CHAPTER TWO

LITERATURE REVIEW \
This chapter presents the background of the congestion con rocess and
provides a survey of existing approaches used to address ll%oceslion control
problem. The classification criteria are set, and existing cor ves?!ontrol approaches
are categorized in Section 2.1. Each category is discusscsjgmehe su% subsection
- - .
according to the aforementioned classification. TCP cogmgstion cfntro arpr@%c es are

discussed in Section 2.2. The router buffer ap% is{ iI@ECIiOH 2.3
2rphan

i

emdyt appedach is explored

&

in Section 2.5. Controlling congestion atN SCl:iQ in Section Z

S
Parameter-based early congestion conf | aprg%xj e%mmed in Section
4
cl

Fuzzy-based congestion control N

1es xamg®d in Section 2.5.3. The
N
discrete-time queue approacl(s andyzed i

Sections 2.7. Simulalion%”mm@ﬁ uss %Section 2.8. A chapter summary
: &
1s provided in Section 24 O
QG &
’ v), >
2.1 Congesti rol o

Sl

Cong, M is one of the main issues prevalent in network router buffers (Ryu et
2 .

Scheduling is described in Section 2.4. The

o
n

9
W
[§®]

|,Se oh % raffic modeling is studied in

al., plz1, 2005; Baklizi et al., 2012; Attiya & El-Khobby, 2012) because it

affects W#twork efficiency by causing low throughput functionality, high queuing
delay, PL, aql mismanagement, and potential buffer overflow (Braden et al., 1998:

Welzl, 2005). Many approaches have been developed to immediately control



congested networks. The instantaneous and effective control of congestion leads to
high QoS for traffic load and ensures the fair sharing of resources. Existing congestion
control approaches can be divided broadly into two categories (see Figure 2.1),
namely, TCP congestion control approaches and router-based approacl@ter—

based approaches can be furthered classified into buffer-based asi%hes and

scheduling approaches. Buffer-based approaches can also b ssified into
approaches that control congestion at a late stage and appwes that control

congestion at an early stage. Methods for congestion cor z anl early stage are

classified into parameter-based early congestion methoWgy an ‘as%i_ early

N
congestion methods. The goal in developing thgs@us appro 16! é(,?o detect

\1gg¢‘ on, nsure QoS.

network congestion before the buffer overﬂows miNeate
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Figure 2.1: Classification of Congestion Control Approaches
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2.2 TCP Congestion Control

TCP is mainly utilized to provide a reliable connection between the source and
the destination in the Internet (Postel, 1981; Forouzan, 2009; Fall & Stevens. 2011).
TCP offers various advantages. First, it establishes a connection betwecfngWy ends
using a three-way handshake. Second, TCP ensures the delivery of g ’e%Dy using
acknowledgment (ACK) sent by the receiver and then received by t der as proof

of data delivery. Third, TCP uses a timer to determine when 1*‘ daWl packets are sent

\ﬂwh' each

In addition, TCP was invented with a windowgng n¥chghisn
i | &
source sends packets based on a congestion win cwn@~ vhifh regr®sents the

NV
Y AC llman et al..

or retransmitted (Postel, 1981; Forouzan, 2009).

Ner’ vertised window

(rwnd), which represents the amount %ce at lh\c‘i wQuffer and the network
o S

t'ﬁeﬁ& data as fast as data are

feedback. In terms of network, if ghcggtwor

being created by the sender, gher sender i ' slow down the sending rate
I
through a source-quenchgd me#Sages fg/nfsdeec warns the sender about the
existence of congestior &wh pallQ.nd informs the sender about the need
H O
to slow down the g prcess , 2009). In summary. the sender holds
three pieces off 'iﬂ‘dli&l. o recgyer-advertised window size, the congestion
| & .

window an network feedba®? The actual size of the window comprises the
minin ese three parts.

oydral TCP congestion control methods have been proposed, including the

slow start method (Jacobson, 1988; Stevens, 1997), congestion avoidance (Stevens,

g5

1997). fast retransmission (Stevens, 1997). and fast recovery (Stevens, 1997). The

slow start method works when a new TCP connection is established or when TCP
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connections remain active after either a long idle period or expiration timeout. The
source initializes its cwnd to the size of a single TCP segment, which is the segment
size announced by the other end (the default size, typically 536 or 512) (Stevens,
1997). The cwnd corresponds to the amount of data that can be sent from t@e to
its destination across the network before any congestion is noticed; ig@prevents

rapid build-up in router buffers (Stevens, 1997). v

2 Mn. 2009) is used

ng 'njected into the

The slow start method (Jacobson, 1988: Stevens, 1997;

by a TCP sender to control the amount of outstanding d

network. Initially, the size of the congestion windowg(cwr
Once ACK is received by destination, the cwnd if% )
number of transmission packets. The slow % netho

segments exponentially as long as the sen\%inues t
side. The sender stops sending the s%nt usm\fhg

(4]
situations: if the value of cwnd @th

congestion occurs at the net orwm a’nm @e source through duplicated
2 a [

ACKs as shown in Figure 2.2. bot% n{é)& sender stops applying the slow

start method and starts tior %@ €. 5

e 3 e
%voi nce dneth (?Jacobson, 1988: Forouzan, 2009). two
o
parameters, na% wnc?‘ agd)lj\e @ start threshold (ssthreshold) that decides
A 2
S

whether th\ start method or congestion avoidance method should be used
(Allmg 1%. 2009), are determined (Stevens, 1997). As the network becomes

coridged the source reduces its cwnd size by setting the ssthreshold parameter to

(e}

half of the cwnd size and entering the congestion avoidance mode. The source linearly

increases the number of segments by one when an ACK is successfully received.



The TCP source detects congestion based on the following scenarios: 1) if the
source receives three duplicate ACKs and 2) if retransmission timeout occurs (end of
retransmission timeout period). As shown in Figure 2.2, most TCP implementations
involve two reactions. A timeout is indicative of congestion and the @g of
transmitted packets. In such a case, the TCP should first ensure l@lhresho]d
value is half of the current window size. It should then ensurwn the cwnd is
returned to one segment and that the TCP starts with the slow Stdl ase. In case three
duplicated ACKs are received, the notification (@ 101‘ is weak. TCP
retransmits the lost segment in this scenario. Y'

The fast retransmission method (Stewns 7) red@ces uansﬁvlsmon by

entering the slow start method and reducing the ¢ 1d Si

ne segient, setting up
the ssthreshold to half of the cwnd, and { %uansn '

lhé}ssing segments to
the destination. \>Y
retrgi mls@x and to manage congestion

The fast recovery method by JVén &oﬂlbson in (1990) to avoid
apld, N

(Stevens, 1997). The ssthreshol \D’ h‘%gﬁhc cwnd, and the cwnd is set to

the ssthreshold value. &\ (Qe

\

In summary, m { d?lﬂ Egp congestion control method is to control

network conoe ' deof lhc nsmission rate of the source. TCP is a typical

/é/

throughput deterioration cause

4

example 0 d to-end svxlun@nsmlssnon protocol (Chen et al., 2007: Chen &

Yang, % ang et al., 2010). The TCP source discovers congestion by identifying

ack®Y dropping rate at router buffers. The source responds to this type of

congestion by decreasing the transmission rates.
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cwnd = 1 MSS
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2.3 Router Congestion Control \) O‘<
The Internet is a group of conneg, %:twq&\’
6
S

ackets are transferred

Ei
e

to their potential destination. Sub\ tly, ttec@kets are passed through

intermediate routers until th rR‘h theilf dedinat@® Figure 2.3 shows a typical
) L2 s
network topology. \ \@ é)‘,

A packet receivag biWwa r que}&d at the router buffer before being

(my P
forwarded to Iheirqrp pagh d O@le router table. The buffer 1s 1mportant
offmc$

because 1t ‘llz‘wthc 10s
processed wghe router. The rout™ buffer has a finite size for holding queuing
packetg\Wgn the number of arriving packets exceeds the amount of available space,

the ro will discard some incoming packets. Consequently, queuing or dropping

e

2

ing packets when other packets are being

decision must be made wisely to alleviate packet loss (PL) and buffering delay (D).

