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ABSTRACT
ANALYTICAL MODELING OF MULTI-CHANNEL
OPTICAL BURST SWITCHING WITH MULTIPLE
TRAFFIC CLASSES

Volkan Ding
M.S. in Electrical and Electronics Engineering
Supervisor: Assoc. Prof. Dr. Nail Akar

August 2011

In this thesis, we study an Optical Burst Switch{®BS) node with links
carrying multiple wavelength channels (called h#ezachannels) with multiple
traffic classes. We assume that offset-based sewifferentiation is used to
differentiate among these traffic classes in teofnsacket loss probabilities. We
first propose a basic scheme, called bLAUC (Basitett Available Unused
Channel) for channel scheduling. Although pracitigalf the bLAUC scheme is
relatively limited when compared to other convemdb schedulers such as
LAUC, we study bLAUC in this thesis due to its taulity to analysis and
moreover bLAUC possesses certain crucial propertéds conventional
schedulers. We then propose an iterative procaduapproximate per-class loss
probabilities for the OBS link of interest when gecarrivals to the link are
Poisson and packet lengths are exponentially biged. In our iterative
procedure, we model a multi-channel OBS link withsBon arrivals by a single
channel Markov fluid queue with occupancy-dependguatcket arrival
intensities. The proposed procedure provides aab&ptapproximations for a
wide range of scenarios with relatively low comppiex Consequently, the
proposed procedure can be used in optimization lgmud concerning multi-
class OBS and in finding guidelines to effectivatjlize OBS resources under
loss probability constraints.

Keywords:OBS, QoS, Scheduling, Fluid queues



OZET
COK SINIFLI TRAFK ALTINDA COK KANALLI OPT iK
COGUSMA ANAHTARLAMANIN ANAL ITiK ANAL izi

Volkan Ding
Elektrik ve Elektronik Mihendisti BOIumU Yiksek Lisans
Tez Yoneticisi: Dog. Dr. Nail Akar
Agustos 2011

Calismamizda optik ggusma anahtarlama kullanan birgdaki birden ¢ok
dalgaboyu kanalina sahip bir gimdn coklu trafik siniflarina maruz kagd
duruma ygunlasiimistir. Trafik siniflarinin oteleme tabanh servis ikedi
farklihgina gore olgtugu varsayillmg ve servis kalitesi, gausmalarin dgisik
olasiliklarla kaybolgu olarak kendini gosterntir. Calismamiz icinde bLAUC (
basic, temel LAUC) olarak adlandigmiz bir kanal ayirma algoritmasini
onerdik ve inceledik. bLAUC der konvansiyonel yontemlere (LAUC ve
LAUC-VF) gore uygulanabilirki daha sinirlh da goériinse, bir ¢ok kaynak
ayirma yonteminin genel 6zelliklerini ssanakta ve analizi daha mumkin hale
gelmektedir. Capmamizda, bLAUC kullanan bir d@umdeki c¢gusma
kaybetme olasiliklarini, paket gddiri bir Poisson sureciyken ve paket
uzunluklar dstel bir dahima sahipken yakkk olarak hesaplamak icin bir
kaybetme karakterigtini doluluguna bl olarak paket ge§imiktari degisen bir
Markov akskan kuyrgu ile modellemekteyiz. Onerglimiz yontem bir cok
durumda, daha 6nce ¢6zumi olmayan bu problemkeioul edilebilir sonuclar
sunmaktadir ve bunu karmklg oldukca az olan bir algoritma ile
sazlamaktadir. Yontemimiz tasarim sureclerindeki ojasyonlarda veya
genel tasarim fikirleri olgturma gibi faaliyetlerde rahatlikla kullanilabilimi
Anahtar Kelimeler:Optik ¢cggusma anahtarlama, servis kalitesi ayrimi, Markov

akiskan kuyruklari
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Chapter O

Introduction

Today, optical networks are one of the strongesidates for the future
Internet. For a brief comparison between conveati@bectronic networks and
optical networks, we refer the reader [1]. Optinatworks can be categorized
according to how datum is relayed throughout it pdlsing this criterion, it is
possible to define three types of optical networksmaque, translucent and
transparent (See Figure 1). In an opaque netwattg, t be relayed on a point-
to-point link (fiber) between two nodes is convdrte an electronic signal at the
node. After being processed an electronic sighas, iedirected to another link
(fiber) as an optical signal. This method of chaggdomain of the data to be
relayed is called optical-electronic-optical (O/EMdnversion. Although a large
amount of capacity is obtained using such poindo optical links, operating
costs and electronic bottlenecks appear to be drelkgbof opaque networks.
These drawbacks could be alleviated by using tuaesit networks [2] where
O/E/O conversion ability is available only at ataér set of nodés However,
these drawbacks could be eliminated by avoidingversion between optical
and electronic domains . Such networks, in whicta ds relayed as an optical
signal throughout its path, are called transpaogtital networks (or all-optical

networks) [3]. The scope of our work lies withitraptical networks.

! This excludes edge nodes. Nodes interfacingvaanktwith other networks which are to carry
abilities needed to interface two networks areecbéidge nodes.



O Edge . Nodes performing O/E/O . Transparent
Nodes conv. Nodes

Figure 1.Sample illustrations of opaque, translucent, transpt optical networks (left to right)

There are three paradigms which attract resea¢heswitching in all-optical
networks, namely: Optical circuit switching (OCQ)ptical burst switching
(OBS) and optical packet switching (OPS). In OC§ Bk in other circuit
switching techniques, an end to end circuit (lighitpin OCS context) is
established and a part of the resources (usualiglengths only) is dedicated to
data to be relayed along that circuit (lightpathjst like other circuit switching
techniques, OCS cannot justify overhead in esfaibiisa circuit if amount of
data to be relayed is not large enough. Furtheryrdhre to the static nature of
circuits (lightpaths), OCS cannot utilize netwodsources efficiently. On the
other hand, in OPS [5], switching is carried outapacket by packet basis.
However, due to finer granularftpffered, OPS requires very fast (ns) switching
techniques. Furthermore, fast header processindpaifiering capabilities in the
optical domain are also required in the OPS pamadighe above-mentioned
technical requirements cannot easily be met byeoartechnologies and this
renders the implementation of OPS very hard ifingiossible. Limitations of
OCS and OPS have eventually led to the paradig®B$. In OBS [6], coarser
granularities compared to OPS are used and owtrad bignaling (separation of
control plane from data plane) is preferred to oware technological limitations
faced by OPS. Bursts are formed by assembling phelpackets at the edge of
the network. Even though burst assembly at the edge network causes
additional delay, it relaxes the switching and byrsocessing requirements,
making it possible to build OBS networks with cuntreéechnologies. A brief

comparison between the three switching paradigmseisented in Table 1.

2 Granularity can be described as minimal entityohis being switched in the network



OCS OBS OPS
Efficient In the order of GE ~ KB-MB ~1KB
granularity
Control Out of band Out of band In band
Control overhead Connection setup Burst Control Channel Packet Heade
Latency reasons Setup time an Burst assembly an | Propagatio(Buffering
propagation propagation in the future)
Advantages QoS is established High flexibility. Very high flexibility.
during setup. Efficient network Very efficient network
Reliability. utilization. utilization
Commercially Slower switching
available constraints
Drawbacks Low flexibility. Traffic aggregatio. High control
Low network Complexity of control| complexity, problems
utilization. plane. in packet ordering.
Long setup time Components are partly Components are not
available available
Predicted future | Short term deployment Mid-term deployment  Long teleployment

Table 1.A simple comparison between main switching ideaalioptical networks: Table 1 in
page 846 ofl] gives a more detailed in comparison of these thegadigms.

For a more elaborate discussion of these thresdmans, we refer to [7] and
Chapter 2 of [8]. However, this thesis concentrately on OBS. We therefore
provide a more detailed description of OBS in thgtrchapter.

Constructing analytical tools to model behaviomaafietwork is an important
task, since those may be helpful in designing dgimdpation processes. In this
thesis, we aimed to provide an analytical methochtmlel loss probabilities at
OBS nodes under multi-channel, multi-class scesarithe structure of this
thesis can be summarized as: First, we will provateough background
knowledge and we will define our problem in the thetxapter. In the following
parts of this thesis we will focus on special casfiesur problem. Then, we will
present our proposed solution and numerical res@lltmore concise outline of
this thesis can be found at the end of the nextelna



Chapter 1

Background Material and the
Problem Definition

Even though the motivation of this work is giventhe introduction section,
to define our problem in a formal way, some backgmknowledge is required.
In this section, a brief overview of the OBS pagmdliis given and concepts to
be used in our problem definition are introducedsgpctively, overviews of
OBS Networks and QoS in OBS paradigm are presentéeén, problem
definition and the overview of the rest of the ihesill be presented.

