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Abstract

Traffic Engineaing seeks to ogimize the handling of the
traffic in a network such that the capadty in various partsis
utili zed efficiently. IETF has developed new protocols and
techniques to med the amerging traffic requirements and to
manage and control the network and its rvices. With
MPLS, Diffserv, RSVP-TE/CR-LDP, SLA and COPS in
place manual provisioning of the network isimpossble and
it is expeded that severa agorithms will be developed to
automate traffic engineeing. In this paper, an efficient
dynamic link-coloring algorithm is proposed to enginee
QoS paths within a Diffserv aware MPLS domain. This
algorithm applies a set of rules aaossthe domain to all ocae
LSP's to traffic trunks based on the Diffserv classes of
service and dynamic link metrics. Initial results of applying
the dgorithm to med the demands of traffic sets consisting
of several LSP requests with varying classes of service ae
presented.

1INTRODUCTION

The transformation of Internet into a worldwide information
network has caused the introduction of different Internet
enabled applicaions. Some of the gplicaions such as file-
transfer and e-mail exped reliability in communicéion. In
addition, an increasing number of applicaions demand
timeliness in delivery of data. For example, the emall
applicaion can wait for a random amount of time for
delivery of messages. However, a telemedicine gplicaion
or a database update transadion must be finished within a
bounded time period. The IP-based network makes its best
effort to deliver the data in a reliable and timely way.
However, if the data is delayed or discarded, the network
cannot aleviate this problem and the upper layers have to
take the rredive adion.

In order to med the service requirements of the modern
applicaions on the Internet, new techniques and protocols
are being developed. These protocols are expeded to cater
to the time-sensitive gpli cations whil e keeping the network
fair and efficient for al. IETF (Internet Engineering Task
Force) has been working on developing rew protocols and
techniques for suppating time-sensitive services in the

Internet. Among the new protocols, RSVP (Resource
Reservation Protocol) [1,2,3,4] provides quantitative
guarantees to flows by reservations wheress  Diffserv
(Differentiated Services) [5,6,7,8] provides qudlitative
asaurances by using appropriate behaviors for padkets
marked with Diffserv codepoints in the IP headers. MPLS
(Multi Protocol Label Switching) has been developed to
accéerate routing of traffic aggregates destined towards a
common point by using LSP's © that the intermediate
routers do not have to make routing dedsions and they
simply forward the traffic based on the interface ad the
value of the label.

One of the most important capabiliti es of MPLS is to map
traffic on paths established with traffic engineaing
principles, resulting in load belancing and fault tolerance of
the underlying retwork. Traffic Engineaing deds with
performance optimization and evaluation so that the overall
performance for a network can be enhanced [9]. Networks
runnng \arious modern protocols cannot be managed
manually and automated traffic engineering algorithms are
required [10Q]. In this paper, an algorithm TELIC (Traffic
Engineging with Link Coloring) is presented. TELIC seeks
to automate the traffic engineaing process offering
appropriate services for various classes of traffic. It
determines LSP's for traffic trunks based on dynamic link
coloring. Rest of the paper is organized in 4 sedions. In the
next sedion, traffic engineeing principles are discused. In
sedion 3, MPLS and constrained routing is highlighted.
TELIC is outlined in sedion 4 and sedion 5 gives the
implementation details and initial results of TELIC with
several traffic sets.

2 TRAFFIC ENGINEERING

Mapping traffic flows onto the physicd topdogy to enhance
overall network utili zation and creae auniform distribution
of traffic is referred to as traffic engineaing [9,11,12,13].
Traffic engineeing optimizes network efficiency through
the control of the mapping and distribution of traffic over
the network to asaure satisfadory service delivery, maximize
resource dficiency, and to avoid or relieve angestion on
any single path. Other aspeds of traffic engineeaing include
methods that control a network's response to traffic demands
and ather stimuli, such as link or node failure [14].
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Initially, the mapping of traffic to links was a by-product of
routing configuration and it followed the shortest path
cdculated by the Interior Gateway Protocol (IGP).
Congestion was a result of lad of network resources due to
overloading in routers and links and uneven distribution of
traffic [12,15,16]. The problem of lad of network resources
can be resolved by providing more resources. Uneven
distribution of traffic is more complicaed sinceit can be the
product of the routing protocols sich as OSPF and IS-IS,
that seled the shortest paths to forward padkets. While using
shortest path conserves network resources, it may cause
some other problems, such as:

¢ When traffic from a source to a destination exceeals the
cgoadty of the shortest path, the shortest path will
become wmngested. However, a longer path between
source and destination nodes will remain urder-utili zed.

