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Abstract logic framework, and using a hybrid fuzzy/classical ap-
proach.

For ABR to be a practical part of ATM, its rate mustbe A brief review of fuzzy logic concepts, and a de-

able to be controlled effectively even in the presencescription of the original FERM algorithm, will be given

of a large round trip time (RTT). A simple fuzzy logic in Section 2, followed by a description of the modi-

controller was recently shown to perform poorly in net- fied algorithms in Section 3. Section 4 will present and

works with large RTTs. This paper compares threediscuss the findings of this investigation. The specific

methods of improving the robustness of this controllerfuzzy rules of FERM are described in the appendix.

to large RTT. One of these in particular is found to pro-

vide significantly lower cell loss for large RTTs, and

higher utilisation for very large RTTs. 2 Description of FERM

. 2.1 Overview of Fuzzy Logic
1 Introduction

Experts rely on vague, imprecise rules to make deci-
ATM aims to combine both real time and non-real timeSions. Fuzzy logic [4,5] is an attempt to formalise the
connections in a single broadband network. In order tdProcessing of such imprecise rules. Importantly, it al-
achieve high utilisation, ATM networks must provide 0wWs a variable to be partly “large” and partly “small”
an available bit rate (ABR) service [1-3], which allows at the same time. Words like “large” and “small” are
very bursty, non-realtime sources to transmit at higrpalledlinguisticterms and a fuzzy value is essentially
rates when network load is low, and low rates when ei-2 measure of how well each of a collection of linguis-
ther network load is high, or their own demand is low. tic terms describe a particular quantity. How well the
The key to ABR services is rate control [3]. Like all term describes the value is called the membership of
ATM connections, ABR data is divided into 424 bit the fuzzy value in the fuzzy set. For example an ACR
cells, and the data rate is controlled by adjusting théf 300 cells/ms may be “0.5 large and 0.3 very large”.
cell rate. Rate control involves providing each source®PPlication of fuzzy logic has three steps: fuzzification
with information about its allowed cell rate (ACR) in (conversion of measured values into fuzzy values), rule
time for it to adjust its transmission rate. To this end,application, and defuzzification (the reverse of fuzzifi-
ABR sources periodically transmit resource managecation).
ment (RM) cells, which follow the same path as the Fuzzy rules have the form “IpremiseTHEN con-
data cells, and then return to the source. One of thélusiori. The premise is made up of statemen¢sii-
fields in an RM cell is an explicit rate (ER), which ablelS valug, combined with the operators AND, OR
can be set by a Congested switch to pro\/ide an uppeﬂnd NOT. The truth of a statementdriable|S value'
bound on the ACR of the source. Each switch the RMS simply the membership of the fuzzy value of “vari-
cell passes through may reduce the ER, but may notinable” in the fuzzy set corresponding to the linguistic
crease it. ABR rate control usually requires each switcHerm “value”. The truth of &xpl AND ex2” is the
to determine the appropriate ER value to indicate. ~ minimum ofexpl andex®, and the truth oféxpl OR

In recent years, fuzzy logic [4,5] has shown promise€X®2” is the maximum oexdl andexp2.

in the control of complex systems, and several fuzzy
controllers have beer_1 _proposed fpr ABR rate con- o The FERM algorithm
trol [6,7]. Fuzzy explicit rate marking (FERM) pre-
sented in [6] was recently shown to perform poorly FERM [6] is anexplicit rate rate control algorithm,
in the presence of large round trip times (RTTs) [8]. which means that it calculates the desired maximum
This paper will compare several techniques for improv-transmission rate of each source and explicitly speci-
ing the performance of FERM, both within the fuzzy fies this rate through the mechanism of resource man-



agement (RM) cells, which are generated by the sourcexplicit rate from FERM would be used as the input for
every N, cell times. Time is divided into control in- a simple non-fuzzy formula to determine the new ACR.
tervals, each consisting ¥, cell arrivals, and the In this study, the rule used is

state of the controller is updated every control interval.

To update the controller state, the controller applies the . _ { F(q, dg) if F(q,dq) <A

fuzzy rules given in the appendix to the current buffer A+n(F(g,dg) — A) otherwise
occupancy,g, and the differencedq, betweeng and

the buffer occupancy at the previous control time. ThevhereER, F(q, dq), ¢ anddg are the same as for (1),
algorithm then produces a desired fractional flow rated is the current ACR, ang is a step length parame-
(FFR), which is multiplied by the peak cell rate (PCR) ter which determines the maximum rate of increase of
of each ABR connection to determine the explicit ratethe ACR. This approach, using the fuzzy logic directly

