ATM

Ui bionic sorling netwoik 16/

ZHe 9% uE 129U Y AT

T2

bitonic sorting network

of W =z M BN-EH & oM
2 of
Sl o Batclandman Yo flAel] #ke ATM A9 28 A8kt AR-E bilonic sorimg L]]E“’];l"l 2
28 a4 74 sleksid, B =2y 3 EE‘—E -2 24499 2N hione sorung IES AL A gich
S714E 28-S A2E7) $—]3 o] 271Ee (EY D25 A0 By AT hilne sorung HESAE BY AW
WA EL 2 Pl B oskA g WEke 98] vEE $ o<k B o-Rola #edl Al EaE 22 A%
WA, HL A=, Cell sequenced] 7. gt A¥AR 9 A REAE AT

A Cost-Effective Dynamic Redundant Bitonic Sorting
Network for ATM Switching

Jae-Dong Lee’

- Jae-Hong Kim*'" - Hong-In Choi'"

ABSTRACT

This paper proposes a new {ault-tolerant technique for Melonic sortng networks which can be used for desigrng

ATM swilches based on Balcher-Banyan nelwork

fault-lolerant Wtome sormng neblwork, T order to recover a

The mam goal m this paper 1= to design a cost-cliective
a fauh, addiuonal companson elements and additional links are

uscd A Dynamic Recundani Bilome Sorting (DRBS) nelwork 18 based on the Dynamic Redundant networl and can be

constructed with several diffcrent variaisons The proposed fault-

tolerant sorling network offers high faull-tolcrance; low

tune delays, mamnenance ol cell sequence. sunple rouung: and regularicy and modulanly

1. Introduction

B-ISDN(Broadband Integrated Services Digital Net-
worle) as a common network [or supporting a wide
range of services such as voice, data and unage have
received much attention m the lrerature Asynchro-
nous Transfer ModelATM) 1s the transport techmgue
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for the broadhand ISDN recommended by CCITT[L]
Many swichimg networles have been proposed 1o ac-
comnmodate the ATM, which reguues fast packet
switching [6]. Self-routing switches which apply o ban-
van nerworlk to the basic intercannections stiuciures are
suilable for [ast switching because of hew parallel
processing abilicy [4-71,

As shown mn (Bgure 1), a sorting networlt is used
sort the cells which are transporied to the output porls

through & router in ATM swiiching systems. A bitonie
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sarting nelworle which supports fast sorting capahilities
and solves commuimeation probloams m ATM swilching
svstens was introduced w1968 [4]. Many ATM
switches such as Starlite, Moonshine, SXmin and
Sunshine vse the bitanic surting network which can he
applied o simplly the design of an arbitralion circuit
struclwre and a router since the nternal blocking is

prevented [6, 7]

| ‘
B Sarler R Router [~

(Figure 13 A Sorter-Router ATM Swiiching System

Due to the large mumber of comparators{or CE) and
nks in Batcher-Banvan nstworls, failure of thesc
components 15 cosmmeon A single [ault i these networlcs
can destroy Lheir funclionabty. Therefore, many re-
scarchers have studied faull-toleranl sorung cireuits,
networks, and algorithms in vanous models. In 1833,
Yaol12| has proposed a faull—tolerant sorling netwerls
in which a [aully comparator smply outpurs its Gwe
mpues without comparison and use canonical redun-
dancy method to [ix the mis-routed data Rudolphf8] has
suggested thar a fault lolorant sorling networle can be
achieved by reducing the cnuocal comparators and
mercasing he numher of necessary pass in a recirculating
shuffle-exchange block. Schirmmer and Starkel9] have
shown asymplotically optimal number of additionul
compurators angdl additional  delay  stages lor single
hall{passive)-fault correction ol arbitrary sorung
networle Assal and Uplall3] have described a general
method for converlng any sorling cirewl mla &
w(reversal)-Tanit—lolerant or destructive-fauli-wlerant
sorting network by replicating & log M) copies of cach
item. All these [wult-lolerant sortng models require
O log°N) depth andior £ NTog *MN) compantson elerients
to sort N items Since many uscrs share the same
networks, high avalability i Batcher-Banyan nelworks
is desirable. Therefore, [aull-tolerance capahility in these

nelwaorks 15 an important considerabion when designing

ATM switches.