Packet delay occurs when the number of packets that are currently situated in the
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buffer increases relatively (Senthilkumaran &  Sankaranarayanan, 2013).
Subsequently, the packets at the end of the queue must wait at the buffer until the
packets before them are transmitted, thereby causing delay. Thus, if a router buffer is
too large. then packets can be accommodated and their number increases, \@lds
to packet delay. By contrast, if a router buffer is too small, then PL wim because

incoming packets cannot be accommodated.

Serverl

Switch

By

Scanner

'@on in the congestion phenomenon by

>

Rmetworks. In a typical manner, router-based

ategorized into two types: queue management

(Ryu 03; Zhang et al., 2011) and scheduling (Malhotra & Sharma, 2012). The
former udes methods for administering gl in a buffer by dropping packets (Joshi et

al.. 2005). The latter includes methods that determine which order of packets should
be sent next and are used to allocate available bandwidth among flows. However,
scheduling alone will be unable to help avoid packet loss. Buffer management
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methods are an important aspect of congestion control because network load can
change rapidly and probably cause packet dropping, except in the case in which
sufficient buffer space is available to hold packets temporarily (Lefethocz et al.,

CUler

vhereas

1996). “Queue management” and “scheduling” differ in terms of how gl ¢

buffer is managed: that is, queue management drops packets when necgagRry-
scheduling selects which packet to be served next and is used primar administer
the allocation of bandwidth among flows. These two router ﬁg hes are closely

related, but they look into different performance issues (RFC 2 '

2.4 Scheduling Approach é '-\O}
.4 Scheduling Approac 2 e

The network resources can be managedgby Wi

approach or a buffer management approa@n a rou
packets (light traffic load), the effects l% sclwmgtl @fer management are
a "
g, bo

5 e S . . -
unnoticeable. When traffic load m& scl dulr&g%;nd buffer management

s e : N
play a significant role in congoll owg. Sc

uli ~ontrols the order in which
P g P 4

cy ¢ rved at all). The most popular

k-

SouL (‘(‘?@). round robin (RR), priority queue

individual packets are seer) vhe

—_

scheduling methods inc@'s I
¢
(PQ). fairness queug band vergl
N
FIFO is tl % popula fdu@nelhod because it simply serves packets in
&

the order ofghe™arrival by placin®¥all packets in one queue. Packets are treated

|
({fa'ng?leuing (WFQ).

equall

'1§‘cr\'cd in the same order by placing packets arriving from different flows

into aadle queue. Although the amount of buffer space (queue) at each router is
finite. the router becomes inclined to drop incoming packets if the queue of the router

buffer becomes full. Packet dropping can be done regardless of which flow the packet

O
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belongs to or how significant the packet is (Silberschatz et al., 1998: Rashed & Kabir,
2010; Rastogi & Srivastava, 2013; Musa et al., 2014).
RR (Silberschatz et al.. 1998) is one of the oldest and simplest scheduling

‘NY:)WS

methods. It is similar to FIFO because of its preemption functionality, I
switching between processes (Matarneh, 2009; Rastogi & Srivastava S.J'Vlanhcw

et al.. 2014). RR allocates a fixed time (10—100 ms), called quantun&)l‘-cach process

S_\'SlCIﬂS.

PQ is a simple method for supporting differentic

ssig,e togach

\‘ V
t 161‘@&5. Thus. PQ
provides the fastest handling for imporlawa ¢ during ansy@%‘ion by providing

counterparts. PQ is useful with mi&

FIFO is used in PQ within ﬁh Rlorily lucu

al.. 1998: Rastogi & Sriva&va. ..

FQ. a concept rx@ndg

of queue scheduli isgAplings
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wlramc nfonwn ing more than its fair share of the output port

>
. packets are clagh’ied by the system into their associated flow and

flow that is being handled by the router (Demers et al., 1989: Silberschatz et al., 1998:

Rastogi & Srivastava, 2013: Musa et al., 2014).
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WFQ was proposed by Lixia Zhang, Alan Demers, Sriinivasan Keshav. and
Scott Shenke in (1989). WFQ was designed to overcome the limitations of FQ. WFQ
supports flows with a variety of bandwidth requirements by providing a weight to
each queue, which represents a percentage usability of the output port mh.
WFQ ensures fairness by preventing the allocation of more bandwidll@\'s that
contain a large number of packets. This situation is achieved by assitcvga queue for
clative to other

cach flow and applying weight to provide bandwidth for eachyflov

Musa et al., 2014).
Overall, scheduling alone does not prevent subSggtial PLs§ Gigen
load can change rapidly, packets are likely to bg dro ed

occurs. unless an adequate buffer space is& laDe to hat
Thus. buffer management methods %}sc an g't
.é ]

control. i 3
_ NS
2.5 Buffer Management Appro: %

Router buffers detect {gu laﬁ.(ﬁ)(m«:twork behavior. In particular,

routers detect congestigfi D¥gd

<~

s(;@e: at router buffers and the numbers
of arriving packets nut gckcf)?exceeds a specific level, then the router
N

andvsends it back to the source, which is then

generates a cq wn noﬁfl dh
N

prompted 1(&1 > its 1ransmissim@tc.

2 K ongestion Control at a Late Stage (Passive Queue Management)

Qn the late congestion control category, the router buffer can detect
congestion after the buffer overflows. A late congestion notification is sent back
to the source. and a late congestion response takes place from the router buffer.

One of the mechanisms of this category is to set up the buffer size in the router t0
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Packet Arrival

a fixed value and drop all packets that exceed this value. Drop tail (DT) serves as
an example of this category.
2.5.1.1 Drop Tail (DT)
The DT method is one of the traditional congestion control 1\11 ds
that detects congestion based on the fixed size of the router bu@aden

et al., 1998). The size of the router buffer can vary (Lewv'mediate,

maximum, or minimum). If the size of the router huff€ set to the
maximum value, then the number of queuing pack he 'OUIG‘I buffer
increases; consequently, queuing delays increage. | Qr er
buffer is set to the minimum value, then thro ut lat iorfal1¥fde c're'}sc(?s In

all cases, the router buffer drops all p 1es t Rﬂnnshold.

DT parameters are not adaptive, s cannot be

modified after initialization (Fw'.%él) (Br : OOl Stanojevic

et al.. 2006: Chandra & Subigi!

Dropping all
arriving packet

Packet Departure

i
i A; Packet qurut% router CrORSaRPTER

(F(

e\
0 Figure 2.4: Router Buffer Control Using DT
The disadvantages of DT lie in the lockout phenomenon (Braden et
al - 1998 Sharma & Behra, 2016), which is explained as follows. One or
more flows can monopolize router buffer spaces and prevent other flows

from sharing the space of the router buffer. Another drawback 1s the full
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queue (Braden et al., 1998), which is explained as the detection of
congestion after the buffer overflows. The third drawback is global
synchronization (Ryu et al., 2003; Sharma & Behra, 2016), in which a

congestion notification is sent back to all sources, such that Ihe)'\CRICC

their transmission rates and thereby reduce throughput. s )

2.5.2 Parameter Setting- Based Early Congestion Control Methw

In these methods, congestion is detected and cont at '«'1 early stage

managing the queue buffer; consequently, 1
efficiently (Tassiulas et al., 1994; Salim &% s

Muezerie et al., 2005; Guffens & Basti\% Pate 1
methods are called Active Queue Man%mnt@*
ﬂ%’ Q1) 3

Singh & Balveer, 2013; Kirulhi\ aj, Q1

N
\._/
| S
=

provides a late response tg,th gesttm len@QM methods provide an

carly prediction of congcstion)m dQ{

\ aﬂ.(ﬁ)oil the router buffer overflows.
Sources can be inforficNg nogftion 6$u explicitly or implicitly. In the
o
LG e
former, the methQd™SCIds : el‘pl@ wotification (explicit feedback) to the

