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- ABSTRACT

TCP CONGESTION CONTROL AND ACTIVE QUEUE
| MANAGEMENT MECHANISMS

As the Internet continues to expand in size and diversity, congestion control
mechanisms start to represent a more and more 1mportant role in meeting the expec-

tations of different applications.

Although TCP (Transmi_ssion Control Protocol) has its own end-to-end conges-
tion control mechanisms, which act only in a reactive manner, in that congestion con-
trol 'is done after the*network is oVerloaded, IETF (Internet Engineering Task Force) |
is thinking to deploy additional active queue management mechanisms executed by
: routers, _which can be. proactive and drop packets before congestion occurs and thus

‘notify the sources of the incipient congestion.

In this study, two different AQM .(Acti\.re Queue Management) mechanisms and
guidelines for their parameter selection are proposed. Both mechanisms are based on ’
fuzzy control theory The first one is a direct fuzzy controlier that performs better than
most of the AQM mechanisms proposed in the last few years. The second mechanism
is a FMRLC (Fuzzy Model Reference Learning Controller), which adapts to different
conditions in the network and shows even better results than the direct one. The sim-
ulation scenarios vary from FTP (File'ﬁansfer Protocol) connections oniy to wireless
cases and performance metrics 1nvest1gated for the comparison are the 1nstantaneous
| queue 1ength bottleneck link utihzation dropped packets number of connections and

fairness.



OZET

TCP MEKANIZMALARINDA SIKISIKLIK DENETIMI VE
AKTIF KUYRUK YONETIM MEKANIZMALARI

Giiniimiizde Internet, bﬁyﬁmeée ve uygulama gegitlﬂié;i olarak gelismege devam
ettlkge 51k1§1khk denetim mekamzmalarmm oynad1g1 rol, bu farkh uygulamalarm bek-

lentllenm kar§1lamak icin g1tg1de daha 6nem kazandl _

TCP (ileﬁim Denetimi Pr_otok‘olu),-vug diigiimler érasmda galigan ve ancak ag agir
derecede yﬁklendfkten sonra tepkin, kendi sikigiklik denetim mekanizmasina sahip ol-
masina ragmen, IETF (ihternet Mﬁhendisliéi Ca11§ma, Kolu) bu mekanizmalara ilave
blarak, 31k1§1k11k (v)lmadan.pa,ketleri diigiirerek, kaynaklara yeni baglayan s1k1§11«£h§1 nceden

-tepkin davranarak haber vér_ecek ve y6nlendiricilerde yiirtitiilecek aktif kuyruk yénetim

mekanizmalarini ﬁygulamay'a koymayl diiSiinmek_tedir.

Bu gah§mada, iki farkli AQM (Aktif Kuyruk:Yijnetimi) mekanizmasi ve bunlarmn’
parametrélerinin segimi komisunﬁn ana hatlan 6nerilmistir. Tki mekanizma da bu-
" lanik k_o_ntfol kuramina dayanmaktadir. ilk 6nerilen uyarlanir olmayan bulamk denet-

leyici, sonﬁsenélerde‘ 6nerilen pek gok AQM mekanizma'lamr.idan daha iyi performans
gostermektedlr FMRLC (Bulamk Modele Dayanan Ogrenen Denetleyici) 6nerilen ik-
inci mekanizma olup, agdakl farkli durumlara uyum gostermekte ve ilkine gore daha
iyi sonuglar almaktadir. Benzetlm senaryolan sadece FTP (Dosya Aktarim Protokolu)
baélantlla'ﬁndan kablosuz élanlarét kaddr de§i§mektedir Ka,r§11a§t1rmé icin incele-
| nen performans Olciitleri, anlik kuyruk boyu, darbogaz bagmm kullanimi, diigiiriilen

paketler baglantllarm say1s1 ve adalettlr
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1. INTRODUCTION

~Internet congestion occurs when the overall demand for a'resource (e.g., link
_ bandwidth)vex_ceedsthe available capacity of the resource. The effects resulting from
such congestion canbbe very drastic such as long delays in data delivery, wasted re-
'sources due to lost or dropped packets, and even possible congestion collapse, in which
all communication in the entire network stops. It is thereforeclear that in order to
maintain good network performance certain ‘mechanisms must be provided to prevent
the network from bemg congested for any 31gn1ﬁcant period time. Those mechamsms
are called as congestlon control mechanisms. Congestlon control involves the de31gn of
mechanisms and algorithms to statistically limit the demand—capamty mlsmatch dy-
namically control traffic sources when such a mlsmatch occurs. It has been shown that
static solutions such as allocatlng more buffers, providing faster links or faster proces-
SOrS are not eflfectivei for congestion control purposes. Current usage of the Internet is
dommated by TCP (Transmission Control Protocol) traffic such as remote terminal,
FTP (File Transfer Protocol), Web traffic, and electronic mail (e. g SMTP - Slmple
Mail Transfer Protocol) (1].

The Transmission Control Protocol (TCP) is intended for use as a highly reliable
host-to-host protocol between hosts in packet switched computer communication net-
works, and in 1nterconnected systems of such networks TCP is a conneotlon-orlented
end—to end reliable protocol designed to fit into a layered h1erarchy of protocols -which
support multi-network apphcatlons The TCP prov1des for reliable 1nter-process com-
~ munication between pairs of processes in host computers attached to dlstmct but in-

terconnected computer commumcatlon networks [2].

TCP congestion and its'contr_ol is one of the most significant problems in today’s
Internet applications. TCP uses a window ﬂow control schema using Acknowledgments
(ACKs) for the packets and uses them to find out whether there is congestion or not.
The ACK procedure between source and the destination is shown in the Flgure 1.1.

Basically if a packet reaches its destmatxon its ACK is sent to the source.



Source

Destination

Figure 1.1. Window ﬂow control

The data—se_ndi'ng rate of TCP (or the Window size) is determined by the rate of
incoming ACKs_’to' previous packets. vThe rate‘of ACK arrival is in turn determined by
the presence or absence of congested link(s) along the path between a source and its
destination In steady state, the sources sending Tate will match the arrival rate of the
ACKs. Accordmgly, TCP automatically detects congestron and regulates its sending
rate. This has been referred to as TCPs self-clockmg behavior. Three maJor TCP

rmplementatlons are:

- o TCP Tahoe (Slow Start, Congestion ‘Avoidance, Fast Retransmit).
o TCP Reno (Fast Recovery). |
e TCP Vegas.

However, current Internet congestlon control methods are expected to result in unsatis-
factory performance e.g., multlple packet losses and low hnk utlhzatlon as the number
of users and the size of the network increases. Accordmgly, many congestlon control ap-
proaches have been proposed. Network algorithms such as Active Queue Management
(AQM), executed by network components such as routers, detect network congestion,

packet losses, or incipient congestron and inform traffic sources (either 1mp1101t1y or‘
explicitly). In response, source algorithms adjust the sources data-sending rate into

the network. The basic design issues are what to feedback (network algorithms) and

how to react (source algorithms) [1].

ITCP Tahoe, TCP Reno', and TCP Vegas detect congestion only after a buffer at

an intermediate router has already overloaded and packets have been lost. An AQM



schema aims to drop packéts before the»qu'eue becomes full. This in turn enables the
source to respond to congéstion before buf‘fers‘ overﬂow. Hence the congestion can be

deteoted before it becomes a problem and thus the network can be kept stable.

TCP/ AQM dynamics can be designed and analyied by means of feedback control
modelling. The control theoretic approach can increase the speed of response and

improves stability and robustness of the congestion control [1].

'This work focuses on the AQM mechamsms from a control theoretlc point of view
and contributes with two different AQM schemes, direct fuzzy controller and adaptive

fuzzy controller.
1.1. Outline of the Thesis

. Section 1 statedbthe problem of congeStiori control, a summary of the approaches
of TCP to the problem and the overview of the AQM mechanisms. The organization
* of the rest of the thesis is as follows: In .Section 2, theoi‘etical background of different
TCP mechanisms and AQM approaches are given. Section 3 addresses the theoretical
background of a fuzzy cofltroller The iﬁethodology used and the contributions made
along with their 1mplementat10n issues are provided in Section 4. Section 4 also explains
the 31mulat10n environment. and the basic scenario. Section 5 focuses mamly on the’
simulation: scen_anos in detail, their results and comparisons. Section 6 concludes the

thesis by summarizing the contributions and discussing issues for future work. _



2. THEORETICAL BACKGROUND AND AQM
MECHANISMS

In October 1_986, Internet has its ﬁrst ¢ongestion collapse. During this period,
the data throughput from LBL to UC Berkeley (sites separated by 400 yards and two
drops) dropped from 32 .Kbps to 40 bps, which was acfually a factor of nearly 1000
drop.' Hence there arose a questioﬁ on how to tune TCP to provide better working
conditions under this type of network conditions [3]. The mechanisms he proposed

‘are the basics of today’s TCP Tahoe implementation.

In window flow control, there are W packets per RTT (Round Trip Time) and the
| loss detection mechanism is based on ACKs. If the number of packets in the network

are limited to window W, then the source rate SR becomes:

: W x MSS ~
SR e @D

where MSS is the Maximum Segment Size to send.

~If W is too small, then the rate is much less than the cdpacity and if W is too

big, then the rate becomes larger than the capacity which in turn yields to congestion.

‘The effects of Cohgestion are various. There are packet losses and retransmissions
due to those packet losses. Hence we are faced with a reduced throughput. There can
also be congestion collapse due to unnecessarily retransmitted, undelivered or unusable

packets. What is even worse is that the congestion may continue after the overload.

" TCP mechanisms are seeking to ‘achieve high utilization, avoid congestion and
share of available b"andwbidth’.'v TCP tries to adapt the window size to the network and

dynamic conditions.



| In TCP window control approaches, there are two types flow control, receiver
flow contrel, which is set hy the receiver, a{roids overloading on the receiver side and
based on (advertised) receiver window 'rwnd and network flow control, which is set
by the sender, avoids overload in the network and based on congestion window cwnd.

Then W is calculated to carefully use available network capacity as follows:
"W = min(cwnd, rwnd) , (2.2)

The sources calculate cwnd from the conge’stion indications. Those indications can
be losses, delays and marks. The algorithms to calculate congestlon window are TCP

Tahoe Reno Vegas and their variations.
2.1. TCP C_obngestion Control

RFC 2581 [4] and RFC 2001 [5] specify four TCP congestion control algorithms: .
slow start, congestion avoidance, fast retransmit and fast recovery. Following sections

are devoted to explain the above mentioned phases.
2.1.1. Slow Start and Congestion Avoidance

The minimum of cwnd and rwnd governs data transmission. Another state vari-
able, the slow start threshold, ssthresh is used to determine whether the slow start
or congestion avoidance algomthm is used to control data transmlssmn as discussed

belowf

The slow start algonthm is used for avo1d1ng congestlon at the beginning of a

transfer or after repairing loss detected by the retransrmssmn timer.

The initial value of ssthresh may be arbitrarily high, but it may be reduced in
response. to congestlon The slow start algorithm is used when cwnd < ssthresh;
while the congest1on avoidance algorithm is used When cwnd > ssthresh. When cwnd

‘and ssthresh are equal the sender may use_either slow start or congestion avoidance.
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During slbw start, ‘a TCP inbreménts cwnd by at most M'SS bytes for each ACK
- received that acknowledgés new data. Slow start ends when cwnd exceeds ssthresh
(or, optionally, When it reaches it, as ﬁoted above) or when congestion is observed. The
mechanism of slow start is shown in Figure 2.1 and Figure 2.2. Figure 2.1 shows the

time flow of slow start, whereas Figure 2.2 shows its window size diagram. Slow start

sender receiver .

1 1RTT -

i N

i

Figure 2.1: Slow start - tirri_e flow

can significantly increase latency when the object size is relatively small and the RTT
is relatively large. Unfortunately, this is often the scenario when sending of objects

i'orver the World Wide Web. o | , - o L

't
)

B DS e G e
R —— b § e Suthiresh

18

0.5 .t
thme {secarxds)

Fig‘ureA'Z'.2. Slow»st'art - window siz_e diagram

During cbngestion avoidance, cwnd is incremented by one full-sized segment per

- round trip time RTT. Congestion avoidance continues until congestion is detected.



When a TCP sender detects segment loss using the retransmission timer, the value of

- ssthresh must be set to no more than‘the‘v'alue‘ giyen in Equation 2.3:
ssthresh = max (7, 2 x MSS) : . (2.3)

The méchanism,of congestion avoidance is shown in‘ Figure 2.3 and Figure 2.4. Fig-

ure 2.3 shows the time flow of congestion avoidance, whereas Figure 2.4 shows its

sender  receiver
b [ data packet

- Figure 2.3. Congestion avoidance - time flow - .

windowsi’ze_‘diag;ram. If we ignore the slow start phase, we see that TCP essentially

1 35
time (secands}. .

