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ABSTRACT

In the well-known totally self-checking (TSC) network, a failure

must not change one output codework into another. Called the fault-
secure property, this permits a receiver of the net's output to assune
that any codework it receives is correct. Further, the self-testing

property requires that each possible failure in the net nust produce at
least one non-code output. Thus a receiver can nonitor the health of
the network by watching for non-code outputs.

In this paper we propose nodifications of these two properties.
The self-testing property is made nore stringent. Each possible fail-
ure in the net is required to produce an output which is in a distin-

gui shed subset of the non-code outputs. The fault-secure requirenent

is nodified to permit a fault to interchange certain output codewords.
In particular, all outputs not in the distinguished subset are parti-
tioned into equivalent classes, and a fault is permtted to change the
output from one codeword to another codeword in the sane class. How
ever, a fault is not permtted to change the output froma codeword to
any nermber of a different equival ence class (one not containing the cor-
rect out put).

These nodified properties define a generalization of the TSC net-
work. A network which neets the nodified properties is called a gen-
eralized self-checking (GSC) network. Self-checking and self-testing

(Mrphic) networks and TSC networks are special cases of the GSC network.
Exam ning TSC networks, we find a further connection with the GSC
net wor k. It has been known for sone time that not every subnetwork of a



TSC network need be TSC. W show that every subnetwork of a TSC network
is GSC, and every TSC network is a cascade of GSC networks. This estab-
lishes the GSC network as the basic building block from which every TSC
network is constructed

W explore a brute-force nethod for constructing a desired TSC net-
work by cascading GSC subnetworks. The nethod resorts to enuneration at

many points of decision and thus is not a practical design tool. However

it does yield a very nice alternate realization of the Mrphic OR and
suggests specializations which merit further study.

INDEX TERM: Self-checking networks

Fault-tolerant computer
Logic design



1 | NTRODUCTI ON

A totally self-checking (TSC) network [Anderson, 1973]is a
fault-tol erant network. When its inputs are held within a special
set of input combinations, called its input code, it exhibits
a systematic fault-tolerance. For a set of faults, called the
fault set, the errors pernmtted at the network output are limted.
In normal use, the network's inputs are kept within the input code.
The set of output conbinations which then occur with no faults is
called the output code. Al other output conbinations are called
non- code out puts.

When the inputs are not within the input code, the TSC net-
work's behavior under faults is unrestricted. But while the inputs
are held within its input code, the output behavior of a TSC network
satisfies the following two rules:

1) Self-testing (ST) property: For each fault, f,

there must be some input codework i, such that the
network output, for input i with f present, is
not an output codeword.

2) Faul t-secure (FS) property: For each fault f,

and each input codeword i, if the network output
for input i with f present is an output codeword,
it nust be the correct output codeword.
The FS property requires that no fault may change the output from
one codeword to another. The ST property requires each fault to

cause at |east one non-code output. These are useful properties



in fault-tolerant conputing. A failing TSC network will soon
give a non-code output, which can trigger an error-alarm Until
that happens, the outputs are codewords which may be believed
_Sorrect.

We shall generalize the ST and FS properties because the
foll owing considerations often apply. There are applications
where output codewords elicit identical actions in subsequent cir-
cuits. An exanple is the TSC parity checker reported by [Carter,
1968], checking for even parity on a bus. In normal operation,
various even parity signals pass by on the bus, and the checker
output alternates between two output codewords. The particular
out put codeword which appears indicates which of 2 groups of even
-parit:y signals is present on the bus. The checker gives a non-code
output for every odd parity signal on the bus.

Subsequent circuitry does not care which even parity signal
may be passing on the bus. It only cares to know whether the bus
signal has bad parity (checker output non-code), or the checker
has an internal fault (checker output non-code). Subsequent

circuitry takes the same action for both output codewords, so

both of them can be thought to have the sane nmeaning. In this

--application, there is no reason to prohibit faults from changing
one output codeword to another, for both have the sane neaning.
Subsequent circuitry might see an incorrect output codeword, but

woul d take the same action as for the correct output.



In the general case it may be difficult to build an error-
alarmcircuit which triggers on all non-code outputs. So why
not permt a non-code output to go unrecogni zed? That out put
could be interpreted as one of the output codewords, provided
that the nmeaning attributed to the non-code output is the correct
one. Subsequent circuits would have to take the same action for
the unrecogni zed non-code output as they would for the correct
out put. And to assure eventual triggering of the error-alarm
each fault would still have to cause a recognized non-code output.