Fuwlt diagnosis and recovery techmoues arve crucial
Tor venlying the chips and mamilainmg the rehability of
the network ["aull diagnosis and recovery techniques for
blocking netwaorks have been well researched, However,
direct application of these wechniques to the design of
ATM swilch hased on Balcher-Banvan network will not
worle <ince paths are influenced by the other inputs.
Foult delection and recovery algonthms [or the bitome
sortmg networl have also been studied recently ol
much siudy has been achicved on (he degign of
[anli-iolerant bitome sorting nctworks Thereflore, a new
fault recovery scheme [or the bitome sorling networls
is proposed In this paper.

The remammp of this paper is organized as follows,
Sechion 2 reviews the ilomce sorling nelwork Seclion
3 presents a new fault wleram bitonie sorting netwaorls,
the Dynamic Redundant Bitonic Sorting Network
(DREBSK), and its vanations Sechion 4 discusses an
analysis of the hardware merease and secuon 5 slales

same conclusions

2 Bitonic Sorting Networks

In this section. (he basic defimbons wiich arc used
in this paper are described

Batcher introduced a parallel serting netwark which
consisls of recursively connected bilote merge sorters
in 1958 The fasl soring capahbiv of this nelwork
allows 115 use 11 solving some problems where large sels
of daka must e manipulated Some ol these applicalions
are a switchmg networle with uffer, a mulistage
blockmg nelwork with o non-blocking [eature, and a
mulfi-access memary

The key component of the iremice sorting nefwork is
a comparison elementl or comperator, for shorl) as
shown in (hgoe 2). (Tigare 3) shows an 3x8 hitonic
sortmg network level O has tour Drtome sorters, (00),
(0.1, (02) and (3,3), where each hiloruc sorter handles
two clements. level 1 has twa Intonic sorters, (1.0 and
(L1, where each bione sorter handles [owr elements;

and level 2 has a single hitonic sorter which can handle
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all eight elements As shown m thgure 3). sach bilome
sorter merges two sorled scquences info a full-size
sorted scquence, Therefore, a hitonic parallel sorung
networle can be used to sorl any sequence of elements
hyv successively merging larger and larger hitonic se-
quences. Green M= 2% unsorled elements, a network
with k(&--1)/2 steps sulfices. Each stage conlans
N/2(=2""1 comparators. Hence the total number of

comparators 15 2% S k(E+ 1),

a— b—tniA By A— - —taaxia B

B— H— g P — —rtnis 1)

vab Leve—ard=Hal Corrpa amor Dy High~and-Low Scmparatar

(Figure 2) Basic Comparison Element

{Figure 3) An 8x8 Bitenic Sorting Network

3 Fault Recovery in Bitonic Sorting networks

One drawback of the itonic sorting networlss 15 thal
Lhey are nol fault-tolerant in the sense thal a single lault
m the CE's ar links desirovs the lunctionality of the
networls In 18990, Amanol[2] has niroduced the Fault
Tolerant Batcher (FTB) networl: which can work even
it an element in every bitonic sorter 1s [aulled In this
scheme, Lhe mis-routed oulput of each hitenie sorter can
be correcied using a fauwlt recovery mechamsm which
comsists of multiplexers and inserters However, the
FTB nelwork has the following problems Fust, the
erease of hardware 1s large — about 84% ~42% depending

on the size of mpul Second, the performance of the
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network is degraded gince the error output of euch
hitere sorter has to be [ixed by the additional hardware,
Iiinally, the FTB has no capability to tolerale a fault in
the additional hardware.

o this section a new fault lolerant Mfonic sorting
network called the Dynamic Recundant Ritonic Sorting
Netwaork (DRBSNJ, is presented. Furthermore, some

raralions of this network will be discussed.

3.1 Design of a Dynamic Redundant Bilonc Sarting
Netwark

The design of the DRBSN 15 buged on the Dynamic
Redundanl (DR} Network which is introduced by Jeng
and Siegel[10] m 1986, A CE thal participates in the
sarting task is called a [uncliomng CE: otherwise il is
called a spare CE, A spare CE 1s used when a faulty
CE is delected and isolaled The struciwre of the

[ymnarmuc Redundanl Bitonie Sorter is as [ollows:

(1} Each companson element (CE} is combined with
mpul and oulput selectors (Thgure 3)

(2} Each slape of the hilonic sorter of A=2") inpuis
conlains N/2 [unctioning comparison elements (CE)
and 8 mdicates the spare rows of CEs The number
of actual cxira CEs will be §(¢+ 1) For simpheity
the value of & will be  2%(0<k¢277P).

