse maxflows for interference
_but use the numbers of time links appearing in disjointed routing paths. Specifically, 2 link
criticalily of one {3, g} is decreased if that link is a part of any path from 5 1o &, and increased if it

-----

ramy

eriticality 4{i) = Z: Z' ¥
X

LypebhpiiedPy;
0ifi €p;;
Vy = e fff [ = P:'jﬂ-ﬂdfj = gd
1ifl € pyyandij = sd

4 Fy; isthe disjointed path set of the pair (i, ;)

T8
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Realizing that the criticalities are computed solely by the network wpelogy (ie. by
identification of disjointed paths); those values are prior-determined and only racalculated once
the topology changes. This calculation is called the offline phase w differ from the anline
reaclive routing phase. When a routing request arrives, weights are formed from the
comresponding criticalities and the current bandwidths.

Wag (1) = (1=00). Ve, oy + (8- Wapa i)
N, i€ [0, 100Tis the normalization of the eriticaliy, ()

Nazsin € [0, 100] is the normalization of the reciprocal of +{Z]
& & [0,1] is the proportion pararmeter

Because the interference is pre-determined, DORA seleets routes more quickly then the
above alacrithms, especially when there are many ingress-egress pairs.

Similar to DORA, Bandwidth Guarantee with Low Complexity algorithm (BGLC) [11] has
two phases. The eritical values are directly proportional to the frequencics of links n all possible
paths rather than the disiointed paths of just other pairs. In addition, the online phase also
involves the residual bandwidths.

1
wi(l) = eriticalindl).—=

ri)
ticatity(D) Z b
eriticalityll) =
{i.j,iea:uuc.ﬁq.r‘a:'rl
_{oifiep;

|7, i= the number of all paths from £ to f

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

2.4. Learning machine algorithms

Random race — & machine learning technique — is applied in Random Race based Algerithm
for TE {RRATE) [12] to improve route computation time. The routing race approach is
summarized as follow:

s The offline phase selects k shortest paths for each ingress-ggress pair (5 d) as racing
candidates and initialize a race reward value x; . for the path 7 of /5 4.

+ The online phase includes two stages: learning and post-learning. These stages arc
conducted separately for each ingress-cgress pair.

s In the learning stage, when a demand s, d, &) arrives, costs of the & selected paths are
computed based on the number of critical links and the maximum residual bandwidths.
Spectfically, critical links are determined by the MIEA’s maxflow-mincut definitions
(i.e. eritical links belong to mincut scts).

« High cost values mean there are more critical links and/or small remaining bandwidihs.
Therefore, routes are chosen in the increasing order of costs. For example, the smallest
cost path is first checked for bandwidth requirement. If all links satisfy the demand then

19
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traffic is routed through that path; etherwise, the second smallest cost path is considered
and so on. Additionally, whenever a path is selected, its corresponding s accumulated
by I. The racing of those reward values continues until one of the paths reaches a pre-
defined threshold N, Then, k paths of the (5, &) pair are sorted by the increasing order of
their respective rewards. Further requests of (s, @) are handled by the post-learning stage,

€ost(p; oq) = k1. Cyou + kz/r'rﬁr_ﬂ

Ciyg i5 the number of eritical links in the pathp, .

cl_;.-l - 1;":
15, 35 (sadleD
_[ 1if I ts critical of (s,d)
YT lowr i tsnet critical of (s, d)

;15 the madmum remaining bandwidth in B 2d

if dfs, d, blis routed through p, .4
H:_il:’. re mm-l!l:?!_jd' I:J.{L:: o b_:l

ky and k1 are the moderation parameters

* In the post-learning stage, there is no computation but a route is selected within the

sorted paths. Particularly, paths are verified against bendwidih requirement in the order
of racing positions (i.e. the reward values). If the first roue does not satisfy the demand,
next ones are inspected. The process repeats until & satisfied route is found or all k paths
agre checked.

Both two phases are reset if the network topology changes. However, normal networks

do not change frequently so the post-learning stage of RRATE reduces the routing
decision time.