If the rules for a TSC network are relaxed in this way, the
network output response under faults is less highly constrained
the network is just as useful, and perhaps easier to build. e
shall call a network which follows the relaxed rules generalized

sel f-checking (GSC). Wiile the inputs are held within the input

code, the output behavior of a GSC network satisfies the following

1) Ceneralized Self-Testing (GST) Property: For

each fault f, there nust be sone input codeword
i, such that the output, for input i and fault
f, is a recognized non-code out put

2) Ceneralized Fault-Secure (GFS) Property: For

each fault f and each input codeword i, if the
output for input i when f is present is not
a recogni zed non-code output, then it must

have the sane meaning as the correct output.



A GSC network can be viewed as a TSC network where sets of
output vectors replace individual output vectors. Where the
TSC network has an output codeword, the GSC network has a set of

_~8utputs whi ch contains one or nore output codewords, plus perhaps

some non-code out puts. All the menbers of the set have the sane
meani ng. Under faults, the GSC network preserves these sets (GFS
property), whereas the TSC network preserves the output codewords
(FS property). Where the TSC network has the set of all non-code
outputs, the GSC network has the set of recognized non-code outputs.
Under faults, the TSC network produces non-code outputs (ST property)
while the GSC network produces recognized non-code outputs (GST
property).

“A TSC network is clearly a special case of the GSC network
If all non-code outputs are recognized as non-code, and every
output codeword has a different neaning, the GST and GFS properties
reduce to the original ST and FS properties of the TSC network

The ol dest type of self-checking network is the self-checking

and self-testing (SCST) network proposed by [Carter, 1968]. The

most wel | -known networks of this type are the "Mrphic" networks

[Carter, 1971]. Carter's SCST network is a special case of the

-GSC net work. The rules it follows are sinmilar to the GST and
GFS properties, but are stated differently. These rules are
1) "Every single gate failure is detected during norna
operation,"
2) "No erroneous result induced by a single gate-

failure goes undetected."”



These correspond respectively to the GST and GFS properties for
a fault set containing all single faults. The generalization

we have nmade here shows a conceptual sinmilarity of the SCST

and TSC networks. In this paper we will show another connection.
An acyclic network is one with no feedback |oops. For such

a network we can define a conplete subnetwork. A conplete subnetwork
of a parent network is some portion which interrupts every path

bet ween the inputs and outputs. Every such path must enter the
subnetwork exactly once, and exit from the subnetwork exactly

once. Thus a conplete subnetwork is a contiguous subnetwork which

stands astride all paths frominputs to outputs.
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Fig. 1.1 Cascade of conplete subnetworks

Any cycle-free TSC network can be cut into a cascade of 2 or
more conplete subnetworks, as in Fig. 1.1. As the major result
of this paper, we

1 Show that every complete subnetwork of a TSC
parent network is GSC. Therefore every acyclic
TSC network is a cascade of GSC networKks.

2) Devel op a technique for joining together 2 GSC

networks to forma GSC cascade.



2, GSC NETWORK FORMALI ZED

To make use of a GSC network, one must know which outputs
shoul d be recogni zed as non-code. For the renaining outputs, one
must know whi ch should share the same meaning. These features of

a GSC network shall be described by an output partition. An out put

partition identifies a subset of the outputs which should be
recogni zed as non-code, called the alarm set. In application,
these outputs should trigger an error-alarm Al the remaining
outputs are partitioned into equival ence classes, called Mclasses,
where every Mclass must contain at |east one output codeword. In
:épplication the same neaning should be attributed to all menbers of
an Mcl ass.

Definition:

The output partition Q of a network is a proper

subset Z of the set U of all possible output vectors,
and a partitioning of the remainder U-Z into several
equi val ence cl asses El’EZ"""En°

Zis called the alarm set of Q and may contain
no output codewords. El,Ez,....,Enare call ed the M-
classes of Q and each nust contain at |east one out-

put codeword. Q may be witten:

Z||E |E, ... |E_.



An output partition serves as a set of rules for the interpre-
tation of the output vectors of a network. Qutputs in the alarm
set are to cause error-alarms to be triggered. Qutputs in an M-

_‘gl ass are all to be interpreted identically by subsequent circuitry.
A network then is GSC for an input code, fault set, and an
out put partition.

Definition:

A network is generalized self-checking (GSC

for input code I, fault set ¥ and out put partition

Q = ZHEllEzl...|Eniff its behavior under faults in

c#-’ satisfies

1) Ceneralized Self-Testing (GST) Property:

For every f e?’, there exists sone
i ¢l for which C(i,f) € Z, and

2) Ceneralized Fault-Secure (GFS) Property:

For every f ¢ F and every i € |, whenever
C(i,f) ¢ Ek’ 1<k <n, the correct output
C(i,A) ¢ Ek al so,

where C(i,f) gives the output for input i under fault
f, and A is the null fault.