N\
ion ‘%ﬁcation (ECN) bit in the packet header

source using

NV )
(Floyd, =R amakrishnan LN‘? 2001). The destination that receives this
pac x%ormcd about the congestion and sends back an acknowledgment to

te. In the latter, an implicit feedback is sent by dropping packets at the

router buffer. AQM methods include DECbit, Random Early Detection (RED),
Adaptive Random Early Detection (ARED), Stabilized Random Early Drop

(SRED), Gentle Random Early Detection (GRED), Adaptive GRED (AGRED),

1)



Random Exponential Marking (REM), Effective RED (ERED), Dynamic Gentle
Random Early Detection (DGRED), and BLUE. These methods are adapted to
the congestion status at the router buffer by altering the values of the utilized

parameters based on the network and the congestion indicator in an aﬂgt to

2.5.2.1 DECbit Method Yv

The DECbit method is built based on aqgl as thion indicator
(see Figure 2.5). DECbit computes the size of the%zfor F\vew arrving
1

packet under the condition that the size is larggr th . PECD
transfers the packet to its potential destina%lce tl

s

ease the difficulties of parameter setting.

the destination, the destination notifie thecnd

congestion by resending the m\%}acket.
transmission rate by decreasing%r transtl '%ow by one packet

. B LR AP .
for two round trip times (SK imadagn & éﬂlf@D)_ The transmission

window size is decre ewmnel 1allgnf m han half of the packets in
i 3 (
ret

the last window ate e MQ ar{(ﬂ}l\CK (Lapsley & Low, 1999;
Athuraliya et

¥ 01 th : 1sec§he transmission rate 1s increased
¢
nncm-ly(Fle&'@ac s XOF5 4 T3yd, 2000, Floyd et al, 2001)
g:p;ukc{ :

&

(=3

|

No marking /dropping
packet

Packet
Departure

Packet queued in the router ".\,_L“;,,'.'..;_.«'..;..'.‘_‘....,.‘_\i.
(FCFS)

Figure 2.5: Router Buffer Control Using DECbit.
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In general, the DECbit method offers the following advantageous
properties: simple, distributed, optimized, and low cost in terms of the
overhead for notifying the sender by marking packets dynamically. By
contrast, the DECbit method is unable to serve bursty flow because %
time to send a notification for the source to reduce the uansmlﬁsak

2.5.2.2 RED Method i

The RED was proposed by Floyd and Jacobson (?.) ]l is a non-

adaptive method that is successfully adopted by nerelm”

Task Force in RFC2309 (Braden et al., 1998 D doeg§ no 1? &

sender in an explicit manner like DECbit dogg. b it do’s oy 'thu urce

\ NV
in an implicit manner through dro acla‘s ullh]&.om the

congestion control implemented by 1s calc d @Ld on aql and

ik

Jacobson, 1993),

two thresholds (minthreshold an

« &

'esl res wo positions in the

router buffer and serve % mdlc,tonsfflc@mn status. RED detects
d a

(l\:y‘fth the thresholds. When the

as shown in Figure 2.6. Th

congestion by comp

aql is less than \%ﬁhl no @‘\‘écsllon occurs and no packet is
Ja |

dropped. W% lall?b \/\3 hc two thresholds, then the arriving
packets :%pp do‘ﬂ&‘{ﬂ reduce the probability of congestion.
Mor. ( . when the aql is ibhc the maxthreshold, then all arriving packets

6 sped. In this case, the DP value is 1.
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Packet Arrival

Dropping all Marking /dropping packet No dropping probability

randomly {\
B Packet Departure
EEEnE
i T
| ] "’4‘! w
1 |

Packet queued in the router SR AR AR AR S .
(FCFS) Y

Figure 2.6: Single Router Buffer for RED.

arriving packet

\

i

pioyseauIN

1

|
E, l susses S igoRuEEEEEEEEER

b‘x £

| i

RED makes the leap between traditiona ;;md} and AQM

methods that detect congestion at an early stage an® ad res\qe(i al
synchronization problem (Fan et al., 2012). &vel}{jb everal
tm@'based on
traffic load (number of connectionw ot accONgN g té«: actual status
of the packet load. This n d% fuﬂh\Eh?d @reduced network

performance in the form of ¢ and ﬁ a1 erfﬁéa goal of using DP 1s
to keep aqgl between eWres old ¥n ﬁmeshold However, RED
does not achieve S@NI J

A

drawbacks. For example, RED calcul%

e

2
—
Z:‘-
(@)

(‘)‘(@Qhanges promptly (i.e., bursty

traffic) (Floyd \ 013 oft al. 2: Abdel-Jaber et al., 2014).
¢ !
2:5.2.3 BT Jtho ’ (j)
N
'@UE ﬁe va@)posed by Feng, Shin, Kandlur, and Saha

&Y

in % to 1mprove the}erformance of the RED method. The BLUE

&o is mainly dependent on the calculated DP that 1s based on a single
C

sshold (see Figure 2.7). BLUE computes gl and compares it with the
threshold. When gl at the router buffer surpasses the threshold, BLUE
increases DP with a fixed value Pin (DP increment) to manage the
congestion and attempts to maintain gl at a reasonable value while avoiding
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Packet Arrival

buffer overflow. When buffer length is empty or the link is idle, DP 1s
decreased. Unlike RED, which relies on aql to detect congestion (Floyd &

Jacobson. 1993). BLUE is dependent on PL, link utilization, and buffer

'<I

length at the router (Feng et al., 2002). PL and buffer len”th aig be
controlled by properly adjusting the value of DP. Link ts%in 1S

achieved via the link status. Subsequently, BLUE calculate?ibased on

1Mepresents the

be ,;et as a fixed

several parameters, such as freeze time (f_time). Freezg

shortest time required between two successive DPs;

value or a random value to avoid global synghroneatign (

3 value by v ch’D‘l;N;an be

increased or decreased. Furthermore, (Pin zlust \N(’herswh Pde to

prevent under-utilization (Feng et\% ). B ad(éﬁes the global

synchronization problem by enh le ctlm '*'rameter randomly

0
or dropping packets randon nila RE “f mlatlon of the BLUE

é

That is, BLUE needs 1ts +ral tl r%@amculal values to ensure
good performance (pauQ etern 1 ?’l(ﬁ)QDP method is calculated as
shown i Figur <\& Q &

Marking /dr ingps n:lwl : j No marking /dropping
m

&%
N

1998: Feng et al., 2002). Pin and Pde identif

/fl/

‘4

Packet
Departure

B AL S S e Packet queued in the router
(FCFS)

Figure 2.7: Single Router Buffer for BLUE.
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1. Begin

2. if (buffle>th)or Plos

3.  if (ime ofthel adj>f time)

4. Dp=Dp+Pin

5. L _adj=curent

6. if (que_buff==0)/ (bufferis empty) Y'

7. Dp=DpPde \

8. L _adj= current

9. End $
Where the que_buff=queue buffer Y
buff le=bufferlength
Th=threshold V

Figure 2.8: BLUE Meth E

2.5.2.4 ARED Method V

The ARED method is an ad nelho alm@) solve the aql

L&% &puc the fact that

plos=packet losing T
ladj=last adjustment l
time of the ladj=time of the last adjus
pin=pincrementpde=pdecrement ' .
&
&
VV

stabilization problem of RED

ARED and RED have ma

ARED attempts to m( inZ'x dtla

'y
which is calculate &wecﬁw g and maxthreshold (Floyd et
al., 2001) and % I 10 tsho@‘ﬁna\lhushold)/“ In addition, the

Dmax pamn th ?d n R.@J is always kept between [0.01. 0.2 5]in

ARFD \ Usu a dlg ﬂtxeme multiplicative decrease to control

u L ln effect, ARl‘D u)nlxols congestion and does not allow the
¢ to increase by preventing the aql value from reaching the
xthreshold. The computed value of aql is compared with that of Taql. If

the value of agl is less than that of Taql and the value of Dpay is greater than

or equal to 0.01, then Dy is decreased along with DP. If aql is above Taql
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and Dy is approximately 0.5, then Dpay is increased along with DP, as
shown in Figure 2.9.
Every period of time in seconds

iflagl <T,,; & &D,,, =0.01)
D2 S s Decrease D_,_value \
esieiflagi>T, , & &D < 0.50) : s )

max J
— D~ i - o o
Do S d R Increase D, value

%9

Figure 2.9: DP of ARED Method.

