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Chapter 1 General Concept

1.1 Introduction

Since the early 1960's thers has developed a great
interest in the subject c¢f reliability of digital systems
and, with the dincrsased conmnplexity of current digital
systems, this subject has become increasingly important.

A clock signal is essential to the operatior of rost
digital systems. Distribution of a correct clcck signal in
a large system is an important element of reliability. This
thesis will propose sclutions *o the prcblem of distributing
a synchronized fault-tolerant clock sigral t¢ all elements
of large 1LSI inmplementations. A particular applicatiorn to
ariay structures is described. The first chapter is an
introduction to the subject matter and general concepts.
The secornd chapter describes an interesting idea given by
Fletcher [77. The rest of this thesis 1is devoted to
extensions, mocdifications, and improvements cf Flatcher's

results.

Apy discrepancy between the expected output and actual
cutrut of a system is said to constitute an errer, the cause
of which is said to be a physical fault, Systems which do

nct produce errors in the presence of physical defects are



said to be fault tolerant. A typiceal clecck signal wavaform
is sheown ip Fig., 1-1. The parameter T (cn) is the amount of
tige during which the signpal is in the 1 state. Meanwhile,
T f{off) is the amount cf time during which thz signal is in
the 0 state., The definiticn o©f synchronizaticn between two
different ciock signals is that the difference between the
time of occurrence of their leadirna (falling) edge is within

the tolerance of the digital system.

1.2 Delay Characteristics

Delay is the &ssential faulty characteristic of clock
signals. Many circuit elements, such as delay lines arnd
rultivibrators, are important contributors of delay in the
clcck signal., We will describe it in this section.

Some devices have significant cutput response rise (o
tc 1) and fall (1 to 0) times which are pmainly dus to
alectrical rarameters such as capacitarce. This kind of

delay is called rise-fall delay.

Every element introduces delay to +the clock signal
rrcpagating through it. The delay through an etched
ccnductor is typically 1 ns/foot. The delay through a ¥AWND
gate is 5 ns and the delay through a flip-flop is 15 ns {for

high speed logic). This kind of delay 1is called transpgr

-

I+

delay.
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Figure 1-1 Typical Clock Signal
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Sometimes the exact transport delay thrcugh an element
is nct known, For example, the delay through & NAND gate
may vary from 5 ns to 10 ns, depending on the real

ituation. This kind of delay is called ambiguity_ delay.

All elements require energy in order to switch state.
The energy in a clock signal dis a functiocon of its amplitude
and duration. If the duration is tcec small, the clock
sigpal will not force the element tc switch states. The
minirum duraticn for which an input change must parsist in
order for the =lement to switch states is called inerxzial

d

)

lay.

1.3 Geanreral Apprcach

The general approach to building a fault-tolerant clock
system is to bave sore extra spare clock modules in addition
to active nmodules as shown in Fig. 1-2, There are also
switching networks and clock sigral checkers in this systen.
The clock sigral checker will mcpitor *the cutputs of the
active modules, On cccasion o¢f inceorrect output, the
switching network then replaces tbke faulty module by
switching in a spare module, ®¢ will intrcduce some clock

signal checkers in this section.
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Figure l1-2 General Fault-Tolerant System




Earlier clock sigral errcr detecters us=sd capacitor
charge discharge methods [1,2,3]. A typical example is
shewn in Fig,.1-3., The signal to be tested is applied to the
inrut port. W#When the signal is at 0 , Transister Q1 is off
ané¢ Capacitor C <can charge through resistor B2 . V¥hen the
sigral is at 1 , Transistor Q1 is on anrd Capacitor C will be
discharged, If the input signal is normal , the output will
be at the high state . Otherwise the output will go low .

The detection threshold is adjusted by the RC time constant

Chang et al, {5] designed a detector with an integrator
circuit. The detector is shown in Fig. 1-4 . The signal %o
be tested is connected to the irput port of the low-pass RC
circuit whose time constant is much larger thar the period
of the input signal, The dc ocutput veltage of this
integrator is the average valune of +the input which is equal
tc the product of its duty cycle and its high voltage value.
By checking the average valne, any variaticn in +the duty

cycle will be destected .



Figure l1-3 Capacitor Discharge Circuit
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Koczela [4] used a digital ccunter circuit for the
detector , which 1is shown in Fig. 1-5 . The signal to be
tested 1is connected to the reset input of the countar.
Ancther pulse source provides the ccunt sigral, If enough
ccunt pulses ars received between reset coperations, a carry
output will be produced, indicating an error signal. #¥®e can
test a specific signal period by using a variable modulus

ccunter,

The methods described above cannot detect errors inside
the detector. For example, if the output of the detector
has a stuck-at type failure, it will always give the false
incication that the sigral is correct., Usas {[6] suggested
ancther detector which is called a totally self-checking

pericdic signal checker.

A circuit 1is fault-secure for a set of faults F , if

for any fault in F anrd any allowable input, th=2 output is a

i

ncr-code word or the corvrect code word, not an incorrect

¢

ccde word, A circuit is self-testing for a set of faults F
if, for any fault in F, there exists an allcwables input

which detects it.
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A totally self-checking circuit is both fault secure
ané self-testing, Faul t-secureness peints cut that the
circuit is operating correctly if the output is a code word.
Self-testing insures that any fault can b2 detectsed during
ncrmal operation. The diagram of this checker 1is shown in
Fig. 1-6, It consists cf 2 morncstables multivikrators M1 ard
M2 . Monostable M1 is triggered. cn the leading edge of the
irnrut signal and outputs a pulse of fixed width equal to
the sxpected value o©f T {cn). TLke second mconcstable M2 is
tiiggered on the falling edge of the input and produczs a
pulse of width T {off). The checker used a 1-cut-of-2 code
« The correct output is 01 or 10. The appearance of a 00
or 11 ocutput indicates that either +the input is in error ot

there is a fault in the checker.

Fig. 1-7 shows how the checker works, Part (a) is the
ncrimal operation in which the ocutput of M1 is a regeneratiorn
of the inpput wavefcrm, while M2 is +he conmplement of the
infut. The checker output is then either 01 ¢t 10 . Part
{k) is the case when the input is stuck-at-0. Part {c) is
thé case wher the input is stuck-at-1, In part (d) , there
is anp abnormal increase in T (off). It can be seen that the
checker produces a 00 poncecde output which indicates errer

ccurrence, In part (e s there is a decr=ase in T (on) of

4

the input. The checker will generate a 11 noncode outpnt
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which indicates =Tror cccurrence.

By adjusting the monostable pulse width tc the valuss 7T
{cr) and T {off) for +the clock =ignal, we can detect any
variations in the waveform. Th2 output of the chacker could
be used to initiate spare elements., This checker can alsc
be used +o monitor the synchronization amcng differ=nt clock
signals, By conbining the sigrals involved, Chang showed
that we could get synchronizatin information fcr these clock

signals.,

One shortcoming of this fault tolerant clcck system is
that +the switching netwerk in Fig. 1-2 pust be highly
reliable, Therefore the reliability of the switch has a
great effect on the overall system teliability . W®ith this
ccnsideration, we will dintrocduce a highly reliable fault

tclerant clock system in the next chapter,
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Chapter 2 Fletcher's Clecck System

2,1 Irtrcduction

Fletcher's «clock patent {[7] is an apparatus which
prcvides a clock signal despite failure of individual clock
elements {5). This patent has 3f+1 clock elements ,f being
any positive integer. It is formed so tbat the cutput clock
sigrnal is generated notwithstanding failure cf any £ clock
elements. Fig. 2-1 is a circuit diagram of an individual
clcck element of the patent. Fig, 2-2 is an overall diagram
of the patent, It contains 3f+1 cleck 2lements
E(1),E(2)+.+..E(3f+1)., Bach of these clock slements from E(1)
thiough E{(3f+1) forms an output clock sigral A (1) through
A(Zf+1) respectively. Each of the <cleck elenents, E{(1)
through E(3f+1), further receivses as inpput signals the
ocutput signals A{i) from each of the other clock =lements,
as well as its cwn output signal.