-Example: Deternmine if the network in Fig. 2.1 belowis GSC
for the follow ng output partition. The input
code is the |-out-of-4 code. The output code is

shown in Table 2.1, a partial truth table for the

net wor k. Table 2.1 shows the output for each input



'

codeword, under each fault. The set of faults to

be considered is single stuck faults on gate inputs

and out put s. The output partition to be considered
is Z|]E1|E2 , where

E1 = (1000) (logic vectors 242,212 ),

E2 = (0001, 0010, 0111},

Z = {all other conbinations)

Fig. 2.1  Sanple Network



Sampl e Network Qut put

Tabl e

2.1

under Various Faults

fault
i3iyly3g fault | 170 11 270 2/1| 370 470 sj0 s/ e/0 770 8/0 81
p, {1000 || 1000 |0000 1000 1000 1111 | 1000 1000 1000 1010 1000 1000 1000 g)ﬂi
0100 0111 |0111 1111 0000 0111 | 0101 0111 0101 0111 | 0110 0111 0110 0111!
EJ 0010 0010 |0010 1010 0010 Q111 | 0010 D000 0000 0010 | 0010 0010 0010 OOLL!
| 0001 0001 {0001 1001 0001 0111 |0001 0001 0001 0011 | 0001 0000 0000 0001

note 1:

note 2:

note 3:

Qut put vector shown is 848,88,

Incorrect outputs are underlined.

Fault heading j/k neans wire j stuck at K.

The table represents the output of the network under all faults in

the fault set.

tabl e because response is identical

OR gate inputs stuck at

1 have been onitted from

when OR gate output is stuck at 1.

The GST property is satisfied because the alarm set contains

at |east one underlined output from each colum. W verify the

GFS property as follows.

correct

all in alarm set.

When the correct output is 1000, in-

outputs (found underlined in first row of Table 2.1) are

None of themare in E

9 When correct out put

isin Ez’ incorrect outputs (found underlined in last 3 rows of

Table 2.1) are all in alarmset or Ez' None of them are in El’

We conclude that the network is GSC for the input code, fault set,

and output partition given.

End

of Example




Now since we are using an output partition to describe neanings
of the output vectors of a network, We mght as well use the same
formalism to describe neanings of its input vectors. For a given

network and output partition, we will use an input partition to

describe the network response when fault-free with reference to a
given output partition. It specifies which inputs give output in
the alarm set of the output partition, and which cause outputs in
the various M classes.
Definition:
Let the output partition of a network be
Q= 2z||E |E,[....[E .~ Let Y be the set of all
i nput vectors which cause output in Z Let V1
Vz’ Lo .,Vn be the sets of input vectors which cause
output in El’EZ’
The input partition P of the network is the proper

. ,En respectively.

subset Y of the set U of all possible input vectors, and
the partitioning of the remainder U Y into equival ence
cl asses Vl'V"""Vn' Y is called the alarm set

of P, and Vl,vz,....,vn are called Mcl asses of P.

P may be witten:

P:Y||V1|V2|....|Vn.

10
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3. DETERM NING QUTPUT PARTITIONS FOR WHICH A G VEN NETWORK IS GSC

To meke use of a GSC network, one must be sure that each fault
causes sonme recogni zed non-code out put. For each fault there is
in general a set of non-code outputs which it causes. Ve shal

call these outputs al arm outputs. Each fault then has a set of

al arm out put s. To satisfy the GST property, at least one alarm
output per fault must be recognized as non-code.

Alarm out puts should not be confused with the alarm set of an

out put partition. The alarm set is a set of non-code outputs
specified in the output partition. An alarm output is not necessarily
a menber of the alarm set of any output partition. It is however,

& candidate for nmenbership in the alarm set.
For each output w, under a particular fault set there is in

general a set of output codewords in whose place w nay appear.

We shall call this set the hone class of w. The hone class of an
out put codeword j always contains j, since output j appears under
no-fault. It contains a different output codeword x if some

fault can change the output fromx to w The hone class of a
non-code output t never contains t, since t is not an output code-
wor d. It contains an output codeword y if there is some fault

whi ch changes y to t. If there is no such output codeword, the
home class for t is enpty. To satisfy the GFS property, an output
w and every nenber of its home class nmust have the same meani ng.