The main advantages of ARED include its

parameterization problem of RED and partially sta®ilizg OWVORRd,

N
ARED has several restrictions. First, in cas¢ Wgheavy cqnggption '%RED
cannot stabilize aql between the mimh&sha; a \hreslﬂ' because

DP calculation is based on two \%s: no
congestion reaches a high level%ond, S w

heavy congestion occurs in @

then the router buffer ig Iilw
parameters of AREQUD be 'QQ elf‘at'gvvalues to obtain satisfactory
performance (pz &\

128

T% D e ’(Ol@al., 1999) was proposed to overcome

=
sonn.w$ limitations ofﬂ@D. particularly in cases involving a large

) of encountered connections; RED calculates agl with regard to the
0701‘ of connections and is unable to ensure a fair share of connections
(Ott et al., 1999). SRED uses a zombie list to store information of recently
active flows by counting their variables, source addresses, destination

addresses, and time stamps as shown in Figure 2.10.
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Count variable, time Marking /dropping packet No dropping probability

stamp, destination randomly (\

address, source address

Packet Arrival

= l ]
;:; a illlll 1 Illllllllllll@ §

Packet Departure

g

Packet queued in the router
(FCFS)

Figure 2.10: Single Router Buffer for SRED V:
ari to 'accumulate

1e ligt s full,

g
every arriving packet is compared with a rand@(ecte Pagls tkr e
‘o ¥

zombie list. If the record and the arriving Rflt CGNQ 0%1_\6 same
flow, then the count increases by one,% ro ' ond@ and the

timestamp value 1s changed to pecom

Otherwise. the miss value 1s co

The zombie list 1s imtially empty. The list

records when traffic arrives at the router. As the z

f.&he arrival time.

&
cke@ not in the zombie
&

list), the count value 1s set X at @ is set to the time that

the packet arrives at the% uf‘fej. Thy et va¥e can distinguish between

misbehaving flow Mhav‘ng w se misbehaving flows have

N
more hit values{t elfavan ?&/sféfgeneral, if arrival packets match

several zo::b%‘ecoyl v};} mAW hits are recorded and counts are

accordi;&'ncrcased numcr% imes. From the definition of misbehaving

flows \? is. “flows that have gained more than their fair share in the

tendency to misbehave. SRED gauges the frequency of packet hits P(m) =
7z/p, where z represents the zombie list size and p represents the probability

of mismatch between two packets. The number of active flows is calculated
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by inversing the value of P(m) (P(m)—1) (Ott et al., 1999). SRED controls

DP based on the values of P(m)—1, ql, and D, as described in the

following:

1) If the value of ql is less than ¢/6, then no congestion is indicated anw
packet will be dropped. ¢ denotes capacity. .\%

2) If the value of gl is between ¢/6 and ¢/3, then the Dax VG is set to
Da/4. Thus, DP is increased in this case. V

wZQ se' to Dmax/4.

3) If the value of gl is equal to ¢/3. then the Dyax

Thus, DP is increased.
4) If 1 > P (m)> 1/2566, then DP is increase
made stochastically, thereby indi

investigation (Ott et al., 1999).

The advantage of SRED I hs :

using the zombie list. Howr@

because it is based on

particularly when the n% of

2.5.2.6 GRED M@
GRED @ﬂali\%
limitation&ﬁ. g{ D):el es

to conikkoN, congestion. Co@fcd with RED, GRED uses the same
congé\ metric, i.e., aql; however, GRED adopts an additional threshold

vaNw called doublemaxthreshold (Figure 2.11). The dropping rate is based

on the location of the aqgl relative to the three thresholds. The additional

threshold allows GRED to stabilize aql at a specific level, thereby making it



better than the RED method. Subsequently, GRED deals with arriving
packets based on the following:
1) No packets will be dropped if the aql value at the router buffer is less

than the minthreshold. \q

2) The random DP mechanism of RED is used if the aql valux een
the minthreshold and maxthreshold. Y_

3) If the aql value 1s between the maxthreshold and douWL\'threshold,
then GRED increases the random DP compared wi m 'he previous
case to avoid congestion.

4) If the agl value 1s above or equal to @hlem xtl sh!)h\ hen
d b iy

GRED drops every arriving packet; that 1s, tl

T

Marking /dropping packet
randomly

Dropping all
arriving packet

3 L F ' o
| & | P i I8 W
| ‘
8
5 i
o ~
| SRS RS & Packet gylued in the x’l 3
(FCES)

Figure 2.11 5Mge Rojute

Howev‘t&E eghi t}lthq_g‘dllowmg limitations, First, GRED
suffers froi Qﬁaram terghe ix@sroblem The value for its parameters
b
must bg a t¥ specific value gj;hieve satisfactory performance. Second,
-~
GI% 1y controls and detects congestion when heavy traffic suddenly
arNes at a non-congested router buffer; thus, no packet will be dropped but

the router buffer will likely overflow (Floyd, 2000; Floyd et al., 2001;

Aweya et al., 2001).
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2.5.2.7 REM Method

REM is an adaptive method that was proposed to improve the
performance aspects, including PL and queuing delay (Lapsley & Low,
1999; Athuraliya et al., 2001). REM has two main properties: trans lﬁ n

rate at the source (R) and ql. These properties must be stabilized C;llol

congestion. REM adopts the price property as the congestion fc. Price
is computed based on rate mismatch and queue mismatc N the former

represents the difference between the source transmi ate nd the link

capacity, whereas the latter represents the diffgrencrbetpveer aald

Taql (Lapsley & Low, 1999; Athuraliya et al ]

. Y ” Y
A transmitted packet will pass tl% man\-\lmrs un!'M'f reaches
its potential destination. The 1outel\%00mpu S

pdeC arrives at any IﬂlLllﬂLdl’ll (er, dﬂég];%

buffers are used to calcula alm the Path @'h the source to the

destination. If a conges edw L\#IS alprie lh@lh then the price values
% dﬁéucuasc If congestion occurs,

to mge congestion and the sources

O

‘p'{%es for the router
N,

>

will increase, and consequghtl

the routers will 1&t1
ale b‘ﬂle REM method stabilizes the rate

. 8,
will reduce thh&nsn issi
Y

; capafi ? th¢’§ueue around a small target (Zhou et al.,

N
2()]3\ rever, REM lms‘h&?mallons. such as parameterization and low

ut when traffic is high.