Each of the <clock elements includes a guorum logic
circuit I {which forms two control sigrals responsive to the
signals rteceived from the individual clock elements), two
tige delay circuits (At), two differentiator <circuits {set
and reset ) and an ocutput circuit., The output circuit of
each element is actually a set-reset flip-ficp. It will be

set and reset in response to the output of the

differentiator,

15
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Definition: A gucrum__logic__functicn__Q(n,3i) is a

furction of n inputs. If less than i of those n inputs are
logic 1level 1 , then this functicn is 1logic 1svel 0

otlrerwise it is logic level 1,

The quorum logic circuit L of each elemert will producse
twe guorum logic functions, Q(3f+1,£f+1) and Q(3f+1,2f+1).
If less than f+1 of the 3f+1 output signals
A(1),A(2)...A(3f+1) are logic 1level 1, +*he function
Q(Zf+1,f+1) is logic level 0, If 1less than 2f+1 of the 3f+1
output signals A{1),A(2)...A(3£f+1) are logic level 1 , the
furction Q(3f+1,2f+1) is 1logic level 0. Thosas +two sigmnals
will pass through the time delay circuits and
differentiators to set or reset the flip-flcp at the proper
tire, Those two time delay circuits within the clock
2lements are used to determine the freguency of the clock
signal, The top onre will determine the length of the tirpe
period during which the clcck signal is ip the 0 state. The
bcttcm cone determines the length of the time pariod during

which the clock signal is in the 1 state.

2.2 Circuit Descriptior

Fig.2-3 is the circuit diagram of a set differentiator

which is part o¢f +the «circuit of =each clock elemant.
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X(1s)X({2s) are two inputs of the circuit. A(s) is the
internal state variable, Z{s) is the cutput variabhle.
X{1s) is aAactually the output of *the function Q(3f+1,£+1).
X{Zs) is also the output of the functicn Q(3f+1,f+1), except

that thers is a time delay<4t betveern ¥X{2s) and 3(13).

The state diagram of this circuit is also shown in
Fig.Z2-3 . Thers are 4 stable states which are =enclosed
within circles. When inputs X(1s)X(2s) are 00,11,0or 10, the
interpal stable state A(s) will be 1. When X(1s)X(2s) is

01, A(s) will be 0.

When Y {1s)X{2s) gc from 01 to 00, the intsrnal state
A(s) will go from 0 to 1, the output Z(s) will go from 1
tc 0, then return toc 1, generating 2 negative pulsa. This
is the case vhen Q{3f+1,£+1) () is still O, but
Q(3f+1,f+1) (t-4 t) undergoes a 1 to O transition. Sirce
Q(Zf+1,f+1)=0 means less than f+1 «clock elements are in 1
state, therefore the clock elements will be set to the 1
state At time units after more than 2f clock zlements make a

1 to 0 transition.
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When X(1s)X{2s) go from 01 to 11, A{s) will go from O
te 1, Z2(s) will gc from 1 to 0, then return to 1, gsnerating
a regative pulse. Since X{1s) is the ocutput of *the function
Q(3f+1,£+1), X(1s)=0 means less than £+1 clock =lements are
in the 1 state, and X(1s)=1 m2ans more than f clock =slements
are€ ir the 1 state. Therefore, whernsver more than f clock
slements make a 0 to 1 state transition, this clock elewrent

will also make a 0 to 1 transiticn.

Fig. 2-4 is the «circuit diagram of the resst

1

differentiator., It is also part of the circuit diagram of
each clock element., This figqure also shows the state table
of tte circuit, Z{r) is the cutput variable, A{r) is the
internal state variable. X(1r) and X({(2r) are the two input
variakles of the <circuit. There ate U stable states
enclcsed within the «circles. ¥%hen dinput X{Ir)X(2r) is
06,01, or 11, the stable state wvalue of A{(r) is 0.

Otlerwise it is 1.

%hen X(1r)X{(2r) goes from 10 to 00, A(r) goes from 0 tc
1, cutput Z(r) goes frem 1 to O, ther returns to 1,
gererating a negative pulse, which will be usad to reset the
respective flip-florp. This is the case when Q(3f+1,2£+1)
goes from 1 o0 0., This 1is the case when Q(3f+1,2f+1) (t-4t)

was still 0, but Q(3f+1,2f+1) goes £from 1 +*fo C. Since
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Q{zZf+1,2f+1)=0 means less than 2f+1 clock elements are irn
the 1 state, it must be concluded that the clock elament
will bhe reset to the 0 state when more than f clock elements

ge frem 1 to 0.

Fhen X{1r)X(2r) goes from 10 to 11, A{r) goes from 0 to
1, output Z(r) goes frem 1 to O, then returns to 1,
generating a negative ©pulse, which will also be us2d4 to

reset the respsctive flip-flop.

Since X(1r) represents the value of Q(3f+1,2f+1),
X{1r)=1 nmeans more than 2f clock elements are in the 1
state. Because X {(2r) represents the value of Q(3f+1,2f+1)
with 4t time delay, X(2r)=0 means less than 2f+1 clock
elements were in the 1 state (prior %to t-4t)., Therefore, t
tine units after more than 2f clock elements gc from 0 toc 1,
the output variable 2Z(r) will give out a mnegative pulss to

reset the respective clock =lement,

2.3 Operation Rule

From the above description, we car draw the following
ccrclusion about the circuit operation rule of the clock
element: The <clock elemant will be set to the 1 state At

tire units after morse than 2f <clock elements go low or when
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mcre than £ clock elements go high. The clcck element will
ke reset to the 0 state At time units after mere tkan 2f
cleck elements go high, or when more than f clock elements

gc lcw,

With the above operation principle, this system can
keep all clock elemenmts in & synchronized <condition., It
canr generate 3f+1 synchronized clock signals. The time when
2ach clock element go high (low) is completely determined by
the twe functions Q{3f+1,f+1) and Q(3f+1,2f+1), Hhenever
the npumber of failed clock elements is less than f+1,

regardless of +the failure mode, +these two functions stiil

(]

S

I4

wcrk effectively. The rest of the system still generat
syrchronized clock sigrnals. It is an f-fault tolerant clock

systenm,

In order to demonstrate this property, consider the
case where £f=1, Since 3f+1=4, +there are 4 clock clements
syrchronized and, if any cone of them fails, the remaining 3

are still to be correct synchronized clock signals.