Figure 2.4. Congestion avoidance - window size diagram

increases its window size by one each RTT (and thus increases its transmission rate by

‘an additive factor) when its network path is not congested, and decreases its window



size by a factor of two each RT'T when the path ‘is'congested. For this reason, TCP is

often referred to as an additive-increase, multipliCative—décrease (AIMD) algorithm.
2.1.2. Fast Retransmit /Fast Recovery

~ ATCP receiver should send an immediate duplicate ACK when an out-of-order
segment arrives. Thé purpose of this ACK is to inform the sender that a segment
was received out-of-order and whiﬁh seduénce number is expected. From the sender’s
perspective, duplicate ACKs can be caused by a number of network problems. First,
they can be cé_mused by dropped segments. In this case, all seginentsaﬂ;er the dropped
segment will trigger duplicate ACKs. Second, dupliéate ACKs can be caused by the
re-ordering of data segments by the network. Finally, duplicate ACKs can be caused
by replication of ACK or data ségments by the network. In addition, a TCP receiver
should send an immediate ACK when the incoming segment fills in all or part of a
gap in the sequence space. This will generate more timely information for a sender

Tecovering from a loss through a retransmission timeout or a fast retransmit. -

The TCP sender should use the “fast retransmit” algorithm to detect and repair
: loss, bésed on incoming duplicate ACKS. The fast retransmit algorithm uses the arrival
of three dﬁplicate ACKs as an indication that a segment has been lost. After receiving
‘three duplicate ACKs, TCP performs a retransmission of what appears to be the

missing segment, without waiting for the retransmission timer to expire.

After the fast retra‘ns‘mit algorithm sends What'appea.rs to be the missing segment, -
N the “fast reéévery” algorithm governsthe trdnsmission of new data until a non-duplicate -

, ACK arrives. The reason for not perforfning slow start is that the rebeipt of the
duplicate ACKs not only indicates that a segment has been ldst, but also that segments
are most likely leaving the network. In other words, since the réceiver can ohly generate
a -d.uplicate ACK When a segment has arrived, that segment has left the network and

is in the receiver’s buffer, so we know it is no longer consuming network resources.

The fast retransmit and fast récovery algorithms are usually implemented to-



gether as follows; ,

. When the third duplicate ACK is received, set ssthresh to no more than the
value given in Equation 2.3.°

e Retransmit the lost segment and change the value of cwnd using Equation 2.4.
cwnd = ssthresh+3 x MSS ' ‘ (2.4)

This ‘art_iﬁcially “ihﬂates” the congestion Window by the number of segments
(three) that have left the network and which the receivefﬁhas buffered. |

e For each additional duplicate ACK received, incremeﬁt cﬁmd by MSS. This ar- |
tificially inflates the congestion window in o;der to reflect the additional segment -
that has left the network. | |

e Transmit a segment, if a_llowed by the new value of cwnd and the receiver’s
advertised window. | |

e When the next ACK arrives that acknowledges new data, set cwnd to ssthresh

"(the value set in the ﬁrst step). This is termed “deﬂatmg” the window.

This new ACK ack'nowled_ging new data, should be the acknowledgment elicited by the
retransmission from the first step, one RTT after the retransmission (though it may '
arrive sooner in the presence of signiﬁcantvout-of-order delivery of data segments at the
receiver) Additionally; this ACK should acknowledge all the intermediate segments
sent between the lost segment and the recelpt of the third duplicate ACK if none of

these were lost [4].
2.2. TCP Versions and CongeStien Control Mechanisms

Basically there are three TCP implementations. TCP Tahoe includes slow start,
congestlon avmdance and fast retransmlt TCP Reno has, in addition to all mechanisms
in Tahoe also a fast _Tecovery mechamsm The fast recovery mechanism essentially
cancels the slow start phase after a fast ret_ransm1ss1on. Most TCP implementations

currently use the Reno algorithm; There is, however, another algorithm in the litera-



10

ture, the Vegas algorithm that can improve Reno’s pervformance. Whereas Tahoe and
| Renp react v_to congestion (i.e., to overﬂoWing router buffers), Vegas atterﬁp“cs to avoid
| congégtion while maihtaining good throughput. The basic idea of Vegas is to (1) detect
congestion in the routers betweeh source and déstindtion before packet loss occurs, and
(2) lower the rate linearly when this imminent packet loss is detected. Imminent packet
- loss is predicted by ,obser\'(ing the round trip times - the longer the round trip times of
'ghe packets, ‘the greater the congesi;ion, in the routers. Vegas is currently ndt a part of

the most popular TCP implementations. -

The time flow of TCP Tahoe is ;shown in_Figure 2.5. The' algorithm of TCP

Wihddw' _
' A

'SS: Slow Start
‘CA: Congestion:Avoidance:

Figure 2.5. TCP Tahoe overview

- Tahoe is shown in'Figure 2.6. The time flow of TCP Reno is shown in Figure 2.7. The
“overview of TCP Reno s algorlthm is shown in Figure 2.8. The time flow of TCP Vegas

' 1s shown in Figure 2.9.
2.3. Flow Control and Active Queue Management (AQM)

Flow control is a dlstrlbuted algorlthm o share network resources among com- .

| peting users. It usually cons1sts of two sub algonthms

_ The link algorithm is executed in network devices such as routers and switches,



e For every ACK:

1f (W < ssthresh ) then W =W+1 (Slow Start)

— else W += 1 /W (Congestlon Avo1dance)

e For every loss:

— ssthresh = W/ 2

- W=1

Figﬁre 2.6. TC‘PvTahoe algorithm

window size

_ Fast retransmlssmn/fast recovery

~ Figure 2.7. TCP Reno overview

.congestion
avoidance

retransmit

|sTow start

Figure 2.8. TCP Reno -algorithm

11
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- time

Figure 2.9. TCP Vegas overview

and the source algorithrh is executed in edge devices such as host computers or edge

routers.

The link algorithm detects congestlon and feeds back information to sources, and
the source algorlthm in response “adjusts the rate at which user trafﬁc is mJected
into the network. Basically the link algorithm gives what to feed back and the source

algorithm gives how to react.

Examples of solizce algorithms on the Internet are TCP Tahoe' Reno and Vegas,
which adjust the window size in response to congestlon srgnals An example of a link
algonthm is RED (Random Early Detection - or Drop) Wthh drops or marks packets
probabilistically in times of congestion. There are also other implementations such as
BLUE, REM (Random Exponential Mdrking), PI (Proportional Integral), etc. The |
dashed line in Figure 2.10 shows the feed back coming from the link algorithm to the

" source algorithm.

| Figure 2.10. AQM mechanism with TCP
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’ In the literature, AQM refers to link algorithms and their implementafions with
the source algorithms. AQM consists of a queue management algorithm, ‘which man-

ages the length of the packet queues by droppmg packets when necessary or appropnate

In _the best-effort Internet traffic, the simplest approach, which has served Internet
well for yeers is drop-tail (also referred as tail-drop) with e,‘FIFO (First In First Out)
queue. Drop—tarl refers to the actlon of dropping a packet that was intended to be
added at the tail of a full FIFO queue. Drop—tarl is an on-off control strategy. It is
known in control theory that such an on—off mechanism leads to oscillations (limit-
cycles) that can exhibit complex and chaotie behavior. If we look at a detailed level,

this approach has mainly two drawbacks: -

e Lock-out phenomenon: In some situatiens, drop-tail allows a single connection
or a few flows to monopolize queue space, preventing other cormections getting
room in the queue. | |

¢ Full-queues: The drop-tail disci‘pline. allows queues to maintain a full (or, almost
full) status for long periods of time, since drop-tail signals c‘ongestion (via a packet
drop) enly when the queue has become full. If the queue is full or almost full,
an arriving burst will cause multiple packet’s to be dropped. This can result in a

~global synchronization of ows threttiing back, followed by a sustained period of

lowered link utilization, reducing overall threughput.’

Besides drop-tail, there are also two alternetive queue disciplines that can be applied »
‘when the queue becomes full are “random drop on full” or “drep front on full”. Both

of these solve the lock-out problem; but neither solves the full-queues problem.

Hence one of the blggest problems Wlth TCPs congestlon control algorlthm over
drop tall queues is that the sources reduce their transmrsswn rates only after detectmg
packet loss due to queue overﬂow Also since con51derable amount of time may elapse
between the packet drop at the router and its detection at the source; a large number of
packets may be dropped as the senders contlnue transmission at a rate that the network

cannot support AQM algorithms, such as RED try to overcome this phenomenon by -
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detecting incipient congestion early and delivering congestion notification to the end-
hosts, allowing them to reduce their transmission rates before queue overflow occurs.
Thus, routers operating w1th an AQM algonthm drop packets before their buffers

become full and solve the so-called full—queues problem.
2.3.1. RED Algcrithm

- With the motivation of overcommg of 1ock-out phenomenon and full-queues prob-
lems and stabilizing oscillations in the queue size, a proactive approach, the RED al-
gorithm, was introduced [6]. The marking (dropping) probability of RED algorithm is
Si’lOWIl in Figure 2.11 and it has basically the ‘following steps:

Maintain running average of queue length a'vgquwe ‘

If avgguene < MiNihresn do nothmg, which means that there is low queumg, we
can send packets through.- |

If aVGquene > MATthresn, drop packet, which means that we have to drop packets

for protecting from misbehaving sources.

Else mark packet in a manner proportional to queue length in order to notify

sources of developing congestion.

WAy resn p Wilypresy

B

Average Queue Length

. b - N
* 1 drop probabitity
10}

magy.
| ; Avg Queue Length

Ml esh “Dihresh

' Figu:e' 2.11. RED operation
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In the literature,vlt has been shown that RED has some limitations [7]. A lim-
itation of RED is the direct coupling between queue length and loss feedback. This
: ‘results-in load dependent queue levels. Higher load levels results in lower bandwidth
“per flow. RED also shows a bad response if the palrametersv are not well chosen and

the link utilization is above 90 per cent (8]. Since RED introduces s range of reference
input values i.e., any queue length between two thresholds MiTthresh and MaZTipresh
rather than a constant reference 1nput for control the TCP/RED model shows oscil-
latory system dynamics. As a result, RED gives poor performance under a wide range -
of traffic environments. ‘Furthermore, RED also shows sluggish response to the traffic
dynam1cs [1] The stable designs are slow and more responsive, faster designs may

come with a pnce of fluctuating loss levels and inefficient utilization of resources.

, Low et al. presented the fqrm of TCP/RED’s stability région. They also state |
that. TCP/REDY becomes unstable when the network scales up in delay or even link -
eapacity. The main point of this analysis is that it indicates the difficulty of setting
" RED parameters to stabilize TCP. The analysis demonstrates that the parameters can
be tuned to irhprdVe stability, but only at,_the cost of large queues even when they are

- dynamically adjusted [9].
2.3.2. Gentle Variant of RED

In the literature, there are different variants of RED, one of them being the
“gentle” one. This variant is the basis for the ARED implementations of Floyd et
~al. [10]. ' '

. The “gentle mode” is basically a modification to the original-design in- which
' -the mark or drop probablhty 1ncreases hnearly between maz, and one, as the average
queue length vanes between MATihresh and two t1mes MATthresh [11 12]. This fixes: a
- problem in the orlglnal RED design caused by the non-linearity in drop probability
~ (increasing from maz, to one immediately when maTinresn 18 reached). Flgure 2.12

shows the marking probability of this variant [13].
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4 drop probability o

maxp R L L L T TN, 4 i ’ . . . V
T o A e avg. queue
; : =

‘ m"” thresh MAX proch : ) 2x MAX thresh’

- Figure 2.12. Gentle variant of RED
2.3.3. Explicit Feedbéck Mechanisms
In the literature, there are also proposals, which suggest to deploy- explicit feed-

back'_mecha,nisms to assist AQM mechanisms_, such as RED, which is known to have

some drawbacks as explained above.