(3) The levels of stages are labeled in a sequence from
n-1 to 0 with 0 {for the outpul level and n-1 for
the inpuf level.

1) A spare CE will become functioming when a [aully
funetioning CE is detected and isolated.

(5) The nuwnber of links per CE and the connechion
scheme belween stages are defined by the Tollowing:

* The number of links per CE belween stage %
and £—1 (0< k< x) is three, The three cutput links
of a CE() (0= j{AN/2+& Tn stage & are connected

to the input swilch of the [ollowing CEs in stage

k—1, where
J oy
Ciy = | =@ L5 med (2848
(2 1 [g 1)) med (2%+ &)
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The above conneclion scheme 1s apphed recursively
from slage #—1 through siage |, where the value ik

represents the stage numiber,

R (CHD.8) =
i g>1
E0<7 <@ 0 and 231

R,_._l(CA_lfj),g)
£ g 2 @ d and > 1
H Rk—z(cﬂ—1(]*(2‘\_]+§)).'g)'i'gkw"—l-(
1 d=1 i
d0=/<2" and &3 1
R (0 (0D
ot 2 2%and &y 1
R, (C, IU*E"‘_J),Q)—'rZ“_l

)

vale,

As shown In (figure 5) and from the above eguations,
CE (271 can be used as the upper or lower parl of
the cube connechion depending on the location of the
[aulty CE. Therefore the maxarnum number of links per
CE will he bve belween slage £ and A—1

D=k n—2).

11 BE

(ar thy 13l

u} Input Selector {3 by 2)
(by Orniginal Comparisan Efement
(e} Onipur Selector 42 by 33

(Figure 4} New Comparison Elsment

1 Lxeew Compaceven Elerienns

# Cae t Cenpansan Eliment

(Figure 5) Reconfiguration of 88 DRBS, & = 1

The control of the hitorue sorter 15 cilferent (rom the
DR network., As shown in (figure 3), il CE{) or a hink
altached to CE) is found to he faulty, the sysiem s
reconligured so that the physical mumber of CEs are

re-mumbered in the (ollowing way'
="+ 8/a

n={p div px{g—1}

m=p mod g

=3 mod ¢
]={ w1 if =y
m+—1 if wmrr

Here pand { represent the physical and logicul num-

hering of cach CEs, respectively.

32 Implementation of a perfect shuffle connection 1n

the DRBSN

As explamed earher, the hitoruc sorting networls is
corstructed by recursively merping two lower, (-1, 20
and (/-1 27+1), bitomue sorlers inbo an upper, (7,7) hitouc
sorter. 1his merging process can be viewed as a shullle
operationt. By the delimuon of the DRBS, any number
ol addutional Chis between 1 and 2! can be used by each
hlomc sorter. But, it 1s Impossible io use the direct
lavoul of a pertect shuffle connection [or the DRBSN
sinee the reconfiguration of anyv one of the bitonic sorter
affects the other hitonic sorter. Therelore, the
independent  fault-tolerant capahiity by each bitonic
sorler cannat be achieved.

(Figurc G} shows how the perfect shullle con-
neeton{11} 15 1mplemented in the DRBS  Nelwork. For
simplicity the multiplexers and demultiplexers can be
uscd to connect the itonic sorters o that each of thom
can lolerate a single [ault mdependentlv. However, the
DRBS networl implemented by the above technique can
not tolerate a fault on the multiplexer, demultiplexers,
or the perfect shuffle finks. To solve Uus problem,
rmultiplexers and demulliplexers are eluninated but more
extra links are used inslead. The connection scheme for
the perlect shulfle stage, e.g., between lower bitomge

sorters and upper one, 15 delined by the [lollowing :