¢ In case of multiple shortest paths from diff erent sources
converging on a preferential link, the total traffic from
different sources may exceal the cgadty of the dosen
link[11, 15].

Traffic engineaing for improving retwork utili zation
includes congestion avoidance, utilization improvement,
fairness reliability and QoS suppat [1214,1516]. TE
(Traffic Engineaing) also evaluates network performance
and complianceto TE rules. Results from the evaluation can
be used to improve the network topdogy and structure [9].

3MPLS

MPLS (Multi-Protocol Label Switching) is based on
identifying an end to end path before starting to transmit the
data . It combines the L3 routing and L2 switching into
"L2.5 forwarding' and provides away to define mnnedions
in a connedionless network. MPLS works on the principle
of providinga"virtual path" from ingressto egressrouter in
an MPLS domain. The same idea has been used in the
Internet to provide VPN tunrels aaoss the public network
and IPv6 tunrels aadoss IPv4 networks. In tunreling, the
padkets originating at a router and destined for a spedfic
node ae labeled in such away that the intermediate routers
forward them towards a common destination through the
same path. Thus, tunreling implicitly introduces the notion
of a mnnedion becaise dl padets in the tunrel follow the
same path and experience the same routing through the
network. In MPLS, the cmnnedion between the source ad
destination router can be defined in a variety of ways. It can
be defined very spedficdly, as in ER-LSP (Explicitly
routed label switched peth) or it can be loosely defined as
any path between the source and destination. In cese of ER-
LSP, it may be cdled an LSP tunrel [17].

When a path credion request arrives, the MPLS performs
constrained routing to find a suitable path. Constrained
routing searches for a suitable path by applying the extended
IGP parameters reported in link state advertisements to the
overadl tree & per the QoS and ather pdlicies. Link state
advertisements may include reservable bandwidth at
different priority levels, static link colors indicaing
cgpadties of links and TE-spedfic metrics. Path seledion
can follow a narrowing down of available choices by using
Boolean operators. Once this path is sleded, an LSP can
be established by sending a setup message with CR-LDP
(Constrained routing Label Distribution Protocol) or RSV P-
TE (Traffic Engineering extensions to RSVP) that can pin
down the path through the routers. Each LSP has a number
of parameters that include its resilience, fault tolerance,
preemptivity and asociated QoS fedures.

The main advantage of MPLS besides its cgpability of
providing L2 functionality within routers, is that traffic
engineaing is implemented using explicitly routed paths.
The LSP's are aeaed independently spedfying different
paths that are based on management-defined pdicies.
Constrained routing avoids congestion and uneven network
utili zation by optimized arrangement of traffic flows through
the network. Routes that are subjed to constraints sich as
bandwidth, delay, jitters, and administrative pdicy are
computed considering the dynamic traffic load conditions in
addition to the common metrics [11, 12, 15, 16]. Thus a
longer but lightly loaded path may be preferred over the
heavily loaded shortest path. Given the QoS request of a
flow or an aggregation of flows, QoS-routing can return the
route that is most likely able to med the QoS requirements.

4TELIC: DYNAMIC LINK COLORING
ALGORITHM FOR TRAFFIC ENGINEERED PATHS

In this sedion, TELIC (Traffic Engineaing with Link
Coloring) agorithm is introduced. As explained ealier,
constrained routing works with metrics reported by extended
ISIS and OSPF. Metrics can be divided into following
caegories:

(1) Additive such as cost or delay
(2) Multipli cative such as reliability
(3) Concave such as bandwidth

Computing optimal routes sibjed to two or more cnstraints
is a NP-complete problem. Mostly, the dgorithms work on
"bandwidth available" and "hop count" for seleding a path
between a source and destination. A constrained routing
scheme can choose one of the followings as the route for a



destination (with a tradeoff between resource mnservation
and load balancing):

(1) Shortest path, if multiple found seled the widest one
(the one with most avail able BW) (shortest-widest)

(2) Widest path, if multiple found, seled shortest one
(widest-shortest)

(3) The shortest-distance path. Here the bandwidth is
replaced by its inverse value that makes it possble to
expressthe total distance of a k-hop path p as the sum
of thisinverse value:

dist (p) = = (1/n;) where n; is the bandwidth of the link
i and i=1=>k

The shortest-distance gproach favors sortest paths when
network load is heavy and favors widest paths when network
load is moderate. However, this <heme does not
differentiate between various classes of traffic & its only
measure of the st isthe avail able bandwidth.