2.3.3.1. ECN - Explicit Congestion Notification. The most important one of the ex-

piicit feedback mechanisms is the usé of ECN. S. Floyd discusses the use of Explicit
Congestion Notiﬁdatibn (ECN) mechanisrﬁs and explores, using sirhulations, the bene-
 fits and drawbacks of ECN in TCP/IP (Internet Protocol) networks. Those simulations
use RED gateways modified to set an ECN bit in the IP packet header, with TCP Reno
‘modiﬁed to re’spohd to ECN as well as to packet drops alé indications of congestion.
For the simulatibns, the RED gatewé,ys were given an option to set the ECN b1t in the
f)acket header, rather than dropping the packet, as an indication of congesfion when
the buffer had not yet overflowed. When the TCP receiver recei{res a data packet with
the ECN bit set in the packet header, it sets the ECN bit in the next outgoing ACK
packet. TCP should réact to an ECN at Vmost once per round trip time in order to
~ avoid overreacting. Because ‘o_f' the same pfinciple, if the TCP source receives triple
- duplicate ACKs (m the same round trip time), in‘dipating that a packet is dropped, it

‘should not repeat the reduction in the congestion window also [14].
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In terms of congestion control, TCP connectrons respond to a single ECN mark
as they would to a single packet loss. One of the key advantages of ECN will not be
. ferv»TCP traffic, but instead for traffic such as real-tl_me or interactive traffic, Where the
cost of an unnecessary packet ‘drop is either the unnecessary delay of retransmitting
. the packet? or possibly continuing without that packet altogether. TCP congestion

control dynamics with ECN are similar to those without ECN. The main difference is
that the TCP sender does not have ‘to retransmit the marked packet (as it would if
“the packet had been dropped). For example ECN would mean shorter transfer times
- for the small number of short flows that might otherwise have the final packet of a
transfer dropped. It has been shown that there are some performance advantages of
ECN for TCP short transfers One -of the advantages of ECN is that, by replacing a
packet drop by a packet mark, a TCP connection with a small congestion W1nd0W can

avoid a retransmit timeout [14, 15].

Paganini et al. designed a congestion control systemthat scales gracefully with
network capacity, providing high utilization, low queueing delay, dynarnic stability, and
fairness among users [16]. They developed a packet-level implementation using ECN
marking. However, they also state that the main obstacle to the implementation of
these kinds of protocols is that they require substantial changes to current practice at

both routers and end-systems.

E We also do not want to propose an approach, which requires changes in host
computers and edge routers. Layer interaction creates a big problem and we rather
want to use TCP’S end—‘to—end congestien control mechanism. A centrol method, which
requires only changes in the link algorithm that is executed in network devices, will be

easier to implement in today’s world.

2.3.3.2. Other Works for Explicit Feedbaek There are also other literature works,

'Wthh avoid to use ECN and try to develop other exphcrt feedback mechamsms how-
ever they make further assumptions on the underlying network. Kalampoukas et al. [17]

focuses mainly on an environment, when the end systems are part of IP datagram net-
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works that are interconnected by a r&te—ControHed ATM (Asynchronous Transfer Mode)
virtual circuit over a wide area. Her_ice, they put their interest on the behavior of TCP
congestion control algorithms in an iﬁternetwork consisting of both rate-controlled and
non—rate controlled segments They proposed an explicit feedback scheme called Ex-
: phmt Window Adaptation (EWA) Savoric [18] makes further enhancements in the
EWA algonthm while calculating the utlhzatlon factor in the original algorithm by

- a fuzzy controller depending on the current and the last measured queue length in a

router. For some of the ideas proposed in his work, there is the need of changmg the

TCP in the end systems, Wthh cannot be easﬂy implemented in today’s world.
2.3.4. ARED - Adaptive RED

RED can be very aggressive and can cause under-utilization when number of flows
sharing the bottleneck link is small. Feng et al. concluded that RED needs to be tuned
for the dynamic characteristics of the aggregate traffic on a g1ven link [19] They pro-
posed a self—conﬁgurlng algorithm for RED by adjusting maz, every time the average
queue 1ength falls out of the target range between mingesn and mamthr;sh. When the
average queue length is smaller than minsresh, 'hmmp is decreased multiplicatively to
~ reduce REDs aggressiveness in marking or dropping packets; when the queue length is -
larger than mazipresh, maz, is increased multiplicdtively. Floyd et al. -_improved upon
| this original adaptive RED proposal by replecing the MIMD ('multiplicative‘increase
multiplicative decreaSe) approaeh with an AIMD (additive increase multiplicative de-
crease) approach [10]. They al_so“ provided guidelines for choosing minikresh, maﬁ:thr‘esh

and the weight w,, for computing a target average queue length.

‘They state that miniuresh is a policy choice and use Equation 2.5 to calculate it
as a function of link eapacity C in packets per second.

5ms X C’]

bminthresh = max [5’ 9 (25)

The default valﬁe for MaZipresh iS 3 times Minuresn. The weight for caleulating the
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average queue length is determined as in Equation 2.6.

where C is the link Capacity in packets per second, computed for packets of the speciﬁed

default size.

Figure 2.13 shows the operation of ARED and éxplains the algorithm.

‘Every interval seconds: o
o if ( QVGquene > iarget and maz, .S 0.5) then
| —-increase may: .
- .ma,:vp — maz, + & _
o else if ( AVGguee < target and mdm‘p- > 0.01) then
— decrease mamp: |
— maz, «— maz, X
Where we have as
‘o va‘riable‘é:r_ o
| — QUfqueue IS the average queue length
‘o fixed pa,rameters: o ,
- — interval is time — 0.5 seconds
~ — target is the target for avggueve — ‘
| Minhresh + [0.4,0.6] X (MaTthresh — MiMehresh)
— « is the increase fzictor — min (O._Ol, T%“)

— B is the decrease factor — 09 .

Figure 2.13. Floyd’s version of ARED algorithin _‘
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2.3.5. BLUE - Anot}ier Congestion Control Approach

Most of the queue management algorithms use queue lengths as the 1ndicator of
the severity of congestion. BLUE is a different congestion control algorithm in the
sense that it uses packet loss and link utilization history to manage congestion. Feng

et al [20] state that if congestion is 1nd1cated by the presence of a persistent queue
1ts length gives very httle 1nformat10n as to the severity of congestion, that is, the
number of competlng connections sharing the link. In a busy penod a smgle source
. transmitting at a rate greater than the bottleneck link-capacity can cause a queue to .
buiId up just as.easily.as alarge nuinber of sources can. Since the RED algorithin relies
“on average queue lengths, it has an inherent pr'oblem.in determining the severity of
congestion. As a result, RED requires a wide rang'e'of'parameters to operate correctly

under different congestion scenarios.

BLUE maintains a single probability, Pm, Which it uses to mark (or drop) packets
- when they are queued. If the queue is continually dropping" packets due to buffer
overflow, BLUE increments the marking probability, thus increasing the rate at which
it sends back congestion notification. Conversely, if the queue becomes empty or if the
link is idle, BLUE decreases its marking probability. 'Basically the BLUE algorithm
has the following steps shown in -Figur"é 2.14. As it can be seen Ifrom the steps of the

. Upon packet loss (or Qlen > L) event:
- —if ( (now — laStupdate) > freeze time ) then
| 1. Pm=DPm + dl
‘ S 2. laétupdate = now
. Upon link idle event: |
= 1f ( (now — lastupdate) > freeze_tzme ) then
1. pm = pm — d2

2 lastupdate = now

Figure 2.14. BLUE algorithm
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algorithni, if the queue is continually dropping packets due to buffer overflow, BLUE
increments Pm, thus increasing the rate at which it sends back congestion notification.
Conirersely, if ‘the queue becomes -empty or if the link is idle, BLUE decreases its
- marking probability. This effectiyely allows BLUE to “learn” the correct rate it needs

to send back congestion notification. The steps of the algorithm also indicate that
the marking probability is updated when the queue length exceeds a certain value.-
This modification allows room to be left in the queue for transient bursts and allows
the queue to control queuing deley when the size of the queue being‘ used is large.
- Besides the marking pi‘obability, BLUE_uses two other parameters ‘which control how
quickly the marking probability changes over time. The ﬁ;st is ffeeze_time. This
‘parame‘ter determines the minimum time interval between two successive updates of
Pm. This allows the changes in the iharking pi‘obability to take effect before the value
is updated again. " The other paraﬁieters used, dl and d2, determine the amount by
_ Which P is incremented when the queue overflows or is decremented when the link is

~ idle respectively.
- 2.3.6. REM - Random Exponential Marking

In 2001, Athuraliya. et al. proposed the Random Ex;ionential Marking (REM)
AQM scheme [21]. REM periedically updates a congestion_'ineasure called “price”
that reﬂecﬁs any iriismatch between packet arrival and depari:ure retes at the link (i.e.,
i the difference between the demand 'and the service rate) and any queue size mismatch
(i-e., the difference between the actual queue length and its target value). The measure

prEM is computed by:
prEM(t) = max 0,prEM(t = 1) + v X .(QREM‘ X () = Gres) + =(t) = C)] (2.7)

‘where C is the link capacity (in packet departures per unit time), prem(t) is the
.~ congestion measure, ¢(t) is the queue length, and z(t) is the packet arrival rate, all -
~* determined at time ¢ and v > 0 and areym > 0 are small constants. As with ARED,

the control target is expressed by the queiie size. The mark/ drop. probability in REM
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is deﬁnéd as in Equation 2.8:
prob(t) =1 — ¢ PrEME) ' g (2.8)
where ¢ > 11is a constant. -

The comparison of the mérking_probabilities between RED (gentle variant) and

REM is shown in Figure 2.15.

Marking Probability Comparison of RED and REM

[ -
drop probability
B wnE

nap
"y
sab

1344

" average queue length

] o] . 15 200 ot}

Figure 2.15. Marking_probability of gentle variant of RED and REM

In overload situatio'ns,’ the congestion price increases due to the rate mismatch
and the quetie mismatch. Thus, more packets are dropped or marked to signal TCP
- senders to reduce'their transmission rate. When congestion diminishes, the congestion
~price ié reduced because the mismatches are now negative. This causes REM to drop

or mark fewer packets and allows the senders to potentially iﬁcrease their fransmission
rate. It is easy tov see that a positivvevrat_'e. mismatch over a time interval will cause
the queue size to increase.‘_ Conversely, a negati\}e rate mismatch over a time interval
vﬁll drain the queue. In sﬁmmary, the rate mismatch in REM can be detected by

Compﬁring the instant_;aneous queue length with its pre\;ious sampled' value.
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2.3.7. PI Controller - Congestion Control Based on an Analytical Model

~ This de51gn is based on the class1cal control theory In classical control the
controller tries to keep the plant output ona desired level via performmg the necessary
action based on the error between the reference value and the output This is basically
‘ What inspired us to demgn a feedback controller, as.it is done in PI design, however

using fuzzy control approach.

- To design a feedback controller, there is a need of a model of TCP, if fuzzy
control is not used. An analytlcal model has been developed by Misra et al. [22] which'
is capable of tracklng the dynamics of TCP Reno and its AIMD behav1our There
are also some controller designs [7, 23, 24] and d1fferent simulation scenarios ‘including
~ satellite networks, Wthh are used to tune RED parameters [25], based on the analytical

model in [22].

One of the drawbacks of the analytical model is that it ignores the time out
‘mechanism. The packet losses are indicated either by a time out or by triple duplicate
ACKs. TCP Reno gives different responses to each of them and changes the rvindow
size accordingly. Widmer et al. [23] suggested taking time out into consideration,
while modelling TCP throughput. Ba.lakrishnan et al. [26] indicated that almost 50
per cent of all losses in a busy Internet server required a time out to recover. This
‘also suggests inclu'dinga time out model in the controlling approach, if an approach
based on an analytical model will be used. In that case, one can refer to Padhye et
al. [27] who proposed an analytical model for time out mechanism and also provided

its simplification.

l{ollot et al. analyze RED frorn a controltheoretic point of viewnu»sing the model
: described in [22]. In this approach however, TCP timeout mechanism is ignored.’ They
also simplified the TCP/AQM model to a linear SyStenr [7] and designed a Proportional
Integrator (PI) controller that. regulates the queue length to a target valne called the
uqu_éue reference”; gres [24] The PI controller uses instantaneous samples of the queue

length taken at a constant sampling frequency as its input. The drop probability is
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computed as:

| ?(kT) Cax ( (KT) — q,ef> —bx (q([k _ i]T) - q,ef) +p<(k - 1)T) | (2.9)

where p(kT) is the drop probability at the klh sampling interval, q(kT) is'the instanta-
neous sample of the queue length, a and b are optimized parameters, which are positive ’
- small and close to zero and a being slightly gr'eate\r‘ than b, for the PI design based on
the analytical model in [22] and T is '1/ sampling frequency. A close examination of
this equation shows that the drop probability increases in sampling intervals when the
‘queue length is higher than its target value. Furthermore, the drop probability also
increases if the queue has grown since the last sample (reflecting an increase in network
~ traffic). Conversely, the drop probablhty in a PI controller is reduced when the queue
length is lower than its target value or the queue length has decreased since its last
sample. The sampling interval and the coefficients in the- equation depend on the link

capacity, the maximum RTT and the expected number of active flows using the link.