(ER) for that connection at this switch. That is, the al-to decrease the rate but using autoregressive (AR) in-
gorithm sets crease, will be termed the “"ARI” algorithm.
ER = F(q,dq), (1) The third modification is simply to modify the fuzzi-
_ . ) . fication rules to lower the “target” queue length, as in-
where " is the connection’s PCR times the FFR giVenjicateq in Table 3. This will force the switch to re-

by th? fuzzy_rules, and'R is the value placed in the 0 the ACR sooner and thus allow more time for the
explicit rate field of the RM cell. For each RM cell ar- o ;00 4 reduce its rate in time to avoid buffer over-
riving in that control interval, if the switch's ER for the o\ 15 longer feedback delays can be accommo-
_corresponding connection is lower thf_in the ER alread)(jated_ The penalty for keeping a lower average buffer
in the RM cell, then the old ER value is overwritten. occupancy is an increased probability of emptying the
buffer entirely. When the buffer is empty, the link utili-
3 Robust FERM sation drops below 100%,_Wh|ch is und_eswable but stl_II
more acceptable than losing cells. This approach will

This paper will consider three very simple modifica- P€ called the “low-aim” algorithm.

tions to the original FERM approach, and compare Because of the frequency with which control deci-

their effectiveness at improving the robustness of théions must be made by ATM switches, it is important

system to large round trip times. All of these modi- O minimise the computational complexity of the rate

fication make the control more conservative and thugontrol algorithm. The low-aim scheme has the same

improve the cell loss performance at the expense of theomplexity as the original FERM algorithm. Both of

utilisation. the other algorithms involve an increase in computa-
The first two modifications are both based on thetion. The ARI algorithm involves only minimal ex-

standard notion that caution is required when increastra computation: three floating point additions and one

ing the rate, and swift action is required when reducingmultiplication for each decision. However, the 3var al-

it. That is the principle behind the “additive increase, 90rithm entails a substantial increase in computation,

multiplicative decrease” rule often used in flow con-involving the processing of twice as many fuzzy rules,

trol. However, the original FERM provides an absoluteMost of which involve twice as many fuzzy operations

value for the new ER, independent of the current value@S the original FERM algorithm.

Thus there is no concept of “increasing” or “decreas-

ing” the rate, but only of the “correct” rate. This can be

rectified in two ways. The first way considered here is4 Results

to introduce a third input variable to FERM indicating

the current ACR, which is indicated in the incoming 4.1 EXperimental scenario

RM cell. The control rule thus becomes : . S .
The network investigated in this paper consists of one

ER = Fsy4,(q,dg, ACR), (2) ABR source and one VBR source attached to a single
switch with a 1024 cell buffer and a bottleneck output
wherel, ., is the connection’s PCR multiplied by the link of 155Mbps. The ABR sources were persistant
FFR determined by enodifiedset of fuzzy rules. The sources (i.e., they always have data to send) witha PCR
rules used are presented in Table 4, although other rulesqual to the maximum cell rate of the bottleneck link
are also possible. These rules indicate that the fuzzyo model a file transfer. The VBR source was a slow-
rate should not increase by more than one “level” forstart on-off source with a PCR of one quarter of the rate
a single RM cell arrival, no matter how lightly loaded of the bottleneck link. That is, when the source turns
the system currently is. If the network is congested, theon, its bit rate ramps up linearly to one quarter of the
rate must still be reduced sufficiently quickly, and thelink rate and then is constant until it turns off. The pa-
original FERM rules apply. rameters are given in Table 1. The switch periodically
Another way to enforce the slow increase would bechecks each of the sources, and deems the number of
to step out of the fuzzy paradigm and use a hybridcurrently active sources the be the number which have
fuzzy/classical approach. In this approach, the advisettansmitted cells since the last check.



Table 1: Simulation parameters for ABR sources.Figure 1: Utilisation vs round trip time for the original

(Note: 365 cells/ms corresponds to 155 Mbps) FERM and the three enhanced techniques.
| Name | Description | Value | L.
s T T T T
MCR Minimum cell rate 0.365 cells/ms original ~o—
PCR Peak cell rate 365 cells/ms 0.95 - low-aim ——
ICR Initial cell rate 365 cells/ms ool e o |
Nim Cells per RM cell 10 s '
Ny, | Cells per control interva 50 T 085 | a
E
08 | i
The four control algorithms were tested for the case )
of a single ABR source starting transmitting at time 0.75 ¢ T
Oms, with a VBR source starting at time 3ms and 0.7 o
reaching full rate by 33ms, for a range of round trip 2 4 6 8 10 12 14

times. Note that the ABR control algorithm has no round trip time (ms)

control over the rate of the VBR source. When the

VBR source starts transmitting, there will be transientsgigyre 2: Maximum buffer occupancy in steady state
while the controller determines the appropriate ABRsgr the original FERM and the three enhanced tech-
rate, generally followed by sustained oscillatory be-,iques.

