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Abstract—We introduce a new approach for QoS pro-
visioning in packet networks based on the notion of dif-
ferentiated traffic engineering (DTE). We consider a single
AS network capable of source based multi-path routing.
We do not require sophisticated queuing or per-class
scheduling at individual routers; instead, if a link is used to
forward QoS sensitive packets, we maintain its utilization
below a threshold. As a consequence, DTE eliminates the
need for per-flow (IntServ) or per-class (DiffServ) packet
processing tasks such as traffic classification, queueing,
shaping, policing and scheduling in the core, and hence
poses a lower burden on the network management unit.
Conversely, DTE utilizes network bandwidth much more
efficiently than simple over-provisioning.

In this paper, we propose a complete architecture and
an algorithmic structure for DTE. We show that our
scheme can be formulated as a non-convex optimization
problem, and we present an optimal solution framework
based on simulated annealing. We present a simulation-
based performance evaluation of DTE, and compare our
scheme to existing (Gradient Projection) methods.
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. INTRODUCTION

A. DTE overview Permissible Utilization (MPU), for example, in this paper

In multi-service networks, different applications havee’ll assume that all first class traffic is constrained
different QoS requirements. In order to provide Qo® links with utilization less than 50%. Specifically, we
in these networks, architectures such as DiffServ [6psume that if utilization of a link is below the MPU
have been proposed for QoS enforcement and bafal- a specific clasg, then simple FCFS scheduling is
width management. Ideally, QoS enforcement should befficient to satisfy the performance requirements for that
complemented with traffic engineering (TE) mechanisnetassc over link [. The objective of DTE is to ensure that
for a comprehensive QoS architecture, with TE appligte utilization of every link that carries a class of traffic
over longer timescales. In this paper, we introduce “Difs maintained below the appropriate MPU parameters.
ferentiated Traffic Engineering (DTE)": a new traffic In Figure 1, we outline a schematic architecture for
engineering architecture for QoS provisioning. DTE. The controller unit is the heart of the architec-

Under the DTE model, the traffic engineering conture: it (pre-) computes multiple alternate paths between
ponent performs the usual congestion control and loadjress-egress pairs, and allocates these paths to different
balancing functions, and is augmented to include funservice classes. The ingress edge routers receive class
tionality that provides paths withlifferentiated utiliza- assignments from the controller, and specify packet
tions for different service classes. The QoS requiremerdutes. The core routers forward packets through the
for each class of traffic is reflected in its Maximunroutes specified by the ingress edge routers. Note that,



there is no additional need for per class scheduling igrmanifested in both management and implementation.
buffering anywhere in the network. Thus, DTE assigrisven under DiffServ, (which is considerably simpler than
more complexity (and responsibility) at the TE levelntServ), there is need for link speed packet classifica-
for simplified in-network processing. While this adds$ion, per class queueing, and scheduling in every router
extra computational complexity in the control plane, in the network. Further, ingress routers have to also
also allows simpler router implementations (and poteshape, mark, and police packets. Such packet processing
tially improves the usability and lifetime for currentlycomplexity not only has a direct impact on the hardware
deployed infrastructure). This added complexity at thmomplexity, and cost, but it also increases the complexity
control vs. data plane is an explicit tradeoff, and thend cost of the network management and operation. The
goal of this paper is to present this alternate point in tmeimber of parameters that have be set, controlled, and
design space, and compare it to existing models sumlonitored grows quickly with network size, and often,
as DiffServ. Along with the DTE architecture, the mairit is difficult to detect and troubleshoot problems. In de-
technical contribution of this paper is the formulation ansigning DTE, we explicitly traded off this complexity at
optimal solution of the path-to-class assignment probldiower levels/faster time scales (packet forwarding path)
that distinguishes DTE. for somewhat more complexity at higher levels/slower
timescales (traffic engineering).
B. Preliminaries and Motivations