1.1 A Brief Overview on OBS Networks

A simple illustration of an OBS network is givamFigure 2. Let us start with
inspecting the entrance point to the OBS netwoaknely the ingress node. At an
OBS ingress node, client data (packets) are agg@gato bursts according to a
burst assembly algorithiin Burst assembly algorithms can be categorized into
three types: timer-based, threshold-based, andureixtf both. In timer-based
assembly, a burst is simply formed by waiting fdierd packet arrivals and
combining all such packets after a fixed time peéridn threshold-based
assembly, burst size becomes a constraint in wdlieht packets are held in an

assembly buffer until the cumulative size of thekmds in the buffer exceeds the

% Bursts are disassembled at an egress node tm glatekets.



so-called buffer size threshold. Finally, mixtur@sbd assembly methods depend

on hybrid use of the previous two mechanisms.

IP Network
(Destination

Ingress Node (Also
an edge node).
Generates bursts Egress Node
(Alsoan

TN edge node).
/7 \ Disassemble
f s bursts
/ O Control plane
r g
‘ |
W= 5o
\ / Data channels. Usually
N e - Core (Intermediate) wavelength division

Node, optical cross multiplexing (WDM) is
connect (OXC)

Figure 2. A simple illustration of an OBS network

Burst assembly is an important problem in itdediyvever, it is not within the
scope of this thesis. Burst assembly algorithmy plat the trade-off between
burstification delays and large burst sizes whidfeter fit to slowetswitching
components. After a burst is formed, it cannot éet sight away, as shown in
Figure 2. Considering that there is no actual birféecapability in OBS nodes,
it should be clear that when the burst arrivesidwinust be already configured
for this burst. That is why there has to be a tioffset between the (burst)
control (or header) packet (BCP or BRPHowever, how to determine the
amount of this offset and how to utilize it rema&s an important problem.

Several signaling methods and resource schedulgayithms are proposed to

* Compared to requirements of OPS. With larger deaity, OBS breaks the requirements of
switching in OPS.

® Since control packets and actual data are separatane, it is only natural to separate data
and control planes. Having a separated controlepiiais also possible to process BCP’s in a
different way. Considering there are no effectipéical logic elements, this separation in
processing is also helpful. It is simply possildgtocess BCP’s electronically and configure
switching/resources. This can be justified as, raeket switching scenario, data and header
competes with other pairs, however, if a burst laeader share same channel a burst and a
header competes and result may end up as bursiwitieaders or headers without an actual
burst.



address this problem. Mainly, there are two sigmglnodes: One-way or two-
way. In one-way reservation, a BCP is sent towdhds network over the
electronically-switched control channel for resegvnetwork resources for the
corresponding burst without triggering any positagknowledgements. Without
having to wait for an acknowledgement from the rekythe burst itself is sent
towards the network over the optical-switched ddtannel after an offset time.
The main problem with one-way signaling is thabuast may be sent even in
case network resources are not available leadirfgutst losses. In two-way
reservation, a BCP is sent towards the networkrvexgg resources. When
resources are available at each hop towards thénasn, a positive
acknowledgement is sent to the ingress node aftexhwthe burst would be sent.
(See Figure 3). One-way signaling provides a shobtgrstification delay
between control data and actual transmission; hewetwo-way methods
provide reliability (bursts won't get dropped ifeth are accepted and if a burst
cannot find enough resources it may wait at theeisg node instead of getting
dropped). As most of the research focuses on, we fcus on one-way
signaling/reservation protocols. For more detailamples/algorithms for

signaling modalities, we refer to [9].

Source Destination  Source $ Destination

Y

Processing and transmission delay

Reservat/on
period

Reservation is made

(A) (B)

Figure 3. One-way (A) and two-way (B) signaling schemessdReation period also depends on
the scheduling algorithm of choice.



We will focus on three popular reservation protedn the literature: Just-in-
time (JIT) [10], horizon [11] and Just-enough-tifd&T) [9] (See Figure 4). In
JIT, a burst is sent after a time period of its B@GBwever, time offset is only
enough to complete the required configurationsaicheOXC along its path. At
an OXC, resources are allocated for a period wisi@gual to (or larger than in
case of using guard time periods) the burst’'s ler{gt time). The last OXC
before the egress node will be configured justrret(just before); hence name
JIT. Horizon and JET are known as delayed resemwdDR) schemes due to the
fact that an additional delay used in JIT is ireeffin both of them. Usefulness
of DR schemes is shown in [6]. In Horizon, wheneB&P of a burst arrives to
an OXC, its resources are reserved for that borsafperiod until the burst is
completely switched. In systems using Horizon, ¢hare voids which are
reserved for a burst but not used for actual trasson. In JET, unlike horizon,
only the time between burst’s arrival to an OXC dndst's departure from
same OXC is reserved for that burst at that OXGngared to JIT, DR schemes
provide less dropping rate at OXCs, however, scleglalgorithms must take
scheme-specific details to utilize resources méfeiently. For instance, if JET
is being used, then scheduling algorithms must vake filling techniques into

consideration. For detailed analysis and furtheemeation protocols see [12].

Source 1 2 3 Destination  Source 1 2 3 Destination Source 1 2 3 Destination

(A) (B) (€)

D Time to configure OXC . Offset (Additional Delay, D Reservedtime at . Burst > 8CP
due to DR) OXC

Figure 4. lllustration of one-way reservation schemes: JI7, tAorizon (B), JET (C)



An OBS node is depicted in further detail in Feggdr which comprises: an
input interface, an output interface, a switch oonunit, fiber delay lines
(FDLs), wavelength converters, and most importardlyswitching fabric. The
switch control unit is responsible in configuringetswitching fabric according
to the node’s resources and information (BCPs) ngrfriom the control plane.
Switching fabric is the actual mechanism in switchidata from one link to
another link. In an OBS node, sometimes, we camsistch a burst to not only
a different link but also to a different channete(fuency, wavelength). To
achieve this conversion, OBS nodes may be equippgd wavelength
converters. Design and type of the converters asstfication of nodes
according to their wavelength structure are impurtaoblems as well, yet they
are outside our work’s scope since we will assuneget is always a sufficient
number of wavelength converters in a node. FDEdiaer coils which are used
to delay bursts for a certain amount of time ineortb resolve contention when
it arises. However, throughout this thesis, OBR aumrdes are assumed to have
no FDLs.

8> o
.8 g
. 3T
B
(=33
1]

. Resources: FDL pool, -

wavelength converters

Optical link which carries

data in multiple wavelengths Control plane link

Figure 5. An OXC node.

It is possible to have contentions between bursen ehough a scheduling
algorithm takes resources/capabilities of a node @onsideration. Due to this
possibility, several contention resolution techmiguare proposed. Most

common contention resolution techniques are basedhe use of FDLs,



wavelength conversion, deflection routing, droppingnd segmentation.
Detailed information regarding building blocks in @BS node and comparison
of contention resolution techniques can be foun@hapters 2 and 18 of [1].
Next, we discuss OBS scheduling algorithms. Thotkgdrte are many, we
will mention only three popular algorithms whichratted the attention of many
researchers and they gave rise to more sophistisateedulers proposed in the
literaturé. The first algorithm is called latest availablaisad channel algorithm
(LAUC) [6] [9] [13] which is also called as the hwon algorithm. In this
method, for each channel (or wavelength) a so-gdflerizon is maintained.
Horizon value for a channel indicates a future tiafier which the channel is
entirely available for newcoming bursts. When a newst header packet
arrives, a search to find available unused chanisefserformed. If there are
none, then the packet is dropped, however, if albhel unused channels do not
constitute an empty set, within available chantleés one with the minimum
time gap between the channel horizon value andtdrting time of the actual
burst is chosen for the newcoming burst. Consedyehe horizon parameter of
the chosen channel gets updated and the new haratoa becomes the ending

time of the transmission of the accepted burst {(Sgare 6 and Table 2).

Ch1 Ch1
Ch2 Ch2
Ch3 Ch3
Ché4 Ch4a

Figure 6. LAUC procedure: Arrival order of the bursts areegivon them. ¥ burst gets
dropped.

® Algorithms explained in thesis have generalizatitor nodes having FDLs, however, since our
work will focus on nodes with no FDLs, we will piide no FDL versions of the algorithms.



For each channet,, € R,n € V= {1,2, ..., N} denotes the horizon of the

channel (which are initially 0). For an arriving bst whose BHP enters syster

o>

at time t, has an offset valug and lengthL

1.) Find set of indices of available channgls] = {i | h; < t + &}
2.) IfJ7 # @ then continue with 3.

If 7 =@ then burst is dropped.