This is required of all w except recognized non-code outputs.
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If we know the alarmoutputs for each fault, and the hone
class for every output vector, we can figure out all the assign-
nenig of meaning to the output vectors for which the GFS and GST

properties are satisfied. There is generally a large nunber of

such assi gnments.

Exanple: Deternmine all output partitions for which the earlier
sanmple network in Fig. 2.1 is GSC. The input code
and fault set are the sane: |-out-of-4 code and
single stuck faults. Table 2.1 gives output of
network under the various faults

The alarmoutputs for a fault are the outputs
inits colum which are underlined and are non-code
At least one alarm output per fault must be included
in the alarm set of an output partition, if the
network is to be GSC for that output partition
The alarm outputs for the various faults are shown
in Table 3.1

Table 3.1
Alarm Qutputs for Various Faults in Sanmple Network

f a ul t
1/0 1/1  2/0  2/1 3/0  4/0 5/0 5/1 6/0 7/0 8/0 8/1
1001 1111
1010 0101 1010 0110 1001
o000 1111 opoo 0101 0000 0000 0011 0110 0000 0000 0011

The hone class for an output vector is conposed of the no
fault outputs fromall rows in Table 2.1 where the output
vector appears. The hone classes for all output conbina-

tions are extracted from Table 2.1 and shown in Table 3.2
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not e

Table 3.2
Home Class for Various Qutput Vectors in Sanple Network
. out put vector <g3g2glg0>
| 0000{000170010 0011(010034010110110|0111 1001 101011011~1100 1101 1110T1111
0001,0001{0010|{ 0001} @ }0111}0111{0001 [|00| 0001 (0010 @ ) ) ¢ |0111
0010 0010 0010 1000|1000 1000
0111; 0111 !
1000, . v 5

1. @ neans honme class is enpty set

To satisfy the GST property, at |east one alarm output per
fault nust be recognized as a non-code out put. We nust
choose from Table 3.1 a set of alarm outputs which covers
all col ums. 0000, 1111, 0101, and 0110 nust be chosen
since each is the sole entry in some col ums. The re-
mai ni ng colums can be covered by choosing 0011 al one

or 1010 and 1001. Thus we nust include one of the fol-
lowing two sets in the alarm set of the output partition

A

{0000, 1111, 0101, 0110, 0011).

A2

(0000, 1111, 0101, 0110, 1010, 1001).

Turning to the GFS property, the honme class nenbers for any
out put vector which is not in the alarm set nmust have the
same meani ng. Qut put vectors 0000, 1111, 0101, 0110 nust
be in the alarm set so they need not be considered. out put
vectors with enpty home class need not be considered

Qut put codewords with only thenselves in their home class



need not be consi dered. The neanings of the remnaining
out put vectors nust be consistent with the G-S requirenent.
After renoving colums from Table 3.2 which need no |onger

be considered, the colums shown in Table 3.3 remain

Table 3.3

Home C ass for Qutput Vectors which Renmain in Question

out put vector

0111 , 0011 J 1001 . 1010

0001
8689 | 0010 | 4869 | 6698

| 0111

Since 0111 is a codeword, the requirement that menbers of
its home class have the same neani ng cannot be avoi ded by
placing it in the alarm set. If that were done, error
alarms would be triggered alnost immediately when the

network is put in operation! Then 0001, 0010, 0011, and

0111 nust have the sane meaning. That conpl etes consideration

of home class for outputs 0111 and 0011. There renain

only the last two colums in Table 3.4 to be considered

If A2 is not included in the alarm set, either or both
of the outputs 1001 or 1010 is not recognized as a non-
code output, and so output 1000 nust have the sane neaning

as the other 3 output codewords. Then there can be only
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a single Mclass in the output partition. Only if A2
is included can 1000 have a different neaning. Thus
there are 2 groups of output partitions for which the
network is GSC.

1. Two Mcl asses: 0001, 0010, 0111 contai ned

in Mclass El' 1000 contained in Mclass
E2. A2 contained in alarmset. Renwi ni ng
output vectors can be put in alarm set or

ei ther Mcl ass.

_ 6
Q = Z||E1|E2. 3° choi ces

2. One M cl ass: 0001, 0010, 0111, 1000
contained in single Mclass El‘ Ei t her
Al or A2 is contained in alarm set.
Remai ning output vectors can be put in

alarm set or the Mcl ass.