The objective of network-level QoS is to provide P& Traffic Engineering
dictable, or at least differentiated, levels of performance
to packets and flows in a network. In general, there areThe primary objectives for traditional traffic engineer-
two broad approaches to QoS provisioning in networki€d (TE) in packet networks are (1) to avoid points of
The first approach is based on the over-provisioning@ngestion in the network and to route traffic around
which tries to avoid any mechanism beyond what f§ese, and (2) to provide alternate paths once the primary
already employed for best effort services in the negaths fail. TE is used to select feasible network paths that
works. QoS is delivered by providing abundant ban@an provide specific service for each traffic class. Once
width such that there is no congestion in the networilese paths are selected, appropriate packet processing
The second approach relies on bandwidth managemégghniques (e.g. traffic shaping and per-node scheduling)
and QoS enforcement techniques such as schedulidtg used to enforce QoS requirements throughout the
policing and shaping of different classes of traffic at eadtetwork.
router/switch. Source-based Multipath Routing: Under DTE, we
The strongest argument in favor of the oveconsider networks that support source based multi-path
provisioning is its simplicity. Network management igouting. We assume each source has a number of pre-
much simpler in this approach, since the only parameg@@termined paths to each destination and can specify the
that needs to be monitored i®tal link utilization, path that each packet takes to the destination. ATM, and
without regard to the classes of traffic that traverse aMPLS networks are good examples of networks capable
link. The number of parameters that need be configuretimulti-path source based routings. Traffic engineering
and controlled is hence minimized, and failures, maR these contexts have been studied before, e.g. in [7],
functions, and errors can be detected and resolved ea$fdr.[18]. The general trend here is to define a convex
Thus, it is not surprising that despite all theoretical arepst function for the links and to find an optimal routing
practical advancement for bandwidth management, ovéirat minimizes the overall network cost. For each source
provisioning is the common deployed solution of curremtestination pair, the optimal routing specifies what por-
IP service providers [5]. tion of the traffic should be sent through which path.
However, even with over-provisioning, there is some In current networks, TE is recognized as a critical
need for bandwidth management, since it is difficuélement of any bandwidth management solution. TE
to predict traffic burstiness and peak demand. Thuschniques have been introduced for QoS provisioning in
in reality, approaches that rely exclusively on simplBiffServ and MPLS networks [1], [16]. In our proposed
over-provisioning lack the flexibility necessary to commodel, TE algorithms ensure that the utilization of all
pensate for inaccurate network planning. Finally, ovelinks in the network comply requirements of the most
provisioning requires (and relies on) frequent and expestringent traffic class that they serve, such that FCFS
sive infrastructure upgrades. service is sufficient to enforce all QoS requirements.
The main issue with bandwidth management solutio&sich traffic engineering allows us to eliminate the need
for IP networks is their complexity. This complexityfor sophisticated packet processing and QoS enforcement



in the core of the network. In an ideal DTE network, a , — xe.
limited set of the paths and links are over-provisioned
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network is utilized more efficiently and less restrictively

for best effort traffic. 2
Summary: In summary, compared to the other band- by
width management techniques, DTE removes the bur- VX13\7

den of QoS enforcemerihside the network. This, in R} Q/ é@
turn, simplifies the network management and operational 2

paradigm. Compared to simple over-provisioning, DTE Ros T
utilizes network resources more efficiently, and has

enough flexibility to adapt to dynamic changes. FurtherFig. 2. A network with 2 source destination pairs and 4 paths.
the more efficient utilization of network resources due

to DTE implies lower infrastructure investment and TABLE |
upgrades. DEFINITION OF THE MAIN PARAMETERS
D. Roadmap
. . . Parameterg| Definition
In section Il, we describe DTE, define its parameters,
and propose a general architecture and traffic engineering | g, Maximum permissible utilization
structure for its deployment. In section Ill, we pre- of a link carrying class: traffic

cisely define the path-to-class assignment (PCA) prob-
lem, which we consider as one of the main challenges of
the DTE model. We show that the PCA is a non-convex

Zep Traffic rate of
classc on pathp

optimization problem, and introduce an optimization Ri; Traffic demand of class -
algorithm based on simulated annealing. In section 1V, between source-destination pait j)
we prese_nt simulation results and st_udy performance of - Index set of paths
the algorithms proposed for PCA. Finally, we conclude between the paifi, j)
in Section V.

Il. DTE

) o which is classc traffic demand fromi to j, is also

A. Assumptions and Definitions available. A feasible solution satisfies the traffic demand

We consider a network where capacity of all linkgonstraints, which implies:
are given and links utilization can be monitored at the
session time scale. The network is capable of multi- > xep=RY; foralli,j,e. 1)
path source based routing. We consider two different PEmis
classes of traffic in the network, say class 1 and classwe summarize the definition in table I. The simple
2. These classes would typically map to real time amgtwork in Figure 2 gives and example to clarify the
best effort traffic. The architecture and the algorithms c@arameters and the problem. There are two source-
be generalized to support multiple classes of service, klgstination pairg1,3) and (2,4). The class 1 and 2
for simplicity, we assume only two classes of service.traffic demands fo(1, 3) are R}, and R?; respectively,

We represent the quality and performance requirend areR}, and R3, for (2,4). There are 7 links in the
ments by Maximum Permissible Utilization (MPU) facnetwork and linkl capacity isc;. There are four specified
tor of classc, ¢ = 1,2, k.. More specifically, if utiliza- paths in the network, the first two are for thig 3) and
tion of link [ is belowk,, then simple FCFS schedulingthe next two for the(2,4) pair, i.e.,m3 = {1,2} and
is sufficient to satisfy the performance requirements af, = {3,4}. Our objective is to specify the class 1
classc over link [. Path numbers are from 1 88, and and 2 traffic rate over each path. The traffic rates for
mi; is the path number set for source-destination pafre pathp are z;, and z,,. Hence, there are total of 8
(i, 7). The traffic rate matrix,.X|cx p, is the optimization parameters (4 paths times 2 classes) to be specified. The
control variable, wheré€’ is the number of classes aitl traffic demand constraints imply that path 1 and 2 total
is the number of paths. The control elemep} specifies traffic rate must be equal to the traffic demand of the
the classc traffic rate on patlp. We assume thati?f;, pair (1,3), and similarly, path 3 and 4 total traffic rate



TABLE I

must be equal to the traffic demand of tiz4) pair. DTE vs. DIFFSERV WITH TE: REQUIREMENTS COMPARISON