3) Findn, index of the channel to use for scheduling,

__argmin

= t+ 6 —h;, thenupdatdr,, =t +6+L
lel,

Table 2. Pseudo-code of LAUC for aN channel system at time instant

The second algorithm called LAUC-VF (LAUC with dofilling) [13] aims
at eliminating unused voids between time offsetavben burst header-burst and
to minimize gaps where channel is reserved buetieno burst being relayed.
To achieve this, starting and ending epochs of &ackt accepted to a channel
is kept track of. When a new burst header packevesr at the node, first,
available channels are found. An available chaisnééfined as a channel which
does not have any coinciding bursts during thectwig period of the burst
(See Figure 7 and Table 3). If there is no sucmeék the burst is dropped. In
comparison, LAUC algorithm has a tendency to draprambursts, however,
LAUC-VF algorithm has a higher complexity both imasch space and memory

management.

Ch1
Ch2
Ch3
Cha

t

Figure 7. LAUC-VF procedure. Arrival order of the bursts isen on them. % burst gets
dropped

10



For each channelf,, e R,n € V' = {1,2, ..., N} denotes a set which contains
occupied time ranges, ; = (sn, en,), j € Z* U {0} (¥, = U, ; and
initially all #¢,, = @). For an arriving burst whose BHP enters systertimaé t,
has an offset valué and lengthL

1.)Find set of indices of available channels, nafigl
I={|H;,n({t+6t+5+L)=0}

2) If 7 # @ then continue with 3.

If 3 = @ then burst is dropped

3) For every available channel find the previousdbiefore the burst to be
scheduled. Then schedule the burst in the chahaehtinimizes gap between
two mentioned bursts.

For every element dffind aj; = Max({j| e,; < t +6}), 1 €T)

argmin
leyd
and update,, =H,, U(t+4, t+6+ L)

Then findn = t+6—e,

Table 3.LAUC-VF algorithm run at the instance of a new tansival for an OBS system with
N channels

The final algorithm we discuss is the so-calledugra AUC [13] scheduling is
obtained out of a trade-off between LAUC and LAUE-Mn this method,
arrivals of multiple BHPs are queued and then tA&JC algorithm is applied
for accumulated bursts consecutively starting wiitle earliest burst to be
switched (See Table 4 and Figure 8).

After predetermined period is over LAUC is usecwiite burst which has the
earliest beginning among all. Then with the updasydtem LAUC is used

repeatedly until all of the grouped bursts are usethis procedure

Table 4.group LAUC algorithm
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Ch1 Ch1
Ch2 Ch2
Ch3 Ch3
Cha Cha

t time t time

H
l

Ch1 Ch1

Ch2 Ch2
Ch3 Ch3

Ch4 ch4

t time t time

Figure 8. Comparison of LAUC(top right), LAUC-VF(bottom lefgnd group LAUC (bottom
right) for a given scenario(top left) in a no FD&tting. Arrival order of the bursts are given on
them. For group LAUC scenario, 3rd burst is in &eotgroup than first two.

Detailed comparison of the three above-mentionéeduing algorithms can be
found in [14].

1.2 A Brief Overview of QoS in OBS Networks

It is obvious that clients using communication waks via different
applications for different purposes have differeqpeformance expectations
from the network. Bandwidth, error rate, loss radejay, jitter and packet
ordering can be listed as a subset of performamiteria. QoS (quality of
Service) provisioning is simply a set of rules andthods to meet required
performance criteria. It is possible to group Qa8vjsioning techniques into
two categories: Absolute QoS and QoS differentmatar relative QoS) methods
[15] . Absolute QoS methods provide end-to-enccstyuarantees if the client
does not violate a contract established betweerlibet and the provider. For
instance, an end-to-end delay bound or a guaraegseding minimum value of
provided bandwidth. In differentiation methods fficaclass-based preferential
treatment is provided by the network. In this eomyta traffic class is defined as

set of client packets which would receive the samatment from the network.
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Simply, performance of a traffic class is deterrdim®t solely by its own but
also the performance encountered by others. Fangbea assume there are two
QoS classes, namely, high priority (HP) and lowomty (LP). HP class may
experience a lower rate of packet loss compareédPtolass. Usually, providing
absolute QoS requires more complex systems. Foay®dconventional
electronic networks, both techniques are well-redesd and differentiation
usually depends on queuing and scheduling techsigemg electronic buffers
(RAM); hence these methods cannot be expandedt®BS paradigm directly
because of not having optical buffers. In OBS, battsolute and relative QoS
mechanisms exist. In [15], a classification of tigla QoS mechanisms in OBS
is given and [16] is pointed out as a source faollie QoS mechanisms. Table
1 from [15] is actually quite informative and selfplanatory regarding
classifications. In the first group of algorithmsalled packet dropping
mechanisms, lower class packets are dropped i faivbigher class packets.
In scheduling-based differentiation, after waitiagtime period for requests,
requests are ordered in such a way that highesedagackets get preferential
treatment when they grasp system resources. Irichglgnaling methods, both
one-way and two-way reservation protocols are uUsedlasses for different
needs. In bit-rate differentiation, bit rates arevyxed by observing accepted
bursts and enforcing rates in favor of higher @aséor according to other
fairness criteria). The simplest, yet the most paptwo are now summarized.
In the burst length-based differentiation (BLD) J17the main idea is that a
shorter burst can find available resources mordydasee Figure 9). At the
ingress node, it is possible to use different patans for different QoS classes
in burst assembly algorithm. Using shorter burststifie HP class also means
shorter end-to-end delay due to the fact that bassembly takes shorter,

however, using shorter bursts also mean more oadrtae to control packets.

"When burst separation is not in use, in whichtsuran be divided in parts and carried in
different channels or some of the partitions arenedropped.
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Moreover, BLD requires more complex algorithmsta €dge and core nodes

for burst assembly and schedufingespectively.

Ch1 /L— a Ch1 T\_-
ch2 —— Ch2 —1
Ch3 ch3
Cha Ch4
t t

Figure 9.Idea behind BLD. 1,2,3 are bursts waiting for reaton

In offset time-based differentiation (OTD) [18], adlditional delay between
sending a BCP and its burst is introduced. By thicing this additional delay,
the BCP arrives at the node earlier and resenasurees; thus experiences a
lower blocking rate (Figure 10). It is also possilb explain this phenomenon
from the perspective of the system. At a fixed tims&ant, available channels in
a node is a non-decreasing function of offset whiah be interpreted as it is
more likely to reserve system resources using faoffset times (Figure 11).
Longer additional delays are used by higher psiarlasses. Advantage of this
system is its simplicity; there is need to changegecnode mechanisms.
Drawbacks of this approach can be listed as: ise&nd-to-end delay for the
HP class, lower throughput due to increased delay sensitivity to burst
lengths. In our work, our modeling efforts will bencentrated towards the OTD

mechanism.

ch1 /)
>

Figure 10.0TD: Earlier arriving BCP reserves the channelit®burst

8 BLD to be effective, a void filling scheduling rhed is required.

14



Ch1 Ch1

o
~
o
~

I
ch3 5 ch3

[=]
S
(=]
S

Offset time tl Offset time

L
|
|

Number of
occupied

|
|
|
|
|
|

Number of
occupied
channels
channels

>Offset timp

t Offset time t
Number of occupied channels is a non increasing function Number of occupied channels is @ non increasing function

after a point after a point

Figure 11.Regarding availability of resources wrt. offseteinbeft: A system using horizon.
Right: A system using void filling.

1.3 Related Work and Overview of the Thesis

Our work in this area as an effort to analytizatiodel blocking probabilities
of different QoS classes that employ OTD (offsettidifference) mechanism at
an output port of a core node using LAUC. In thasses LAUC algorithm is
preferred since it has received much attentiontdues simplicity compared to
other algorithms. Although in thesis, we only prspoan analysis using a
relaxation of LAUC, we believe it is still helpfub review work done on
modeling QoS characteristics of a node using OTOLAUC.

The earliest work [18] assumes complete classatisnl and uses an M/M/k/k
model which is not sensitive to offset time diffiece between classes and model
becomes accurate only in high load scendriésmore recent work in [19]
assumes Poisson arrivals and discretized systeworioon boundaries of small
time steps and assumes discrete-finite pmfs fosebffand service times.
Although it may give relatively accurate result® tmethod’s accuracy depends
on how small the time step size is in discretizatibhe drawback of this model
is its relatively higher computational complexifyne proposed model cannot be
used for large number of QoS classes or channiglg time steps small enough
to get accurate results. Its complexity becomespawable to that of discrete

event simulation. In [20] an analytical approachdéveloped to find an exact

® It is sometimes referred as conservation lawtérdiure
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expression for the distribution of the number ofdbsl that contend with an
arriving burst. The model is applicable to systemsvhich each class has an
arbitrary burst-length distribution and an arbiraffset size. However, the
method approximates blocking probability of onle thremium QoS class. The
references [21] and [22] provide an exact solutibthe single channel problem
with Poisson arrivals, deterministic offset valuesd phase type burst length
distributions by using (Markovian modulated) fisstler multi-regime feedback
fluid queues (FMFFQs). Unfortunately, this methahmot be generalized to
multiple channels.