© Lel 8-y, 8-y 4. and &, be the number of the



extra CEsfor (i—1.%7, (/—1,2/+ 1), and (4, ;) bilonic
sorter. respeclively Here % represenls the outpul port

number of a hitonic sorter (0= £<(2° 7 4255, )},

o= ko2t
shuffle( k), shuffle(k) -~ 2 * &,

shuiflelk—2 % 5,014,

CZJ(.‘z)=| d 2 %6, 10 5 k< 2!+1 + 2% 8,1
shuifle(k—2 % 812012 % 3,

The connection fur Co,1 (7, 274+ 1) ilone sorter, 15
the same as Oy, As described in above equation, the

number of links per CE is eight if the number of CIE

W e Demululetar

(Figure 6) Perfect Shuffle Connection using MUXs
and DEMUXs i the DRBSN

o H nlm.s I 1liges "
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{Figure 7) Perlect Shufflie Connection using extra
lInks In the DRESN
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is between 8,—1 2 and 2°—1 Otherwize the number of
Imlz per CE is four, (Figure 7} shows the hardwire of
llns perfect shutfle connection using extra links for the

Dynamic Redundant Bitonie Sorting Networl.

3.3 Vanations of the Dynamic Redundant Bitonic
Soring network

In this section some varialions of this Dynamc
Redundant Bitonic Sorting network arc discusserl,
Depending upon the size of &, for each hitonic sorler
several different DRBS networks can he consiructed
The value of &, represents the number of the extra CEs
m a hitonic sorters. IFor convenience, the value of 6,
will be power of two mn this paper. The number of the
extra CEs in (7, /) bilonic sorter is cqual to 8,={z+1)
The more extra CEg are used in a bitonic sorter. the
less links per each CE will be used. (Figure 8) shows
the connection of hilomie sorter which has difierent size
of 8, (Figurc 9) shows the Dynamic Redundant Bitonie

Sorong Network which can tolerate fault{s) by nsmng
additional CEs.

(Figure 8] Connaction of bitonic sorter
(8)s, = 1(bYs, = 2-1

The DRBSN can even worlk even il an element in any
hitonic serter is [aulled. However the upper level bitonic
sorters which conlain mere companison elements have
much higher probability of a [aull than the lower level

one, For an cxample, a (2.7 and (9, 7) bitonic sorter
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{§=2""") can be contructed with 18 CEs and 7650 CEs,
respectively. The DIRBSN (N=2") based on this
leclmugue can tolerate maximum 128 faults i 27 level,
but only one fault in 9% level even 1f there are sipni-

# lovel. Therefore, m the number

ficantly more CEsm 9
ol bitomic sorlers which can tolerale a single [ault in
lower level or the number of fanlts which can tolerate
in upper level hitomc sorters has to be carefully con-
sidered based upon the trade-offs between the amount

of hardware incrcase and the reliabilily of the system.

Two different schemes arc presented m this section:
anc technique 15 to use less hardware and tolerate less
(aults especially in lower levels, the other one 1s to use
more hardware and tolerate mare laults cspeciaily 1n
higher levels

{Scheme 1) The first one is based upon the idea in
which it requires only six extra CEs to tolerate single
faultin 0% and 1Y level for any size of DRBS nelworks
withoul using additional links within these bitonic

sorters, 12 more Clis m 2“9 level. and so on. As shown

%
fes

Criit Compiison i lument,
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(Figurs 10} 32% 32 Dynamic Redundant Bitonic Sorting Network using Scheme |



in (lgure 10}, the nelwork contains two extra hitonic
sorters (CEs) m 0% level, one extra buome saiter in
1% and 27 level However, [or an upper level, the bitome
sorter with 8,=1 could he used 1 order to reduce Lhe
numher of extra CEs

(Scheme 2) The other method is based on (he iwdea
in which the more CEs and links are used, the more
faults can be toleraled w the bilonic sorter In order w
lolerate more [faulls m the DRBS network with
8,=2'"", additional lirks per CE can be used. The {z, )
bitome sorter {(722) for the DRBSN wath &,=2""1 cun
be divided mro 27! modules and each modules can
tolerate a single fanlt (Figure 11), eg, () birome

sorter can tolerate maximum 271 faults,

{Figure 11) Dynamic Redundant Bitonie Sorter using
scheme 2 each module can tolerate a fault

4, Analysis of Hardware Cost

As explamed in the previous section, the new

12 2T HIZ 2850 =% ZE U biionic soiing naiwaik 1079

comparison element contains wput and ourput selectors
50 that the number ol hnks per CE effects the hardware
increase. The hurdware increase of the new camparison
clement is shown in (figure 12, The original comparisan
element can be constructed by |3 NORs [4], Theretore,
the hardware increase of a CIE with 2x3 inpul and outpul
selector will be approvimately 0% since sach selecior
needs four switches and one nvertor for the purpose
of controlling the path of dara (Figure 12 thh.