DTE computes the traffic rate matrices and provide it to
the source nodes. One possible solution in this example

is,
1 1 Feature DiffServ DTE
Y, — 0 Rys Ry O )
! R}, 0 0 R3 )’ Load Dist. Required Required
TE
which sends class 1 traffic over paths 2 and 3 and class Path to class Not Required Required
2 traffic over paths 1 and 4. Another possible solutian assignment

in which class 1 and 2 traffic share some paths is, Link utilization

monitoring Per Class Aggregate
0 RL Rl 0 granularity
X2 = ( B2 B2 BL2 Ry ) @
13/ 13/ 24/ 24/ Scheduling Class based FCFS
We W!|| define the.llnk cpst fghctlon later. The DTE goal Traffic Required at edge| Required at edge
is to find the solution with minimum total link cost, such conditioning and core not at core
that utilization of all links that carry class traffic are
below the class MPU. CAC Required Same as
DiffServ

B. DTE vs. DiffServ: Architecture and Management

Figure 1 shows the proposed DTE architecture. Th .
DTE controller manages operation of the DTE elemen ape'each class of traffic based on the classes Per Hop
and algorithms. More precisely, the DTE controlle eha""?r (I_DHB)' ) o )
monitors link utilization, and derives the nominal traffic DeSPite its relative simplicity to the IntServ, managing
demand. Moreover, the DTE controller participates @ & medium size DiffServ based network is still a
CAC and configures the traffic conditioners (shaping affficult and time consuming task [15]. The PHB of the
policing) of the edge routers. Finally, the DTE controllefCre routers still need to be configured and monitored
is responsible for traffic engineering and providing patti¥der DiffServ. The ultimate objective of the DTE is
for different classes of traffic in the network. The ingred®@ come up with a simpler solution than DiffServ for
edge routers specify paths for packets based on th&iPviding QoS in networks.
destination and service class, perform traffic conditioning In order to use the network resources efficiently, Diff-
and buffer packets going out on the same link in a Sing%rv should be Complemented with a TE solution that is
FIFO queue. The egress routers shape the aggredg@gable of multi-path source based routing [1], [16]. The
traffic that exits the network according to the configP TE model also assumes that multi-path source based
uration given by the DTE controller. The core routeréuting is feasible in the network. This is possible for
simply perform routing of the packets through the pré&-d., in an MPLS domain, or more generally, an overlay
determined paths using FIFO queueing. architecture that provides this functionality for an IP

The DTE architecture looks similar to the DiffSennetwork [2].
architecture [6], with a bandwidth broker for network We compare requirements of a DiffServ architecture
management [12]; however, the function and role éomplemented with a multi-path source based traffic
certain elements are different. The DiffServ architectugngineering solution with the proposed DTE architecture.
was originally proposed by the IETF as a scalablEhe comparison is summarized in Table 1.
alternative method to the IntServ for supporting QoS in The DTE controller task is simpler than the responsi-
IP networks. The DiffServ objective is to simplify packebility of a DiffServ bandwidth broker augmented with a
processing in the network core and to shift the processitigffic engineering solution. The bandwidth broker has to
and QoS enforcement to the network edge. configure the edge and core routers traffic conditioners

In the DiffServ architecture, edge routers classifgnd schedulers, whereas in DTE there is no traffic
packets to different classes. Then, they compare eammditioning and scheduling in the core of the network.
class of service traffic against its pre-defined profile affthe bandwidth broker is required to monitor PHB perfor-
mark, shape and drop packets accordingly. Finally, naance on every link and router in the network, whereas
multi-class scheduler is used to schedule packets @utDTE, the controller needs to monitor the total link
of the edge routers. The core router schedule and ofigilization. We will elaborate on the multi-layer structure



of the traffic engineering for DTE in the next sections.
Basically the only, additional functionality for DTE is

Weeks
Path Selection and Routing:

Path to Class Assignment. We propose algorithms fes ] Nominal traffic Centralized algorithm,
path assignment and illustrate that they need to work demand rsoeu‘t“ensg up and tearing down the
a very slow time scale, and hence are not the bottle ne —Set ofpaths
of the system. Days
In the DiffServ architecture, the core routers perfory
scheduling and traffic conditioning and keep every cla
of service state to enforce the required PHBs. The Dl ¢ glomine:jltfaﬁic Path to Class Assignment:
core routers do not need these functionalities. Management [ aor s |Conlzed aorihm
: . .. d p Assignment of the paths to Hours
DiffServ edge routers should enforce traffic condition MO:‘i{‘Ormg classes of traffic.
ing to all classes of traffic that enter the network. Th Assignment of Nominal traffic distribution
. . between the paths.
DTE edge routers need to perform traffic conditionin «—"

Nominal link
utilization

only on those packets that share a link with real tim
traffic in their path. Therefore, traffic conditioning would
be less restrictive for DTE and we can utilize networ Monitored traffic Load Distribution:

. - demand, Distributed Algorithm. )

resources more eﬁICIentIy' Set of paths, ~ =——»] On-line load distribution between tSir(Te]zsmn

Assignment of the paths.