The 31mulations are done usmg NS and it is claimed that implementation of P
‘controller has less complexity than that of RED and 1mplementat10n of PI has similar
one. The simulation results show that both controllers provide less delay and PI having .
“better results than P only. From the results 1t can be seen that the P and PI controllers
work with a. stable queue size, meaning that they show good performance against ‘
congestion at steady state. It is also mentioned that implementing the PI controller in
RED capable routers requires a modification to the averaging algoritlim. It is required

to keep the states of two additional variables. For details, please refer to [28].
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3. FUZZY CONTROL AND PARAMETER TUNING

This thesis consists of two different Iimplementations of AQM methods, which are
based on the fuzzy control theory. The first one is a‘DFC (Direct Fuzzy Controller) and
the second one is an AFC (Adaptive Fuzzy Controller), which are explained in detail

in the following sections. This section addresses malnly the theoretical background.
3.1. Theoretical Background of Fuzzy Control

'The motivation behind fuizy control is to construct nonlinear controllers without
‘having an analytical model and with only using simple heuristicsr In today’s world,
many plants, the dynamics of which cannot be modelled because of the high nonlinear-
- ity, are manually controlled by experienCed users. Therefore, many problems arise in
transferring process knowledge to the control algorithm. Fuzzy c_ontrol aims to model
operator’s control actions and thus avoids to deal with a complex model. It can also be
used when the model of the plant is very difficult, highly nonlmear and when it does not
reflect the real tlme dynamlcs properly In other words, fuzzy control provides a for-
mal methodology for representlng, manipulating, and implementing a humans heuristic

knowledge about how to control a system.

‘The heuristics are linguistic words called rules and are ‘simplylogical actions
that a person will perform A 51mple example of a rule, which everyone does when
| 'dr1v1ng a car can be the followmg IF Speed is Hzgh AND Traffic is Heavy, THEN
reduce Gas A Bit.

The fuzzy controller block diagram is given in Figure 3.1, where a fuzzy controller
is shown embedded in a closed-loop control system. The plant outputs are denoted by
y(t), i_ts inputs are denoted by u(t), and the reference input to the fuzzy controller is

denoted by 7(t).

The fuzzy controller has four main components

€ Begazigi Universitesi Kutuphanem @
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Fuzzy controller
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Figure 3.1. Fuzzy controller architecture

e The “rule-base” holds the knowledge, in the form of a set of rules, of how best to
control the system. S

e The inference.mechanism evaluates which control rules are relevant at the current
‘t1me and then decides what the input to the plant should be.

e The fuzzification interface 51mply modifies the inputs so that they can be 1nter-
preted and compared to the rules in the rule-base.

e The defuzzification interface converts the conclusions reached‘by the inference

mechanism into the inputs to the plant.

Basically, one should view the fuzzy controller as an art1ﬁc1al demsmn maker that op-
~ eratesina closed loop system in real time. It gathers plant output- data y(t), compares
it to the reference input (t), and then demdes what the plant input u(t) should be to

ensure that the performance objectives will be met.

To design the fuzzy controller,"the designer should have an insight on how the
artificial decision maker should act in the closed—loopvsystem. This way, a set of rules
‘can be written down about how to control the 'system without outside help. These
“rule” bas1cally say, “If the plant output and reference input are behaving in a certain
manner, then the plant mput should be. some value A whole set of such “If-Then”
* rules is loaded into the rule-base, and an inference strategy is chosen, then the system

is ready to be tested to see if the closed-loop specifications are met [29].
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3.2.} Fuzzy Sets, Fuzzy Logic and Rule Base -

- This section will focus on the mathematical definitions of the fuzzy theory. The
definitions and the methods proyided here are the design guidelines of the direct and

adaptive fuzzy controllers proposed.
°3.2.1. Membership Functions

. In fuzzy s‘et theory, an element x beloﬁgs to a fuzzy set A up to a certain de-
gree. The funetion pa(z) associated with A that niaps the universe of discourse {2
to [0 1] is called a “membership functlon The membershib function describes the -

certamty” and hence expresses the degree that the element z belongs to the set A and 'b

- is mathematically defined as in 3.1.
pa(z) : @ — [0,1] s - (31)

~ In Figure 3.2, a simple example is shown. ‘This is to demonstrate, how a fuzzy mem-

bership can be caiculated. ,

Q1: Is the temperature £ = 15 cold'7
Af: Itis quite cold since p,g(15) = 2/3.

Q2: Is z = 15 warm?
A2: It is not really warm since pW(15) = 1/3

1764 B Bw

Cold ‘Warm

Figure 3.2. A simple.membership example
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3.2.2. Fuzzy Ldgic

In fuzzy loglc there is the need to express the heuristics, Wthh are in | the form
of “If- Then rules'in a solid, mathematlcal way. Hence, l1nk1ng words, like “AND”
“OR” and “NOT” Inust be deﬁned mathematlcally Although 1t is not the only option
: to express them, the min and maz funct1ons are used to express “AND” and “OR”
respectively. Table 3, 1 prov1des a companson of the operatmns ment1oned above for

the conventlonal logic and fuzzy logic.

Table 3.1. Comparison of conventional loglc and fuzzy logic

Comparison | Conventional Logic  Fuzzy Logic

AND ANB | maps(e) = min(ua(a), pa(2)
OR AUB way5(@) = max(pa(e), na (@)
NOT | A par(z) =1 — pa(z)

3.3. Operation of the Fuzzy Controller

In Section 3.1 the opera.tion of the fuzzy controller is explained. A fuzzy controller

consists of the following parts:

o Fuzzifier is responéible of determining degree of membership for the input func-
t1ons | . | | '
. Fuzzy Inference performs mamly fuzzy set calculations.
= Calculate degree of fulfilment for each rule.
— Calculate fuzzy output for each rule.
— Aggregate rule outputs.. |

‘e Defuzzifier maps fuzzy set to output u..

The Figures 3.3 - 3.5 demonstrate those operations in respective order.



rule IFxIS ATHENRISD:

rule 2 IFyISB THEN nISE: -

rule3: IF:Z15.C THEN-RISF:

et IF xISA THEN niSD:

rule 2 IFy ISBTHEN niSE: / \\

tale 3: IF z1S.C THEN IS F: 7 %,

7 j—
Z

Figure 3.4. Calculation of the fuzzy output
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Aggregate Outputs and Defuzzification

Defuzzification usiilg COG method

" Figure 3.5. COG defuzzification using min-max inferencing

The defuzzifier used throughout the design of both direct fuzzy controller and
adaptive fuzzy controller is based on a simpie center of gravity c'av,lculation, in which
the center of gravity is determined from the aggregate area calculated from individual
areas that are the fuzzy outputs for each rule ‘and which in turn is determined by the

fuzzy inference procedure.
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4. MOTIVATION, DETAILED VIEW ON THE DESIGNS
- AND PARAMETER TUNING |

- Our motivation for designing a fuzzy controller is mainly based on the PI con-
troller expla.ined in Subsection 2.3.7. The PI model is a feedback controller and it is
an approach based on the classmal control theory The drawbacks of the PI design are
that slow-start and time-out are ignored. The analytlcal model for the TCP is highly
nohhnear and slow-start cannot be included because of the linearization done, since
the operating point is the congestion avoidance phase. This honliriearity of the TCP

mechanism are shown with the analytical model in [28] using Equations 4.1 - 4.3:

W) W= R(E)

W(t) = v@n

RO 2 Re-R@) PCTED
| CM“xwe) . g>0
R R(?) o v
1) { max {0 011\%’((3 X W(t)}, gqg=0 } ‘ - 42

- where A denotes time derivative, q(t) is the queue length at time ¢, R(t)is the RT'T at

time t and calculated as in Equation 4.3,
mﬂ_“)+T@w) (43)

W is the average TCP window size, C is the link cabacity, T, is the propagatioh delay,
Ni is ‘the number of TCP connectlons and p is the mark- drop probablhty, which itself
is a funct1on of q(t) in an AQM mechamsm We do not want to go into the detalls‘
vof those Equat1ons and hneanzatlon method however, note that the Equatlons listed

above ~along with the Equatlon for p, which is specific for the AQM mechamsm that is |
used build together a differential equatlon system, i.e. they are coupled and have to |
be solved simultaneously. Hollot et al. [28] state the hneanzatlon techmque and list the

‘assumpmons they made, which are also dlscussed to some extent in Subsectlon 2.3.7. .
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Our aim is to 0vércome the lack of dynamics arose from the simplifying' assump-
tions in the design of the PI controller. The success of capturing the slow-start dynamics |

can be examined from the simulation results in Sebtion 5.
4.1. Some Design Issues for DFC and AFC

This sgctio‘n aims to present the design guidelines used for boﬁh direct and adap-
tive fuzzy controllers. It is found that those design guidelines showed better results

than the standard implementations.
4.1.1. Output Mémbership Function Tuning

In this method the positioning of the output membership functions are tuned by
characterizing their centers by a function. To tune the outputv membership functions
of both adaptive and direct fuzzy controllers Equation 44is uééd, which calculates the

_centers ¢* as:
ci : ipmuer/mam?ower ) (44)

where c is the location of the output center %, power is the des1gn parameter, Wthh is
dlfferent for both fuzzy controllers and maz; is the number of triangles for the output
membership function and used for normalization purposes. This procedure will have
'the effect of 'making the outpuf membérshipfunction centers near_' the origin be more
closely spaced than the membershlp functlons farther out on the horizontal axis. The
effect of thls is to make the “gain” of the fuzzy controller smaller when the signals are
small ‘and larger as the signals grow la,rger Hence the use of Equatlon 4.4 for the
'centers indicates that if the values of the input membershlp functions are near where
they should be, then do not make the force input to the plant too blg, otherwise the
force input should be ‘much blgger o) that it quickly returns the queue length to near

the referenced position.

Figure 4.1 indicates the view of the input membership functions for the direct



.33

- and adaptive fuzzy controller. Figure 4.2 shows the output membership function for

. Membership Functions
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Figure 4.1. Membership functions of the both direct and a‘dapt‘ive'fu'zzy cpntroller
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Ultimately, the goal of tuning is to shape the nonlinearity that  is implemented
by the fuzzy controller. This nonlinearity, sometimes called the “control surface”,
is affected by all the main fuzzy controller parameters. Figure 4.3 shows the control
surface of the fuzzy 1nference engine for the direct fuzzy controller. This control surface
is shaped by the rule base and the linguistic values of the linguistic variables, where the
output of the fuzzy controller is plotted against 1ts two inputs. The surfa.ce represents.

in a compact way all the information in the fuzzy COntroller [29].