<Table 12> shows the increase of (he hardware of Lwo
diffevent DRBS networlis depending upon the size of 3,
And <table 2> shows the hardwarc mcrease of 1wo
variations of the DRBS necwork (Scheme 1 and 23, Here,
I represents the percent of hardwarc increase
compared with the original network.

Although some of the DRBS mnetworls can he
constructed with rolatively less hardware increase than
the previous method, careful consideration is required in
arder for the design of them in VLSI First of all the
analysis of syslem reliabiliy has to be perlormed Lo hind
out the mosl hable nelwork among these DRBS
networks Consequently. the most reliable parameters
such as the number of fauits are requured 1n each levels,
the number of the cxtra CEs(= 8,), and the number of
the cxra links. The chip area 18 the most unportant
{actor in the design of a VLSI chip. The value shown
m (figure 12), <iable 1>, and <lable 2> [or the hardware
merease shmply represents Lhe incrcase of the conkrol
logic, not actual cost of the hardware increase in VL5I
chip. Sccond. the proper layout of these networl: has to
be constdered Usually a large hitonic sorter can be built
rom the standard modules of convenieat swe of a

smaller one to save design and teslmg costs.

i

3x3 () 343 (b3

Hardware . 300

nd Ixh 133

A0en 465 Al %

{Figure 12) Hardware ncrease of new CEs with each input and output selectors
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{Table 1> The hardware increase of the Dynamic Re-
dundant Bitonic Sorting network @ 8,=1 and

d,=2-1 for all 01 <n-1 and 0 <) {2n.

Onginal DRBS Netwarle DRBS Networle
[Islpuj Network (8, =1 (5, =77

" Chs | Links | CEs | Links |HI%)| CEs | Links [HI(%)
Bl % | 40 | @ | 100 | 689 % ] 98 | 657
6] & | 144|102 ] 33 | 524|120 | 34 | 660
2| M0 | 448 | 29 | 1060 | 488 | 0 | o | e47
61| 672 | 1280 | T8 | 2003 | 425 | 1008 | 2848 | 634
128 vz | 3m6 | 2007 | 7842 | 300 | 2688 | ms6 | 622
256 | 4608 | 2960 | 5046 | 19057 | 364 | 61z | 18315 | 612
512| 11520 | 22508 | 12205 | 47224 | 342 | 17280 | 49308 | 603
1624| 28160 | 75296 | 20040 | 113300 | 325 | 4220 | 111104 | 05

{Tahle 2» The hardware increase of the two
variations of DRBS netwark

Inpul  |DRBS networlk(scheme 1))DRBS networl(scheme 2

Size CEs | Links |HI%)| CEs | Links | HI(%)
3 33 =3 al7 36 106 9.7
16 9% 321 415 120 392 T4
32 2n 940 33 360 1224 1.8
[+5 122 2659 313 1008 3488 1.8

128 1851 6810 273 | 2688 G376 | TV
256 4744 | 17521 | 263 ) 6912 | 24192 | T1S
512 13751 | 42240 | 236 | 17280 | 60 | 713
1024 | 28502 | 103231 | 234 | 42240 | 147968 | 71l

5 Conclusions

This pai)er has focused on a new fault-tolerant
techmque for bitomic sorting networks which can be
used for designing ATM switches based on
Batcher-Banyan network. To overcome the single path
Fmitation of the bitonic sorling netwaorls, a fault-tolerant
sorlng network(DRBSN) based on bitonic sorting has
been presented Addilional CEs and links are used m
order to recover a fault. Some variations of the proposed
nelwark can even tolerate several [aults In specially
upper level hitonic sorters which has considerably more
comparison elements than lower level hitonic sorter.
Unlike the other fault olerant sorting networks thus
proposed network{DRBS) even works with faults on the
extra hardware without any time delays n performance.
The proposed nelwork has high rehabilicy, maintains cell

sequences, sumple routing, regularity and modularity for
VLSI implementation. This paper has also presenled
how the perfect shulfle cormection can be implemented
on the proposed DRBSN. The concept of this DRBS
networl: can be applied to olher sorting networks wath

glight modifications such as k-way sorung networlss, ele.
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