In this thesis, which can be seen as a first stgmalyze QoS performance of
an OBS node using OTD and LAUC, we propose an titeramethod to
approximate blocking probabilities of a node whittes OTD and a slightly
relaxed version of LAUC (which is called basic LAWE bLAUC). Moreover,
we assume the OBS node has sufficiently many wagéleconverters but is not
equipped with any FDLs. Furthermore we also assilmaeBHP arrival process
is Poisson, offset times are deterministic and tblensgths are exponentially
distributed with mean 1 for each QoS class. Ouraiiee method aims at
providing approximations with relatively low comgly compared to discrete
event simulations and insensitivity of the compigxaf the model to increasing
number of channels (wavelengths) and linear depe@def the complexity to
the number of overall traffic classes.

The proposed method models multiple dependentreharwith a different
number of independent channels and solves margiieatly-state distribution of
an independent single channel instead of solvirggdbmplete systeth and
makes use of [22] and a method, which will be dbedrin Chapter 3, to model
multiplexing effects due to having multiple charmeDur contribution can be
summarized as presenting an analytical model todoxppate per-class loss
probabilities for a system described by multiple FMDs with setting described

above. This is important in the sense that theee rar proposed analytical

19 As it can be guessed non-increasing in numbehafiels is due to this step (Modeling
identical but dependent random variables by usidgpendent identical variables).
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approaches for similar problems which can also bscdbed by coupled
multiple FMFFQs.

We now describe bLAUC before continuing on. WheBHP arrives at the
node, channels whose horizon is between offseevaliclass of arriving burst
and offset value of the next lower priority clase disted. If this list is
nonempty, search is terminated, else channels winarszon is within the offset
value of next lower priority class and the next are listed, until getting a
nonempty list in the end. Then from available cl@ncandidates, one is
selected randomly and its horizon is updated tcetiek of the burst. If there are
no available channels after this search, the bisrddropped. How bLAUC
operates in a no-FDL scheme is depicted in Fig@eDashed vertical lines
indicate offset values of different classes. Thetaregle on the top right is a
class 5 burst which tries to enter the system. @élaril through 3 are available.
If it was LAUC, Ch. 1 would be the one to accommiedhe burst since it is the
latest available unused channel. bLAUC's algorittiracks whether there is any
available channel which is reserved until a poetineend, andds , however,
there is none. So, next, whether there is any availchannel withid; andd,
is to be checked. There are two available chanmelsiely, Ch. 1 and Ch. 3.
One of these two will be chosen randomly (with @bty 1/2). In this
example Ch. 3 gets chosen. However, it causegerlgap (in red) compared to
choosing Ch. 1; hence, it is possible to conclinde bLAUC is less efficient in

using system resources than LAUC; also see Table 5.

Ch1

Ch2

Ch3

Ch4

t 8y 8, 8, 5. d. 8¢ time

Figure 12.lllustration of inner-working of bLAUC
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For each channet,, € R,n € V' = {1,2, ..., N} denotes horizon of the channg

D

(which are initially 0). There ar® OTD QoS classes with offsets

61,8, ...,0p (6o = 0). An arriving burst whose BHP enters system at tinhas
an offset values,, (p € P = {1,2, ..., P}) and lengthLL

1.) Find set of indices of available channels

I={ilh <t+6,}

2.) IfJ7 # @ then continue with 3.

If 3 = @ then burst is dropped

3.) Start withp = p

4.) Find set of indices of available channels witfallowing offset times

Jp ={ilh; € [t + 6p_1,t + 551}

If 7, = @ then updatgd = p — 1 and go to step 4

Else choose one of the element$;ah a uniformly random way. Call selected

onen and then Updaté,, =t + 3§ + L

Table 5.Pseudo-code of bLAUC for M channel system which seBgraffic classes which
have offsetd, 8, ..., 8p and a class p burst which has lenbtarrives at time instart

As it can be seen in Figure 13 (system load isad\ it is divided evenly
between classes), bLAUC causes more drops compatedlUC. Furthermore,
its computational complexity is no less than LAUdowever, its analysis is

more tractable which will be made clear in the rtexd chapters of the thesis.

Comparison:Bloking probs. for 2 QoS classes Comparison:Bloking probs. for 2 QoS classes
by LAUC vs bBLAUC wrt. offset differnce. 1 channel by LAUC vs bLAUC wnt. offset differnce. 4 channels
T T T T T T T T T T T

08

05

r T
x  LPLAUC | i x  LPLAUC i : Lo
ol 5 B Ol e o
; ©  LPbLAUC : @
asllo_Heoavcl 04M & P bLAUC i S S .

035

o
n

Blocking Probability
o
=

o
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02}

01

Offset difference Offset difference (unit time)

Figure 13.Comparison of bLAUC and LAUC in an OTD scenarioftL& Ch, Right: 4 Ch. case
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The outline of the thesis is as follows. In Chaj@ean overview of existing
methods for the analysis of blocking probabiliiesa node using LAUE and
OTD in single channel-case by using FMFFQs willgrvevided. The traffic
assumptions are Poisson arrivals (also allowedetoelgime-dependent arrival
rates) and exponentially distributed burst lengtins Chapter 3, after giving
some motivation, a novel method to model the migitipg effect in multi-
channel systems is introduced so as to extend nh&/sas of single-channel
OBS to multi-channel OBS. This analysis is base@m entirely novel iterative
proces¥. In Chapter 4, numerical results will be given validate the
approximate stochastic model. The final chaptaetegoted to conclusions and

future work.

™ For single channel case bLAUC and LAUC are idehticethods since if the single channel is
available it is the latest available one and his bnly one which can be chosen “randomly”. See
Figure 13

270 model blocking probabilities of OTD QoS claseesa tagged output port of a node using
bLAUC
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Chapter 2

Single-channel Multi-class OBS

In this chapter, FMFFQs will first be presentetieTreferences [23] and [21]
are the two recommended resources for detailedriggen of FMFFQs
regarding derivation of structure of the solutiord@&oundary conditions to be
used in obtaining the exact solution, respectivélfter giving notation and
introducing FMFFQs, analysis of the single chari®UC OTD QoS problem
will be given for exponentially distributed servidenes (Remember for single
channel case, LAUC and bLAUC are exactly the same,Figure 13 ). Finally,

same problem will be considered with regime spe@ifrival rates.

2.1 Brief Overview of FMFFQs

FMFFQs are described by a joint Markovian procg&g), M(t); t = 0}
where{C(t); t = 0} indicates the fluid level at timeand{M(t); t = 0} is an
underlying continuous-time Markov chain that detews the net rate at which
the buffer contentC(t) changes. The latter procef¥ (t); t > 0} is often
called the background or the modulating processhefMarkov fluid queue.
Thresholds which determine regimes are identifisd & T(® < TM < ... <
T® = o0, System is said to be in regivke(k € X = {1,..,K} ) if T¢"D <
C(t) < T® and at threshol@ ™ if ¢(t) = T™®). When the system is in regime
k modulating procesa!(t) which has a finite state spacé®( = {1,..,M} ) is

characterized by infinitesimal generat@f®) (when at threshold’, then by
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0U). The drift of the systemd((¢t)/dt) is given byr’® when system is in
regimek (f,;’” when system is at threshditf¥)) and modulating process is at
statem (m € M). Rate matrices are defined R¥) = diag( 1(k),r2(k), ...,r(k))
andR® = diag#®, 7P, ..., 70y .

Considering < C(t) < o it is possible to conclude:

max (0,17(0) ), ifCt)=T® =90

M(t)
dc(t) _ TIS‘E)W if TV <) <T®
“ |y if C&) = TW,k # K
min (0,7}, if C() = T

Furthermore, instantaneous distribution functiomsgven as:
F,,(lk)(y, t)=P(C(t) <y,M(t)=m),y € (T(k_l),T(k))k € K and m € M.

6F,(,f)(y,t)

And £y, £) = 222,

yE (T(k_l),T(k))k EX andm e M.
Hence row vector of transient joint probability déy functions at time in
regimek is:

OO0 =200 20,0 P00 . P01
Then, steady-state distribution functions are:

() = limye £5° (3, 6) andESY () = limyo Y (7, 1)
O =20 P P00 AP,

FOu) = [ER ) EP ) EP(5,0) .. FP () ]

And finally £,,(y) = f1°() and F,,(y) = 20 (y) if y € (T*-,7®)
In a similar way we can define mass accumulationisrasholds.