Each clock element will genevrate a clock signal. This
signal will be ccnnected to the input ©port c¢f each other
element and its own input port. So ecach element will havse 4

input signals, Each element has guorum 1logic which will
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generate the 2 functions Q(4,2) and O{(#,3), which are the
furcticons of the U output signrals of all 4 clock =2lemants.
#hen mcre than 1 element is in the 1 state, ¢(4%,2) will be
1« Otherwise it is 0. When more than 2 clock elements ars

in the 1 state, Q(4,3) will be 1. Othsrwise it is 0.

Phenever more than 1 clock element goes high
(C(4,2)=X{1s) goes fronm to 1), all 3 cther slements will
go high. All clock z=lements will also go high 4t time units
after mere than 2 clock elements go low, (Q{4,2)=X(1s) goes
frem 1 to 0 ). Whenever pore than 1 clock element goes low
{(C4,3)=X(1t) goes from 1 to 0),all 3 cther elements will go
low. A1l elements will go low At time units after more than

2 c¢lcck =#lements go high {Q(4,3)=X(1r) goes frcm 0 to 1).

Let Fig. 2-5 be the output waveforms of these 4 clock
elements with this diagram. ¥®We <can qgivs a detailed
description of the relaticn among functions Q(#,2),0(4,3),
variables X(1r), X(2r), A{r), A(S) Z(r), X(s) and the stats

transition of the clock slements.

E{1) goes low before time T{1), E{2) goss 1low at tire
T(1) . So does X(1r) (Q(4,3)). Right after T(1),A(r) of E(3)
and E(4) =#ill go high, Z(r) of E(3) and E(4) will give out a

negative pulse. E(3) then goces 1low at T(2). The difference
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tetween T(1) and T(2) 1is pretty small (just dus to an
internal gate delay.). At this time, 3 elements have alr=sady
gcre low; therefore, Q(4,2) and X(1s) will go low.,

0(4,2y,0(4,3),%(1r),¥(1s) are all 0 at t(3).

At t(2)+ 4+, all clocks are scheduled to go high. Let
X{zs) cf E(3) go lov first. Then A(s) of E(3) goes high, and
Z(s) gives out a negative pulse to set E(3) to 1 state.
Assume E(2) goes high next in the same way at T {4). Then
C(L,2) and X({1s) go high. Shortly thereafter, E{1) and E(4)
go high and Z(s) gives cut a negative pulse, Assume E (1)
goes high at T(5) (The difference betwsen T(4) and T(5) is
pretty small). Then Q{4,3) and X{1r) go to 1 kscause 3
clcck elements have already gone high. At tiwe units after
T{%), X{2r) of E(2) gces high, which causes A(r) go high arnd

Z{r) to give out a negative pulse and reset E(2).

Let.E(1) be stuck at 0., At T(2), bcth E(2) and E(3) are
in the O state. Then Q(4,3) will go low, which will causse
E(4) to go low immediately. A%t +time later, E(3) will go
hich. At T{4), both E{2) end E{3) are in the 1 state, thus
0{4,2) will go high, which will cause E{4) to go high

iprediately.

Therefore, even 1if E({1) fails, the other 3 elements
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E{z), E{3), E(#) will still be synchronized. They still
generate 3 synchronized clock signals with the sane
frequency as before, This 1is <called a 1-fault tolerarnt

system.
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Chapter 3 Multi-order Clock

3.1 1st order clock

Fletcher's clock patent can generate 3f+1 synchronized
clcck signals with 3f+1 clock elements. Alsc, it has the €=~
fauvlt tolerant capability., For this patent, the expression
for the number o¢f inteccnnecticns among different clock
elements is (3f+1)*(3£+1) if 3f+1 clock =2lements are tc be
generated. For f=1, 16 interconnections will provide 4 clock
signals. for £=5, 256 interconnecticns will provide 16
clcck signals, For f=33, 10000 interconnections will provide
10¢C clock signals. Notice that the number cf

interconnections is exponentially increasing.

A different <concept of interccanecticn is now
sucgested, In Fletcher's patent, every clock element is
ccnnected to every other element, which is the main cause cof
the tremendous number of interconnections. If the system is
divided 1into several groups, each greoup being internally
cctnected, and every group being connected t¢c every other
grcup, then synchronized clock signals with fewer
interconnections can be obtained. Ore kind of conneciion is
stated as follows: Suppose we have (3f+1)*{3f+1) clock

elements., Then if we divide them into (3f+1) groups, each

29
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grcup will have 3f+1 clock elements, Every clock element is
ccrnected with every cther clock element within its own
grcup., Each group will generate 3f+1 clock =signals. There
are 3f+1 groups. Fach clock sigral will be connectzd to a
different one of the 3f+1 groups. The circuit structure cf
each clock e#lement is shown as Fig, 3-1., It is similar to
the circuit of Fletcher!s patent with the following
mcdifications: Additicnal guorum lcgic, additional
differentiaters fcr local signals, and additicnal AND gates
between differentietors and flip-florps. Each clcck slement
has two types of input signals, cne type coming from clock
elemsnts in its own group and the other type coming from
ctier groups. The signals coming from their cwn group are
termed 'local signals ' and the signals ccming from other
grcups are termed ‘'global signals?. 'Local gqucrum logic! is
gucrum logic operating on local signals ccming from the 3f+1
clcck elements within the same group. 'Globkal guorum logic?
is guecrum logic for global inputs., Fach cf the 3f+1 inputs
ceres frem a different group. There dis a differentiatcer
between the global quorum logic and the flip-flop., 1Its
circuit and state table are shown in Fig. 3-2. Depending omn
the state trarnsitions &at 1its input, it will generate a
necative pulse to set or rTeset the flip-flop., Local quorum
lccic generates the Q(3f+1, £f+1) and Q(3f+1,2£+1) functions

as before,
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Figure 3-2 Local Synchronizer



Rhen more thar £ clock elepents gc¢ logic higk,
Q(3f+1,£+1) will go logic bigh, and the respactive
differentiater will generate a negative pulse, which will
pass through an AND gate and set the +trailing flip-flop.
#hen more than f clock elements gc¢ 1lcgic low, Q(3f+1,2£+1)
will gc¢ 1logic low, and the respective differentiator will
generate a n=2gative pulse, which will pass through an AND
gate ard resst the trailing flip-flop. Therefore, each group
will be locally synchronized as irn thke original patent.
Glcbal guorum logic will also gererate Q{(3f+1,f+1) and
C{3f+1,2f+1) functions., When mere than f group outputs go
lccic high, Q(3f+1,£+1) will go logic high, and the
respective differentiator will then generats a negative
pulse, which will pass +through an AND gate to set the
trailing flip-flops., ¥hen wore than f group outputs go
logic low, OQ{3f+1,2f+1) will gc lcgic 1cw, then the
respective differentiator will generate a negative pulse
which will pass through a respective AND gate +to rzset the
trailing £lip-flop. ¥When mcre than 2f grcup outputs go
lcgic low, OQ(3f+1,f+1) will go logic 1low; the transitior
will pass through a At delay circuit; then the respeciive
differentiator will generate a negative pulse, which will
pass through the respective AND gate to reset the flip-flcp.
When more than 2f group outputs go logic high, Q(3f£+1,2f+1)

will go logic high; the state transiticn will pass through A
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t time delay, thern the Tespective differentiater will
generate negative pulse, which will pass through the

respsctive AND gate to set the flip-flor.

From the above circuit description it is known that:
¥hen more than £ groups go logic highk (lcw), the other
grcugps will go 1logic high (low) immediately. No group can
gc logic high (low) until 4t time units after more than 2f

grcups have gonrne lcw (high).