C. Functional Structure of the DTE paths 4
. . . . 3
In this section, we review the four main blocks spec- o
ified in Figure 3 (the DTE management and monitoring | I
1)

and three TE blocks). Note that the time scale in the
figure is for qualitative purposes and the exact values  Fig. 3. Multi-layer Algorithmic Structure for DTE.
depend on the implementation. The DTE management
and monitoring unit is responsible for requesting new

output from the three traffic engineering algorithms in

Figure 3, passing them the input data, gathering their offfa"d to the Path to Class Assignment (PCA) algorithm.
puts, estimating the nominal and on-line traffic demarid>” Uses this information to assign paths to different
matrices. DTE management unit also interacts with othERSSeS of service. After finding the desirable solution,
network management and control units. In that respeBCA Sends it back to the management unit.
it participates in the CAC process and set the traffic We focus on the PCA problem in the rest of the paper.
conditioning parameters at the edge routers. We assuife® assigns paths, and consequently links, to either
that all blocks have the up-to-date information about ti§éass 2 or class 1 and 2 traffics. Maximum utilization
network topology and link capacity, and we focus on tH€r @ link assigned to class 2 traffic ks and for a link
algorithmic aspects of the TE. assigned to both classes ks. PCA works based on a
The Path Selection and Routing (PSR) algorithm lik cost, which is a function of the link assignment,
responsible for inserting and removing paths between ek capacity and nominal traffic rates. The objective is to
input and output ports. We will not elaborate on the psminimize the network total link cost. The PCA algorithm
algorithms in this paper and assume that the set of pa'tﬁ@so centralized in the DTE controller. In section lll,
are (pre-)computed and available. PSR would work basw@ focus on the PCA and formulate it as an optimization
on the nominal traffic demands. The management apgpPblem. We illustrate that PCA is inherently a non-
monitoring unit calculates and sends the nominal traffi@nvex optimization problem and introduce algorithms
demand to PSR. The traffic demand can be derived frdfsolve it.
the Service Level Agreements (SLA), measurements andAfter receiving the PCA output, the Management and
traffic history [3], [14]. In our architecture, the PSRMonitoring block activates either the load distribution
algorithm is centralized in the DTE controller. The PSRr the PSR algorithm. It activates the Load Distribution
updates paths in a slow time scale (at least in the orderadgorithm if the PCA performance is acceptable; other-
many hours), since it is not either possible or desiraplése, it activates PSR to consider a modified set of paths.
to insert and tear down paths and disrupt ongoing trafficThe PCA algorithm can be activated more frequently
in a network in a faster time scale. than the PSR since it only changes path assignments and
Once paths are selected, the management unit sendsthe path themselves. However, it is not practical to
this information, together with the nominal traffic deassume that the PCA can adapt and compensate for short



term traffic fluctuation that occurs at the scale of th& sub-optimal solution based on the gradient projection
session time. Instead, a separate load distribution unitmgthod. Then, we use simulated annealing technique
designed to compensate and react to the short term traffith a nested gradient projection to find the optimal
demand fluctuations. solution.

The path assignments and the monitored traffic de-
mand are inputs to the load distribution algorithm. ROIX
and characteristics of this unit is similar to the other pro-’
posed online distributed traffic engineering solutions [7], The most common approach for Traffic engineering
[9], and we can use same algorithms with the appropridgeto choose an appropriate link cost function and find
cost function. Note that the load distribution unit work&e feasible solution that minimizes the total link cost.
based on the monitored traffic demand matrix whidsocal search optimization algorithms such as gradient
includes the short term traffic fluctuations, whereas P@gojection method [7], [9], [18] can be used to find
and PSR use the nominal traffic demand that filters di#e optimal solution. Link cost is usually a function of
short term fluctuations. the link utilization. However, the DTE problem is more

The load distribution algorithm input is the real timgomplex; link cost should be a function of class 1 and
traffic demand estimate since it updates traffic demagdraffic rates. We definey;, one possible candidate for
and link utilization data in a very short time scaléhe link cost function:

(proportional to the session time). The load distribution
works in conjunction with the CAC unit and traffic (

Integrated Approach and Non-convexity

U Vg
conditioning at the edge for QoS enforcement at a Frer— Qo)+ Faar (urfon)
very fine grained time scale. We consider a distributed if w0 < ki H
implementation for the load distribution algorithm in our e s e,
architecture. Every link utilization is sent to th(_a source wieap((u-to) ke (1-H)) "
nodes that use it in a path. Source nodes use this informa- kic(1—H)exp(H/(1-H)) " koci—(wi+wr)
tion and the path assignments to distributively perforfi =
the gradient projection method for load balancing. if kiHep < wp+vp < k2Hey,

The management and monitoring unit monitors link
utilization and if it concludes that the load distribution e ff(f‘g:%(’gc/((f:%))) + e %(_“}52%(]“ ;7&:5};
algorithm does not have a good solution, it employs other
mechanism. For example, it can use more restrictive traf- if w+v; > koHcy,
fic conditioning at the edge, activates PCA for modified 4
assignment of paths, or activates PSR for modified selhere v; and v; are link [ class 1 and 2 traffic rates
of paths. respectively, and? is a constant smaller but close to 1.