haviour due to the large RTTs under investigation. The
results here are quoted for the “steady state” oscilla-
tions, after the initial transients. The buffer will often
overflow during the initial transients, because the ABR
source must keep transmitting at its PCR for at least
one RTT until the first indication of congestion returns
from the network. Such overflow can only be avoided
by forcing VBR and CBR sources to increase their rates
very slowly, and will thus be ignored in this study.
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4.2 Simulation results round trip time (ms)

The two most important performance measures for
ABR are the link utilisation, and the probability of cell maximum buffer occupancy once the scheme reaches
loss, since ABR connections are inherently insensitivésteady state. For low RTTs, the low-aim algorithm suc-
to delay. Figure 1 shows the steady state link utilisacessfully keeps the maximum buffer occupancy very
tion as a function of round trip times for each of the Iow. However, as the RTT increases, its performance
four control algorithms. The solid lines correspond todegrades and the maximum occupancy approaches that
acceptable steady states, in which the buffer does n@f the original and 3var algorithms, and the buffer over-
fill completely, and the dashed lines correspond to unflows for a similar value of RTT. In contrast, the hy-
acceptable steady states. For low delays, all of the aPrid technique has a higher occupancy for low RTTs,
gorithms have 100% utilisation. As the delay increase®ut maintains a much lower occupancy as the RTT in-
above 2 ms, the utilisation drops for both ARI and low- creases. Extrapolating from the graph indicates that it
aim. When the round trip time reaches 4 ms, the utili-Will not cause cell loss for RTTs as high as 20 ms, com-
sation also drops for the original algorithm original and Pared to 8 ms for the pure fuzzy logic techniques.
3var. The three pure fuzzy-logic schemes clearly trade The ARI algorithm can be tuned by altering Pre-
utilisation for stability, with the more stable schemesliminary results show that with = 0.2, the utilisation
consistently providing lower utilisation. is almost 100% until RTT=4 ms, after which it drops,
Much better results than for any of the pure fuzzybut remains above that of the original algorithm. Cell
logic schemes were obtained by the hybrid schemdoss occurs at RTT=10 ms, when the utilisation is 85%.
Despite its lower utilisation for moderate RTTs, ARl The actual temporal behaviour of the system can be
suffers a much more gradual drop in utilisation as theseen for RTT=9 ms in Figures to 8. Note that the initial
delay gets very large, and is better than the originatesponse is essentially the same for all schemes because
scheme for RTTs over 6 ms. However, the real beneef the time taken for the source to receive notification
fit of the hybrid scheme is that it produces no cell lossof the congestion. Note also that the queue length us-
over the entire range of RTTs studied in this simula-ing ARI is 0, indicating suboptimal utilisation, more
tion. This is shown clearly in Figure 2 which shows the often than for the other schemes (Figure 4). However,

o
max steady state buffer occupancy (cells)



Figure 3: Queue length vs time for 3var and original Figure 5: Queue length vs time for low-aim and origi-
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Figure 4: Queue length vs time for ARI and original
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Figure 6: Allowed cell rate (ACR) vs time for 3var,
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due to the reduced amplitude of the oscillations in themet?]1berSh|p 'gggessseé ruodera?s, and gn ";]PUt. V?Lue
ACR, the actual ACR at these times never reaches zerfd [N€ range ( ’ ) has unity membership in the

(Figure 7), and so the resulting utilisation is still higher set, so tha’f, Fhe truth value of the_ st_atememo 1S
noder at e” is 1. The membership increases linearly

betweenz; and z,, so that 300 i s npderate”
has a truth value of 0.5. FERM uses three linguis-
tic variables,q (queue length)dg (change in queue
length) andr at e (allowed cell rate divided by the

Recent results [8] indicated that one proposed fuzzy, CR: in the range -0.2 t0 1.2). The possible linguis-
controller, FERM, performs poorly in the presence oftic values for each of these are given in Table 2.

large round trip times. The results presented here indi- The modified fuzzification rules foq in the low-
cate that very simple modifications to FERM can pro-aim algorithm are given in Table 3.

vide improvements in robustness in this case. In par- The linguisticrules defined in terms of these variable
ticular, a hybrid fuzzy/classical algorithm consistently and values are given in Table 4. The rules in bold, with
provides substantially lower cell loss, and for largeonlyq anddqg as inputs, are the original FERM rules,
round trip times also provides greater utilisation of theand the entire set of rules with all three inputs is the
network. This comes at negligible additional computa-modified set of rules for scheme 3var. The linguistic
tional complexity. This modification increases the per-variableACR takes on the same values as the variable
missible round trip time from about 8 ms for FERM to r at e.

about 20 ms.

5 Conclusion
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