2.8 Adaptive Maximum Threshold
The adaptive maximum threshold (Geat et al., 2007) is an adaptive
congestion control method that controls congestion by regarding aql as the

congestion indicator. This method works in basically the same way as RED
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with only one difference, i.e., it uses an adaptive maxthreshold position to
keep aql at a specific value between the minimum and maximum
thresholds. Such difference implies using additional maxthresholds, called

maxthreshold2, and two DPs, similar to that in GRED, to stabiliz@ﬂ

Tagl, as shown in Figure 2.12 (Geat et al., 2007). 1%

Marking /dropping packet

randomly
Dropping all \ No dropping probability
arriving packet V
Aty ST et

Packet Arrival Packet Departure
e )
lia E; l--Ill-_'a—_i (] ]
‘ﬂ' : i
P % v
IR Packet queued in the router
(FCFS)

Figure 2.12: Single Router Buffer for% ' ' 4
The adaptive maximum @10 d qe g&; a specific value

N
(Tagl), prevents the router %fr 91 b 'n% ’ and consequently,

avoids PL. This thresholc?u athy rm@the number of dropping
% N

& calculated as shown in Figure

O
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Calculate aql
IF (0<aql<minthreshold)
Dp=0
Else
{ IF (minthreshold<aql<maxthresholdl)
DP— (DP o/ maxthreshold - minthreshold))*(aql- minthreshold)}

Else

{IF (maxthreshold1 <aql< maxthreshold2)

DP:DPmax}

Else

{IF(maxthreshold1 <aql<k) Yv

DP=1}

Where aql =Average Queue Length Y.
DP = Dropping Probability '
DP,,.x = Maximum Dropping Probability Value

k = router buffer capacity

Figure 2.13: DP of Adaptive Maximu E shold

Congestion is controlled usin %Nlh o
1) No packet is dropped if aql is l han lhe\N}T 3 @*
S

2) If the aql value is betweg min msh d“ai a\lhresholdl. then
é
packets are randoml §
3) If the agl value lshse ‘qj tween maxthreshold] and

maxlhrcshold7 \‘!Du}s @)ldmﬂly
!
4) All arrivit <%‘\ wil c'd(:aa if the value of aql exceeds
N3

n. M ’e. tl P value is set as one.

<

daptive maxime threshold partially stabilizes aql between

maxth

reshold and maxthreshold. A drawback of this method is the

4’/1/

rence of parameterization given the existence of multiple thresholds.

Moreover. this method will take long a time to adjust in case of high traffic.



2.5.2.9 Effective RED (ERED) Method
The ERED (Abbasov & Korukoglu, 2009) is an adaptive method

that was proposed to overcome the limitations of RED. ERED uses

instantaneous ql as the congestion indicator in addition to aql. It also a%g
several thresholds to control congestion. In effect, the value&f }e

maxthreshold is set to 2 maxthreshold and minthresholwal to

minthreshold + maxthreshold
2

(

+ minthreshold) . When heavgugddd¥iic occurs

and the number of queued packets increases. ERE ro¥s cerizestign as

O

follows: ? .3'
e
1) When aql is between the minthreshold gn axthgegholdl and<gl is

§ i v
higher than the minthreshold, ERED w VeP;‘ arying @et with
DP being equal to one. \3 )

2) If aql is less than the mint %ld aé\’x sg&than li7s5tthe
o S
a%ed

maxthreshold, then DP is il\

ERED controls enivgtion
function using both wn :

minthreshold and&gnaxthres w1 |

parameterizat%

7

2:52510 5 Meth

E&{ED (Baklizi et al, 2013) was proposed to overcome the

Q 1s that prevail in the GRED method. DGRED uses a dynamic
up®®ing technique for the maxthreshold and doublemaxthreshold positions
to control congestion at an early stage. The difference between DGRED
and GRED is as follows. The former uses a target aql (Taql), as shown in
Figure 2.14, whereas the latter uses a fixed threshold value. The Tagql
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should be stabilized between the minthreshold and maxthreshold to achieve
better performance and to prevent the router buffer from expanding and

overflowing. The DP method is calculated as shown in Figure 2.15.

Marking /dropping packet \:
randomly
No dropping probability s
G
Packet Departure
e N =
{ - i § [
| Pt i -t : |
B R ol e
[ 3 § ]
| B i |
Packet queuned in the router

Figure 2.14: Single Router Buffer for tl@ysed JGRYD| ‘5“

Calculate aql

If (agl<minthreshold) V °‘

DP =0 \c')

Else A
RS

{ 1if (minthreshold < agl <maxtt %d)
Dmaxx(aql — minthreshold) ﬁ
D = max hreshold — minthreshold 7] Q.
P (1—=CX Dijpjt ) \ 1 A‘Q
Else N
do&!

{if (maxthreshold <a emaxthres
(1—Dmy Y | ¥ maxthrd&shol

Else &
{If(aql> doubleMgxth
Dp=1} %

Where ag# agef
Dinit 14 opping
C=1s ounter

0 Figure 2.15: DP of DGRED Method
DGRED controls congestion as follows:

|. The value of aql is computed and compared with the threshold.
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(8]

If the value of aql is less than the minthreshold, then no congestion

occurs and no packet will be dropped.

(9]

If the value of aql is between the minthreshold and maxthreshold, then

light congestion is anticipated and packets will be dropped ranz&&a
4. If the value of aql is between the maxthr % and
doublemaxthreshold, then heavy congestion occurs, thevpugdgr builds up

its size rapidly, and indiscriminate packet dropping ow.
5. 1If the value of aql is equal to or greater than x:bl&imaxthreshold,
then the buffer has overflowed and all arriving¥gekegs VWC}I‘O ed.
4‘ N
Consequently, the DGRED method ols conges f router
d X

buffer. The drawbacks of DGRED appeame I afhete i@'on and its
incapability to stabilize conges@d ql.&ﬂcularly when
AN

S

heavy congestion occurs. c
e q &
\ ol tho

2.5.3 Fuzzy-based Early Conguseag Coftr %\
z I
Many researchers h roposgel Q& 10ds based on FL to reduce

performance dcpenk&\On Larax eter ues and to enhance network
performance (/\bt%\cl ql.. i

klﬁgrl & Samara, 2017). FL is based on

Q}r
human decisiygnTkinggahd gxperigates (Negnevitsky, 2005). FL in AQM 1s

X

>

e

—_

used to damig®whether congesti ceurs. FL is designed with a good (intuitive)
undersiaadine of a system, and the limitations resulting from the complexity of

. s Jem parameters can probably be avoided (Murshid et al., 2012). Several
FI-based methods have been proposed, such as FL-based BLUE (Feng et al.,

1999: Feng et al., 2002) and FL-based RED (Chrysostomou et al. (a), 2003;

Chrysostomou et al. (b). 2003) methods.
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2.5.3.1 Fuzzy logic (FL)

FL. which is a part of computational intelligence, is a popular
research area that deals with processing numerical data (Pedrycz &
Vasilakos, 2000; Negnevitsky, 2005; Ingoley & Nashipudi, 2012)FFIN{is

\
defined as the encoding of facts using mathematical expres§ons Jwvith

relevant membership values (Loukas et al., 2000; Abdel-Jakmumg al. (),

2008). The striking difference between FL and binary IONL) (Zadeh,

1975) is that the truth value for BL is only true or fa\gngO0W%1). 'vhereas that
for FL is extended to deal with the values for va
thereby indicating that the truth is partial.
2.5.3.2 Fuzzy Sets

A fuzzy set (Novak, 19® s€

(Negnevitsky, 2005). It can also b defined

associated membership val BL.ﬁlhe
element (truth value) can %e 101‘
membership value if m;ﬂ o’ly ll{ af degaent of set X, which indicates

O

that xeX. Olher\&x X@em Nip value of 0, which indicates

)
| :
that element % ngt Belgdepio € X. Nevertheless, the membership

value in I gawbe pgral irue.@lch implies that any element can obtain

a \al\A\'cen 0 and | fora \{cmbership association.

%()1‘ example, we can produce five sets that indicate temperature,

01)‘. “very low,” “low,” “medium,” “high,” and “very high.” An item in

1ar
Bl with a value of —5 belongs to the “very low™ binary set. The

membership value of this set is equal to 1, and its membership values for

the other sets are equal to 0. By contrast, an item in FL can simultaneously
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belong to multiple fuzzy sets with varying membership values. Figure 2016
illustrates the five sets in BL, whereas Figure 2.17 displays the five sets in

FL in a particular period.