Q = Z||E1= 125 choi ces

In conclusion, consideration of alarm outputs and home classes
determines all output partitions for which a network is GSC, in
a straight-forward fashion. The result can be very complex to
state, and often involves a large number of partitions. However
inalater section, we will derive GFS and GST preserving trans-
formati ons which allow sinpler representation for |arge nunbers

of partitions.
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4, SUBNETWORKS OF A TSC PARENT NETWORK

The TSC network has been generalized to a GSC network. The
GSC network includes TSC and SCST networks as special cases. One
m ght suspect that some structural regularity in TSC networks could
be found by considering the GSC network. I ndeed, we will show
in this section that an acyclic TSC network is always a cascade

of GSC subnet wor ks.

— I — A — B

Y

i
- - -
- - - -
- - - -
+

v

|

._Al - B'
Fig. 4.1 TSC network show ng a typical

conpl ete subnet wor k.

Consi der an acyclic TSC network and any conplete subnetwork S,
as in Fig. 4.1. Consider faults which are located entirely
within S, faults which are local to S. S is fault-free.  Wen
the input codewords are applied to the parent network at I-1', a
set of logic vectors appears at A-A" which we will call the

local input code of S. Wile the inputs of S are held within the

| ocal input code, the ST and FS properties nust be satisfied for

the faults local to S.
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The ST property holds, so each |ocal fault causes a non-

code output at GG. Then each fault causes an output at B-B'

whi ch means that a non-code output will appear at GG. The FS

e

property holds, so no local fault causes an incorrect output
codeword to appear at GG. Then no local fault changes the
output at B-B' to a vector which neans that an incorrect output
codeword will appear at GG. Consider the B-B vectors which
cause non-code output at GG to be recognized non-code outputs
of s. Let the remaining vectors have meanings according to the
out put codewords they cause at GG . Then S clearly satisfies
the GFS and GST properties.

*Subnetworks of a GSC parent network behave nuch the sane.
Consi der a GSC network with output partition Qb and i nput code Ia

cut into a cascade of 2 subnetworks A and B as in Fig. 4.2

— C = C F"Cz

- = o =
- - e -

\/._--Y.\

— 1 — ] L_ C?
CO Cl 2

Fig. 4.2 GSC network cut into a cascade of 2.



18
From Ia derive the output code Za of A and the local input code

Ib of B. Cearly, Za =1 Frome derive the input partition

b
Pb of B. Pb descri bes how the output at CZ—C;_ responds to
out put vectors from A
Since the GST property holds, there nust be an output in the
al arm set of Qb for each fault in A Then there is an output
of Ain the alarm set of Pb. Since the GFS property holds,
no fault in A can cause the output to nmove from one Mclass of
Pb to another. Then no fault in A can cause the output of A
t 0 move between Mcl asses of Pb. Then A is GSC for input code

b

frivially GSC for the input code Ib, its local faults, and the

out put partition Qb. Thus both subnetworks of GSC parent network

Ia, its local faults, and an output partition equal to P, . Bis

are thensel ves GSC
Now suppose A is GSC for input code Ia and output partition

Qa. Suppose the output code of Ais Za' Suppose G is GSC for

i nput code I and output partition Qb. Let the input partition

b

of B be Pb' Suppose Za = I, and Qa = P , thus re-creating the

b b’
exact conditions found in the network above. I's the cascade

A B GSC?
Since A has the GST property, each fault in A causes an output

in the alarmset of Qa. Si nce Qa =P , that in turn causes an ouput

b’
in the alarmset of Qb. Since A has the GFS property, no fault

moves the output of A between Mclasses of Qa' Then the input of

B stays within an Mclass of P, so the output of C —C2 stays

b 2
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within an Mclass of Qb' Thus both GST and GFS properties hold
for the cascade, for faults in A Since Bis given to be GSC
and its proper input code is supplied by A the GST and GFS properties
—tt

hold for the cascade for faults in B. Than A:B nust be GSC for

the input code Ia and output partition Qb' This proves Theorem 1.

Theorem 1:

Gven 2 GSC networks A and B. A is GSC for the
i nput code la fault set 07‘1; and output partition
Q. Bis GSCfor input code I fault set 91;

and output partition Qb.

The cascade A-B is GSC for the input code Ia

H]

faul't set QF;UQFI; and output partition Q

if and only if

1) The output code of A is equal
to the input code of B (Ib), and
2) The input partition of B is

equal to the output partition of

A Q).
. This is quite a powerful result. By recursive application,
it applies to cascades of any nunber of subnetworks. If a GSC
network is cut into n subnetworks, all n are GSC. [f a network

is a cascade of n subnetworks, it is GSCif all n subnetworks are

GSC and they match input and output codes, and input and output

partitions.
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This result can be extended to apply to TSC networks. In the
introduction we showed that a network is TSC if it is GSC with
all non-code outputs being recognized as non-code, and a different
meaning for each output codeword. These conditions are described

by an output partition with each Mclass containing a single menber

which is an output codeword. We shall call this kind of output
partition a singleton output partition. For a given output code,
there is only one singleton output partition. Then a network

is TSC if it is GSC for the singleton output partition. The
reverse is clearly true.