Using the same random race technigue, Paths Optimal Ordering Algorithm (POCA) [13]

modifies RRATE in several aspects,

B0

* The offline phase not only selects k shortest paths for each ingress-egress pair bul also

computes critical values. A link criticality relates to its subflows constituting the

O TTr o PR e RIS 0t PR R e T e e e
RRSMIML A TH S ERE LREWE W TELER LSS LA S U B AR O L e L WIILICATILY 15

determinad as;

E[:_.:}e:.! .IFEM
Etsayen 870
£79 ts the subflow of Yink | thraw the maxflow 8%

eriticality(l) =

The leamning state {enline phase) caleulates path cosis by the criticalities and the residual
bandwidths.
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criticality(l)
coslpe)= Y, THEAEYD

il
L83 s 0

Similar 1o RRATE, paths with low costs are considercd first and the winning route is
rewarded. However, the POOA racing threshold is not those reward values but iz the
whole position orders of K paths. In particular, after each demand is routed, the learning
stage sorts k paths by their accumulated rewards, IF that order is changed comparing to
the order of the last demand, then the race 12 resel. In other words, the race ends on the
condition that the path order continuously remains k times. (The POOA threshold is
fixed to k instead of another W value of ERATE)

* 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.
Mewvertheless, the later race process may be longer than the former due to the acing
mechanism. Experiments will further compare and analyze them.

Another machine leaming approach is introduced in the Predicting of Future Load-based
Routing algarithm (PFLR) [14]. PFLR predicts future available bandwidth from history routing
data by the feed forward neuron network. Those prediction values are then able to incorporate to
different metrics to form link weights for the current routing request. For example, PFLRs link
weights are combined from the residual and predicled bandwidth,

_(1-a) ¥ a
1) predicted_r{l}
ais the predicion propartion parameter

J. EXPERIMENTS & ANALYSIS

3.1 Simulation environment

All the above algorithims except PELE are implemented in the network simulator W52 [ 13,
14]. PFLR 15 excluded because its prediction approach i meaningfully evaluated only 1l there is
real network routing data or the syndicated data have prior-patterns.  Meanwhile, this paper
limits to the arbitrary routing data.

Two different network topologies are simulated: one (Figure la) is adapted from many
previous TE routing works [7, 10, 13], and the other (Figure 1b) inherits the real CESNET
MPLS topology [17]. Both netwaorks' 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 anes) is 1200,
1000 bandwidth units respectively.

&l
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Figure {. Nerwork topologies

For each topology, 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 according to the Poissen distribution
of mean A demands per time unit; whereas their holding (routing) time are distributed by the
Exponential mean p time wnits, The third scenario is mixed between 200 static and 1800
dynamic requests. [n this case, the distribution values are & and p, 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, 130, (6, 193 . (13, U and {19, §) 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 request,

Two metrics are used 10 evaluate the algorithms in the aspect of the optimal geal deseribed
n {1). Firstly, percentage of accepted requests is compared. Obviously, the higher the accepted
pereent is. the better an algorithm performs. The second metric is the average of computing time
which is counted when a request 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 abtain confident results, experiments are repeated several times with either different
requests or algorithms® parameters. Comments in this paper describe the overall obszervation
although there are few exceptions. Table 3 shows example evaluating values with following
PACAMELeTs.

o [For DORA, the bandwidth proportion o = 0.5;

* For REATE, the moderation parameters k; = ky = 1.5 | the number of pre-selected path
#, and the recing threshold ¥ ;

« ForPOOA k=N
Among single pair aware algorithms, the traditional ones (MHA, SWP and WSP) accept
least number of demands in most experiments, whereas BCRA which considers more nebwork®s

properties achieves better performances, There is an exception where WSP gains second highest
percentage in the example results of mixed request experiment (table 3.¢). Tt might cause by

82
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equal-length paths in the network topology. Nevertheless, such result is not the everall wend. On
the other hand, in respect 1o computing time, this category contains the fastest and slowest
algorithms which are MHA and SWP respectively. The former is fast due to no additional
caleulation except the shortest path algorithm, The latter is slow because it finds all possible
paths between source and destination nodes. .