Decision Surface of Direct Fuzzy Controller

P

ccrclacacandemans

emamamdesncenfann

05

ekT-T)

Figure 43 Decision surface of the direct fuzzy controller

Table 4.1 shows the fuzzy rule base for the direct fuzzy controller and the adaptive
part of the.adaptive fuzzy controller. The intersection of the instante,neous error and
the prev1ous error in Table 4.1 1nd1cates which trlangle to use in the output membershlp
function. Those represent the heuristics of a-human controller and the linguistics of
them are based on the de51gn of the fuzzy controller of Chrysostomou et al. [30].
Although the shape and number of the trlangles are different, l1ngu1st1c Words and the’

logic behind is very s1m11ar.
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Table 4.1. Fuzzy rule base

- p(kT) Gref (kT = T) — q(kT —T)

S| -4|-8|-2|-1|0|1|2]|8]|4]|5
-5(10|10|10|10|10|10|10| 10| 10| 10|10
4| 7|7|7|7|8|8|8|9|10]10]10
B|ls5ts5(6l6|7|7|7|8]9]10]10
2|3|3|alajs|5]6|7]8]9]10

| 1121233 |4(4|5]6|7]|89
Gref(KT)—qkT) | 0| OO |O|1|2|3|4|5|6]|7]3
f1lojojojofojoflo|1]|2]|3]4
2(0|loflolofofolo|Oo]|1]1]|2
s{ofololotofolojo|O0|O}1
4{0]l0olofojolo|o|o|lOfoO]O
s5/ojloflofo|o|o0jO0jO]O0]|0]O

4.1.2. Output Scaling Gain

For both de51gns in thls thesis, an output factor, gain, is apphed to the output
membership funct1ons a good value of Wh1ch is found to be 0. 4, Since it is less than one,
“there is the effect of contracting the output membership functions and hence making

 the meaning of their associated linguistics quantify smaller numbers.
4.1.3. Design Issues Specific to Adaptive Fuzzy Controlier

The AFC is a FMRLC (thiy Model Reference Learning Controller) and its
funct‘iohal.bloek diagram is sho_Wn in Figure-4.4. It has four main parts: the plant,
the fuzzy controller to be tuned, the reference model, and the iea.rning mechanism
: “(a.n adaptation mechanism). The FMRLC uses the leafning mechanism to observe °
numerlcal data from a fuzzy control system (ie., r(kT) and y(kT) where T is the
samphng penod) Using this numerical data it characterlzes the fuzzy control systems

- current performance and automatically synthesizes or adjusts the fuzzy controller so



36

that.some given performance objectives erre rrret. V'These performance objectives are
che,racterized via the reference model ehown in Figure 4:4. The learning mechanism
seeks to adjust the’ fuzzy controller se that the cloSed-loop system (the maﬁ from
r(kT) to y(kT)) acts like the given reference model (the map from 7(kT) to ym(KT)).
‘vBa,siCally,_ the fuzzy control system loep (the lower part of Figure 4.4) operates t0
make y(kT) track r(kT) by manrpulating u(kT),.-while the upper—level adaptation

ontrol loop (the upper part of Figure 4.4) seeks to“mak'e the output of the plant y(kT)
‘track the output of the reference model ym(kT') by mampulatmg the fuzzy controller.

parameters [29]

Reference
model

|| Knowledge-base
1 modifier

Storage

Inference |©
mechanism

Y&T)
Plant - e

Fuzzy controller

Figure 4.4. FMRLC - ‘ad‘aptive fuzzy controller

In our des1gn of the FMRLC, there is no mapping from 'r(kT) to ym(kT). We
only have a reference value for the queue length gre;.and it is independent from the

sampling perlod The model part is based on the input ‘membership functlons of error,

e defined as in Equation 4.5,

Qre f

(4.5)
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and the change of error, edot, defined as in Equation 4.6: .

e(kT) — e(kT—f) o

= (4.6)

. edot =
The learning part operates a little bit different than the reference part in the sense

that it uses e(kT) and e(kT — T) as the input mémbership functions.

The input memberéhip functions are deﬁned'té characterize the premise's of the
rules that define the various situations in which rules should be applied. The input
membership functions are left constanf and are not tuned ‘by the FMRLC. They are
the same as in the case of direct fuzzy controller. The membership functions on the
output universe of discour}se are assumed to be unknown. They are Whé,t the FMRLC
will automatically synthesize or tune. Hence, the FMR‘LC tries to fill in what actions

ought to be taken for the various situations that are characterized by the premises.

The centers are initialized to zero at the beginning. Passino et al. suggest simply
placing the membership function centers Lat‘ Z€T0 as a common choice, since it is not
always possible to pick such a controller’ that is the best for the operating condition
that the plant will begin in becausé of the inability to measure the operating condition

of the plant [29].

‘The difference in the design of the ‘édaptive fuzzy controller lies ﬁrst in the center
up‘date‘ procedure. The principle used in the update is the following: Wheﬁ a center i
updated, wait one or more steps béfore updating the center again. This can be useful
as a more “cautious” update procedure. It updates, then 'Waits to see if the update
.was s'ufﬁcient to correct the error ye before it updates again. According to Passino et

" al., this is used to avoid inducing oscillations when operating at a set-point [29]. "
4.2. Simulation Environment and Scenarios

This section explains the simulation environment and provides information about

the simulation scenarios used throughout this WQ;‘k. This way, it will be easier to
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understand the method for choosing the parameters of the both fuzzy controllers.

4.2.1. Simulation Environment

For the 51mulat10ns the latest version (currently 2. 27) of NS (Network Simula-
tor) [31] is used. NS is an event driven network simulator developed at UC Berkeley
that s1mulates variety of IP networks. It 1mplements network protocols such as TCP
and UDP (User Datagram Protocol), traffic source behavior such as FTP, Telnet, Web,
CBR (Constant bit rate) and VBR (Varlable bit rate) router queue management mech-
“anism such as Drop-Tail and RED routing algorithms such as Dljkstra and more. NS
| also 1mplements multlcastmg and some of the MAC" (Medmm Access® Control) layer
protocols for LAN (Local area network) s1mulat1ons The NS project is now a part
of the VINT (Virtual InterNetwork Testbed) project that develops tools for simula-
‘tion results display, analysis and converters that 'conv‘ertnetwork topologies generated

by 'Well_-known generators to NS formats. As shown in Figure 4.5, NS is object ori-

y - | OTl:l:Tclinterpreter : _)b E Sy
with OO extention Analysis

OTcl Seript ~ — - Simulation
Simulation IS Simulator Library Results - 4y
Program « Event Scheduler Objects : e
- » Network Component Objects :
; , _ NAM
+ Network Setup Helping ' Network
Modules (Plumbing Modules) Animator

‘Figure 4.5. Simplified user’s view of NS

ented_Tol (OTcl) script interpreter that has a simulation event scheduler and network
component object libraries and network setup (plumbing) module libraries (actually,
: plumbmg modules are implemented as member functions of the base simulator object).
In other words, to use NS, the programs are wrltten in OT¢cl scrlpt language. To setup
and run a simulation network, a user should write an OTcl scrlpt that initiates an event -
scheduler, sets up the network topology using the network objects‘ and the plumbing

functions in the library, and tells traffic sources when to start and stop transmitting‘
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bpackets through the event scheduler. The term "‘plumbin‘g’b’ is used for a network setup,
| because setting ‘up"a network is.plumbing possible data paths among network objects
by setting the “neighbor” pointer' of an ob ject to the addfes_s of an appropriate object.
| Whén a user wants to make a new network object, he or she can easily make an object
either by writing a new object or by making a compound object from the object library,

and plumb the data path through the object.

NS is written not only in OTCi but in C++ 'alsd. ‘For efficiency reason, »NS
_ sepafates the data path implementation from control path implemeritatigns. In order
to Teduce packet and event processing time (nbt simulation time), the event scheduler
| and the basic network component'objects in the data path are written and compiled
_ using C++. These compiled objects are made available to the OTcl interpreter‘ through
“an OTecl linkage that creates a matching OTcl object for each of the C++ objects and
makes the control functions and the configurable variables specified by the C++ object
act as member functions and member variablés of the corresponding OTcl object. In
this way, the controls of the C++ objects are given to OTcl [31]. This is how we added

and configured our designs of direct and adaptive fuzzy controllers.
-4.2.2. Simulation Scenarios

The simulation scenarios include different number of parameters, however the

basic design is as shown in Figur’é 4.6.

The simﬁlation time is 120‘ ‘seconds for every simulation and the packet size is
1000 bytes. The bottleneck link has a rate of 2 Mbps, whereas the sources have links
of 10 Mbps The links to the destmatlons have also the capa01ty of 10 Mbps with a
~ delay of 4 ms. For the 51mu1at10ns, some metrics are changed for dlfferent; cases, which

are:

o Buffer size at router’
o Number of nodes creating connections

e Delay at the bottleneck link
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10Mbps 2ms

2Mbps  Delay ms

I sources

10Mbps 2ms

Figure 4’67 Basis for the simulation séenario

. Type of traffic
~ FTP
— CBR
- WEB
. Dynamic change in the FTP traffic

The results of those changes are examined in Section 5.

For the case of wireless simulations, the basic design for the scenario is also based )
on Figure 4.6. HoWever, source nodes in the wireless case are mobile nodes and their
~link delays are higher. In the wireless scenarios, the router using the AQM algorithm

can be imagined as a wireless router.
4.3. Search for Good Parameters for DFC and AFC

- This section proVides the results for gbod parameters Which are suitable for our
de51gns It is not claimed that the de51gns of the direct fuzzy controller and the adaptive
one are optlmum Designing a fuzzy controller is based on the designer only, since 1t
does not use an analytmal model, and one can come up with another solution using

different heuristics or even using the same heunstlcs. However, the values of the design
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_parameters found are good ones for those particular designs.
4.3.1. Choosing Parameters for Direct Fuzzy Controller

In the design of direct fuzzy controller the important pafameters are the power
factor used for determlmng the w1dth of the output membership function and the

output gam The Flgures 4. 7 4.9 provxde some of the s1mu1at10n results that are near

‘the good values.
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Figure 4.7. Direct fuzzy controller - power = 2; gain = 0.4

As it can be seen from the Figures, it is found that a good choice for power is
2.2 and a good choice for the output. gain gain is 0.4, since those values lead to less
oscillations in the queue length, less packet drops/sec and more fair with the same

. network utilization.
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4.3.2. ,Ch'oosing,Parameters‘ for Adaptive Fuzzy Controller

In the de51gn of adaptive fuzzy controller the important design parameters are
cautious parameter, which is used for a cautlous upda.te of the center values of 1nput
-membershrp functions. The cautzmtsvparameter, if it is set to a value grater than
one, is used'to update the centers only after cautz’mts -1 steps later, if they have been
updated already This is a similar approach to the freeze _time parameter lmplemented
in BLUE. Another 1mportant parameter is output gain, as in the design of the direct
fuzzy controller. The Figures 4.10 - '4.12 provide some of the simulation results that

are near the good values. |
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- Figure 4.10. Adapti_ve ’flrziy controller - cautious = 3; gain =0.5

As 1t can be seen from the Figures, 1t is found that a good choice for cautious is
: three and a good choice for the output gam gain, is 0.4 (as in direct fuzzy controller),
since those values lead to less oscﬂlatlons in the queue length less packet drops/sec

| and less delay varlatlon with the same network utlhzatron
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5. COMPARISON RESULTS OF DIFFERENT AQM
| MECHANISMS |

For the comparisons, d_i_fferent scenarios are pr‘epared, which aim to examine queue
length, bottleneck link utilization, average packe;t‘delay of individual flows, dropped
packets per second and fairness. For the calculation of fairness, F, Jain’s fairness index

is used {32], which is calculated as in :Equation 5.1.

F(x)'—w | 6

where F(z) is the fairness index; z; the 4 user load on the bottleneck link, and N is
the number of users sharing the bottleneck resource. Figure 5.1 Shows-the_ behavior of
Jain’s fairness index with only two flows. It can be seen that vfor: the equal share of

bandwidth, the index approaches to one.

Faimess Index of Jain Shown for 2 Flows

faimess

Figure 5.1. Jain’s fairness index
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Table 5.1 lists the values for the AQM mechanisms used in the simulations. All

Table 5.1. Values of parameters used in ’d_;lfferent a’lgorithms

CAQM 4 : ’ Parameter Details
o operates in gentle mode '
RED e parameters are explained in 2.3.2 o

o initialization is done like ARED, see Subsection 2.3.4 (automatic mode)

o interval = 0.5 sec

e inijtial value of « is 0.01
ARED | ef=09

e operates in gentle mode

e initialization is done as in Subsection 2.3.4

e v =0.001
REM e appy = 0.1
e ¢ =1.001

e increment: d1 = 0.0025

v e decrement: d2 = 0.00025
BLUE e freeze.time = 100 ms

| o pm =1 |

e p,, must be close to one for heavy congestion

~.e parameters are based on the'analyticé.l model
PI “e a'=0.00001822 |
- e b=10.00001816

e power = 2.2
DFC - | egain=04

e ¢! of input membership functions initialized to 0.2 x 1

e power = 18, used to update output centers
_ e cautious = 3 \
AFC e gain =04

e ¢ of output membership functions initialized to 0

e ¢! of input membership functions initialized to 0.2 X i

 values are the recommended and the default values for thé mechanisms. To provide a |
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better comparisOn platform, nothing is changed on those advised values: The parameter |
setting in RED is not the standard one, however this is the method that S. Floyd [10]

suggests and the values are the default ones in NS.

Table 5.2 is shewn to summarize different scenaiios that are used for the com-
parisonof the AQM mechenisms. Some simnlation"concepts ere based on papers pub-
lished [25],’ [30], bnt the general environment is prepared to provide a high load on
;the cengested router to demonstrafe' the actions of the diﬁerent AQM -mechanisr‘ns ,

compared.