Theorem 2:
= A network is TSC for input code I and fault set

if and only if it is GSC for input code I,

fault set F and the si ngl eton output partition.
Thus a network is TSCif and only if it is a cascade of
GSC subnetworks natching codes and partitions per Theorem 1, and
the output partition of the last subnetwork is a singleton output
partition. We shall exploit these results in the follow ng

sections.



[Rand
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5. FAM LI ES OF QUTPUT PARTI TI ONS

We have seen that a network can be GSC for a single input
code, a single fault set, and many, many output partitions. G ven
a network, input code, and fault set, we wll call the output partitions,
for which the network is GSC, good output partitions. In this
section we will show some useful structure in the set of all good
out put partitions.

We will show that good output partitions naturally fall into
famlies. Each fanmily has at its head a unique ancestor partition.
A sinple test shows if a given output partition Qis in the fanmly
of a given ancestor. If the test is made over all ancestors and
Qs in sone family, Qis good. Qherwise Qis not good. Si nce
the set of all ancestors is usually much snmaller than the set of
all good output partitions, it is a highly conpact way to represent
the set of all good output partitions.

We begin by defining 3 operations on an output partition, which
preserve the GST and GFS properties. Using the operations nerging

and reduction we will derive all ancestor partitions for a given

net wor k. Usi ng the operation expansion, we will generate all
good output partitions fromthe set of all ancestor partitions.
Merging, as we shall presently see, applies to Mclasses, while
expansi on and reduction apply to the alarm set.
Mergin

Suppose we have a network T which is GSC for the input code I,

fault set 7, and output partition Q = X||E1|E2||En Suppose



we-nerge together (i.e. formthe set union of) two Mclasses B and

EJ, i#j, forming an output partition Q :XHVI;V2|....[Vn 1. CQearly

the GST property is satisfied for output partition Q, since X is

<}

unchanged. The GFS property is preserved also; since no output

codeword can be noved to Ek from Ei or EJ individually by faults

in (k#j#1i), no output codeword can be noved out of Ei Ej
(set union).
Definition:

L .
An output partition Q _X|[V1|V2|....|Vn 1
is a merging of an output partition Q = X[|E1|E2||E

i ffthereexists some onto mapping R fromthe set

{1,2,...,n} onto the set {1,2,...,n-1} such that
<i<n.
Eic—:-VR(i) for all 1<i<n

Lemmsa 1:
Gven that a network is GSC for the input code I,
fault set 7 and output partition Q Then T is
GSC for the input code I, fault set cf and any

output partition Q which is a merging of Q

-

Expansi on:
Now suppose we have a network T which is GSC for an out put

partition Q= X| |E1|E lEm. Suppose we renove an el enent

2]...
v fromone of the Mclasses Ei and place it in the alarm set. I'f
v is not an output codeword of T, the result is also an output

partition. VW will call this operation expansion, referring

22




to the expansion of the alarm set.
Definition:
i i ': ' ' e o 0o 0 '
An output partition Q X||E1|E2| IEm of a

network T with output code Z is an immediate expansion

of an output partition Q= XHE1|E2||Em iff for
sone k,k € f1,2,...,m}, there exists v ¢ Ek'
v ¢ Z, where

X' X +v (addition of element to set),

E1'< = Ek - v (renoval of element from set), and
E' = E, for all j#k
J Al J

v is called the exchange el ement of the expansion,

- and Ek is called the exchange cl ass.

Definition:
An out put partition Q2 is an expansion of an output
partition le Q2 can be obtained fromQ by

a sequence of immediate expansions.

Expansi on preserves the GSC nature of a network. Consi der
a network which is GSC for an output partition Q Consi der Q,
an inmedi ate expansion of Q Because the alarm set of Q contains
the alarmset of Q the GST property is satisfied for @ also.
Further, because every Mclass of @ is an inproper subset of sone
Mclass of Q the G-S property of Q inplies the G-S property for
Q'. Then the network is GSC for Q. By repeated application

we have:

23
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Lemma 2:
Gven that a network T is GSC for the input code
I, fault set <‘>T"/ and output partition Q Then T
is GSC for the input code I, fault set ? and any

output partition @ which is an expansion of Q

Reducti on:

Next we define the reverse of the expansion operation, called
reducti on. Suppose we have a network which is GSC for an output
partition Q Let us select an elenent v of the alarm set, where
the honme class of v is contained in one Mclass M [f v is not
the sole alarmoutput for a fault, we can nove v into M without

- viol ;thi ng the GST or GFS property. GST preservation is trivial
because v is not the only alarmoutput for any fault. GFS property
is preserved because no 2 menbers of v's home class are in different
Mclasses = all are within M This argument should seem familiar,
since it is the criterion we used in section 3 to deternmine all good
out put partitions.