The cost function is defined for three separate cases.
[Il. PATH TO CLASS ASSIGNMENT To better understand, we focus on the casey v; <

PCA is located in the DTE controller and is théyHc;. The cost function has two terms; the first (sec-
main distinguishing feature of the DTE from other T®nd) term can be interpreted as the average virtual delay
approaches. Therefore, in order to show that the DTE af-the class 1 (2) traffic. It is the average delay for class
chitecture is feasible, it is critical to provide appropriaté (2) traffic if the capacity of the link i&;c; (k2c;) and
algorithm for PCA. In this section, we focus on the PCAhe queue behaves as an M/M/1 queue. If the class 1 (2)
problem and provide optimization algorithms for it. Théraffic rate is non-zero, the first (second) term ensures
nominal traffic demand matrices and paths are inputsttwt the link cost goes to infinity if the link utilization
PCA. PCA assigns a path either to class 2 traffic or gwes to the MPU of the class 1 (2) traffic. Therefore,
both class 1 and 2 traffic. The path assignment explicitllgis cost function works as a penalty function to impose
specifies maximum link utilization. Maximum utilizationthe MPU requirements.
of link [ is kq, if it is in a path assigned to both classes The gradient projection method is applicable if the
of traffic, and it isky otherwise. cost function is differentiable for alfu,v) € R%. The

The main issue with the PCA optimization problensecond and third cases for the cost function are inserted
is non-convexity. Because of non-convexity, commaim ensure differentiability. The cost function increases
optimization techniques such as gradient projection aggponentially when the utilization gets close to the
not appropriate for this problem. In the following, weMPUs, and it is differentiable with respect tg and
first show that the problem is non-convex, and provids.



. The link cost function when rate vector varies
x10° linearly from (0.8) to (4.0) for a link with capacity 8

8 Cl=12

Cost

“““ Class 1 traffic rate

- Class 2 traffic rate 16

Cost
Traffic rate

C2=12

ok ‘ ‘ ‘ ‘ , Fig. 5. A simple network with two parallel links between the source-
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Class 1 traffic rate destination pair.

Fig. 4. Cost functiony for a link with capacity 8, when the rate

vector (u, v) varies on the line connectin@, 8) to (4, 0). L .
(u.v) "9,8) 10 (4,0) Even though it is not clear that the local search opti-

mization methods converge to a good solution, we can
still apply them and settle for sub-optimal solutions. We

Unfortunately, the cost function is not convex. Ignsider an algorithm based on the gradient projection
Figure 4, we plot link cost, and class 1 and 2 traffic rat¢gethod and the link cost function defined in (4) and
versus class 1 traffic rate. Link capacityisclass 1 and 2 4| it the Integrated ApproachObviously, there is no
traffic rate vary on the lin@u+v = 8 between the points gyarantee that such an algorithm will converge to the
(4,0) and(0, 8). Clearly, the cost function is not convexgptimal solution. The final solution depends on the initial
and hence the conventional local search algorithms HQint, and even when there is a feasible solution for
not always converge to the optimal solution. MPU constraints, the algorithm may not be able to find

The next natural question is whether it is possible The main advantage of the Integrated Approach is
to define an appropriate convex cost function. Unfojs simplicity. The gradient projection methods are well
tunately, the answer seems to be negative and the ngBfined and studied for traffic engineering. We can run
convexity appears to be an inherent characteristic of thge algorithms on-line, distributed and asynchronous
PCA problem. We clarify this with an example. at the source nodes.

Consider the simple network consisting of two parallel | the next section, we present a two step approach that
links between the single source-destination pair in Figukeeaks the PCA problem into two nested optimization
5. Both links capacities are 12 units, class 1 and 2 trafﬁq;omem& such that one problem is non-convex and we
demand are 5 and 9 respectively. Suppose thaand yse the simulated annealing technique, while the other

ko are 0.5 and 1 respectively. Ofasiblesolution is t0 js convex, which we use the gradient projection method
send class 1 and 2 traffic on separate links. Assume thakolve it.

the optimal solution X7 is,

_ a 5—a ) forsome 0<a<5, B. Nested Approach: Simulated Annealing
X1<9—b b )and o<b<g. © - S - S
=7 =1 Simulated annealing is a randomized optimization
Due to the symmetry, there is another optimal solutictigorithm that can converge to the global optimal so-
X, lution [10]. The optimization space is specified through
5—a a the state variable and cost is function of state. The cost
X2 = ( b 9-0b > ’ (6) function is usually referred to as the energy function
in simulated annealing literature and the objective is to
find the state with minimum energy. At every tinie
2.5 2.5 the simulated annealing algorithm is at a random state
4.5 4.5 ) ’ (7) sk, andsy converges to the state with minimum cost as
. : . _ ..k goes to infinity. Assume that an irreducible Markov
but this can not be an optimal solution since it is n%trocess governs the state update process. We use the

feasible and we know that a feasible solution exists. Markov model conditional probabilities for statg to
We proved that PCA has two optimal solutions in thigelect another stat@;. State at timek + 1 is eithersy,
case. Obviously, there can not be more than a SinQJng Let '

minimum for a convex function, and hence PCA is a
non-convex optimization problem. AEi11 = COST(s;) — COST (sk) (8)