~ Table 5.3 and Table 5.4 represent Jain’s fairness index and the total number of
packet drops, both for the case, where bu f fer = 150 in respective order. The Tables
aim to show the differences, when only a parametef_ is changed. This is exactly the

reason for the big number of 'Simulatio‘ns.v

~ Table 5.5 and Ta.ble 5.6 represent Jains’s fairness mdex and the total number of
packet drops, both for the case, where buf fer = 200 in respectlve order. In those

simulations, the effect of setting ECN bit to true is s also examined.
5.1. Overview of the Simulation Results

This section aims to give a general idea of the results obtained from the simula-
tions. Detailed examination will follow after this overview in order to give the reader .

a better understanding.
- 5.1.1. Change in Bottleneck Delay

There are some important,factors, which are common for the cases, where the
bottleneck delay is increased from 5 ms to 125 ms, i.e. RTT is increased. 125 ms is
enough to simulate MEO (middle Earth orbit) 'safellite links [25]. If there is an increase
in the RTT, it can be seen‘ from the simulation results that packet dfop is decreased for

each mechanism. The reason of this'is because of the increase_ in the RT'T, the sources
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Table 5.2. Values of parameters in the simulation scenarios

Simulation Cases - . Explanation and Used Parameters
Buffer at router -» values: 150, 200 |
Number of nodes . | e values: 60, 100

‘ » e with 30 and 60 nodes, buf fer = 200 .
Wireless cases =~ | - e only FTP traffic ' | |

e 5 ms bottleneck 50 ms connectlon hnk delay

FTP - e always on’

e cither on or off _ ‘
e dynamic change from t = 40 sec to t = 70-sec (from [30])
Dynamic FTP | e Half of the nodes aré randémly selected
v | e stopped at random times startihg from t= 40 sec .

e started at 70 sec again

e either on or off -
e starts at a random time, continues for 30 sec.
CBR. traffic o Total number of CBR traffic nodes are 20.
. . The traffic is attached to the existing nodes
» o Rate = 384 Kbps _
WEB traffic | 10 nodes (with 10 sessions each)

‘ ° values 5 ms, 125 ms. . ,
Bottleneck delay « Latter one simulates satellite links (value based on [25]) ~

e Delay is much larger

ECN bit e either set or not set. Mostly off.

receive the ACKs for their sent packets later than the first casev, hence they keep a
'RTT value higher than the first one and increase their cwnd’s more slowly, meaning
that less packets are transferred for the same simulation time leading to not so heavy

congestion as in the first case.
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Table 5.3. Jain’s fairness index for scenarios, where buf fer = 150

Buf fer = 150 and dynamic FTP traffic, ECN not set
REM | RED | ARED | DFC | AFC | BLUE | PI
100 nodes and 5 ms of bottleneck delay
CBRoff | 0.89 | 066 | 0.70 | 0.89 |-0.81 | 0.89 | 0.76
CBRon | 0.77 | 074 | 062 | 084 | 079 | 0.82 | 0.80

scenario

. CBR remains on, bottleneck delay changed
125ms | 0.82 | 081 | 077 | 077 | 0.78 | 0.87 | 0.75

CBR remains on, nodes changed to 60
5ms | 0.84 | 0.78 | 0.78 | 0.90 | 0.88 | 0.92 0.82
125ms | 0.8 [ 0.89 | 092 | 0.87 | 0.86 | 0.92 0.86

Table 5.4. Total packet drops for 'scena.rios, Where bu ffer =150

Buf fer =150 and dynamic FTP traffic, ECN not set
REM | RED | ARED | DFC | AFC | BLUE | PI

: 100 nodes and 5 ms of bottleneck delay
CBRoff | 6679 .| 7192 | 7204 | 3751 | 3412 | 6180 | 3115
CBR on | 13636 12159 | 11981 | 10500 | 10468 | 12936 | 10794

scenario

CBR remains on, bottleneck delay'changed
125 ms | 11750 | 11418 | 11658 | 8490 | 8516 | 11340 | 8488

CBR remains >on, nodes chenged to 60
5ms | 10630 | 10409 | 10894 | 8078 | 7637 11066 | 7810
125 ms | 9223 8190 | 8473 | 5751 | 5370 | 7726 | 5497

5.1.2. Change in the Buffer Size

: The reference value for the queue 1ength qre f» is set to a value very close to the _
buffer size in order to increase the usage of the resources at the router. The change :
in the buffer size is 1mplemented to examine the ablhty of the AQM mechanism to
" keep track of the changed, New gres: The offered mechanisms and the PIvcontroller

can keep track of the reference value easily, whereas other mechanisms VRED,v REM,
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Table 5.5. Jain’s fairness index for scenarios, where buf fer = 200

.Buffer = 200, if not said, ECN = 0
REM | RED | ARED | DFC | AFC | BLUE PI
100 hodes and 5 ms of bottleneck delay _
FTP only | 0.80 | 0.66 | 073 | 0.94 | 0.93 | 097 | 0.89

scenario

| FTP changed to dynamic traffic
|ECN=0| 088 | 0.75 | 070 | 086|086 | 093 | 0.6
ECN=1| 086 | 0.56 | 0.75 | 0.87 | 0.89 | 0.93 0.84
CBR traffic is added v
ECN=0| 078 | 0.62 | 0.64 | 0.77 | 0.82 | 0.83 0.77
ECN=1| 080 | 058 | 0.65 | 0.84 | 0.85 | 0.91 |~ 0.83
- WEB traffic is added
ECN=01| 068 | 058 | 055 | 0.76 | 0.72 | 0.75 0.74
ECN=1| 068 | 052 | 058 | 0.75 | 0.79 | 0.83 0.79
bottleneck delay changed to 125 ms, WEB traffic is cancelled
ECN=0| 082 |08 | 079 | 079|086 | 081 | 087
ECN=1/ 077|081 | 081 |077|086 | 08 | 087
' ., WEB traffic is added again
"BECN=0|074|077| 08 | 070|075 | 077 | 0.70
Dynamic FTP, CBR and WEB traffics remain, nodes changed to 60°
"~ 5ms | 072|063 | 068 | 0.78 | 0.80.| 0.74 0.72
125ms | 0.78 | 079 | 0.75 | 0.79 | 0.80 | 0.80 | 0.75

Wireless Scenario, FTP only (not dynamic), bottleneck delay = 5 ms
30 nodes | 0.98 .0.97 098 | 0.99 | 0.98 | 0.98 0.98
60 nodes | 0.97 | 0.92 | 0.93 | 0.98 | 0.97 | 0.98 | 0.97

ARED and BLUE cannot keep track of thc;néw :eferénce val'ue. The 'BLUE mechanism
perfdrms somewhat better, however the introduce of dynamic FTP traffic causes the

queue length maintained by it to drop to 0.
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Table 5.6. Total packet drops for scenarios, where buf fer = 200

* Buffer = 200, if not said, ECN = 0 |
REM | RED | ARED | DFC | AFC | BLUE | PI
100 nodes and 5 ms of bottleneck delay
FTPonly | 7341 | 7484 | 7955 | 3592 | 3201 | 5121 | 3209

scenario

" FTP changed to dynamic traffic .
ECN =0 | 6469 | 7399 | 7265 | 3073 | 2777 | 4712 | 2735
ECN =1 6578 | 6445 | 7623 | 2206 | 2628 | 619 | 2642
CBR traffic is added |
ECN =0 | 12871 |.12190 | 12577 | 9926 | 9778 .,13377 10024
ECN =1 | 13093 | 11862 | 11711 | 9508 | 9631 | 11603 9676
 WEB traffic is added )
ECN =0 | 13258 | 11391 | 11791 9957 9367 | 13561 | 9787
ECN =1 | 13304 | 11134 | 12452 | 9755 | 9671 | 12188 | 9905
bottleneck delay changed to 125 ms, WEB traffic is cancelled
ECN = 0 | 11558 | 11161 | 11762 | 7437 | 7374 | 11027 7844 -
ECN =1 | 11620 | 11472 | 11817 | 7365 | 7084 | 10249 7824
_ ‘ WEB traffic is added again
ECN =0 | 11878 | 11456 | 11747 | 7631 | 7421 | 11169 7417
Dynamic FTP, CBR and WEB traffics remain, nodes changed to 60
5 ms 10876 | 10051 | 10153 | 6715 | 7139 | 9662 6997
125ms | 9162 | 8366 | 8610 | 5443 | 4692 | 8012 5203 -

Wireless Scenario, FTP only (not dynamic), bottleneck delay =5ms
30 nodes | 2037 | 3412 | 3772 | 938 | 828 | 1080 | 837
60 nodes | 5081 | 5517 | 6017 | 1901 | 1789 2504 | 1760

~ 5.1.3. Change in the Number of Nodes

If the number of nodes is changed from 100 to 60, the load on the congested
router decreases and as a result total number of packets decreases The mechanisms

also act more fair towards the sources.
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5._1.4. ‘Wireless Scenarios

The wireless scenarlos are 1mplemented w1th two dn‘ferent number of nodes 30
and 60 We are -aware of the fact that the wireless scenarios do not reflect the real '
‘world 1mplementat10ns in the sense that mobile nodes 1mt1ate FTP traffic. However,
the scenarios are added to examine the behaviour of the AQM n1echanisms ina wireless
~ environment, they do not have any intention to imitate the real world. The scenarios
show that AFC obtains best result in terms of packet drop, followed by the PI controller
and DFC one. Other mechamsms perform unnecessary drops which is an unwanted
situation for the mobile environment since the easiness of the loss of the packets even

* without a dropping mechanism.
5.1.5. Effect of the ECN Bit

~ Setting ECN bit enables to inform the sources about the incipient congestion with
marking the packets. Hence, one can expect that there will be less drops for the case,
where ECN bit is set and other factors remaining constant. For some heavy loaded
cases however, there are more drops, Which can happen, since if the AQM mechanisms
do not drop the packet arrived and only mark it, then this packet uses the necessary
resource and from the high load, packets are dropped because of the buffer overflow.
For those cases the AQM mechanisms seem not to benefit :from setting the ECN bit.
~ However, the AQM mechanisms start to behave more fair in almost every case if the
ECN bit is set, provided that other factors being equal. This is also understandable

since in most cases there are less drops and only marks.
5.1.6. Common Results in Different Scenarios -

In almost all the simulations the AFC performs much 'l)etter results during slow-
start. This phenomenon can be verified if the graphs for bottleneck link utilization are -
carefully examined. To achieve fewer dropl of packets and a betterutilization durlng
‘slow—start, the dynamics of the FMRLC in AFC are tuned to behave less aggressively -
‘compa.red to the DFC. Thisis the ..reason, Why,DFC leads to less oscillations around
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Qre f The FMRLC can be tuned to .behave. more aggressively and can show similar
results to DFC by simply decreasing the value of cautious parameter. This Way, AFC
'updaﬁes the center of the output membership functions bbefore-the previous update
shows its whole effect. This can be beneﬁc1al in some cases, where the main concern is
to keep track of a reference queue length However in our choice of parameters, this-is

not the case. The default offered parameters prov1de good results and also the packet

drops are less

The Figures following demonstrate the results qu, the different scenarios ex--
plained. For the ease of comparison, each metrio-obtained from AQM mechanisms
are put in a different Figure. The Figures show that DFC and AFC rnethods out-
P»erformv- the others in most cases in terms-of the degree of oscillation around Qrefs |
bottleneck link utilization (note that we have 2 Mbps link and a simulation time of
120 sec, meaning 100 per cent utilization‘is-achievedeith an aggregate flow of 240
Mb) and dropped packets.- The deviation in the delay variation is also less for AFC
especially, meaning that flows are more equally treated. This is another Way of looking
to the fairness, which is from traffic point of view. Jain’s fairness index shows that
BLUE is the most fair among the mechanisms, which is from the load point of 'View,
hoWever it usually makes big oscillations around the reference point and it drops more
packets than the AFC or DFC mechanism except for the case, where there is only
FTP traffic and"E}CN bit is set. If CBR traffic is added onto it, BLUE shows again-
- bad results. Another important observation is that RED and ARED'seti;le down to a
‘reference value:,‘for the queue length, however they perform to much drops compared
to the PI, DFC and AFC and the reference value that l;hey,settle down to is not the

reference value we want.
5.2. Detailed Examination of the Results Obtained

‘The objective of this section is to examine the results in detail in order to com-
pare the behaviors of different AQM mechamsms in different env1ronments The main
scenario consists of a buffer size of bu ffer = 200 and 100 ‘nodes w1th 5 ms of bottle-

vneck link delay and FTP traffic. Other scenarios are derlved from this one usmg some
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modifications and addihg'new traffic.
5.2.1. Scenarios with FTP Traffic Only and Bottleneck Delay of 5 ms

There are two different cases té study, one being FTP traffic stafting at time ¢
- equals zero and ends at the end of the 51mulat10n and the other one bemg so-called
“dynamic FTP traffic”, in Wthh random half of the nodes stops transmission at time
t =40 and then starts transmlttmg again at ¢t = 70. There is always a high load on .

the bottleneck queue, so there are always packet drops.