) =P(Ct) =T®, M) =m), k€{0,1,2,..,.K} meM
c® @) = [P @) ... P, kef0,12,..,K}
C,Sf) = lim;_, c,(,’f)(t) and ¢® = [Cﬁk) cék) clgc)], k €{0,1,2,..,K}

,meM (See

Figure14 for a visualization of defined variables.).
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@(0) @<1J @(2) @(K—l) @(K)
R(® R R®@ R(k-1) R

c@() cD () c@(@) c®D() c®(t)

TO fP@0 700 fF@(, 1) TO TED F®(, 1)
QW,RW 0®@,R® Q®), RE)

Figure 14.FMFFQ’s structure

Solution to this system (finding® and f,,(y) or E,(y) for vm € M) is
given in [23] and [24]. Moreover, boundary conditsoand a numerically stable

computation method are given in [21].

2.2 Single Channel OBS LAUC Scheduling
Problem

As it is stated before, problem under spotlightdistermining per-class
blocking probability on a tagged single channelpattport of an OBS node
using LAUC. In this system, bursts belong to one¢hef classes in the class-set
J=1{1,2,..,1}. Furthermore, arrivals of BHPs of classre experienced as a
Poisson process with ratg by the tagged output port. BHPs of classrive to
the systend; time units before their corresponding bursts. lteraf a burst of
classi is characterized by an exponential random variabte ratey;. If the
channel horizon is less than or equabi@t the arrival of the clagsBHP, then
burst gets scheduled, otherwise it is not accefot¢ide system and it is dropped.
The channel consumes jobs with unity rate. Throughbis thesis, if the
number identifying a class is larger than anothmr, dhen it is assumed the class
with larger identifier has larger priority comparéa the other. This implies
if i <jthend; <§;. Figure 15-a illustrates problem mentioned abdue,a

three classes scenarid(t) denotes channel horizon.
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H(t) Sample path of a single channel LAUC node

FFluid level

IFluid level

Figure 15. (a) A sample path of a single channel system @ittaffic classes which uses LAUC
and (b) How fluid queue models its behavior usirtgansformation.

As is mentioned in [22], FMFFQs cannot model bébragf H(t) in Figure
15-a due to delta function like jumps at arrivabelps. Instead, FMFFQs can
solve steady-state behavior of transformed prodesshich jumps are replaced
by linear increases (Ség-(t) in Figure 15-b), then solution of original process
can be found. Problem parameters can be defineidhgyriting notation from
previous parts. Class-set 6= {1,2,3,...,1}, then I +1 regimes can be
identified byl + 2 thresholds in following setup:

TO=0<TW =§<TO=6,<-<TO =65, <TU*D = 0

State space dff(t) consists of elements & = {1,2,...,I,P =1 + 1}. First
I elements denote states in whigh(t) = C(t) is increasing due to an arrival of
that classpth stateP = I + 1 denotes the state in whicéh-(t) decreases with
boundary 0. In this setup, ¥ (t) = m # P thenM(t) stays in staten until
Hy(t) reaches,,. WhenH;(t) > §,, M(t) tries to have a transition from to

P with rateu,,. Moreover, whenM(t) = P and H;(t) < 6,,, M(t) transitions
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from P tom with rated,,. So it is possible to define drifts and infinitesil

generators as following:

= —1,ke(12,..,,1+1}

79 = —1,k€{1,2,...I,1 +1}

And7” = 0

1O =1me{12 .., Jandke {12, ..,1+1}
#9 =1me{1,2,..,Jand k € {0,122, ..., + 1}

Let qi(”;) denote(i, j)th element ofp andql.("]‘.) denote(i, j)th element o)

[ —Ui, ifl1<i<k-landi=j
Wi, ifl<i<k—-landj=p=I1=1
A, ifi=pandk<j<I=p-1
~ () ) _ )
qu _qu -
ZA», ifi=pandj=p
i=k
\ 0, otherwise

And qf‘]’) = qu) v(i,j). Wherek € {1,2, ...,p}. Figure 16 may be helpful to

understand structure of infinitesimal generatorsefiing parameters is
completed with this step.

7= T

T @)

° e Mg Q 4 e

M(t): °Jm a °4.—» 0 e;ta g G ;l'\ °
o 0 0 0 B

Figure 16. Structure of M(t) wrt. regimes in a example witkQ8S classes

As mentioned in [24] solution is of following form

w R®)
dy

Additionally, required boundary conditions can Herived using given

= fOGQEM®, fork € {1,2,...,1 + 1}

boundary conditions in [21] which are derived imare general conjuncture.
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c,(r’f) =0, for all m and k except for k = 0 and m = p, (cz(,o) # 0)
FUD(T)REUFD _ £ (TW)RE) = (WG k € (12, .., 1}

FOORD = (@©FO andfU+D(TU+D = 00)RUFD =

M [1+1 T® K
> f Py + ) )| =1
m=1 \ k=1 p(k-1) k=0

This concludes solution system to characterizedstestate behavior of
Hp(t), however, we are to find behavior #ft). If we condition fluid queue to
only P(decreasing state) then steady state behavié(of can be found since
the process after removing linear increasd#;i(t) is exactly same d$(t). Let
F(y) denote steady state behavior of the procégs), then F(y) =
lim;,, P(H(t) <y) =F,(y)/F,(«). Due to having Poisson arrivals it is
possible to use PASTA property and compute blockimdpabilities. Scheduling
requests of clagsis rejected with probabilitPB; = 1 — F(§;).

Loss rate vs. offset parameter for
4 classes in a single case settmg discrete event S|mulat10ns and ﬂmd queue solution
1 “aa- -
09 sim. cl 1
sim. cl 2
08 sim. cl 3
. sim. cl 4
= 07 X fgsol clt
s X fq sol. cl2
S DB pffr s U
=3 X fg sol. cl3
205 R " et S S fq sol. cl4
§ >\4 a'><\.\
= (1§ A T P ———— . -
1 | < R S S 4
02p---= O AR A ft i o o s i i s e i AT e A R i b S s s A o
0.1 . L
5 10 15
Offset parameter d

Figure 17.Comparison of fluid queue solution and discretenegénulations

Simulation results and fluid queue based solutiba single channel output
port experiencing arrivals from 4 QoS classes ¥emjiin Figure 17. Total load

experienced by the output port is 0.8 and disteduevenly between classes.
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Furthermore, offsets are characterized by delagrpaterd in such a scheme:
61 = 0,62 = d,63 = 2d,64 = 3d

2.3 Single Channel OBS LAUC Scheduling
Problem with Regime Specific Arrival Rates

In our work, we will need to find solution to sampeblem but with regime
specific arrival rates. Lelgk) denote arrival rate of clasoffered to the system
when fluid level is in regimé& or atT® (i € {1,...,1}, k € {0,1,2, ..., + 1},

k =0 case corresponds to only being 7). Solution system, boundary
conditions and parameters defining the problem nesn@dame except for
definitions of infinitesimal generators. Fare {1,2,...,1,1 + 1} infinitesimal

generators with regime specific rates can be suizathas:

( —Hi, if1<i<k—-landi=j
Ui, ifl<i<k—-landj=p=1+1
k o .
o o /1]0, ifi=pandk<j<I=p-1
q;; =4;; =4 p-1
—Z/ék). ifi=pandj=p
=k
\ 0, otherwise
Furthermore,
A%, ifi=pand1<j<I=p-1
© =
~(0
q;; = —ZA;O), ifi=pandj=p
=k
0, otherwise

Solution structure and boundary conditions remasasne as in previous
subsection. Blocking probabilities are also comguexactly in the same
manner: Using notation in previous subsection aA8TA propertyPB; = 1 —
F(6;)

As it will be made clear in the following chapteglution of this problem

will have a crucial to our approximation of multazinel bLAUC problem.
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Chapter 3