Now suppose f=1, thern 3f+1=4, and (3f+1)*(3f+1)=16.
There are 16 clock elements, which are divided into 4 groups
with 4 elements in each group. Each element is connected to
4 e€lements in its own group and one different grcup. So each
element has 4 'local input signals! and 4 'glcbal dinput
signals', Local quorum logic will generate Q(4,3) and Q(4,2)
functions of the 4 local input signals. Glcbal guerum lcgic
will generate Q{(4,2) and Q(4,3) functicns of the 4 global

inyut signals.

According to the circuit operation rrinciple, whenever
mcre than 1 local clock element goes logic high thes local
furction Q(#%,2) will go logic thigh, and the <rTespactive

differentiator will generate a negative pulse to set the

1

traeiling flip-flops within the group. Whenever more than 1
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lccal clock element goees 1logic 1lecw, the 1lccal functior
Q(4,3) will go logic low, and the respective differsntiator
will generate a negative pulse to reset the trailing flip-
flcps within the group. Whenever wmere than 1 group output
gces logic high (low), the other groups will go logic high
(lcw). No group can gc logic high {low) until A+ time units

after more than 2 groups have gone low {high).

As shown in ¥Fig. 3-3, supposs groups 1,2,3,4 ars not
synchronized initially, with group 1 leading grcup 2, group
2 leading group 3, and group 3 leading group 4. Group 1 goes
logic bigh at t{1). Group 2 gces logic high at t(2). Q(4,2)
goes logic high at t(2). Sc groups 3 and 4 are forc=d to gc¢
logic high at t(2) {after some gate delay). Grcup 1 intends
tc gc¢ logic low at t(3) (t(3)-t(1)=4t.). But since Q(4,3)
gces logic high at t(2) and t(3)=-t(2)< 4At, t{)-t(2)= At,
grcur 4 will not go logic lcw until t(4). The same thing
hagpenrs to groups 2,3 and 4. And from hare we can sse how
they are synchronized.

For a systzm with 3f+1 groups, the functicns which make
state transition decisions are Q(3f+1,f+1) and Q{(3f+1,2f+1).
Wwhenever fewer than f+1 groups fail, +those twc functions
still drive the system prcperly. Thus it is f-group favlt

tcierant.
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Table 3-1 Comparison tetweer Fletcher’s Type and lst-Order Group

F 1 ¥o. of Inputs per elecent No. of interconnections

Signals {Fletcher's lst-order | Fletcher's Type lst order
Type Group Group
1| 16 16 8 256 128

2 49 43 14 2401 686 -
3 | 100 100 2 10000 200G
4 | 13 103 26 28501 4394
51 2% 256 32 65536 8192
6 | 361 361 38 130321 13718
T | 484 484 44 234256 21296
8 | 625 625 50 390625 31250
9 | 784 784 56 614656 43904
10 | 961 961 62 923521 - - 59582
11 |1156 1156 68 1336336 78608
L12 1369 1369 14 1874161 101306
13 {1600 1600 €0 2560000 128000
14 (1849 1849 86 3418801 159014
15 |2116 2116 92 4477456 194672
16 {2401 2401 98 5764601 235298
17 12704 2704 104 7311616 281216
18 | 3025 3025 1.0 9150625 332750
19 | 3364 3364 116 11316496 390224
20 | 3721 3721 122 13€45841 453962
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* Pable 3=1 (Continued)

W'No. of Feult Tolerant Capebiiity (Zlement)

" ISignals Fletcher's 1st Order Zroup

Type Norst 3est

Case Case
1 16 5 2 1
2 49 16 5 24
3 100 33 9 51
4 169 56 14 88
51 256 85 20 135
6 361 120 27 192
7 484 161 35 259
8| 625 208 44 336
9 784 261 54, 423
10 961 320 65 520
11| 1156 385 17 627
121 1369 456 90 744
13| 1600 533 104 871
141 1849 616 119 1008
15| 2116 705 135 1155
16| 2401 80C 152 1312
17| 2704 901 170 1479
18| 3025 1008 189 1656
19| 3%64 1121 209 1843
20 3721 1240 230 2040
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Table 3-1 (Cont.)

Pault Tolerance in lst Order Group
Feult Tolerance in Fletcher's Type

{

¥
lio. of Interconnections in lst Order Group
No. of Intercomnections in Fletcher‘s Type
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For the patent connection, a system with 3f+1 elements
will have ({3f+1)*{3f+1) interccnnectiors (each e€lement has
3f+1 input lines). For the current connecticrs, thers are
3f+1 groups with 3f+1 elements in each group. There are
(3f+1)*(3f+1) elements in total. Fach element has 2% (3f+1)
ingfuts., The total number of interconnections is 2% (3f+1)*%3,
In crder to generate (3f+1)**2 clock signals, ({3f+1)**4
interccnnection are needed for the patent and 2% (3f+1)**3
for +the current connzcticn pattern; +the difference being

(3f-1) (3f+1) **3, A comparison is shown in Table. 3-1.

3.2 2nd-order clcck

In the former section, the clccking system has 3f+1
grcups. Each group has 3f+1 «clock elements. This idea is
ncx extended by building a system with (3f+1)**2 groups.
Each group having 3f+1 subgroups. Ard each subgroup having
3f+1 clock elements. In other words, a system is built with
(3f+1) *%2 greocups which itself is a clocking syster described
in the former section., There is some slight addition in the
zlement structure. It consists of a local synchronizer, a
grcup synchronizer and a global synchrornizer, The 1local
syrchronizer has local guorur logic generating loceal
furctions Q(3f+1,f+1) and Q(3f+1,2f+1) cf the 3f+1 lccal

input sigrals coming from all clock elements within its owrn
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sutgroup. A 'group synchronizer?! has a ‘'group quorum logic!
whick will generate ‘'group functions?! Q{3f+1,£+1) and
Q(3f+1,2f+1) where the 3f+1 input signals each com=s from a
different one of +the 3f+1 subgrcups of the regicnal group.
A 'global synchronizer' has a "glckal guorum logic?! which
generates 'global functions? Q(3f+1,f+1) and Q(3f+1,2f+1) of
3f+1 input signals each coming from a different ons of the
3f+1 groups. Every =2lsment is connected to¢ =2very other
element within the subgroup and every subgroup is connected
tc every subgroup within the group in the same way as
described in the fcrmer secticn. Alsc, every element knows
when cther elements will gc lecgic  high or gc lcw within its
cWr subgroup, every subgroup krows when cther subgroup will
gc lcgic high or go logic 1ow withir its own group, and
€VETy group knows when other groups will go lcgic high or go

locic low.

#ith the 2lement circuit structure and circuit
operation described above, the system will oparate as
fcllcws: When more than £ clements go high (low) in a
sukgroup, the other elements within the subgroup will gc
high,

When more than f subgroups in a group gc logic high
{lcw), the octher subgroups within the group will go logic

high {low). When more than n {(at most f*(3f+1)+f+1, at least
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{(£+1)*(£f+1)) groups go logic high (low), the other groups
will gc logic high (low), No groups can go 1lcgic hkigh (low)
until 4t time units after more than n{at least (2f+1) (2f+1),
at mcst 2% (3f+1) +f+1) groups gc¢ 1logic low (high). With the
first 3 rules, the trailing =lements can be speéded up. ¥With
the 1last rule, the leading elepents can be slowed down.