If we focus on the queue lengths in Figure 5.2, DFC and AFC provides the least
fluctuations and DFC is even better to}tv:vr'ack the reference valué, since it acts more
aggressive and total number of packets dropped are more than AFC, which is shown.
in Table 5.6. PI is similar to the proposed algc)i‘_ithms for metrics of packet drops and
queue length tracking, however its lack in slow start because of the assumptioﬁs in the
: design procedure can be seen in the bottleneck link utilization in Figure 5.3. - Other

AQM algorithms,v RED, ARED, REMvand BLUE perform worse than the DFC, AFC -
and PI for every metric We4studied. Only BLUE is a bit better and cah keep track of
the reference value to rs'om’eextent‘. Other mechanisms have difficulties in approaching
to the reference value',r they even result in instaﬁtaneous queue lengtAhs of zero. For
the fairness, we é.c_:tually have two metrics to compare, on_é’being Jain’s fairness index,
~ which focuses on a load fairness, and Figures showing average individual delays for each
flow, like Figure 5.5. If there is less variation in the bde'lay, then this means the AQM
mechanism acté more fairly tbwards the connebti(_)ns that generated the trafﬁc, 'rvneaning :
we focus on a fairness from a traffic point of view. Jain’s fairness index suggests that

BLUE is acting most fairly, _however BLUE makes unnecessary drops -and its delay
varla,txon is much than DFC and AFC. PI is worse in terms of delay varlatlon Other
" remaining mechanisms cannot compete with the ability of the proposed mechamsms

in capturing the dynamlcs of the network. -

Other scenarios with FTP traffic only are the ones with added dynamic behavior,
.one with ECN bit set and one not. I'f‘ we look first at the effect of added dynamic
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FTP behavior (Figure 5.6 - 5.9), we observe that RED, ARED and REM have even
more ﬂuctuatlons in the queue length and BLUE has dlfﬁculty to keep track of the
reference value for the t1mes when dynamic behavior is induced. The dlscussmn for
the network utlhzatlon dropped packets and queue length remains the same for PI,
DFC and AFC. -Jain’s falrness 1ndex suggests again being BLUE more fair, however,
the effect of induced dynamlc behav1or shows itself in the large ﬂuctuatlon in the delay

~metric for the 1nd1v1dual flows.. Average delay deviation for the 1nd1v1dual ﬂows is the v.

| » least in AFC meanmg that it acts more fair than the others In this scenario, PI has t.b

again difficulty in capturing slow-start' dynamics.

BLUE and DFC seems to have the most benefits from setting the ECN bit. BLUE'
shows very few packet drops compared to the other mechanisms. ‘However, there is less
- traffic on the router, if we use BLUE mechanism which can also be vseen from the
queue Iengths in Figure 5.10. BLUE has again dlfﬁcultles in the dynamlc region and
the queue length drops to about 90 packets. However in Flgure 5.11, the bottleneck
utilization for it seems to be near 100 per cent. The reason that there is less traffic
on the router, if it duses BLUE algorithm and ECN bit is set, can be that the packets
marked reach the destination and their corresponding ACKs reach the sources, before
buffer overflows. This yields in reporting the sources of the incipient congestion and |
sources halve their congestion window in response to it. Therefore, there is'less traffic
during whole simulation and less total number of drops. DFC produces much less packet
drops compared to the case', where ECN bit is not set. Tt also tracks the reference value -
much better. From the traffic fairness point of view, shown in Figure 5.13, again AFC
acts more fair towards the fconnections. However, Jain’s index is higher for the BLUE v.

* algorithm. Other points are similar to the case of ECN bit not set.
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e) Instant. queue length with PI
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| Figuré 52 Comparison of instanté,neous quéue lengths for TP traffic only with '

buf fer = 200, nodes = 100 and a bottleneck delay_of 5 ms -
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Figure 5.5.‘ Comparison of average individual flow delays for FTP: traffic only with

buf fer = 200, nodes = 100 and a bottléneckdelay of 5 ms
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ﬁodés = 100,' a bottleneck delay of 5 ms _and dynamic FTP traffic, while ECN bit is

set

~
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Flgure 5.12. Comparlson of dropped packets/sec for buf fer = 200, nodes = 100 a

bottleneck delay of 5 ms and dynamlc FTP trafﬁc Whlle ECN b1t is set .
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5.2.2. Scenarios with Added Traﬂic and Bottleneck Delay of:5 ms

There are two types of traffic to be added one being CBR (Wrth a rate of 384
Kbps) which can 81mulate a low resolution video trafﬁc as an example and a WEB

traffic of 10 randomly started nodes w1th 10 randomly initiated sessions.

If we look at the effects of the added CBR trafﬁc we see that AFC keeps track
of the reference value for the queue length better since it performs better during slow
start, Wthh is shown in Flgure‘ 5.14. BLUE acts accordlng to the Jain’s 1ndex more -

fair than the other AQM mechanisms. Howe\rer, it performs worse than PI, DFC and
AFC in terms of individual delay shown in Figure 5.17. PI, DFC and AFC show similar
results with the delay variation, but Jain’s index of AFC is higher among them. AFC
performs also well in terms of dropped packets in dropping the least amount. Second is
the DFC mechanism for the same metric. BLUE performs worse than the case without
CBR traffic in terms of queue length tracking; packet drops and network utilization.
RED, ARED and REM show more fluctuations in the queue length, REM being the

worst among them.

- When ECN bit is set, the effects are sumlar to the “FTP only” case. DFC and.
BLUE seem to show much better performance among all mechanisms compared to the
case, where ECN b1t is not set, Wthh is mostly observable for BLUE for queue length
trackmg, shown in Figure 5_.18. ,However,_for this case with very high load on the
congested router, DFC and AFC_ drop the least packets respectively.- BLUE loses its
advantage with the ECN bit in this type of highly loade.d case's.' The reason of it that
the buffer start to overflow before the ECN bit performs its intended action.

" RED and ARED settfes down to a reference value for both cases although this
is not the reference set. REM performs worse than two also in terms of bottleneck link
' utlhzatlon, shown in Flgure 5.15 and in F1gure 5 19 The queue length of REM drops

to zero and stays there most of time for the cases studied. -
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Figure 5.16. Comparison of dropped packets/sec for buf fer = 200, nodes = 100, a
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Figure 5.1‘9. Comparison of bottleneck link utilization for buf fer =200, nodes = 100,
a bottleneck delay .of 5 ms, dynamic FTP traffic and CBR traffic, while ECN bit is set
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For the added WEB traffic, if ECN bit is not set we observe that RED, REM and
| ARED perform similar to the case without the WEB. traffic in terms of instantaneous
- queue length shown in Figure 5.22, The drops of them are also comparable BLUE

seems to be only shghtly affected. However PI shows a worse tracking of the reference

value, which is also clearly observable in Flgure 5. 22 Its bottleneck link utrhzatlon is

also worse; which is demonstrated in Figure 5.23. The queue length tracking is best
~with the DFC and AFC and AFC drops the least packets which can also be observed in
" Frgure 5.24. Jain’s falrness index is hlgher with BLUE, DFC and PI being the second
and the third in respective order, however, from the traffic point of view, DF Cvand

AFC perform better than the others, shown in Figure 5.25.

When ECN bit is set, BLUE and DFC benefit more than the others again. Fig-
ure 5.26 shows that AFC is agein better than the others in trecking the reference value,
since it performs better during slow start, however DFC and PI also perform similar
~ to AFC. RED, REM and ARED perform also similar to the prev1ous case of without

WEB traffic.

 As far as the fairness is concerned, Jain’s index suggest that BLUE is the most:
fair, AFC and PI being the second among the AQM mechanisms studied. However, -
this is not the case from the deley variationpoint of view, shown in Figure 5.29. The

delay variation is similar for DFC, PI and AFC, but BLUE shows worse results.
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5.2.3. Scenarios ‘with Changed Bottleneck Delay of 125 IilS.

The scenarios with buf fer = 200 and bottleneck delay of 125 ms are divided into
two, one having dynamic FTP traffic and CBR traffic, examinod with oithér ECN bit
- is set or not, and the other one having WEB traffic added onto the ﬁrst one and the
ECN bit is not set. The delay 125 ms is examined to simulate MEO satelhte links in

order to compare the AQM mechanisms examined in such an env1ronment

If we 'look into the resulté DFC and AFC performs less fluctuations ih the queuo
length and they keep the reference value PI also performs similar with shghtly more

: ﬂuctuatlons which is shown in Figure 5. 30 Since there is less traffic in the ‘same sim- '
ulation time because of the higher delay, there are less drops for all AQM mecha_msms.
RED, REM and ARED perform similer to the previous cases, however bottleneck link
is more utilized for them compared to the “5 ms” case, shown in Figure 5.31. Jain’s
| fairness index is this time the highest with PI and the second one is AFC, however PI
| has a value» of 0.87 and AFC has a value of 0.86 for the fairnesé index, which is not a
great difference. The third one is BLUE with 0.81; From the delay variation shown

in Figure 5.33, PI, AFC and DFC éeem to behave more fair towards the connections.

‘ Another important point is that AFC has the least drops among all mechanisms.\ The

* second one is DFC, third one is the PI ‘controller With a difference of _néarly 500 packets.

If EON bit is set, RED, REM and ARED perform more drops because of the early
buffer overflow. Drops are agéin the least with AF'C, DFC being the_second and PI
béing the third with a difference of nearly 800 packets. The queue length ﬁuctuation
shown in Figure 5.34 is similar to the previous cases, however there is é.slightly drop
in bottleneck link ut1hzat10n for a short moment Wlth DFC, which can be observed in

Figure 5.35 Also note that, the queue length drops to zero in the dynamic region with -
BLUE and it stays near zero with REM for most of the time.
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nodes = 100, a bottleneck delay of 125 ms, dynamic FTP trafﬁc and CBR traﬁic,

while ECN bit is set
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If WEB traffic added and ECN bit is again set to ’zero, we see in Figure 5.38
that AFC pe_rforms the—least'ﬁuc_tuations and PI is performing similar to it. PI and
AFC drop the'lest number of packets with a difference of four. ARED has the highest

- Jain’s index Wlth a value of 0.80. In some situations, RED, REM and ARED have

high fairness indexes. ThlS means that those algonthms give nearly equal amount of
| resource to the connections sharing bottleneck link. However, since the bottleneck
link is not fully utilized when those algorithms are used the high value of the fairness
- 1ndex is not so 1mportant In this partlcular scenario the second hlghest fairness index
belongs to RED a.nd BLUE with a value of 0. 77 and the third hlghest index is 0.75
- with AFC. |

5.2.4. Scenarios with Changed Number of 'Nodes.
For those cases, dynamic FTP, CBR and WEB traffic remain, number of nodes
are changed to 60 and simulations are performed for 5 ms and 125 ms bottleneck rdelays.

Since the number of nodes are diminished, there is less traffic on the congested router.

If we look at the case, where the delay is 125 ms, it can be seen that AFC has the

least queue fluctuation, which is shown in Figure 5.42. PI and DFC perform similar to

 each other, but they are worse than‘AFC. Network utilizdtion, shown in Figure 5.43

is the highest with PI and AFC.YTI.le utilization is similar for RED, ARED and REM
. compared to the previous cases. AFC and BLUE have the highest fairness index with
e, value of 0.80, DFC and RED being the second with 0.79. From the delay variation '
shown in Figure '5.45, it is seen Ithat AFC atnd PI have the least varietion.