Multi-channel Multi-class OBS

In this chapter, an iterative procedure to appnate per class blocking
probabilities on a multiple channels output poraof OBS node using bLAUC
will be given. To do so, first we will visit M/M/c/ (c=N for our problem)
systems due to the fact that blocking probabiliegperienced in our problem
can be explained by Erlang loss systems in someragtcases. We will provide
an iterative solution to blocking rates experienbgdn M/M/c/c system, whose
solution is already well-known, in this subsectioWhile developing this
iterative solution, we will introduce a conceptitiae call “effective number of
independent servers”. Inheriting structure of tleeative procedure and idea of
the “effective number of independent servers”, wal give the iterative

procedure for bLAUC scenario in the next subsection

3.1 An lterative Procedure to Model M/M/c/c
Systems and Idea of Effective Number of Servers

Unfortunately, generalizing the methods given ihafter 2 to multiple
dependent fluid queues is not trivial at all. letfahere is no work done which
has achieved providing an exact solution or evdramework to approximate
solution, till this day. Only work can be addressedsimilar is [25], in which
tandem systems are investigated. Furthermore,alsis impossible to evaluate

performance of multichannel systems using advameservation schemes as
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ordinary Erlang loss systems since using time tdfs@lates stochastic nature
of the problem. However, for the limiting caseswihich system observes traffic
as it comes from a single class, it is possiblentwdel system’s behavior by
using Erlang loss systems. A subset of exampldkeasfe limiting cases can be
summarized as: When total load to the system isimkted by a class, when
offsets between classes are negligible, when a @dsown to be isolated from
other classes (experiencing very low blocking pholitees due to other classes,
i.e. having time offset comparable to infinity).threse mentioned limiting cases,
blocking characteristics of bLAUC in a multiple st environment can be
modeled by an M/M/c/c system as it is represemteBigure 18. Parameters in
this example are simply: Load is 0.5 and distriduexvenly between classes,
number of channels iV =2 and there are two QoS classes. Blocking

probability when offset difference is negligible is is denoted as “X” in the
figure corresponds tB, = ErlangB (N, %) (A denoting sum of all arrival rates)

and square symbol corresponds to loss probabifitydl® class when offset

difference between classes is very large and it agual to

P, = ErlangB (N, %”) (4, denotes arrival rate of the premium class).

bLAUC's performance on extreme cases:
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Figure 18.bLAUC's blocking behavior in a 2 channel 2 classeing wrt. offset difference
and its behavior on limiting cases
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Due to these limiting case behaviors, modeling ipleiting effect of an
M/M/cl/c system by a number of independent M/M/1ystems and obtaining
same loss probability would be helpful, even thoMgM/c/c system has a well-
known solution.

Notice a single server in M/M/c/c system is adiuah M/M/1/1 server and
experiences same loss rate as overall system.iMpiges that loss probability
of an M/M/c/c system can be obtained by using aMM/1 model. However,
this approach requires finding arrival rates exgaed by an M/M/1/1 server
both when it is idle and when it is busy (See Fegl®). Finding the mentioned
arrival rates is a non-trivial task, since someliioiw needed to reflect effects of
having multiple servers and multiplexing of jobsvbeen thertt. Even though,
all servers in an M/M/c/c system are identical, ythere also dependent.
Reflecting effect of multiplexing is non-trivial bause of this dependency.
Next, we will try to model multiplexing effects hysing a certain number of

independent servers.

M/M/C/C . P, is the
esetUeesssRssttsttttattsnanaenanane, /'/i\ CXPCH#HCtd

Py is the loss rate
experienced T e - - - - - - 1
lossrate 7 S8 : 1

A/N

P, 1s the
experienced :
loss rate

Figure 19.An M/M/1/1 server in an M/M/c/c system (Using Kelideotation, Markovian
arrivals and job lengths, ¢ servers and no buffers)

13 In fact this is why an M/M/c/c model is being used
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Consider an M/M/clc system which has a loss pribbab
P, = ErlangB(N, A/N), with offered loadl, exponentially distributed service
times with mean 1 any servers. Now consider an M/M/1/1 server which is
called tagged server (Figure 20) and will be usedolbtain the same loss
probability***>. Server has two states: On (state 1, busy) anstaife 0, idle). In
the off state server is idle and having arrivalthwatel, . In the on state server
is occupied and arrivals -which cannot be accomneatby the tagged server

have ratel,. Let steady state probabilities of the taggedeselvep, andp; .

/lc- 24 | P, is the
- | experienced
1 I lossrate
_ AP

Po 2 | ThenPL =77

)

2/N

—
I
|
|
g

Figure 20.Tagged server

Ao
1+/10

Thenp, = Tlao and p, = (Due to balance equations)

AoPo + 4p1 = % (Preservation of jobs. A single server in M/M/sistem with

. . A
N servers and loatl experiences its load %s).

pl,l’h (Loss rates experienced by both M/M/c/c system and

N

tagged M/M/1/1 server must be equal). Furthermiois possible to derive:

A
EPL=p1/11' P, =

Py,
1/11 =

A A
A=SA-P)pi=Apy=1-Aand A =17 4 =

A
Somehow, it is needed to relateA; andp;. If all N of the M/M/c/c servers

were independent then this would be true:

2
Apy = N (p)Y
However, it is quite optimistic since it impliesatheven though there are some

busy servers it is possible to find N idle servefsrthermore, it indicates

4 Notice the emphasis is only on loss rate

15 Considering each server in an M/M/c/c system ma®m-off behavior and its steady state
probabilities depends on other servers in the Mid¢ggstem, using an M/M/1/1 server with
state dependent arrival rates makes sense.
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independence, however, in the case that is besgetied servers are definitely
correlated.

If all N of the M/M/c/c show completely same belavihen this would be true:

2
Mpy = N (p)*

This one is also cannot be true since being depermiies not necessarily mean
being completely identical (There is no point ofneajob to get done multiple

times by multiple servers).
Mp1 = %(pl)K definitely holds for somé&. Knowing A, N (sincel,,p, can be

computed from these twok (named as effective number of servers) can be
calculated simply by:

K =1+log,:(41/(4/N))

Using this system it is possible to form an iteratprocedure (See Table 6 ) to
find P, in both ways to confirm thdf is a meaningful quantity?, denotes the

blocking probability approximated by our propostetative procedure.

1)P, = ErlangB(N,A/N)

2)p; = A= (A/N)(1-Pp)

Mg =A/1—=A), 1, =P, /(1 —Pp)
4)K =1 +log,1(41/(A/N))

Ao
1+AO

1
SPo = 17 P1 =
T
6)1, =;P{< !

%-ﬂﬂh
Do
8) If a convergence criterion is not met continuthwtep 5, otherwise

P, = Aip1/(A/N)

o =

Table 6.Suggested iterative procedure

As it can be observed in Figure 21, suggested titergprocedure models

M/M/clc system very accurately by usirg effective independent M/M/1/1

servers. For instance, it is possible to interpigt = %(pl)"’ as; for a job to be
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lost, all K of the M/M/1/1 servers must be bugy.is valuable in reflecting the

multiplexing effect which can be observed in an MM system.

terative method and actual solution
for 16 servers l0ss rate of an M/M/C/C sy stem wit. amival rate
0 18 T T T T T T T

016 f------- -------- -------- iterative method |----- £
. H - : evaluation of _/

0.14

0.12

01

loss rate

0.08

0.06

0.04

0.02

amval rate

Figure 21.Comparison of ErlangB function and suggested pracetb model loss probability
experienced by an M/M/c/c system.

In the next subsection we will try to extend tpimcedure to the problem

stated as this thesis’ focus.

3.2 Extension to the Multi-channel Multi-class
OBS Problem

In this subsection, we will attempt to solve altmthannel multi-class OBS
problem by using an extended iterative procedine,idea of effective number
of independent servers and solution of single cbammulti-class OBS node
using bLAUC with regime dependent arrival ratesfdBe going into further
details let us start with focusing on why using i@ instead of LAUC makes
analysis simpler and why we need regime specifiatism introduced in Section
2.3. In the single channel problem, observed ratesegimes are equal to

constant offered rate if arrivals of that classageepted in the specified regime.
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However, in a multi-class multi-channel scenarfo, AUC is used then it is
expected that arrivals have greater concentrateamhy end of a regime, since
in equal conditions a channel which has a furttegizon is chosen over the one
with closer horizon (See Figure 22-b and FiguréoR3Even though, solution of
a fluid queue system with level specific arrivaiesais given in [23], there is no
known structure for marginal arrival rates experehby a channel in a multi-
channel environment. This is the reason why bLAY@efined as in Table 5,
this way modeling level specific arrival rates alvsel by a single channel in
multi-channel environment with regime specific mtgould be possible (See
Figure 22-a and Figure 23-a). Total load in thetesys is 0.5 and distributed
evenly between 2 QoS classés £ 1 andé, = 6) in Figure 22 and Figure 23.

level specific amival rates observed by a sinale channel of an outout port level specific amival rates obserwed by a single channel of an output port
with 2 channels. bLAUC is used. 07 with 2 channels. LAUC is used.
07 T T T T . H H ' H T
: ' class 1 H class 1
P S S S SO S class 2 SO 1% SESNU SNSRIO (I T class 2
H @ H
05 e T 5 .
2 : TE H
£ ; ge ;
R | o R e L EE T EEEE 2B
5 ff ‘.h A : A : | a8 ;
YT L X T e (TN g
- oSNl AR g AT | 5 2 i
H H H H : o H
2 P de 3t g [y ga H
0.2 VAot lidaiotenl ipaded ~ 2 p
H H : : -] H
DL L, IO S S— S — =
% 1 2 3 4 s 6 0 + > L i ;
" 0 1 2 3 4 5 6
uid level fluid level
(@)