Fipally the system will bes synchrorized.

There are (3f+1)**%4 elements in this system. Each
element has 3*(3f+1) input sigpals., The total number of
interccnnections is 3% (3f+1) **%5 With the patent's
ccrnection scheme, in order to generate (3f+1)*%4 clock
signals, each element will have (3£+1)**4 ipput signals., The
tctal number of interconnections will be (3f+1)*x%x8, The
difference is {({3E+1)*%3=3)*x (3£+1) **5, Table.3-2 is a

ccreparison of their difference.

Let f equal 1. Then there are (3f+1)**2=16 groups in
this system. Fachk group has 3f+1=4 subgroups. Fach subgrcup
has U4 elements. Fach element has 12 inputs, including 4

lccal inputs, 4 subgroup inputs and 4 group infputs.
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Table 3-2 Comparison between Fletcher's Type and 2nd-Crder Group

F [No. of Inputs per element No. of interconnections
Signals
Fletcher’s | 2nd Gréer | yietcher's Type | 2nd-order
Type
Group Group

1 256 256 12 65536 3072
2 2401 2401 21 5704601 50421
3 10000 10000 30 100000000 300000
4 28561 26561 39 815730721 1113879
5 65536 65536 48 4294967296 3145728
6| 130321 130321 57 16983563041 7428297
T| 234256 234256 66 54875873536 15461896
81 390625 390625 15 152587890625 29296875
9| 614656 614656 &4 3776801998326 51631104
10| 923521 923521 93 852891037441 85887453
11| 1336336 1336336 102 1765793904896 | 136306272
12| 1674161 1874161 111 3512479453921 | 208031871
13| 2560000 2560000 120 6553600000000 { 307200000
14} 3418601 3418€01 129 116£8200277601| 441025329
15| 4477456 4477456 13& 20047612231936| 617688928
16| 5764801 5764801 147 33232930569601 | 647425747
17| 7311616 7311616 156 53459728531456 {1140612096
18| 9150625 9150625 165 837329376890625(15095853125
19 11316496 11316496 174 1280630€1716016 |1969070304
20 | 136855641 13845841 1€32 191707312997281 {25337E8903
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Table 3-2 (Cortinued)

¢ No. of Fault Tolerant Capability {Element)

Signals |Fletcher's Type | Znd Order Group

dorst Best

Case Case
1 256 35 20 135
2 2401 800 152 1312
3 10000 3333 594 5511
4 26561 9520 1652 15792
5 65536 21845 3740 | 36235
6. 130321 43440 7380 72240
7 234256 78085 13202 | 129927
8 390625 130208 21944 | 216736
9 614656 204885 34452 | 341127
10 | 923521 307840 51680 | 512640
11 | 1336336 445445 | 74690 | 741995
12 | 1g74161 624720 104652 1040592
13 2560000 853333 142844 | 1421511
14 | 3418801 1139600 190652 | 1898512
15 | 4477456 1492485 249570 | 2486535
15 | 5764801 1921600 321200 | 3201600
17 | 7311616 2437205 407252 | 4060807
18 9150625 2050208 509544 | 5082336
19 |11316496. 3772165 630002 | 6285447
20 |13845841 4615260 770660 | 7690480
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Table 3-2 (Cont.)

1
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Fault folerance in 2nd Qrder Group
Fault Tolerance in Fletcaer's Type
1
20 |~
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|
No. of Interconnections in 2nd Order Group

No. of Iaterconnections in Fletcher's Type
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The 1local ,subgroup and grcup quornum lcgic of each
element will produce local functicns Q(4,2), 0Q({(4,3), group
furcticns Q(4,2), 0O(4,3) and global functicns Q(4,2) and
Q(4,3). These functions are used +o determine when to set

the element and when to reset the elenent.

Ir accordance with the operaticn rule dsscribed above,
whenever more than one element gces high (lcw), the other
elements in the same subgroup within tke same group will go
high {(low). Whenever more than 1 group goes high (low), the
otter groups will go high (low). At time units after more
t+han 2 groups have gone highk (low), all groups will begin to

gc lcw (high).

This system can generate 256 synchronized clock
signals, and is 1-group fault +*tolerant, There are 256
elements, Each element has 12 dinputs. Ths tctal mnumber of
interconnections is 12%256=3072. With th= patent's
interconrection pattern, in order *o generate 256 clock
signals, we need 256 elemernts, each of which has 256 inputs,
The total number of interconrnections is 256%256=65536., A
large difference in circuit complexity is seen by looking at
the number of interconnections. Also,the quorum logic
furctions are only functicns of 4 variables, compared to

gucrum logic with 256 inputs for the patent.
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3.3 Generalization

Frem the previous sections, we know that we can build a
large clocking system systematically, Firs%t, a 3f+1-element
Oth order grocup is built., then a 1st order group with (3f+1)
0tk order groups, then a 2nd order group with (3f+1) (3£+1)
1st crder groups, then a 3rd order group with (3£+1) %% (2%%2)
2nc¢ order groups... Until finally an mth order grcup with
(3£f+1) *¥*% (2%* (m-1)) m-1st order groups, A Oth crder group has
3f+1 clock =lements, A 1st order group has (3f+1)*%(2)
elements. An mth order group has (3f+1)**(2%*pm) elements.
Fletcher's patent 1is a system consisting c¢f cnz Oth order
grcup., The system we described in the first sesction is a 1st
ctder group. The system we described 4in the last section is
a znd order group. Fcr a system with Oth crder group, =ach
element has a 0th order guorum logic with 3f+1 inputs. For
a system with a 15t order group, each element has a Oth
order guorum logic and a 1st order guorum lcgic. For &
éystem with an mth order group, <cach =lemant has a Oth
crder, a 1st order..., and an mth order quorum logic, ¥Within
each 0th order group, when mcre +than £ elements go high
{lcw), the others will go kigh (low). %Within each 1st order
grcup, when more than f Oth order groups gc high (low), the
otters will gc high (low). #®ithin each 2nd c¢rd=r group,

when mcre than n (at most £X*(3£+1)*(f+1), at least (£+1)*%*2)
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1st order groups go high {low), the others will go high
{1¢W)sees ¥Within each mth order group, when more than n
m-1st crder groups go high {(lcw),{(n is a function of m) the

otters will go high (low).

There are (3f+#1)%k(2%*p) elements in an mnth order
system., Each element has (m+1) (3f+1) inputs., There are m+1
identical gquorum functions sack with 3f+1, Thus, the quorum
furctions are only <functions of 3f+41 variables. The total
narber of interconnesctions is (m+1) (3£+7) (3£+ 1) ** [2%%*m),
This system is f- (m-1)-level grcup fault tolerant. #ith the
ratent's interconnections pattern, in order to generate
(3f+ 1) ** (2%*pn) inputs, the total nrnumber cf interconnections
is (3f+1) *x*(2**p+2%*y), Fach element has a gqucrum functiorn
with (3£+1)**(2%*m) inputs. Thus, a huge improvement in
cell complexity results, a huge improvement in
interconnection ccrplexity, and a huge improvenment in fault-

tclerance.,.