Definition:
An output partition Q' = X'l |Ei|15:é[[EI;l is an

i medi ate reduction of an output partition

Q= X||E1|E2|....|Em iff for some v e X,

X' =X - v (renoval of elenent from set),

E1'< Ek + v (Addition of element to set), and

E! E. for all j#k.
J | J
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v is called the exchange el enent of the reduction

and Ek is called the exchange class.

Definition:
An out put partition Q2 is a reduction of an
output partition Q iff Q2 can be obtained

from Ql by a sequence of imediate reductions.

Clearly if an output partition Q is an immediate reduction
of Q then Qis an immediate expansion of Q. VWat ever is done
to an output partition by reduction can be undone by expansion,
and vi ce-versa.

Lemma 3:

Gven that a network T is GSC for the input code I,

fault set ?F and output partition Q

If Q@ is an imediate reduction of Q for

which v is the exchange elenent, and Mis the

exchange class, and

1) v is not the only alarm output for
any fault in ?’l,

2) the hone class of v is contained in M

then T is GSC for the input code I, fault set C‘): and
output partition Q.
Immedi ate reduction can be applied repeatedly to the output

partition of a GSC network, generating output partitions with snaller

and smaller alarmset. Unlike the expansion operation, reduction
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cannot in general be carried out to its extrene, an enpty alarm set,
~~*while preserving the GFS and GST properti es. At some point short

of that, it will be found that each of the alarm set nenbers is

either the sole alarmoutput for a fault or has a hone class

overl appi ng nore than one Mcl ass. No further reduction preserves

the GSC properties.

The set of all ancestor partitions for a given network, input
code, and fault set can be found as follows. Cenerate the singleton
output partition and all nergings of it. Discard the output partitions
which are not good. For each remaining partition, apply immediate
reduction in all possible ways. Where each chain of reductions
ends, the last output partition is an ancestor partition.

From the set of ancestors, the set of all good output
partitions can be found by fornming all possible expansions of the
ancestors. Once the set of ancestor partitions is known, one can
determ ne whether an output partition is good by a sinple test.

It is good iff it is an expansion of one of the ancestor partitions.
An output partition Q = Al |B1|B2!""|Bn i s an expansion of

Q, = XHYllY .]Yn iff Xis contained in A and each B

2| . k IS
contained in sone Yj 1<k<n, 1<j<n. This sinple test will be
very useful in the method of synthesis which follows in the next

section.
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6. CASCADI NG GSC NETWORKS

Theorem 1 and Lemmas 1-3 are a sufficiently powerful set of
formal tools for us to build GSC networks by cascading. In this
section, we will show how they are used, The situation in cascading
is shown in Fig. 6.1. W have a network A which is GSC for a
particular input code Ia, fault set O%'a, (conposed entirely of
faults within A), and a set of ancestor partitions. W have a
network B which is GSC for a particular input code Ib’ fault set
O'Fb (conposed entirely of faults within B), and an output partition

Qb. We now have sufficient tools to determine if A'B is GSC

N N ey \

” > P4 »
> — > ) >
f GSC v GSC

' net wor k v net wor k

) 4 1

) A t ] B

~ . \ o
4 - r -

ancestor partition Q} out put partiti 0‘%

input partition Pb

Fig. 6.1 Cascading GSC networks

First, we check that the output code of A is identical to
the input code of B. If so, A°B may be GSC, and we proceed further.
[f not, B nmust be re-examined with the output code of A as its
input code, and any good output partitions Qb f ound.

Second, we formthe input partition Pb of B, frome and t he
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fault-free truth table of B. | f Pb is an expansion of one of the

ancestor partitions Qa of A ABis GSC Qa can be expanded until

it is equal to P, and Awll still be GSC. Then the output

b
partition of A is equal to the input partition of B, and the
conditions of Theorem 1 are fulfilled

Using this cascading step, it is possible to build a desired
GSC network by repetition. One can keep on suffixing networks,
as we suffixed B to A until the desired network is formed. | f
the initial network Ais correct, and the proper suffix networks
are added in the proper order, any GSC network can be built up in
this way. It may therefore be possible to develop a synthesis
: algg{ithm for GSC networks, based on the cascading tools given here

An exanpl e where luck and persistence have allowed us to construct
a new GSC network by cascading, is given next. The exanple is
intended to show use of the cascading rules, and to notivate further
research on a synthesis algorithm But first we nust make a snal
el aboration of the cascading rules, to nake the exanple easier.