Figure 22 Arrival rates observed by a single channel in atiraldlannel environment wrt. fluid
level. 2 channels. (a) bLAUC and (b) LAUC

N level specific arrival rates observed by a sinale channel of an output port
level specific amival rates obsened by a single channel ofan output port P
with 12 channels. bLAUC is used 15 \:\Mh 12 Chan?e’s LAuC I.s used
25 T T T T ! ] : classt
class1
' h H class2
class 2 | e e il b et
"""""""""""""""""""""""""""" @ ‘
Y] PR | O SO SO ORI SRR /
2 82 |
B BE
: e d
= @
E S
® < {
3 g IR el T o e B T SR REL |-
H 2%® p
2 °w® J
° SR R S FRERRE SRE, ARSI [———— S o
® N
0 It i i i H 0 bbbt -
0 1 2 3 4 5 6 0 1 2 3 4 5 6
tuid level fluid level
(@

Figure 23.Arrival rates observed by a single channel in atiretlannel environment wrt. fluid
level. 12 channels. (a) bLAUC and (b) LAUC
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This property of bLAUC makes it easier to analyammsl this is the reason why
we introduced solution form in Section 2.3. M/M/%/1n previous subsection
will be replaced by a single channel bLAUC systenthwegime specific
arrivals in extension of the iteration given in Teab.

Now we can focus on extending iterative processotge our main problem.
To achieve this, going over iterative process ibl@#® and characterizing main
parts of the procedure may be helpful. There ave foain parts described as
following: Steps 1-4, which form part 1, are iniization steps and can be
identified as determining a valid effective numlodérindependent serverg..
Step 5 can be categorized as solving single chanodkl and updating steady
state probabilities. Step 6-7 can be named as imgdstiate specific arrival rates
using steady state probabilities. Final part, s&pis finding blocking
probabilities after system is converdgd

For first part, we'll use effective number of indent servers computed for
the case all offsets of QoS classes are 0 (whek&/d¥¥ behavior is observed),
though better heuristics -possibly depending osatfi/alue- can be proposed.
Second part -in which it is needed to solve stestdye behavior of a single
channel bLAUC problem with current regime spec#itival rates- is given in
Section 2.3. Last two parts will be given in thidsection. After giving a more
formal definition of the problem and notation, wélwagain go over all of the
mentioned parts.

We will inherit problem definition from introduatp part of Section 2.2 with
the addition of N denoting number of channels. We can rephrase @in m
problem as following: We will focus on ak channel output port of an OBS
node using OTD method for QoS and bLAUC for schiedulClasses observed
on output port of the node are defined by the et&$$ = {1,2, ..., I}. Arrivals
of BHPs of class are experienced as a Poisson process withAraty the
tagged output port. Total load experienced by stem iSA = Yieq12,..1 -
BHPs of clasg arrive to the system; time units before their corresponding

bursts. Burst lengths have same distribution arsdriduted according to an

16 Steps 5-7 are in a loop.
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exponential random variable with mean equal touX=(1). If the number
identifying a class is larger than another onentiieés assumed the class with
larger identifier has greater priority comparedrte other. This implies:

if i <jthend; <.

We will also inherit the regime specific arrivates notation from Section
2.3. Letlg") denote arrival rate of clagsoffered to the tagged single channel
system (with regime specific arrival rates) whenfitid level is in regimé: or
atT® (e{1,..,1}, ke{0,1,2,..,1+1}, k=0 case corresponds to only
being atT®). Furthermore, we will use®,k € {0,1,2,...,] + 1} to denote
probability of tagged single channel system’s bemgegimek. In other words,
if steady state CDF of the single channel systemh wegime specific arrival
rates is given by (v) function, therp©® = F(§, = 0)
and p® = F(8, — 8x_1) for k > 1.

(At this point we can sa’%i = Z{j;lop(")lgk) )
Moreover, blocking probability experienced by class denoted a®B;. Now
that notation is given we may go over the previpugkentioned parts of the

iterative procedure (Seeing Figure 24 may be hBlpfu

N channel System, bLAUC

————————— ——

o 8y 02 or Or+1

I 1
| 1
| 1
| 1
| 1
Anrivals: : I
Api€{12..,1+1) 1
1 " (@)
| 1
| 1
| 1
| 1
| 1
I 1

Blocking rates: \
PB,i€{12..,1+1} «
~

Amivals: 0 i e e e - - - - - -~
A/NAE2.,1+1} | ), 2 ,(3) +1) )
Ay A A; A A
| i A i i t |
| 50‘ ‘ 0 o2 or Or+1 1 (b)
1 I
Blocking rates: | 1
: ©) ,(1) L2 ) (1+1)
PBy i€ {12..,1+1) P¥ » p p p 7

Figure 24.System to be modeled(a) and the model(b) witmtitation used.
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Now that reviewing notation and problem definitiare over, we may focus
on the mentioned parts of the iterative procesaare detail.

In first part,K is calculated as if given system is an M/M/c/ctegs with

loadA andN serversP, = ErlangB (N, %)A = (%) (1-pP))and

A=

2 p)
1_;L.Therefore,l( =1+ log, (T)

®)

Second part, in which®’s are calculated, is given in Section 2.3.

Third part, which reflects multiplexing effectdate specific arrival rates are
updated by using®)’s and bLAUC algorithm. Now consider amount of slas
work comes to the system when a tagged single ehaystem is in regimé,
obviously’ it is Agk)p("). Same amount of work can be expressed as
multiplication of4;/N (total work offered to the tagged system) and pbiliy
of K effective independent servers being in such & skeit an arrival of clags
is redirected to a server which is in regilneDenote this probability with"?i(k).
Thus,

x)
Aipto _ g0t 5 a0 A (B
N i i i N p(k)

Knowing K, p®)’s and using bLAUC algorithm it is possible to adite the

mentioned”i(k‘) probabilities:

k I1+1 K k—1 I+1 K
fork €40, ...,i},P™ = zpm N z p0 | = Zp(n n Z pO) | 18
j=0 j=i+1 j=0 j=i+1
And
I+1 K I+1 K
forke{i+1,..,1+1},P® = zp(f) _ z p0) | 19
j=k j=k+1

" Since, arrivals experienced in regimes Agk)and probability of tagged single channel
system’s being in regimeis p®

18 verbally, it can be interpreted as at least onthek servers (single channel system) must be
in regimek, none of the servers in regimé + 1 to i (According to bLAUC algorithm,
otherwise job redirected to one of the servers whi@ in the highest numbered regime among
others) and remaining servers can be in regimeskG+t1 ori+ 1tol + 1
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Perhaps, an example may be helpful in understgritim pattern oPL.(k)’s.
Considerl = 2, which means there are 3 regimes. For a classr& bu get
rejected all of thé& channels must be in regime 3. This implies:

P(3) ( (3))
For a class2 burst to get accepted in a channalhaikiat threshold(© = 0,
there must be at least one server at threshi@ld none must be in regime 1-2:
PO = (p© + p®)* = (p®)¥
For a class2 burst to get accepted in a channe&whkiin regime 1, there must
be at least one server in regime 1, none must kegime 2:
P = (p© + p@® 4 p(3)) — (p©@ + p(3))
For a class2 burst to get accepted in a channahakiin regime 1, there must
be at least one server in regime 2
PP = (p©@ + p® 4 p@ 4 p@)* — (pO 4 p® 4 p®)*
And pattern goes so on...

In Table 7 validity of this pattern is verified.able 7 is obtained via
simulations for the caseV = 12,4, =1, =3,K = 6.3545,§, = 1,6, = 6.
50M packet arrivals are experienced in discretenewimulations and both
regime 1 and regime 2 divided into 100 bing® = 0.0236,p™ =
0.0656,p® = 0.6598, p® =0.2510 are obtained via simulations.
Comparisons of experienced rates vs. computed tesi@g mentioned pattern

above ang®’s is given in Table 7.