' If‘the deley is changed to 5 ms, then we can obserfre from Figure 5.46 that AFC
is the best keeping the track of the reference value for the queue length with the least
ﬁuctuations Changlng the delay to 5 ms brings more queue ﬂuctuatlons for RED
kand ARED. The slow start drawback of the PI algorithm can be seen in F1gure 5.47. |
Actually, only AFC manages to almost fully ut1hze the bottleneck lmk DFC performs ( _
a bit worse than AFC. AFC has the mghest fa,lrness mdex of 0.80 and Figure 5.49

, shows that it has less ﬂuctuatlons among mechamsms and hence it is the most fair one.
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‘Figure 5.39. Comparison of bottleneck link ﬁtilization for bu f fer-= 200, nodes = 100,

* a bottleneck delay of 125 ms, dynamic FTP trafﬁc, CBR traffic and WEB traffic
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hodes ='100, a bottleneck dela'y of 1‘2'5ms, d}_mami’cFTP f,rafﬁc, CBR‘ traffic and

WEB traffic



Queue Length for RED

a) Instant. queue length with RED |

Queue Length for RED

180 ™
160 ) 1
140 ‘.
120 '
s 100 1
3 .
3
3. e . . i
80 B - <
“© . ]
2 .
o U
0 0 - 40 60 80 100 120

. tme(s)

b) Instant queue length with ARED

Queus

O eua Length for REM

um (:)

¢) Instant. queue length with REM

Quaue Length for Blue
200 e v

Queus

tima (s)

d) Instant. queue length with BLUE

Queua

Queus Langm for Pl

4] 20 40 - 60 & 100 120
tme (s) B

e) Instant. queue length with PT

Queue Length for FC

Quoue

time (s)

f) Instant queue length Wlth DFC

Queue Length for AFC

0 20 40 60 80 100 120

time (s)

g) Instant queue length with AFC

‘ Flgure 5 42, Comparlson of mstantaneous queue lengths for buf fer = 200
nodes = 60, a bottleneck delay of 125 ms, dynamic FTP traffic, CBR traffic and’

- WEB trafﬁc

100



Parcent Utilization

Network Utilization for RED .

o 20

40 80 80
tma (s)

Natwork Utilization for RED

Parcant Utilization

o - 20 40 €0 8o 100 120
- time {s)

100

Parcent Utilization
& .8 g

]

]

Natwork Utitization for REM

a) Bottleneck link util. with RED

0 2

a

tme (s}

100 120

) Bottleneck link util. with REM

b) Bottleneck link util. with ARED

Natwerk Utilization for Blue

" Percent Utiization * -

time {s) - .

d) Bottleneck link util. with BLUE

80

60

Pstcant Utllization

40

20 b

[]

Network Utilization for PI

Bl il o

[ 20

] [ .80

time (s)

100 120

Network Utlization for FC

'”Tmmmm
80 ’ - :
)
E
3
E
2 w0
£
20
° s N " .
[} 20 40 &0 eo 00 . - 20

tima ()

e) Bottleneck link util. with PI

80

40

Parcant Utilizatlon

20

- 0

) Bottleneck link util. with DFC

Network Utiiization for AFC -~

100 F YRR TR

Q

20 w0 -

80 L 100 120
time (8)° )

g) Bottleneck link util. with AFC

101

Figure 5.43. Comparison of bottleneck link ﬁtilizatibn for buf fer = 200, nodes = 60,
a bottleneck delay of A12‘5 ms, dynamic FTP traffic, CBR traffic and WEB traffic
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nodes = 60, a bottleneck delay of 125 ms, dynamic FTP trafﬁc CBR traffic and
' WEB traffic
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" Figure 5.47. Compa.rlson of bottleneck link utlhzatlon for buf fer =200, nodes = 60,
a bottleneck delay of 5 ms dynam1c FTP traﬂic CBR tra.fﬁc and WEB traffic
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5.2.5. Scenarios v'vi_th' Changed B1'1ffer, Size

~ The effect of changing buffer size to 150 means to drop more packets for the AQM

mechanisms to keep track of the reference value for the queue length.

| The first scenario is performed with 100 nodes and 5 ms of bottleneck delay. This
" case is also divided into two one having only dynamlc FTP trafﬁc and the other one

: | having CBR trafﬁc added onto 1t

If Webfocusv on the “dynamic FTP only” case, it would‘ be'betﬁer to compare it
| with the same scenario and the only difference being buf fer:= 200. Figure 5.50 shows
that all meohanisme behave similar Acompared to the case,ivvhe_re'buffer size is 200. For
" RED and ARED, there is seemingly no differenoe,_ REM and »;DFC perform slightly
better, PI and BLUE slightly worse and AFC has less fluctuations at the beginning of
the simulation, but a bit more towards the end. \Bottleneck link 'utilizatioﬁ, which can
" be observed in Figure 5.51 is also similar for both buffersrizes,v maximum utilization is
“achieved with DFC and AFC mechanisms. The slow start drawback of PI can again be
observed. For the fairness criterion, Jain’s index and the delay variation for individual
flows shown in Figure 5.53 Suggest that the most fair‘ap‘proach being DFC. In this

scenario, PI drops the least packets and AFC is the second one_.

 If CBR traffic is added, it can be observed from Figure 5.54 that RED and ARED
behave 51m11ar and BLUE and REM perform shghtly better in terms of reference value
tracking compared to the case, where bu ffer =200. DFC has similar ﬁuctuatlons and |
performs well, AFC and PI show slightly more fluctuations, but AFC is performing |
better than PI. Figure 5.55 also demonstrates the slow start problem of PI, as far as
. utilization is concerned, DFC and AFC are the best achievirlg maximum utilization.
The fairness metric agaln favors DFC mechamsm both with Jain’s index and delay
variation shown in Flgure 5 57, however thls time the least amount of packets are

dropped by AFC
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- When the CBR traffic remains and the' bottleneck delay is changed to 125 ms,
F1gure 9.58 shows almost no difference compared to the bu ffer =200 case in terms of »
- ‘queue fluctuation, however the performance of DFC and AFC is the best. PI fluctuates

a bit more compared to DFC and AFC If we look at the bottleneck link utilization,

shown in Flgure 5 59 it can be observed that' RED and ARED are more utilized
- compared to buf fer = 200 case and PI agam lacks to capture slow start dynamics.
Jain’s index suggests that BLUE being the most fa1r with a value of 0.87, however
this is not the case if we look at. the delay variation in Figure 5. 61 Among the good
performing algorithms DFC, AFC and PI, AFC has the hlghest Jain’s index. RED has

- the lowest devratlon of individual delays but it does perform very badly in general.

There are two other cases, where.the number of nodes is changed to 60 and with
buf fer = 150, one with 5 ms of bottleneck delay; the other one with 125 ms. If we
look at the case with a delay of 5. ms, Figure 5.62 shows that RED, ARED and REM
show similar behavior, BLUE, PI, DFC and AFC performs better compared. to the
case, where bu f fer = 200. AFC achleves agarn the best queue tracking with the best
‘slow start behavior. Tt can be observed from Figure 5. 63 that network utlhzatron is
hlgher with PI, DFC and ‘AFC and PI is havmg again difficulties durmg slow start.
Max1mum ut111zat10n is achieved by DFC and AFC only. The utilization for RED
ARED, REm and BLUE is s1m1lar to the case when using those mechanism, where
buffer = 200. BLUE DFC and AFC have the highest fa1rness 1ndex in decreasing
' order BLUE performs badly if focused on the delay variation shown in Figure 5.65.
| Also note that the least amount of packet drops is achieved by the AFC algorithm.

- When the delay is mcreased to 125 ms for the same setup, Figure 5.66 shows
' that DFC performs better compared to the case, where bu ffer = 200 and AFC shows -
less ﬂuctuatrons for this case. Netiwork ut1hzat1on shown in Flgure 5. 67 1is similar to
' the “bu, f fer = 200” case and AFC and DFC utilize the bottleneck lmk more than the
others AFC also performs the best in dropping the least amount of packets and it is -
more fair towards the connections, which can be also observed in Figure 5.69 with the
least amount of 1nd1v1dual delay varlatron However Jain’s index is the highest with

BLUE.
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Flgure 5.67. Comparison of bottleneck link utilization- for buf fer = 150, nodes = 60
a bottleneck delay of 125 ms, dynamlc FTP traﬁic and CBR traﬂic |
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Figure 5.68. Comparison of dropped packets/sec for.buf fer = 150, nodes = 60, a
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 5.2.6. Scenarios with Wireless Cases

The scenarlos are performed to see. the behav1or of the AQM mechanisms in
a w1reless envrronment Although the setup does not reflect the scenarlo of today’s
w1reless apphcatlons in that sense the mobile nodes initiate FTP transfer this is done
to compare the performance of different AQM mechamsms ‘There are two wireless
cases, one consisting of 30 nodes and the other- one 60. Both cases only include a

non—dynam1c FTP trafﬁc and a bottleneck delay of 5 ms.

" For the both cases, the load on the router is not enough to fill the buffer all
the time, however RED, ARED and REM do not stablhze to a queue length. For
~ the case w1th 30 nodes, BLUE, PI, DFC and AFC track . queue length; PI and AFC
however have more fluctuations, which is shown in Figure 5.70. The success of DFC
over AFC arises from the aggressrveness of it compared to AFC. However, AFC. can
- easily be made to behave smularly via decreasmg the cautious parameter ‘This is
also performed and shown via srmulatlons but not presented here to provide the same
‘comparison standard wrthout altermg the values of the parameters. -All mechanisms

have similar fairness values, however AFC drops the least amount of packets and its

traﬂic fairness i is hlgher with the DFC mechanism, which is shown in the delay var1at10n o

of individual flows in Figure 5.73. In general it can be said that DFC and AFC perform
better than the others

When the number of nodes is changed to 60 the generated traffic is enough
) for most of the times to use all the resources of the router. Queue length tracking is
similar to the “30 nodes” case, however, BLUE experiences some difficulties to keep the
queue length at a higher value, wh1ch means that it performs unnecessary drops. RED,
ARED and REM do not show much dlfference PI AFC and DFC stablhze around a
reference value DFC performmg the best and AFC is the second one, which is shown
in Flgure 5.74. Network utilization shown in- Flgure 5.75 is 31m11ar to the “30 nodes

case, PI and AFC drops the least amount of packets, and the fairness mdex is close to
‘each other for each mechanism, except the index of RED and ARED, which is lower.

Delay var1at1on 'shown in Figure 5.77 favors PI shghtly more than AFC and DFC
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Flgure 5.70. Companson of 1nstantaneous queue lengths for wireless FTP traffic with

buf fer = 200, nodes =30 and a bottleneck delay of 5 ms
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Flgure 5.73. Companson of average 1nd1v1dua1 ﬂow delays for w1re1ess FTP trafﬁc
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Figufe/ 5.75. Comparison of bottleneck link ufil_iZatio‘n for wireless FTP traffic with
buf fer = 200, nodes = 60 and a bottleneck delay of 5 ms
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6. CONCLUSIONS AND FUTURE WORK

In this thesis, we have proposed two AQM mechanisms, one is the direct fuzzy
' controller and the other one belng the adaptive one. ‘Both are based on the fuzzy
- control theory “To test the effectiveness of the proposed mechanisms, different cases
- of scenarios ‘are performed ranglng from wireless ones to CBR, and WEB traffic. To
- have a good point of view on the AQM mechanisms, the number of source nodes,
bottleneck lmk delay and the buffer size at the congested router are also changed.
'Some of those cases are performed with ECN bit set to have an insight on it also.
For- comparlsons of the proposed mechanlsms REM, RED ARED, ‘BLUE and PI are
used. The performance metrics examined are trackmg of the reference value set for the
- queue length, packet drops, bottleneck link utilization, delay varlatlon and fairness. To
provide a better understandlng, the graph1cal representatlon of those metrics, except
fairness, are provided. In fact delay variation and fairness are coupled since an increase
in the variation means that the mechamsm does not behave fair, if we look at it from
' atraffic point of view. From the load point of view, fairness is calculated using Jain’s

fairness index.

From the results, it can be seen that vDFC performs better than almost all al-
gorithms in almost every case. AFC performs even better for the cases, in which the
scenarios dlffer greatly than the ones used for parameter optimization. Both algorithms
show good results under heavy or very heavy load and outperform the others mostly

The AFC algorithm is more ‘powerful in general since it has the ablhty to adapt to

dlfferent conditions.

Focuslng on the results of the simulations' we believe that AFC or-even DFFC can .
be used at heav1ly congesting routers w1th great success. The 1mplementat10n is not
difficult, since the procedure of fuzzy control is based on a table look-up procedure
after initialization, which can easily be done offline. The storage for the results after
initialization is not a big problem, since it will only require very few memory. The

computations required after initialization are only comparisons and basic arithmetic
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' operations.

There is nothing such as “optimum” for the design. of the fuzzy controller, since
it hlghly depends on the heuristics and hence fuzzy rules, which can be defined entlrely
dlfferent by some other person. -For the future work, the des1gn parameters can be
examined to obtain even better results There is also the chance to change the table
of the fuzzy rules or even add another de81gn parameter as another input membership
function. For example, the ECN b1t can be added as another design parameter for
future work. However adding a smgle bit as another design parameter is not as easy as.
it looks. The dynamics of the FMRLC must be carefully examined before performmg
such enhancement. Hence, we do not claim that those designs are optimum, however
they are achieving to survive and perform well .under a different variety of network .

conditions. .

To serve well in a differentiated services environment, the designs can also in-
clude different linguistic rules and other Variables The designs of the fuzzy 'eontrollers
'proposed can be improved to prov1de the requirements of the differentiated services in

the future.
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