Therefore, there are two optimal solution unless,

X1:X2:<



If AEp+1 <0, thensgy1 = sg. If AER,; > 0, then

~ . L. Xy
Sk+1 = Sk, With probability exp(—AEy+1/Tk+1), and R,, X
: . i R 1Py . 3

sk+1 = s otherwise. Therefore, if stat§, has a lower 21 N~ /,«7.
cost than the current state it will be selected kot 1. N = Xee— T Va
Even if s, has a higher cost than the current state, it will =G
be selected with probabilityzp(—AFEg+1/Tk+1)- . /E,—-§;§-~\§ \

The parametefT}, is called temperature at timé. Ru , ‘// \\B. .
It has been proven that if the starting temperature is R :

- : - =
sufficiently large and it converges to zero sufficiently )

slowly, the state variable converges to the minimum cost ~ ___ _ < p——

state. T @— — e T 5
Initially, at high temperatures, the newly generated N\ T~ ,/7

states are usually selected and the process can escape N T S

from the local minimums. As the temperature gets lower, ;s->.'

the probability of selecting a state with higher cost S Zema=-8 \\c7

diminishes and the process converges. > @ et . = k. 4
Simulated Annealing applied to PCAn our formula- Xooo

tion, the state variable is B dimensional binary vector b) Intermediate stage

that specifies paths to class assignments. If pattate @~ = ~————___. Xy e —— -

value is zero, it can only serve class 2 traffic. If path 1 .\— —_ — e — —7. 3
state value is 1, it can serve both classes of tfaffic

Next, by means of an example, we describe how we >.7§_>
select the neighbor statg at every stegk. The process 5’,_53_\\6 \
of selecting a neighbor state is illustrated in Figure 6, /:,// “ R
where we use the same network as in Figure 2. Pathsand 2 @ . B‘ 4

links with state 1 (0) are specified by solid (dashed) lines.
Figure 6-a specifies the current state, where paths 1 and 4 ) Nelohbor staie
states are On?’ and paths 2 and 3 states a.re zero. To SEI&‘% Process of selecting the neighbor state in a simple network.
one of the neighbor states randomly, we first choose ong links and paths with state 1(0) are shown with solid(dashed)
of the source destination pairs uniform randomly. In thiges. The current state, the intermediate stage and the neighbor state
case, we have picked the pdir, 3). Then, we uniform € shown in the figure.
randomly select one path associated with the selected
pair. We change state of the selected path and update the
link states accordingly. In the example, path 1 is selectidhe single path source has non-zero class 1 traffic rate,
and its state is changed. The outcome is in Figure 6-path state is one and zero otherwise.

The result would be the statg with one exception;  We still need to explain the state cost function. To that
if state of all selected source paths are zero and thaid, we define the virtual capacity for lirik
source has class 1 traffic demand, we select another path
associated with thgt source in random._ This is exactly the kier if link I belongs to a path with state 1
case for source 1 in our example. Notice that both patfjs= :

. koc; otherwise.

from node 1 has state 0. If this happens, we randomly 9)
select another path of the selected source, and chaﬁq)%t of the link! is,
the path state. In the example, path 2 is selected and its
state is changed to 1; the final result, is shown in

Figure 6-c. In this way, for every source-destination pair A if w, < He¢
with non-zero class 1 traffic rate, there is at least one v, = i ,  (10)
path to serve class 1 traffic. Cl(eff(gfgli 2,061(}(_1}:[2)) if w; > Héy,

Furthermore, if there is a source with only one path

we fix the path state and will not change it in the proces¢herew; is the total traffic rate of link and # is a
constant smaller but close to 1. A similar cost function

1In general, fore > 2, path states, isin {0, --- ,c—1}. If s, — k, 1S defined in [17], but we replaced capacity with virtual
p can serve traffic classes— k to c. capacity. It is easy to verify that the cost function is



convex and differentiable. Fow; < H¢, ~, is the
average delay of an M/M/1 queue with; arrival rate
and capacity;. Similar to the definition of);, the second
case is inserted to ensure differentiability and exponential

4
y

growth of cost as rate gets close to the virtual capacity. 4 >
The total cost is, 7
L
COST=> . (11) 4 6

l:1 7 Source Nodes Second Layer Links Destination Nodes

Clearly, cost is a convex function of the rate vector

and we can use gradient projection method to find tlg. 7. A simple network with 3 source destination pairs,

minimum cost. {(1,4),(2,5),(3,6)} and 7 paths. The three middle layer links are
Therefore, for a fixed state vecterand class 1 and bandwidth bottle necks and their capacities are specified on the graph.

2 traffic demand matrices, we first compute the virtual

capacity of all links. Then, we solve the following convex

optimization problem to find the statecost, IV. SIMULATION RESULTS AND DISCUSSION

I In this section, we present the simulation results and

COst(s) = min <Z w) discuss some characteristics of the PCA algorithm. We

X =1 (12) first compare the performance of the Integrated Ap-

s-L. . tor all 7. i proach and the Nested Approach in a simple network.
pezm_ Lep = T orails, j,c. We illustrate that the Nested Approach works better