Chapter 4 Iterative Type Connecticn
4,1 Cascaded Typse

Fletcher's patent is actually an asynchrcnous circuit,
One ccmmen technique for dealing with asynchrcnous circuits
is to develop an iterative array comrbinational circuit
mcdel. Hith this in mind, we come up with the idea of ar
iterative array of clock elements which has the possibility
cf greatly reducing the pumber of interccnnections.
Obvicusly, these elements must be synchronized. Their fault
tolerant capability is also important, Consider now two
sirple cases, as shown in Fig. U-1, The upper circuit
ccrtains 2 bexes A and B. The lower circuit contains box C.
Fach YLox contains 3f+1 cleck elements, The circuit
structure of each clock slements is the same as described in
Fig., 2-1. Those three boxes A,B, and C are completzly the
same., The lower connection is the same as the ccnnection in
the patent, W®e know that it can generate 3f+1 synchronized
clcck signals with f-fault toclerant capability. For the
left circuit, the 3f+1 output signals cf box A are connected
tc the inputs of box B, the 3f+1 cutput signrals cf box B are

ccrnected to the irnputs of box A.

45
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Figure 4-1 Two Stage Case
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Let us analyze the ftwo-box =system. Whenevar mors than
f clcck e2lements cf box A go high, the functicn Q(3f+1,i+1)
of all 3f+1 clock elements of box B will gc high, and all
clcck lements of bex B will go high; then the functiorn
Q(Zf+1,£f+1) cof all 3f+1 clock =lements of box A will get a 0
tc 1 transition, which will set all other clock elements to
the 1 state,

Whenever more +than f clock elements of tox A go low,
the function Q(3f+1,2f+1) of all 3f+1 clock =lemenrts of bex
B %ill go low, and 2ll clock elements of box B will go low.
Then the function Q(3f+1,2f+1) cf all 3f+1 clcck elements of
box A will get a 0 to 1 transition which will reset all
otler clock elements in box A to the 0 state.

Thefefore, wvhenever mcre than £ clock elerents of box A
go high, the other «clock elements of box A will follow,
Simrilarly, we can say +that whenever rmore tharn f clock
elements cof box B go high, the cther clock elements of bex B
will go bkigh. Up to row we have demcnstrated that all clock
zlements of boxes A and B are synchronized tc within gate

delays in the individual circuits.

No clock elements of box A car go low urtil At time
units after more thar 2f clock elements of bcx B go high.
N¢ clock zlements of box B can go low until At time units

after more than 2f clock elements of bhox A go high.
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Besides, all clock e€lements of bex A and B are
syrchronized. Ir conclusion, bexes A and B car each
generate 3f+1 synchronized clcck signals, whose fregquency is
determined by At.

Yhenever the number of failed clock elements of box A
is less than f+1 and the number of failed elements cf box B
is less than £+1, the functions Q(3f+1, £f+1) and
Q(Zf+1,2f+1) still have correct outputs. Therefore boxes &
anéd B are f-fault tolerant. Together boxes A and B have
6f£+2 clcck elenents. This system can generate 6f+2
syrchronized signals. The number of interccnnections in
this system is 2%(3f+1)*x(3f+1). But with the patent
ccrnection, in order to generate 6f+2 <clock signals, the
nurber of interconnections is (6f+2)*(6f+2)., The differencs
is 2*(3f+1)%(3f+1). At the same time, they have th2 sane

fault-tolerant capability.

To illustrate this,let £ be 1. Then both box A and box
B have 4 clock elements, The output sigral from =each
element of bex A is connected to the input c¢f =sach element
of bocx BRB. The output signal of each element of box B is
also connaected to the input of eack element c¢f box A, At
+he time when 2 clock elements ¢f box A go high, Q(4,2) cof
gach element cf boex B will go high., Thus box B's elemesnts

which stay at O will make a O to 1 tramsiticn, which will



49

cavs€e the other elements of bex A tc go high immediately.
At the time when 2 clock elements of box B gc¢ high, Q(4,2)
of <each elemert of box A will gc high. Then box A's
elements which stay at O will make a 0 to 1 transition,
which will cause the other elements of bcx B to go high
irmmediately, Therefore, whenever meore +*han 1 clock elemernt
of box A goes high {low), all other elements cf koxes A arnd
B wwill also go high (low) immediately. Fcr the present
examrle, no clock element can go low until 4t +time units
after Q{4,3) go2s high. Nc clock elewment can go high untik
t time units after Q(4,2) goes low. Therefore, nc =slenment
of box B can go low {(high) until 4t time later after more
than 2 elements of box A go high. Nc element of box A car
gc lcw (high) untii At time units after more than 2 elements
cf box B go high (lcw).  From the above explanation, we can
say that this system can generate 8 synchrcnized clock
signals whose comron frequency is determined by 4t. The
rurcber of interconnections is 2%4x*4, which is =sgqual tc 32,
Each element only has 4 inputs. However, if we use the
ratent's connection type, the number cf interconnectiors

will be 64, Each element will need 8 inputs,

As we consider the general case, we assume that there
is ar array of boxes A{1), 2(2)...A{n). Each tox consists

of 3f+1 clock elements. The 3f+1 ocutput sigrals of box A(1)
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are connected to the input of box A(2). 3f+1 cutput signals
of box A(2) are cornected to the input pcrt of all elemants
cf box A(3)...; finally, the 3f+1 cutput signals cf box A(n)
are connected to the input port of all elements of box A{(1)

(Ejgn q‘-2)9

At first, 1let us 1look into box A{(1). Yhensvar more
then £ clock elements <¢f boex A{(1) go high, =2all clock
elements of box A(2) will gc high. As a rTesult, all clock
elements of box A (3) will go high..., @all clock slzments of
tecx A(n) will go high, then all cther clock elements of box
A(1 will gc high., (Time delay grcws around ths 1loop.)
Sigilarly, when=ver more +thar f clock elements of box A(i)
go high, all <clock =2lements cf box A(i+1) will go high....
A1l clock el=pents of box A(i-1) will go high, then all

ctter clock elements of box A{i) will go high.

On *the other hand, except for the above situation, no
clcck elements of box A(1) can go high until At time units
after more than 2f clock elements o¢f box A(nr) go low. No
clcck elements of box A(2) can go high until £+t time urits
after more than 2f clock elesments of box 2(1) gc 1low. No
clcck elements of box A{i) can go high until &t time units

after more than 2f clock elements of box A(i-1) go low.
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Figure 4-2 Cascaded Type Connection
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Table 4-1 Comparison between fletcher's Type and Cascade Type

(Letting n be 10)

F | No. of Inputs per elemenis No. of interconnection
Signals Fletcher's Type | Cascade| Fletcher's | Cascade

Type Type Type
1 40 40 4 1600 160
2 70 70 1 4900 490
3 100 100 10 10000 1000
4 130 130 13 16900 1630
5 | 160 160 16 25600 2560
6 190 130 19 36100 3610
7 220 220 22 48400 4840
8 250 250 25 62500 6250
280 280 28 78400 7840
10 310 310 31 96100 9610
11 340 340 34 115600 11560
12 370 370 37 136900 13690
13 400 400 40 160000 16000
14 430 430 43 184900 18490
15 | 460 460 46 211600 21160
16 490 490 49 240100 24010
17 520 520 52 270400 27040
18 550 550 55 302500 30250
19 560 580 56 336400 33640
20 | 610 610 61 372100 37210
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From the above pcints, we can conclude that either when
mcre thar f clock elements cof hox B{i) go high, all other
cleck elements of box A(i) go high, or 4t +time units after
mcre than 2f clock elements go low, all other clock elements
of box A(i) will go high. HMeanwhile all clock elenments of
all cther boxes will go high; conseguently all clock
elements of all boxes are synchrenized. They can generate
n* (3f+1) synchronized clock signals whose common freguency
is determined by 4t. This systenr comprises n*(3f+1) clock
elements. The number of interconnections within the systen
is n*x{3f+1)*(3f+1). It can generate n*{(3f+1) synchronized
clcck signals. But with the patent connecticr, irn order to
generate n*(3f+1) clock =signals we need n¥*n*(3f+1) (3f+1)
inerconnctions among those clcock elements. The differ=nce
is (n*n-n) (3f+1) {(3f+1). A ccmpariscnr is shcvwn in Table.
4-1, Even if f clcck elzments of each box fail, the systen
still functions correctly.It still generatss n¥{2f+1)
syrchronized clock signals. Therefore, each tox is f-fault

tclerant.