BPO Regime 1 Regime 2 Regime 3
Class 1 sim. 1.1912 1.5937 N/A N/A
Class 1 comp 1.0326 1.3348 N/A N/A
Class 2 sim. 0.0010 0.0030 0.3766 N/A
Class 2 comp 0.0012 0.0030 0.3787 N/A

Table 7.Comparison of rates from simulation and by using paf the iterations

¥t is not needed to compute this set of probadiisince these regime specific rates (of the
regimes where arrivals cannot be accepted) dopp#ax in calculations of previous part
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Using Table 7 it is possible to conclude patterrupdating regime specific
arrival rates is valiif. In the last part, after the iterative procedooaverges,
blocking probability experienced by classan be found as:

PB;=1- (Z,iczop(k)/lgk)) /(4;/N). Note that an arrival of classcannot be
accepted if the system is in one of the regiined tol + 1. Of the all traffic of
classi directed to a tagged single channel syst&)N), a fraction sees server
is unable to accommodate a claggirst. This fraction indicates loss probability

for that class, an@lB; can be justified like this.

Tagged single channel System, bLAUC

Anmivals:

! :
A/Nie (2. 0+1) | Accepted I
I A amivals |
| &l \

1 50,0 @ 3 1) |
A: /': /-: /-: A: I

I o o =
- ‘ 44 b, o7 Oreq 1

. I ooy | o y Y
Blocking rates | (e (-] |
PByi€ (12.,1+1} | . . .
Q-O- p‘;> p‘-w p-3‘ » —:/

Figure 25. Arrivals that are blocked in the tagged system

Complete iterative procedure can be seen in Table 8

1) Start it =2, i € {1,.., 1 k € {0, .., 1 + 1}
2) FindK using described method
3) Solve single channel fluid queue with regimecdjearrival rates and obtain

p® k€ {0,..,1+1}

4) Update regime specific arrival raﬁag)’s (based on bLAUC's algorithm) by
usingp®’s andP"'s k € {0, ..., I + 1}
If system converges then keep on going with steyterwise return to step 3.

5) Compute loss rates by usif@; = 1 — (Zi:op(k)lgk)) /(A;/N).

Table 8. Complete iterative procedure to approximate passloss rates for our problem

20 Differences can be explained as uskhghich is insensitive to the offset scheme and even
though our way of designing bLAUC is to have almmmtstant regime specific arrival rates,
those are still not piecewise constant functiores Bigure 23
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In this chapter, we proposed an iterative methvagich utilizes a simpler
iterative method to solve an Erlang loss systemapproximate blocking
probabilities of different QoS classes in a setivitere bLAUC is used. Given
method is quite important since it gives very g$gitng results with really low
complexity compared to discrete event simulatoisoAlue to the method used
to reflect multiplexing effects and focus on onlyeotagged system, solution
method does not suffer severely from dimensionalibblems due to increasing
number of channels and classes unlike methods deqgeon discretization of

several dimensions.
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Chapter 4

Numerical Results

In this chapter, results -mostly in the form obtgl will be presented to
compare the approximations obtained by our iteeapvocedure and discrete
event simulations as a way to validate the sugdespgroach. Then using our
iterative procedure, we will solve an optimizatijproblem which would take a

very long time period if discrete event simulatievesre to be used.

4.1 Comparisons with Discrete Event Simulations
under Various Settings

We will provide various scenarios with two, thraed ten QoS classes.
Within this chapter, solid lines denote simulati@rsl dashed lines or crosses
denote results of iterations. Three load scenaiesinvestigated for a 2-class
scenario (0.2, 0.5, and 0.8), two load scenarioS éhd 0.8) for a 3-class
scenario and only a single load scenario (0.5af@0 classes setting. For the 2-
class scenario, also different mixtures of HP aRdakrivals are used; if they are
not equal then one has an arrival rate which iméd of the other one. In other
cases, load is always distributed evenly betweassels. Systems with 4 or 16
channels are investigated for the 2-class systeamd48 channels are used for
the 3-class scenario and only an 8 channel sys¢emséd for the 10-class
scenario. Offset schemes are parameterized bygke parameted. In two class
scenariosg; = 0 andd, = d. In the 3-class caséd;, §,,83) = (0,d, 2d) and
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for the 10-class casé;, 85, ..., 610) = (0,d, ..., 9d). In plots using logarithmic
scaling for its y axis, sometimes, solid lines baeomissing, which is due to
having no realizations in simulations and obtainag) probability value.
Comments are left to the Subsection 4.1.4.

2! simulations took more than 4 weeks; however, stiispossible to observe “noise” on them.
For each point of the simulations, 5 million amigipackets are used and simulations are
repeated 7 times. However, confidence intervahefresults of simulation are so large that we
observe the “noise”. Other than that, to obtairy\arcurate results with narrow confidence
intervals in cases where probabilities are reatipls (See Figure 26-d3), we would need more
than couple of years.
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4.1.1 Two Classes
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Figure 26.Two class scenarios for different traffic mixturés,b,c’s are for 4 channels and
“d,e,f’s are for 16 channels. Mixture informatiangiven in the titles of the plots
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4.1.3 Three Classes
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53

(f)




4.1.3 Ten Classes
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Figure 2810 QoS Classes. Suggested method works for anpiitanber of classes

4.1.4 Overview

Considering the given plots (Figure 26Figure 28} possible to say that our
solution method captures the general propertigheoBystem. Furthermore, our
iterative method presents very accurate approxangtin moderate to high load
scenarios. Additionally, accuracy of the proposezthond does not decrease as
the number of channels and classes increase wilaehidofixed. In fact, our
method provides exact solutions at the limitingesasn which the problem can
be modeled by an M/M/c/c. Knowing this, it is pddsito say that the more
accepted traffic to the system is dominated by a “single classg thore
accurate results our method provides. As it cardmly observed, our method
captures system behavior completely for no offsetec after that point our
approximation introduces some error and that etiminishes as per-class loss
rates reach steady-state with respect to delaynses. Notice that our method
finds the point where loss probabilities are sdagravery accurately. Finally, it
is possible to use our method for various numbédasses (see Figure 28) and

it still offers acceptable approximations.
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4.2 A Case Study: Solving an Optimization
Problem

In this subsection, we will attempt to solve aotighput optimization
problem with certain constraints using our methdbnstraints can be
summarized asN =4, [ =2, Ay =4a, 1, = a, a €[0,1], 6, — &, €[0,20],
PB; < 107! and PB, < 10™*. We are to maximize total throughput of the
system. In solving this problem, we deployed a fyirsearch method on a grid
until a predetermined neighborhood condition igsfiatl (Details are omitted
since searching in a space is a very deep proldteelf [26].). Solution of this
problem takes less than 10 minutes of computing@kenulations may require
a time period between a week and two wé&elglots giving results can be seen

in Figure 29 and Figure 30

) Throughput vs alpha and relative offset ® Region that satisfies condition on blocking prob. of class 1

02
04
0 5 10 15

alpha parameter
o
alpha parameter

1

12

Offset between two classes

alpha parameter

0 2 4 6 8 10 12 14 16 18
Offset between two classes

0 2 4

6 10 12 14 16 18
Offset between two classes

Figure 29.Initial search grid results.(a) shows throughput welay and alpha parameters. (b),
(c): delay and alpha parameters satisfying logsaateria LP and HP. (d) for both classes

22 A crude estimation based on previous simulations
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Figure 30. Throughput in region satisfying criteria

Results of our search using iterations are suna@aiin Table 9. Results are
satisfying enough. Considering that our procedweslightly pessimistic
compared to simulations it can be used for detangisome guidelines for

designing a system using bLAUC.

Iterative Procedure Simulations
Alpha 0.1871 0.1871
Offset Difference 5.2141 5.2141
PB; 0.0448 0.0291
PB, = 9.99x10° 0.0001
Throughput 0.7230 0.7318

Table 9. Comparison of iterative procedure and corresponsimgilation results in the case
study.

2 pB, of the iterative procedure is within numerical siéivity step of the programming
language being used.
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Chapter 5

Conclusions

This thesis provides an iterative method to adelyaapproximate blocking
probabilities of QoS classes based upon bLAUC &lgorin an output port
with multiple channels, this is important due tce tfact that, for multiple
channel case, there is no method or solution that provide per class loss
probabilities.

Furthermore, our method achieves this with a véow complexity.
Although, the provided framework does not includey aletails regarding
methods to obtain numerical solutions, considethng) number of classes the
complexity of our iterative procedure is linear goiting almost block
tridiagonal structure formed by boundary conditjoasd constant with number
of classes and offset scheme. Even though bLAUWCr&daxation on LAUC and
applicability of bLAUC may be relatively limited,uo approach can be viewed
as a first step to model LAUC. Another contributimfrthis work is providing an
iterative procedure which may be used for other tinsa@lrver system
performance modeling problems in which servers dependent. Though,
methods that estimate the effective number of ieddpnt servers (denoted by
K in this thesis) and associated rate update easasice needed.

Solving multiple channel bLAUC system with FDLs owltiple channel
LAUC system (with or without FDLSs) are still openoplems which will be in

the scope of our future work.
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