) ) ) and outperforms the Integrated Approach. In the next

At every stepk of the simulated annealing algorithmgection “we focus on the behavior of the PCA when the

candidate stats;, is selected. Then, we use the gradiefq; c|ass traffic demand increases. Finally, we study the
projection method ,tf? solve (12) and C,%D(' In reallty, performance of the PCA in a larger size network. We also
we store cost of visited states to avoid recalculation gf,\qy the sensitivity of the performance to the deviations
state cost. Ultimately, we selesk.; from sy and sk jy the traffic demand matrix. For the simulations we

using the simulated annealing probabilistic rule. assume that the MPU for class 1 (2) traffic is 0.5 (1).
Before ending this section, we briefly explain the load

distribution unit, since any of the previously proposeq Integrated vs. Nested approach
on-line traffic engineering algorithms such as [7], [9]

can be used for this purpose. The path assignment argonsider the simple_net_vvork s_hown in Figure 7. There
determined by the PCA unit and passed to the 1086 three source-destination paifgl, 4), (2, 5), (3, 6)}
distribution unit and 7 paths. The network links are divided into three

Taking into account the path assignments, the Iorljle&/ers, layer 1 is connected to the source nodes, layer 3

distribution algorithm uses the relation (9) to determi 9 the destination nodes and layer 2 links are between

the virtual capacity of the links. Then, it uses the grad ayer 1 and layer 3 links. Traffic rate of_class L ar_1d 2
affic from every source are 4 and 7 units respectively.

ent projection or its variants to solve the optimizatio . ) )
apacities of the three, second layer links are speci-

algorithm given in (12). However, it uses short ter : : :
on-line estimations of traffic demand variable§ to fied m_the figure and are 14, 23, and_l4 respe_ctlvely.
Capacity of all other links are 10 units. The first 2

calculate the link ratewy, in relation (10). The load ths bel o th destination 4 q
distribution is carried out by the source nodes in aths belong 1o the source-destina ioh4) and are
a,d,4), (1,b,e,4) respectively. Paths 3, 4 and 5

distributed and asynchronous manner, whereas PC ]f e
computed centrally at the DTE controller. %éong to the source-destination (2,5) and@e, d, 5),

Even though source nodes carry out the load distf@’b’ ¢,5), éQ’CtZ f’t5.) resépGectlv%Iy. Pabth566 ar;)d ! bzlong
bution algorithm, status and performance of the SySte%sS:euc:rt(i:\?e_lyes ination (3,6) and & b, e, 6), (3, ¢, £, 6)

is monitored by the DTE controller. If the performancé . . . L
Given these assumptions, one feasible solution is to

deteriorates unacceptably, the DTE controller should d o 1 traffic th h th q1 link
employ other mechanism such as traffic conditioning 3pnd class 1 trafiic throug € upper and lower finks

the edge routers and activation of the PCA and Pfﬁ?d CI_?ES 2 traffic th(jrpugh ?;]e tmtlddle Itmk_of the 2nd
with the updated nominal traffic demand to restore t @yer. The corresponding path state vector is,
performance. s1 =(1,0,1,0,1,0,1), (13)
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TABLE Il
SOLUTIONS OF THEGRADIENT PROJECTIONMETHOD FOR THE
NETWORK GIVEN IN FIGURE 7

Cost Load Distribution Perc.
4 0 2 0 2 0 4 0
55.1 0 7 002 696 002 0 7 25%
04 0 4 0 4 .
85.3 7 0 35 0 35 7 31%
4 0 2.7 1.3 0 4 0
0 7 0 003 697 0 7 Fig. 8. Topology of the network used to study dy-
102.9 44% namic behavior of PCA. There are 8 source-destination pairs:
40 0 13 27 4 0 {(1s, 1D, ---,(8S, 8D}.
0 7 697 003 0 0 7
TABLE IV
PCA PATH ALLOCATION FOR THE NETWORK GIVEN IN FIGURES8
and the optimal load distribution for this state is, AS THE TRAFFIC DEMAND CHANGES
4 4 P(_er source Number of ’\t‘:;n;l)):trh[s)f '\I‘#;ng:trhgf
Xl _ < . g 3 2 g g . ) (14) traffic demand the paths added removed
(0.5,2) | (8,11)

Cost ofsy is 49.69 and turns out thaf has the minimum 1,2) | (8,10) 2,1) 2, 2)

cost and ideally, the DTE will converge to this solution.

Let so be the complement of the,, (1.2,2) | (811) (6, 6) (6, 5)
(1.5,2) (10, 13) | (2,3) 0,1)

s =(0,1,0,1,0,1,0). (15)

The optimal load distribution foss is,

B. Dynamic behavior of the PCA algorithm

04 0 4 0 40 _ , ,
X2=1{ 2 0 35 035 0 7/ (6 Inthis section, we study the effect of traffic demand