In addition, interference minimum algorithms attain considerable improvements of
accepted percent over shortest path algorithms. Specifically, DORA accepts 7 % higher number
of requests than MEA in the static test (table 3.a). Table 3.b also depicts a 10 % improvement of
NewhMIRA over WSP. However, there is no leading algorithm within the interference minimum
category. For example, DORA obtains the highest value (25.35 %) in the static experiment but
the lowest one {81.15 %4) in the dynamic test. Meanwhile, in this test, NewMIRA outperforms
the athers with 87.05 % comparing to the second highest of MIRA only at 83.13 %o 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 recaleulates maxflows for each routing demand whereas the others
predetermine link's eriticalities and need much less time to form link weights,

Tzble 3. Comparison of aceepted percent (In %43 - computing time (in millisecond) subject to
nurnber of requests (NoR)

pem | MHA | wap | BoRa MIEA | MewMERA | DORA B RRATE | PODA

100 | 030=083 | 100-0 IS 100=0.27 L00-2.004 L00- 2,07 .]'!:l':l-*:' ¥ 150=4. 56 I0Ge2 05 T00- 040
SO0 | ad =013 M_M—Q_G HEA02 | ST00-1.50 | 6700153 | S3.40-0.27 | AT.00-0.31 | £700-0.95 | G150-045
: LG8 | AS20-0,12 | 37.20=5,14 | 414000322 | 41.50-1.245 | 40.50-0.04 | 30.70-0027 | 41.30-003F | BEI0-0.4& | 3020043

1500 | T4.130.12 | 24.E0=D.14 | 2500-0030 | 31.53-1.10 | 23.60-005 | FLOT-0h26 | 27.87-030 | 2547034 | I5.03-04]

:Hrﬂ | :IE:.I;]-I:I.I".!. 12460013 | 2075019 | 23.65-1.02 | 2145-0.84 ii.jd-l}_'l!l TE0-00FS | 1 10022 | 12S0040 |

—

(@) Results of static reguests on MIEA network

WoR | MILA WP BCRA | MIRA NenAllLA | DORA | BGLO HEATE | POOL

L6d | 10-10,16 1460-0.21 L0038 1= £.74 100-2.533 LOL-Gu) Y 103-0.51 LeG-5.2% L=, 59

E50 | BECG-0LIT | EIA0-02] | E4E0-0.53 | s480-4.58 | B0E0-2.6L | BS.EDD.37 | EAI0-0L30 | 94.00-3.00 | ERM0-044

1000 | 72.50-0.07 | 7T.20-0021 | EL0-0.33 :]D_l-:l-d.17|$5.'iﬂ-2.6l £0.10:9.37 | TE.60-0.29 | 5080173 | 25.00-0.41

| 1500 | TRET-0.07 | TeTI-0.01 | B2.85-0033 | SLOT-4.57 | STI2-2BF £0.35-0.54 | TR.53-0340 | 401,21

8420-040
2000 | 40.40-0.17 | 73.35.0.21 | 82.70-0.33 | $3.15-4£.50 | 3705-288 | §1.04-0.95 | $1.30-0.29 | AE.10-0.04 | B&30-038

(b Bzsulis of dynamic requests on CESMET network

BoR | MILA | WET BORA AITR.A HewhlIEA | DOEA BGLC RRATE FIOA
M:E:I L 559 10 55 100-0.33 Lo0-530 L= 2.4% 100-0.50 100 .20 1(H)=5.37 100053
o0 | 77.00:025 | 78.00-030 | 76.80-0.23 | TAE0-4.467 | TSA0-230 | 7240032 | 7540-029 | 00321 | TEO0-D.47