What we should notice is that there is actually soms
amcunt of time delay tLtetween the time at which <clock
elements of box A(i) make state transiticns and ths time at
which clock elements of box A (i+1) make state transitions,

Suppose it is $t; then, the maximum possikble time delay



wculd be ndt,

different clock sigrnals in a computer

If the maximunm
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allowable time delay among

system i5 max t, then

the maximum number of allowable stages is max t/ t.

4-2 Scattering Type

If we use the connection

section, then the number

greatly reduced, However, if

a sirgle box fail, the whole
the fault-tolerant property,

ccnnection pattern.

Suppose wWe

have an array

pattern described in the last

of interconnections will be

prore t*than f clock elements of

system will fail., To improve

coensider the follcwing inter-

of boxes A(1), A(2)...A{n).,

Box A(i) has 3f+1 output signals. Instead of ccanecting all
of these to box A(i+1), we will connect each one +t0O boxes
A(i+1), 2A{i+2),...A(i+3f+1), where the subkscripts ars

ccnputed modulc n.
I+ will supply cone sigral
A(3)...A{3f+2). Box A{2)
cf bcxes A(3),
tc each one

bcx A(i) will get one

A(i-3f-2)...o0ne from A (i-1), with subscripts mocdulo n.

box %will get its 3f+1 input

For example,
to each
will supply a sigral
A(Ud)«esA(3£+3).
of boxes A(1), A(2)..A(3f+1),

signal

box A(i) has 3f+1 signals.
one cf thz boxes 2(2y,
to =ach one
Box A(n) will supply signrals
In c¢ther words,
from

from A{i-3f-1), one

Each

signals from the 3f+1 preceding
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kcxes. (Fig. 4-3)

W¥hen more than f boxes among boxes A(1), A(2)..A{3f+1)
go high, than £ input signals tc box A(3f+1) will go high.
The function Q(3f+1,f+1) of all <clock elements of box
A(3f+2) will go high, then all clock elements cf box A(3£+2)
will go high. As the clock elemeprts of box (3£+2) go high,
the rumber of boxes which go high among boxes A{2), A(3)+s.,
A(Zf+2) is also greater than f. As a Tesult of this event,
the function Q(3f+1,f+1) of all clock elements of bex
A(3f+3) will go high; therefecre, these elsments will go
high. Similarly, all clock elenents of boxes
B(3E+4)w.uA (D) +esA (1) s A (3F41) will go high. Thersfore,
whenever, more thapr f boxes among hoxes A{1), A2(2)...A(3f+1)
go high, 2all octher boxes will go high, With the <canme
criteria, whensver more than f boxes among 3{2), A{(3)...
& (3f+2) go high, all other boxes will go high. Undoubtedly,
whe€never more than f boxes amcng A{n), A{1),...2(3f) go high

, 8ll cther boxes will go bigh.
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‘ Table 4-2 Comparison between Fletcher's Type and Scattering Type
(Letting n be 10)

F {No. of Inputs per element No. of interconnections
Signals | Fletcher's Type Sc;;;:ring 7letcher's Scattering
Type. Type
1 40 40 8 1600 320
2| 10 70 14 + 4900 980
3| 100 100 20 ~ 10000 2000
4| 130 130 26 16900 3380
5| 160 160 32 25600 5120
6 | 190 190 38 36100 7220
71 220 220 44 48400 9660
8| 250 250 50 62500 12500
9 | 280 280 56 78400 15680
10 | 310 310 62 96100 19220
11 | 340 340 66 115600 23120
12| 370 370 74 136900 27380
13 | 400 400 &0 160000 32000
14 | 430 430 &6 184900 36980
15 | 460 460 92 211600 42320 '
16 | 490 490 98 240100 48020
17 | 520 520 104 270400 54060
18 | 550 550 110 302500 60500
19 | 580 560 116 336400 67280
20 | 610 610 122 372100 74420
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Except for the ahove situation, nc clock eglement of bex
A{2f+2) can go bhigh until t time later after morse than 2fF
boxes among box A(1), A(2),... A(3f+1) go low. 1In general,
excert for the above situation, no «clcck elements of box
A(i) can go high until ¢ +time units after more than 2f
bcxes emong box A{i-3f-1), A(i-3f)...A{i-1) go low., ¥hen
mcre than 2f boxes of its 3f+1 precseding boxes go low, the
furction Q(3f+1,2f+1) of all clcck elements of box A(i) will
gc lcw., t time later, a negative pulse will be gensrated to

set the clock elements cf bex A{i).

From the above discription, we can see that this'system
can generate n*(3f+1) synchronized clock signals whose
frequency is  determined by @ St. The  number  of
interconnections required in *the system is 2n* (3£+1) *(3£+1).
A ccmparison between this type of ccnnecticr and the paternt
ccrnection is shown in Table, 4-2, But its fault-tolerarnt
carability is much Dbetter. The failure cf all clock
clements of a single box will not cause the whole system to
fail. 1In fact, the systam will nct fail until mecre than f

bcyes among 3f+1 consecutive bexes fail,
4,3 2-dimensicnal Type

Another way to improve reliability is %#¢c wusz a two-
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dimersional structure, as shown in TFig.U4-4, There ars 3f+1
bcxes in each column and n boxes in each rcw. Each box
ccrtains 3f+1 clock elements., In the system described in
the first section, each hox supplied 3f+1 <clcck sigrals to
its succeeding box., Now each box will suprly one clock
signal to =zach of the 3f+1 boxes in the succeading colunn.
Each box will have 3f+1 input signals coming from the 3f+1
boxes in the preceding column. The very 1last column of
bcxes will be wrapped around to the first column of boxes.
For any column Jj, if more than £ bexes in this column
go high, then the function Q{3f+1,f+1) of the clock =lements
of all becxes of cclumr j+1 will go high, thesa boxes will
go high, the boxes cf cclumn J+2 will go high..., ang,
firally all other boxes of cclumn will go high.
Therefore, if mors than £ boxes in any cclumn go high, all

tcxes in all columns will gc high.

Wherr more than 2f boxes of colurn 3 gc high, +the
furction Q(3f+1,2f+1) of the clock elements cf all boxes j+1

will go high,.