variation in the PCA path allocation. Figure 8 shows
Cost of s5 is 84.31 and it is has the second loweghe simulated network, which is a modified version of
cost, even though its state vector has the maximuhe network used in [11]. There are 8 source-destination
hamming distance from;. Therefore, the optimization pairs, {(1S, 1D),---,(8S, 8D} in the network. Links
surface is non-convex. In our simulations, the Nestede bidirectional, and linkél, 2, 7) have 14 units, links
approach based on the simulated annealing converge$l 34, 35) have 7 units, and linkg3,4,5,6,8,9,36)
the minimum cost state; . have 8 units capacity. All other links (access links) are
Next, we test the Integrated Approach. We chog®t bottle neck, since their capacities afeunits. Traffic
the initial points randomly and ran the simulation 10®ad between all source-destination pairs is the same, but
times. As we expect, the final solution, depends on tNeries during the experiment. There are total of 29 paths
initial point. We observed four possible final solutiongnd they are distributed among 8 source-destination pairs
for the Integrated Approach. We summarized the resu@ts follows: (5, 3,4,5,3,3,4,2).
in Table IIl, where cost, load distribution and percentage We test four separate scenarios, where every source
of convergence to the solutions are given. The third roslass 1 traffic demand are 0.5, 1, 1.2 and 1.5 respectively.
represents two symmetric solutions with the same co$he class 2 traffic demand is fixed to 2 for every source.
Only, the first row solution satisfies the MPU conditions, Result of these experiments is summarized in Table
and25% of experiments converged to it. We expect thd¥/. Number of the paths used for each class of traffic is
the performance of the Integrated Approach degrad&sown in the second column. The third (fourth) column
unacceptably for larger size networks, and hence whows number of the paths that are added (removed)
focus on the Nested Approach for the rest of simulationsetween two consecutive steps. It is interesting to note
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TABLE V
MAXIMUM UTILIZATION OF LINKS THAT CARRY CLASS 1 AND 2
TRAFFIC (U1 max) AND LINKS THAT CARRY CLASS 2 TRAFFIC
ONLY (U2 max)-

Nominal Real
Traffic Traffic (2,5) (3,5) (4,5)
Demand Demand
Uy 0.3218 0.45 0.6
(2,5)
Upax 0.6225 0.686 0.7405
U 0.3087 0.3972 0.5161
(3 5) 1max
. o ' Uy 0.7078 0.7554 0.8102
Fig. 9. Topology of the network used to study sensitivity of PCA 0
to the traffic demand. “5) e 0.3466 0.39 0.4267
U 0.7124 0.769 0.818

that when class 1 traffic increases from 0.5 to 1, there are

at most 2 ad_dmons and removals of the paths for eaEmeinations (3 nominal traffic demands times 3 real
class of traffic. In contrast, when we increase Classtr]afﬁc demands) are tested. In every case, the load
traffic further to 1.2, we experience a significant numbggq i tion algorithm computes the optimal traffic rate
of changes. This simulation suggests that paths allocatwpaths for the given real traffic demand (in column)

can change incrementally and gradually for a while, angdyy nath assignment (in row). Table V specifies the
then followed by significant and sudden changes. maximum link utilization for links with state 10{; max)

and all links (/2 ,.x) for every case.

C. Larger size networks with PCA sensitivity Recall that we would like to keep the utilization below

In this part, we simulate the network given in Figure ghe MPU, which is 0.5 for links with state 1, and 1 for
This network is used in [4] and considered to be typiclinks with state 0. Obviously, if the real traffic demand
of large ISP networks. There are 10 source-destinatitnless than the nominal traffic demand the performance
pairs in the network, which are (1,5), (1,6), (1,14), (1,18 expected to be better. The last row of table V is
(5,6), (5,14), (5,18), (6,14), (6,18), (14, 18), and 50 patl@ptimized for the nominal traffic demand 6t,5). The
between them. Links are considered to be directional afi@ximum utilization of the links with state 1 (0), when
every edge on the figure, represents two directional linie real traffic demand is algd, 5) are0.4267 (0.818),
in the opposite directions, which means that there are @ich are below the corresponding MPU values. As we
directional links in the network. Capacity of the dasheexpect, when the real traffic demand is less thar),
and solid links are 50 and 20 units respectively. We rdhe maximum utilization of the links drops and we do
the PCA for three separate traffic demands. All sourckstter. Further, if we compare two cases that real traffic
have the same traffic demand. Class 1 traffic demar@@mand is(3,5) and nominal traffic demands a(®, 5)
are 2, 3 and 4 in the three runs respectively. Classapd(4,5), the maximum utilizations are very close. The
traffic demand is 5 in all cases. same trend is repeated between the cases with real traffic

Our main objective is to study the sensitivity of thelemand(2,5) and nominal traffic demands ¢2, 5) and
DTE to the traffic demand fluctuations. In order to dé4, 5).
so, we consider that the real traffic demand differs from The main conclusion here is that the PCA perfor-
the nominal traffic demand used in PCA. Even thoughance sensitivity to the traffic demand deviations is not
the path assignments are not necessarily optimum &ymmetric. The performance is more sensitive when the
the real traffic demand, we assume that the on-line loddmand increases above the nominal value than when it
distribution algorithm adapts to the real traffic demandecreases below the nominal value. It is not desirable nor
and find the optimal load distribution for the given patbractical to run the PCA algorithm very frequently in a
assignment. network, since it results in frequent updates of the path

Table V summarizes the simulation results. Everstates. Therefore, the nominal traffic demand should be
row specifies a nominal traffic demand that the Nestadch that the path assignments are useful for a wide range
PCA has used to compute the optimal path assignmeutt.real traffic demand fluctuations. These simulations
Therefore, PCA and the nominal traffic demand speirnply that it is better to be conservative in the calculation
ify the path assignments of every row. Every columand estimation of the nominal traffic demand and work
specifies the real traffic demand matrix. Nine differentith nominal traffic demand that is larger than the real
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