In the propased TELIC algorithm, an efficient approach is
adopted for seleding paths based on their service dassesin
order to map the traffic flows onto an MPLS domain.
TELIC processes a set of LSP requests recaeved at the
ingress of an MPLS-Diffserv domain. Various modules of
TELIC are shown in Figure 2. Each LSP request spedfies
the amount of bandwidth requested and the dassof service
(EF,AF,DF). Based on the information in the request, the
algorithm tries to locate the LSP that best meds the request
using a subgraph of the domain. Once an LSP is determined,
it is registered in the master LSP table in the ingress node
and the status of the links on this LSP is updated. If an LSP
cannot be established for an EF request, a lower priority DF
LSP currently adive is de-registered and the links associated
to such an LSP are de-alocaed in order to alow the EF
request to be wmpleted. The de-registered LSP may enter
the request queue for an attempt to get network resources
after the arrent EF request has been met.

When TELIC is implemented in a Diffserv-aware MPLS
domain, it can achieve the foll owing targets:

¢ Balancetheload acossthe domain

¢ The ongested o heavily utilized links are avoided,
spedally for QoS flows

¢ In Diffserv coded flows, the EF traffic is alocaed
LSP's that avoid links being wsed by other traffic thus
minimizing the chances of EF behavior's fail ure.

¢ Installed paths can be relocaed if the requirements
change over time

¢+ Every flow gets its fair share of the network resources.
If the network is heavily overloaded, best effort traffic
will pass through most congested links, EF traffic will

Find shortest path()

BEGIN

Given Gisadireded graph with nodes|
and E defined as ©ource and destination

Find the shortest path from I toE in G
using Djikstra's sortest path algorithm

If path found report success else report
failure
END

Register LSP()

BEGIN

Given seleded path with alist of

member nodes and links

¢+ Allocderequested LSP

¢ Updatethelink costs and re-assgn
colors on this path

¢ Find the lowest level color in this
path (link colors are listed highest to
lowest in this order: silver, white,
green, yellow, red) and designate it
asthe wlor of the new LSP

¢ Register thisLSP in the master LSP
table in chronologicd order with all
links, nodes, service dassand LSP
color

END

Check_and_remove()
BEGIN
¢ Consult the master LSP table;
locate the oldest DF LSP
¢ Removethe DF LSP from LSP
table to L SP request queue
¢ Update dl li nk costs and nodes
involved in this LSP and change
link colorsif necessary
¢ If noDF LSPfound, flag=false
elseflag=true
END

Figure 1: Some Modules of TELIC

pass through least congested links and AF traffic will
passthroughmoderately congested links.

In a heavily congested network, request for LSP
establishment for an EF flow may be turned down
instead of compromising on its quality becaise the



congested network cannot med the EF service
reguirements.

Let us consider an MPLS domain to ill ustrate the goplicaion
of TELIC. It isassumed that there is one ingressnode of this
domain. All the traffic that enters via this node flows
towards a cmmon egress node using multiple paths
avail able inside the domain. Each path is composed o links
between interior nodes that lead from the ingress to the
egressnode. Every link has a cost asociated that takes into
acount the avail able bandwidth, delay and the reliability of
thelink. Based on the granuarity of bandwidth requests, the
avail able bandwidth can be epressed as a fradion of the
total bandwidth.

Initially, link colors are a&sgned based on the sts
computed for all li nksin the domain using the cost function.
During the norma operation, whenever an update is
receved, the available bandwidth is used to update the link
colors. The values of the st metrics are & foll ows with the
reservable bandwidth range for ead color indicaed in
parenthesis:

Silver (100-SL): 1-1.7
White( SL-10):  1.7-10
Green( 100-GL): 2-2.8
Yellow( GL-YL):2.8-5
Red( YL-10):  5-20

The reservable bandwidth limits are set empiricdly to SL
(Silver Limit), GL (Green Limit) and YL (Yellow Limit).
Initialy al linkswill be ather carrying silver or green color.
However, links of all colors may be present in the domain
after the network has been in operation for some time.
Traffic trunks are defined as aggregates of traffic that need
to get the same treament in this domain. Given a set of
traffic trunks and a set of links, the problem of identifying
TE-compliant LSP's reduces to splitting the domain into a
number of subgraphs and identifying the shortest path in the
appropriate subgraph. In case the eyressis not reatiablein a
particular subgraph, this subgraph is merged with a higher
cost subgraph. For example, if no path is found from the
ingress to egress node using silver subgraph, the white
subgraph is merged into it and path seach begins again. In
case of EF trunks, we can report failure if no path is found
even on merging green subgraph. The search failure can also
be viewed on the scde of a node in the domain. As no
outgoing link of desired color is found, the outgoing links of
other colors are seleded in descending order of priority.
Once an LSP is establi shed, the lowest color link in this LSP
is reported badk to the originator node and recorded in the
LSP table in the ingressrouter.