1.0 4

0.8 —

0.6 —

0.4 | _Very Low Low Meduim High

0.0 1

0.6 —

| Very Low Meduim

» . * F y i
The iunctlon that & npu&{ hifl membership values in BL is
called the charagleMggic fi QNC itsky, 2005) and is defined in
Equation 2.1 % V?
Q- &
Fg(A) = /s @%p

Fi 1,if a €B
Meanwhile, the function that calculates the fuzzy membership

values is given in Equation 2.2

)3 A = L R i @:2)

where, Fg(a): 0 if a does not belong to B
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Fg(a): 1 if a completely belongto B
1 > Fg(a) > 0 if a partly belongs to B
2.5.3.3 Fuzzy Rules

A fuzzy rule is defined as a conditional statement that @
represented as follows: “IF fis F, THEN h is H.” where “f” ar C@ are
representatives of the linguistic variables used in the IF paY&i THEN
part, respectively (Bazaz et al., 2013). “X” and “Y” dcnwe linguistic
values that are extracted from the universe of d X:Wod). Each
linguistic variable has its own Uod, which representSghe nwgssi le

Y'
l!o e\(\e e,

ﬁé shown

The u works based on knowledge and

: AN .
experiena uisté rules are created, an expert will ensure
that les fit the sys@m by implementing several experiments.

(%Sc. the process will be repeated and other rules will be created until

suble rules are obtained. Meanwhile, the theory method works on the
basis of tuning the extreme parameters of a system by a domain expert. The
combination of the trial and error and theory designing methods may yield
better fuzzy linguistic rules than using each method separately.
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2.5.3.4 Fuzzy Inference Process (FIP)
FIP can be defined as “the process of mapping from a given input to
an output using the theory of fuzzy sets” (Mamdani. 1975; Gottwald, 1993).

The Mamdani-style FIP is one of the most commonly used fuzzy inf{ c

(F1) techniques. This FIP has four steps (Mamdani, 1975): fuzzi&u%\ of

inputs, evaluation of rules, aggregation of output rules, and de wisgiljcation.
In congestion control methods, FL is used to calc packet DP

single fuzzy set, and 4) defuzzification (Negnwitsk 2 g ~
2.5.3.5 Fuzzy Explicit Marking (FE&%’ od 0\ O<<
ose

The FEM method was p% 1&* K*@L‘-awbacks of the
o
RED method, particularly il\% wifh he v c&stion and reduced

Py
network performance (Hi iu, J200Q, hr@stomou et al. (a), 2003;
fery o

Negnevitsky, 2005). F cates % g't)a‘l)n basically the same way as

O
RED. However, F@s R l’ ing@ad ofRresholds (i.e., maxthreshold and

@)
minthreshold) @]d arfe i’l‘l c&)gestion notification to the source by

adding an%%ﬁ tofAtd h ﬂer.$
& uses two input@uistic variables, namely, the changing rate

i1 \fcr (CRB) and current buffer length (CBL), and one single output
@stic variable DP to control congestion by calculating the amount of
DP (Chrysostomou et al. (b), 2003; Negnevitsky, 2005). FEM uses

trapezoidal (Klir, 1995) or triangular (Negnevitsky, 2005) for inputs and

output linguistic variables to denote the fuzzy set characterized by the
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accurate representation feature of expert knowledge and the simple
computation of output linguistic variables.

The input and output linguistic variables and fuzzy sets are as
follows: \Y~
CBL = {empty, low, moderate, full} .\%

CRB = {zero, decreasing, increasing} Yw
DP = {zero, low, medium, high} V
FEM adopts two mechanisms to calculate TeSt' efforts and

assured efforts. These types of efforts are changeabl®gs dgternTy ,b\%_

types of services. Tables 2.1 and 2.2 1ep1ese%}les f !foks and

assured efforts, respectively. ! Y'

. If the CBL value is modcrat the ?u ;éelo. then the DP
S

6
=
N{o

If the CBL value is 1qu the,fj lug’é\d reasing, then the DP
(—) 'S

value is medium. a‘éj,

3. If the CBL v@ul dnd gge C alue is zero or increasing, then

In best efforts, DP is calculated as fj l

value is low.

S

Ny
1 O
the DP \’al 1 gl b C‘)
Inan asst c¥es of; ’l E @ops packets as follows:
H l value is mode \l‘md the CRB value is increasing, then the DP

% is low.
chu CBL value is full and the CRB value is zero or decreasing, or if the

CBL value is full and the CRB value is increasing, then the DP value is

medium.

89



The drawback of FEM is as follows: membership requires further
investigation and membership will not be optimal if investigation is
performed based on trial and error.

Table 2.1: Set of FL. Rules for the Best Effort Class of Service \i

Condition Result j

1If CBL 1s empty DP value is zero
1f CBL is low and CRB is decreasing DP value 1s zero g
1f CBL 1s low and CRB 1s zero v

1f CBL is low and CRB is increasing

1f CBL 1s moderate and CRB 1s decreasing

I1f CBL is moderate and CRB is zero

If CBL is moderate and CRB is increasing

If CBL 1s full and CRB is decreasing

1f CBL 1s full and CRB 1s zero

1f CBL is full and CRB is increasing

Table 2.2: Set of FL Rules h: A@&s ervice.
; &

Condition

If CBL 1s empty

1f CBL is low and CRB is decreghng . & l)? e is zero

If CBL 1s low and

If CBL 1s low and

If CBL 1s moder3 agn DP value 1s zero

ate d 2’. 0 4\‘ DP value 1s zero

krate and CRB is m&?&mg DP value is low

nd CRB is decreasing DP value 1s low
IfQ :%"h and CRB 1s zero DP value 1s low
BLJE full and CRB is increasing DP value 1s medium

2.5.3.6 The Fuzzy BLUE (FB)
B is an adaptive method that was proposed to improve the BLUE
method and to provide fair share among all connections. FB that uses FL to
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control congestion and compute DP is known as the FB controller (FBC).
FB relies on two input linguistic variables, namely, buffer occupancy (BO)

and PL, and a single output linguistic variable DP, which uses tlapczoidal

(Klir, 1995) or triangular (Negnevitsky, 2005) for the inputs ani\ t

linguistic variables. The input and output linguistic variables al

sets work as follows: Y’

Buffer occupancy (BO) = {low, middle, high}.

Packet Loss (PL) = {small, medium, big}. Y

Packets dropping/marking probability (DP) = {z o0, loW, mpder ﬂnl
The Fuzzy variables, sets, and rules h lxen rgat b / nam

experts. Table 2.3 and Figures 2 1840\'z0 ﬁ\theﬁbexshlp

functions and their associated BO, a DP valhed, re %tlvely FB is

based on the trial and error and l melho el mﬁ%f establishing the
0

fuzzy rules (Yaghmaee & 0si, 3). A fte :(&Hstluctm0 the fuzzy

rules, FI is applied to w sppvalu I al value) for the output

linguistic variable DP (Mawfda 1'\{ 8‘@@ itsky, 2005).

The dr a\\q&o

further invesygatio anf\\f
o\ :

—

in Ct§.lfacl that membership requires

e(b)?mal if based only on trial and error.
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Table 2.3: The FB Rules

Condition

Result

If BOislow and PL is small

DPvalueis zero

If BOislow and PL is medium

DPvalueis zero

If BOislow and PL is big

DPvalueis zero

If BOismiddle and PL is small

DPvalueis zero

If BO is middle and PL is medium

DPvalueis zero

If BO is middle and PL is big

DPvalueislow

If BOishigh and PL is small

DPvalueis

IfBOis high and PL is medium

If BOis high and PL is big

—

0.0 0.002 0.01

0.03

0.06

0.08

Figure 2.19: Membership Function for PL Linguistic Variable.
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Figure 2.20: Membership Function for DP Linguistic W;e.

imit tiwtl
®

2.5.3.7 REDD1 Method

REDD1 was proposed to overcome t

method (Abdel-Jaber et al. (a), 2008). R@'orks as (‘1&‘0}
ng@dwc.variable

set :re created as

4

linguistic variables, namely, aql and PLYFO]]CNIR
(DP). The input variables, outpul\@e

follows:

aql ={conservative, middlb\%ssivg} 4 §
PL= {few, medium, g IOY'