1003 | 70.10-0021 | 7130-0.26 | 0700033 | POS0-4.45 | 62.90-2.27 | 7160-037 | TOI0-0.29 | 7240-1.03 | 69.80-0.42

1500 | S860-0.20 | $587-0,24 | 6520032 | 87.13~4.3% | 8593-2.22 | $0.20-0.37 | S800-0.28 | TOAT-1.73 | 66.13-0.42

2000 | A05-01% | T0U20-0.23 | 66SS-0E | 66.50-4.3T7 | &4.15-2.20 | £205-0.37 -ti'?.ﬁl.l-l.l.'.!!: "I.W-]r‘-h‘iﬁﬂ-':’ﬂ'-l}.ﬂ'}

(o} Results of mixed requests on CESNET netwark
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Finally, the leaming machine algorithms (RRATE and POOA) also have good
performances. Especially, RRATE achieve the best accepted percent in many test sets. Yalues of
the dynamic and mixed requests experiments (table 3b and J¢) are the examples. Moreover, the
average computing times of RRATE and POOA are compatible to the others, After the learning
stage {c.g. after the first 100 requests in the table 2), the time significantly reduces, On the other
hand, perfermances of these algorithms ace greatly affected by the heuristic racing parameters (k
and ™ values of RRATE; k value of POOA). For example, in the experiment of mixed requests
on CESNET tepology, when k is changed to 20 and N to 5, the average computing time ot
RRATE at 2000 requests decreases theee limes from 1.46 to 0,50 ms, whereas the corresponding
percentage even increases from 71.2 to 715 %4, However, it is almost impossible to choose the
best values for all cases because the algorithms’ performances depend on not only the network
topalogy but alse the routing requests,

4. CONCLUSION

This paper presents an overview of traffic engineering routing algorithms applied on MPLS
netwaorks. First, the routing problem is defined in the aspect of quality of serviees and trattic
engineering chjectives. Then, many algorithms are deseribed within three different categories:!
single pair aware, interference minimum, and learning machine. Finally, afler thorough
experiments, several conclusions are withdrawn.

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

s The interference idea which computes links® criticalities based on the eflects of current
selections on future routing demands clearly enhances the number of accepted requests.
Mevertheless, network topology and routing requests vary algorithms' performances so
there is no hest solution.

» Hecently, learning machines techniques have been introduced for further improvements
of TE routing algorithms. Because the requests themselves greatly impact the routing
decisions, using history demands and routing data is a promising direction for trafhic
enzincering problem.
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Cimg u‘.n sir phat tridn nhanh chong cia mang may tinh, cic nha cung cip dich vy mang
khing chi can dap u‘ng_ }l::u cau chit lugng dieh v ma con phai sir dung 161 wu tai nguyén mang.
Mot giai phap hige qua dé gidi quyét cd hai ¥Eu cau trén la ki thudt i lwgng, Trong 34, thuat
todn dinh 1_1.w|:n duge dinh nghia nhwr 14 chién luoe lea chon dwéng di cho luﬁng dir ligu, d-fﬂg
vai lré rit quan trgng. Bai béo nay trinh bay mdt |]'LTCI"I'IE_ hop (mg dung_ cic thudt todn dinh tuyén
trong kT thudt luu lueng trén mang MPLS vii yéu cdu hﬁng, thung toi thicu. Cu the, ede Lhudl
todn dn.r-:r-;: trinh by theo ba nhdm: nhém lira chon duimg di tist mhiit I:hn::: véu cau dinh wyén hign
tal, nhém Jua chon duimg di nhim han ché dnh hudng dén cae yéu cdu khic trong twomg lai, vi
nhém ap dung cae ki thujt miy hge. Sau phﬁn ¥ tudmig vi md hinh todn hoe, cde thudt toén dug:
thire nghigm v nhicu tham so L_hav: nhau nhim so sinh hidu qua dinh tuyén dia trén hai dg do:
5 lromge vEn cliu dugc gidl qu:.-'-_t vi thir gian tim dudmg di.

Tir khda: dinh tuvén dim bdo bing théng, kT thudt i lugmg, MPLS.
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