Figure 2 shows an MPLS domain having single source-
destination pair ISP topdogy [18] with 9 intermediate
routers, two edge routers and 16 links that can be used
between the ingressand the egressnode. Initialy, two paths
are marked silver for QoS sensitive traffic (S and S) and the
remaining links are dl marked green.

Figure 2: An MPLS Domain Showing Various Links and
Nodes

If a path is to be established from the ingress node to the
egress node through a given domain or a flow is to be
aggregated into an already established LSP, its requirements
are provided to TELIC. For link seledion, TELIC follows
some built-in rules to provision separate paths to EF coded
traffic and ather traffic, thus minimizing the mixing of traffic
that could jeopardize EF performance

As an LSPisingtaled, the wlor of the links is changed to
prepare the domain for new path computations. Foll owing
rules are enforced:

(1) As the path requests are receved, eat path request is
taken in a queue. QoS path requests may be handled
first if network operator maintains a CBQ approach.

(2) A non-QoS flow should not be assgned silver links
unlessthere ae no ather alternatives

(3) In case anon-QosS flow is asggned silver links and a
QoS flow arrives, the non-QoS flow is to be re-routed
and the QoS flow is admitted on silver links

(4) The mlor of the whole path for an allocaed flow is
chedked and updated as the paths are installed and
terminated. The rule for coloring a path is to use the
lowest color. For example, if there is at least one red
color link found, the flow state table will be marked as
red.



(5) When a path is terminated, the link states within the
domain are upgraded. TE rules are adivated to make
sure that all QoS flows are moved to silver links and
green links

5IMPLEMENTATION AND RESULTS

TELIC isimplemented in C++. Traffic request set is entered
in a file and the file name is gedfied as a command line
argument. The program allows the user to display the links
and their associated costs after the dlocation. The Master
LSP table and remaining bandwidth on al li nks can also be
printed.

We model the traffic trunks as requests for setting up LSP's
through the given MPLS domain. Currently we use astatic
traffic set and assume an 80-20 split in the type of traffic,
with 20 percent of the requested bandwidth being in the EF
classand 80percent of the requested bandwidth beingin the
AF and DF classes. For the later part, the ratio of AF-DF
split is varied in order to acoount for al possble variations
in the request types. The bandwidth allocdion trend is
plotted in Figure 3,4 and 5 for EF, AF and DF classs of
requests. It is e that the EF class of traffic has 100
percent successrate and all its bandwidth requests are met.
Sincethe EF classisthe premier classof traffic, thistrend is
highly desirable.
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Figure 3: EF ClassBW Request and All ocation Trend
with TELIC

For the AF class the bandwidth requested in Sowly
increased from the first set to the last set. It is obvious that
the dgorithm works in a very predictable way by meeing
the total BW request of AF class urtil a threshold padnt.
From this point onwards, the AF classall ocaion stays fixed
and the excessrequests are denied.

For the DF class the graph has two sedions. First TELIC
maintains a onstant gap between request and alocation.
The second part is when the dlocaed bandwidth reduces to
zero while DF demand is gill present. The best effort traffic

is not allocaed its full requested bandwidth at any time in
this network due to the presence of some bottlened links.
The gap between request and all ocation is noticedle for DF
traffic because of the spedfic topdogy of the network. The
network , as iown in Figure 2, has two bdtlened links.
The first bottlenedk link is between node 8 and egressnode.
This link completes the path to egress for severa paths,
resulting in an overloaded condition. The secnd batlenedk
link is from ingress to node 1. Both of these links are
converted to red quickly, resultingin denial of bandwidth to
pending requests. Thus, monitoring the performance of the
network against various requests exposes the topdogy
problems. Correding these problems can lead to an
improvement in the performance
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Figure 4: AF ClassBW Request and Allocation Trend
with TELIC

6 CONCLUSION AND FUTURE WORK

An automated traffic engineeing algorithm has been
propcsed. The results of applying this algorithm on the
ingress node of an MPLS-Diffserv domain are presented.
The dgorithm has been implemented in C++ and tested with
various traffic sets with varying mix of traffic dasses. Future
work includes modeling the request arrival and LSP holding
time with different probability distributions and introducing
fault tolerance and rerouting mechanisms. Also TELIC's
performance will be evaluated spedficdly against the least
distance mnstrained routing. Enhancements propased for
this algorithm include fault tolerance ad prevention of
excessve delaysin best effort traffic.
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