DP= {zero. low,

jay

o)

REDI

CX"

he RED

Y-

input

bits
C . ’l
original %)' cthofl begcayse @'ovidcs fewer PL results. In addition, it

reduc ‘s%mclcriz

lmfcomvared
&y

with RED. One shortcoming of REDD1

i‘wl 1¢ membership ﬂhtlion necessitates intensive investigation and is

Q yet optimal. REDD1 rules are listed in Table 2.4.
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Table 2.4: The REDD1 Rules

[faqlis aggressive and PLis few DP valueis

Condition Result
If aqlis conservativeand PL is few DP valueis zero
If aglis conservativeand PL is medium DP valueis zero c\v
If aglis conservativeand PL is alot DP valueis zero .&
If aglis middle and PLis few DP valueis zero v'
If aql is middle and PL is medium DPvalueiszero N
If aqlis middle and PLis alot DP valueislov ?Fl

If aglis aggressive and PLis medium DP valuei

Lf aqlis aggressive and PLis alot DP \Y’g i

2.5.3.8 Gentle Random Early D\%Fuzzy ) M d (GREDFL)
GREDFL (Baklizi et %014 v\\;%%o &‘5’10 address certain

o o S

limitations of the GRED 1 . GREDF is"li@'on two input linguistic

values. namely, aql gnd (Di an ing§7\ulput (DP). GREDFL rules

‘ 1 (
are presented in Table 245. Tb,{ .6@;11, and fuzzy sets are created as
follows: &\ Q O
P

aql ={congcM®Yve, piddl a!grtsjs el

;'era_f

D= {4

A N3
l)\ ro, low, modcrate(:hlgh}.

% Compared with GRED, GREDFL reduces the problem of parameter

-

)

Ouing dependency. The drawback of GREDFL is that the membership

function requires intensive investigation and is not yet optimal.



Table 2.5: GREDFL Rules

Condition Result
IF aql is conservative and D is little DP is zero

IF aql is conservative and D is average DPis zero c\

IF aql is conservative and D is along

IF aql is middle and D is little

IF aqlis middle and D is average

IF aql is middle and D is along

IF aql is aggressive and D is little

IF aqlis aggressive andD is average

IF aglis aggressive andD isa long P
2.6 Discrete-time Queues Approach \J \
To compute and study the performatge aa& Iw é)‘%eedings in a system,
4 Q.
which materialize either as packet N or depﬁﬂ'e must be recorded and
N
e eve §

analyzed at various time intcx‘aliq:
cither packet arrival or depwgure, ar‘: \h‘; :
systems is analyzed acgOwdindly. |

, i .

apgroaghcp ¢ e used to model a queuing network:

In general, tw

continuous and4istufle model® (V(oo@?lrd. 1993; Alfa, 2010). Network time is split
NG

into simila N;\"dls. The main flaw’ of a continuous model is its failure to monitor

mance that is linked to a particular event. By contrast, discrete-time

queue divided into finite intervals of a number of lengths. Thus, system
performance that is linked to a particular event can be monitored (Woodward, 19932
Alfa. 2010; "Chydzifiski & CHROST, 2011). Moreover, a continuous model can be
characterized as a time-driven model, whereas a discrete model can be characterized
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as an event-driven discretization. A queue can be modelled based on Kendall’s
notation of six items, A, B, C, K, P, Q which are listed as follows:

|. Process of arrival (A): A random process that explains how many packets arrive at

the queuing system and is denoted by A. \i

_ Process of service (B): A random process that explains the time\dis bution

o

required by the packet in the server and is denoted by B. Y-

(98]

_Number of servers (Cs): The number of servers involved in tlleNELng system and

4. System capacity (K): The maximum total number pagket v GQQ, be
. kel | &
accommodated in the system, including packets t re CUI‘}CI ly serg_'t\,e, and is
V
denoted by K. Vq \ X
5. Customer population (P): The limit for \% numb acb‘% that participate
in the arrival process and is denoted % \ ,Q\

N 0" S
6. Queuing service discipline: Rul at detgrming’ Whigkpacket at the queuing

system should be served. Y' ‘$
1enta

'S
The Cs. K, and P compor

re % n éps Subsequently, the fourth and

the fifth components sho\&m di}fr if ti&gFapacity and the source are infinite.

is denoted by Cs.

—_— 7=

—

o e R 5 -
ming the afld(J omponents, such as deterministic (D),

N
where inter-arrivé{n ser\fcvl},: dig‘é\butions are constant. If Markovian (M) is
used, then 1\ rrival and ser\ﬁ@ time distributions are exponential in the

contim:)% queues. By contrast, inter-arrival and service times are

ly” distributed in discrete-time queues, as denoted by Geo: exponential

Many descriptors ca

Tgeol
distribution can only be used if multiple arrivals and departures occurred (Alfa, 2010).
Lastly. if the descriptor is “generally” distributed (G), then no restriction is applied to

the type of distribution. In discrete-time queues (Alfa, 2010), a basic time unit, called

46



a slot. is used. Single or multiple events can occur in each slot. Packets may arrive

and/or depart from the same slot.

The state of a discrete-time queue with arrivals and departures in each slot is

N3
A0

Slot n
<«-- Slotn-1—¢— 3, —»«— Slot n+1 -v

dp+

| g

R

n+l

depicted in Figure 2.21 (Alfa, 2010).

‘___

dl\

X

Figure 2.21: State of a Di%
An event-driven discretization in a system imu
e Packet arrival occurs after the sté% slpt®
e Packet departure occurs beforNu € 1@1
by n and n = {0, 1, 2.%5“)301[
slot n is defined b& 1d d, ,l,, ctiv

e The do value ip gl tQ zgr 1c¢11%)- ac

depart. Q’ \(J
Ve VR o >
e Y, repre§nt¥the number of Q%Jgts in time slot n.
A 2\

e Y, represents queue size after slot n has ended, which is calculated using the

following equation: Yni1 = Yo + a, — dper. The number of packets in the slot
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before packet departure is denoted by X, where X+ is calculated using the

following equation: Xp+1 = Xy = dp+1 + ape1.

2.7 Traffic Modeling \i

The key issues in evaluating AQM algorithm performance are quie aodeling
and parameter tuning. Queue modeling is used to evaluate or valid?'pérformance.

enewal traffic

Traffic modeling plays an important role in the evaluation prgces

processes. such as BP and Poisson processes (PPs), 'ddit'onal modeling

approaches based on simple mathematical calculatign ( e Mﬂ),YIhese
S

approaches cannot represent aggregated traffic or a able t} ptihe tL@tope11ies

of aggregation, such as correlation and burstme% et al™ 7 N‘éﬁil,, 1999). In

addition. renewal traffic models use disc&% queu rocé‘es that deal with
network traffic as a single class. Howe\%etworgxwt "éin different classes.

Renewal traffic limitation is overc@u i
Three MMA types are used to mcw«:ke, ; ,S@y N N ed Bl d
Flow (MMFF). I\/larkov—@d %v};épsses (MMPPs), and Markov-
modulated BP (MMBP\& et @9).(} A models represent discrete- and

continuous-time scaleS®arpl pagket a VL. Cﬁ?y a single event is allowed for a packet
N

at any time (th % maf X Ol‘&ll‘t) in a continuous approach. By contrast,

multiple cv& n occur for a pd&kt at a single time slot (the packet may arrive

@n a discrete-time queue (Abdel-Jaber et al. (b), 2007; Al-Diabat et al.,

%

M Sv-@ulated Arrival (MMA).

and/org

2012 MMA types based on time scale and packet arrival are summarized in
Table 2.6.
MMFEF is used to represent the characteristics of a continuous approach in

packet arrival and time scale (Ng et al., 1999). By contrast, MMPP (Fischer &
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Hellstern, 1993) is widely used in modeling applications that have discrete packet
arrival with continuous time (Lim et al., 2011). Computer and communication are
discrete in nature, which indicates that MMPP and MMFF do not capture the
characteristics that represent digital communications (Lim et al., 2011). T@BP
is a suitable candidate for modeling nature traffic due to its capability tqmodel traffic
using a discrete-time approach with bursty and correlated traffic eres (Ng et al.,

1999: Guan et al. (a), 2004: Guan et al. (b), 2004; Guan et al. 7M1m et al.. 2009:

Kim et al., 2010; Lim et al., 2011). z '
MMBP is equivalent to MMPP under discrete ti et pl.

ne )
studies have modeled arrival traffic using MMBP. V%ula}; us

Lim et al. (2009) proposed an approach for controfgng d \ou a ropXr at a specific

level under aggregated Internet traffic t\L ing f Séﬂal‘ly, Guan et al.
(2004b) evaluated RED under bursty %orrelate\fﬂai \wl}g MMBP. Lim et al.
(.)