4t time later, these clock elements will be reszst to the
0 state, and then all clock elements will be rsset to the 0

state, ¥hen more than 2f boxes of column Jj go 1low, the
furcticn gq(3f+1,£f+1) of the clock elemerts of all boxes of

cclumrn j+1 will gc low.
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At time later, these clock elements will ke set to the 1
stete and all clock elements of the ©boxes of all columns
will be set to the 1 state.

As mentioned tefore, eack Ttow tras 1 boxss, cach column
has 3f+1 boxes, and each box contains 3f+1 clock =2lements.
This system can generate n*(3f+1) (3£+1) synchrcnizzd clock

signals whose frequency is determined by At.

When fewer +than £ boxes of columnn j fail, the clock
elements of all boxses ¢f column j+1 still get mors than 2f
infut signals., Their guorum furctions Q(3£+1,2£+1) and
g(3f+1,f+1) still function correctly. These clock elements
canr still be set arnd reset at the proper time. So can the
successive clock elements. Therefore, whenever +the nupber
of failed boxes in each cclumn is swmaller than £, the rest
of the system still generates synchkronized clock sigrals.
Its fault tolerant capability is much better than that of
the cocrnection pattern described in the first section of the
chapter. Each element has 3*(3f+1) inputs. The nunber cof
intercconnections among these boxes is n*(3f+1) (3f+1). The
tctal number of interconnecticn o¢f the whole system is
3% (3£+1) (3f+1) (3£+1) *n. There is =still a big diffsrence
between the number of interconnectiocn of this connection

rattern and that cf the patent. (Table. 4-3)
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Figure 4-4 2-dimensional Type Connection
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Table 4-3 Comparison between Fletcher's Type and 2-Dimensional Type

‘ (Letting n be 10)
F | No. of |Inputs per element No. of interconnections
Signals |metcher's |2-dimensional Fletcher's |2-dimensional
. Type Type Type Type

1 160 160 12 25600 1920
2 490 490 2l 240100 10290
3 1000 1000 30 1000000 30000
4 1690 1690 39 2856100 65910
5 2560 2560 48 6553600 122880
6 3610 3610 57 13032100 265770
T 4840 4840 66 23425600 319440
8 6250 6250 75 39062500 466750
9 7840 7840 84, 61465600 658560
10 9610 9610 93 92352100 893730
11 11560 11560 102 133633600 1179120
12 13690 13690 111 167416100, 1519590
13 16000 16000 120 256000000 1920000
14 18490 18490 129 341860100 2385210
15 21160 21160 138 447745600 2920080
16 24010 24010 147 576480100 3529470
17 27040 27040 156 731161600 4218240
18 31250 30250 165 915062500 4991250
19 33640 33640 174 1131649600 5853360
20 37210 37210 183 138645€4100 6809430
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Let £ be 1, n be 4., Then wWe have 4 boxes in each row,
4 Yoxes in each column, and each box has U4 elements. He now
nawe these boxes (i,7j), where 1i,j=1,2,3,4. Fcr exanmple,
(1,2) rtepresents becx located at row 1, column 2. At the
timpe wher 2 boxes cf columr 1 go hkigh, say (1,1) and (2,1,
+t+hen Q(4,2) of all elements of boxes {1,2) and (2,1), thern
Q{4,2) of all elements of bexes (1,2), (2,2), (3,2) {(4,2)
will go high, +these elements will gc high, Sc do the
€lements of the boxes of columns 3 and 4, Thus, Q(4,2) of
the elements of boxes (3,1), (4,1) will go high and these
#lements will go high. The same thing happens to the other
cclumns., Thus whenever mere thar 1 box of column J goes
higch (low), all other boxes of this column and all other
cclumns will go high ({low) immediately. (Actually thers is
scre delay whose maximum value is equal tc 4 times the
amcunt of d=lay between the 1leading flip-flcp and the
trailing flip-flop in the patent.) In other wecrds, theay arse
always synchronized, going high at the same time and going

lcw at the same tine,

In this system, nc clock elemernts of column 2 can go
high (low) until
4t time units after more than 2 boxes of cclumn 1 go low

{high). No clock elements of column 3 can go high (lcw)

until £t time units aftsr more than 2 boxes cf column 2 gc¢
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lcw (high). The same criteria applys to cclumn 4, 7This
system can therefore generate 64 synchronized clock signals
whecse ccmmon freguency is determined by dt. The required
nunker of interconnections is 64%12=768. Fach <elemant has
12 inputs., If we use the patent's connecticon pattern, then
the required number of interconnections will ke 64*%64=4096,
Each element has 64 inputs. It 3is not tco difficult to
imagine how hard it is to build a functicn cf 64 inputs.
Therefore a significant improvement in circuit complexity

has been achiesved.



Chapter 5 Conclusion

It has been shtown that Fletcher's clock patent can be
nodified to generate the same nurber of synchronized clock
signals with greatly raduced number cof interconna2ctions.

Twc approaches have been proposed to achieve the goal.

According to the definition given ipn chapter 3,
Fletcher's clock patent is a Oth-order grour.An mth-order
grcur is a clock system consisting of (3f+1)**(2%*(m-1))
(n-1)th-order groups. It has {3f+1)%**(2%*n) clock =lsments.

The required number of interconnections amcrg different

[0}

lements is (m+71) (3£+ 1) *x (2%*p+1) ,

Another approach is to use an iterative type
ccrnection. An n-stage cascaded clock circuit can generate
n* (3f+1) synchronized clock signals with n*{3f+1)*(3f+1)
interconnecticns. Fach stage has f-element fault tolerant
carabkility. The maximum value cf n is the allcwable delay
bketween different clock signals divided by thz amount of
delay through =ach individual clock element., A similar type
of ccnnection 1is called scattering type. It can generate
n* (3f+1) clock signals with 2n* (3£+1) (3£+1)
interconnections. The failure of a whole stage will not

cavse thes system to fail.Actually the system will not fail

65
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until the number cf failsd stages in 3f+1 consecutive stages
exceeds f. Ancther +type connection whosz pumker of groups
grcws in twc directionsis called 2-dimensional type. This
circuit «can generate n¥ (3f+1) {3£4+1) <clock sigrals., The
recuired number c¢f interconnections is 3n* (3f+1)**3, Hith
this type cf «connection,each stage is f-group fault

tclerant.
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FAULT TOLERANT CLOCKING SYSTENM

By

Tzu-I Jonathan Fan

(ABSTRACT)

The distributions of synchronized clock sigrals to all
elements of a computing systenm is very important.
Fletcher's clock patent is a good solution tc this problem.
The difficulty with implementation is the tremendous number
cf dinterconnections among different cleocck elements. Two
methods are proposed to resduce the number of interconnectons
withcut loss of synchronization and fault-tolerant
caratility. An mth order clock is a circuit ccnsisting of
{3f£+1) **x (2%*k (m=-1)) (m-1)th order clocks. Fletcher's clock

patent 1is a Oth order clock., Starting with Oth order

clccks, an mth order «clock circuit can be built
systematically. An mth <crder clock circuit car generate
(3f+ 1) %% (2%*m) synchronized clock signals with
{m+1) (3£+7) %% (2%%m) interconnections instead of

{3£+7) x% (2%2%%n) , Its fault-tolerant capability is also
ccnsidered, Another type of connection is called Iterative
Tyre, which is further classified into Cascaded
Tyre,Scattering Type and 2-dimensicnal Type. Each type has

its cwn characteristics.
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