)
(2010) evaluated RED and WRE@W KR@&' al. (2010) proposed the
Active-WRED method and used P tgmodplfits n@al process.
N
o

In summary, Internet traffighs naj{ O‘EE‘nged, and thus, modeling this type
of traffic requires an o&\u |
X \ ¢ | _ : .
characteristics of u% Adcord RIS, @IBP is a suitable candidate that can
L
represent all lh% nendloRe ’har ristics. By contrast, MMPP and MMFF are

Y-'

o =
unable 1o ¢ hese characterisd®, particularly correlated traffic and bursty traffic.

=,

res @discretized, bursty, and correlation

Table 2.6: MMA Categories

—% MMFF MMPP MMBP

Time scale Continuous Continuous Discrete

7?—1:1\71 Arrival Continuous Discrete Discrete
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2.7.1 Bernoulli Process (BP)

BP is a discrete-time stochastic process because it comprises a finite or
infinite sequence of binary random variables. In particular, it is a sequence of
independent random variables Xi (Boucherie and Dijk 2010; Neely et aly )
BP arrivals can only occur at time slot k. The probability of arriva me lot
k is independent from other arrivals, such that BP is memor)l The arrival in
slot k is distributed binomially (Woodward, 1993; Abdel- IM al. (b), 2007),
and the two possible values of each Xi are success Tiblllty p (which
implies the probability of arrival in a slot) and @ lhty (1-p)
(which indicates the probability of no arrival in The fur bfﬁme slots
ba ity o@hwe- next slot

%\

etQ (b), 2007). BP

SCLKLC time systems. Its

between two arrivals is geometrically dlstnb 1€

at which the arrival occurs) with patam@{A
stands out as a good model for alt lmll ﬁ(‘
simplicity aids tractability (Rob rtazan?() 1 @). @
x &
2.7.2 Two State Markov M()«*ldt Be,n roc ?\MMBPQ)
el

MMBP-2 is used th pajfl ™Mwal process. It can assess this
process in both burs th ‘ 1d\1elataéuaiﬁc. Two states are selected to
{0

help smooth the e al adculy 1'9|1, 'sis, presentation, and discussion (Ng

et al., 1999 %/ }l‘

hniqugs g , 1999). ll%plo osed source model is illustrated in Figure
o

S

o&({am can be broadened using the same

‘.&y



Figure 2.22: MMBP-2

When a process is in state 1 in time slot N, packets arrivv@stem with

probability a0 The process can then remain in the same sigte Rthe next time slot

ility lwmilarly,

(N+1) with probability P or transit to state 2 with

oy
when the process is In state 2 in time slot N, a packe@v ab hl.\&;'ves_
n

brolbil
The arrival process can then remain in state 2?: G\Q slo@rl) with
probability W or transit to state 1 with probew —W \Thas thfig bability that

en& or al), which
N

@ee from the arrival
&

distribution (Guan et al., 2007), "m 1S C cterized by a transition

probability matrix (TP) for ess ﬁéd& matrix (DM) for its arrival
' e

probabilities as follows‘&\ ®
P N’] : O a0 0
e ll - c')l ?An(f) [O 0‘1].
Y- N
Markov , stafe ﬂWY' eady-state probabilities of MMBP-2 in
V
states | mé(Sl) and P (S’.’)}Qn be obtained from the balance equations of

es s%quations 2.3 and 2.4 are the probabilities of MMBP-2 states 1 and 2

a time slot contains a packet arrival is a ithapar

vary with regard to a two-state Ma ;mees t“at

th S. T

as s
P(S1) = BRISTHEEE =R R (620 RS S e e (9.8))
P(52) =l =PIRCI) SqROR) sttt sl i e e (9 4)
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2.8

Where P (S1) and P (S2) denote the steady-state probabilities of MMBP-2
in states 1 and 2, respectively.
Simulation Environment

Many types of existing simulators can be used to simulate AQMn\gods;

some of these simulators are open source, such as the NS2 aﬁ%NetﬁL

(Pongor. 1993) simulators (Issariyakul & Hossain, 2011), ommercial
simulators. such as OPNET (Guo et al., 2007) These silnwrs face many

drawbacks, such as large integrated components, licens CK[, c[)mplexity, and

being generalized, such that if someone intends to thef sin L %xeral
N
modifications are necessary. Mishra and | Wt hat
difi Misl dJ 2014 !d (?11 tl
4 b3

researchers should specify the advantages ali Jis des \’computer

programming language that uses sim% SN

simulated in NetBeans Integrated Evelopnﬁqir npent (IDE) and Java

Development Kit (JDK 1.6) (’Oké 20%%).

some of the drawbacks of exiy muffators,

opogéd method GB is

d i%he following reasons. First,

>
simulating a method usin% will ge ;@Qs e o Yohan NS

N @
simulator (Scii‘uddin@Z 18). S ond®a is faster than C++ and exhibits

et

N
better pcrt‘orman% rdng t hl(lf%é (2000). Third, a Java simulator is

casier to usegh JOWgs ofgertor ;1 dl@and debugging. Fourth, a Java simulator is

compatit A h any operating ;@ém and improves simulation quality according

to k@ al. (1998). The proposed method is simulated using a single router

@\'hich indicates a single node using a Java simulator because of the

aforementioned reasons.
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2.9 Summary

This chapter presents a survey of congestion control that includes various types
of congestion control methods. A large number of AQM methods, such as drop tail,
DECbit, RED, REM, SRED, GRED, ARED, BLUE, FB, FEM, REDDI@D
and ERED. have been discussed, thereby shedding light on the conges cheasuleq
(i.e.. aql, instantaneous ql, and price), the manner in which th%functlon is

calculated, and the packet dropping policies (e.g., random o OdlC) of each

method. Table 2.7 presents a comparison among these @ 11 terms of the

following: (1) objectives, (2) open or closed-loop (in op 0 c01 gn control
methods. control decisions do not rely on any so edba & lka{al from
congested spots in the network: by contrast, closed p c thi\ al\e control
decisions based on certain feedback infor a%Yth u control factors
that detect congestion, (4) conoestion tnc de ﬁ\we or non-adaptive
N
(parameter values are changed dynal 101 onei lat o another), (6) implicit
or explicit feedback, (7) the dlopu@ ), andy(3) ad tages and disadvantages. In
addition, several queuing mo l h pamculal BP and MMBP are

used to validate or ev alu&w erf 1an of @4 methods.
N, Q
The main obM% alljthe ¢ Q!tl&f)control methods is to detect congestion

@

N
at an early stag % 1hL’b i*’o u@Ws To date, the dependence of the BLUE
Y

method on IAH]L[US has xcsu@'in a problem called BLUE parameterization.

\

BLUI r setting remains an important unsolved issue. The setting values of

the 0 and threshold parameters contribute to ascertain performance evaluation.

Thus. this thesis suggests several AQM techniques to stabilize the value of gl at a
specific level and to reduce the dependency of BLUE on its parameters to a large
extent. These techniques are called GB and GBFL.
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