In cascading, it may be specified that a certain subset L of
the non-code inputs to A (Fig. 6.1), shall cause alarm set out put
fromthe cascade. This happens, for exanple, when the cascade is
to be a GSC checker. Each menber of L causes some output v from
A, which must be in the alarm set of the particular output
partition of A found in the finished cascade. The response of
a network to non-code inputs, however, has nothing to do with its

GSC properti es. Constraining a GSC network's response to non-code
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inputs sinply creates a special case of the GSC network.

We will extend the definition of a good output partition

to cover this constraint. A good output partition becones one
for which the network is GSC, and an alarm set output is given
for each of the nmenbers of L. The procedure for finding
ancestor partitions for A is nodified accordingly. For each
menber of L, the output of A (when fault-free) should be in
the alarm set of every good output partition. In the reduction
process leading to the ancestor partitions, such outputs nust not
be renoved from the alarm set. Then the ancestors describe the
set of all output partitions for which Ais GSC, and for which
R-gives alarm set output for the specified non-code inputs.
Example: W wish to design a GSC 2 input Mrphic OR network. An

n-input Mrphic OR [Carter, 1971] network has 2n

inputs, divided into n groups of 2 wires. Each

group is called a pair. The input code is all

conmbi nations of conplenentary signals on the pairs.

Since there are 2 ways a pair can carry conplenmentary

signals, the input code as 2% nembers. Here with

n=2, the input code has 4 nenbers.

The n-input Mrphic OR has 2 outputs. The output code
is the two conplementary conbinations 01 and 10. The
function of the Mrphic OR when fault-free is to

gi ve a non-code output when all n input pairs are non-

conpl ement ary. \When one or nore pairs are conplenentary,
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t he out put

is conplenentary.
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Thus the network we are

to design is a GSC network with a heavily constrained

response to non-code inputs.
2 input

which nornmally give conplementary outputs

The application of the

Mrphic OR is to observe 2 self-testing checkers

The Morphic

OR senses if both checkers simultaneously give the

abnormal, non-conpl enentary out put.
Table 6.1
Morphic OR Truth Table
s i nput encoded
13121110 out put
input 0101 01 or 10
code 0110 01 or 10 {both 01 and 10
' 1001 01 or 10 jnust appear
1010 01 or 10
0100 ) 01 or 10
01 or 10
0111 01 or 10
1899 | 01 or 10
! 0001 01 or 10
: 1101 01 or 10
: 0010 01 or 10
! 1110 01 or 10
0000 00 or 11
i 0011 00 or 11
1100 00 or 11
1111 00 or 11
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In designing a GSC Morphic OR we nust realize the

GST property and the GFS property. In the function

of the Mrphic OR both output codewords bear the sane
information, nanely that the 2 checkers being observed

are not both emtting non-code outputs, and no interna
fault is currently in evidence within the Mrphic OR
Because both bear the sane nessage, it does no harm

if the Mirphic OR confuses the two output codewords

under internal faults. We shall pernit faults to change
one output codeword to the other, making the design easier
and no |ess useful. To do this we will require the
following output partition on the Mrphic OR output

{00, 11}]|]| {01, 10} (single Mclass containing 01 and 10,
alarm set containing all other conbinations). Pl acenent
of both non-code outputs in the null alarm set is autonatic
because this is a partition at the network output, and

all observers by convention interpret non-code outputs

as cause for error alarm The network is nuch easier

to design in this case, because of the single Mclass

the GFS property cannot possibly be violated

We*will design the network for the fault set of al
single stuck-faults on gate inputs and outputs. Thi s
is the choice made in [Carter, 1968], and is reasonable

to deal wth.
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The input-output function desired is highly constrained,
as can be seen in Table 6. 1. The Morphic OR gives non-

code output for the 4 conbinations at the bottom of

Table 6.1. These 4 conbinations nmust cause al arm set
output in our realization. The remaining 12 inputs
shoul d cause output (codewords) in the Mclass. These

constraints can be expressed as an input partition for
the realization. Then the GSC network we desire has
the follow ng properties:
1) Input code: {0101, 0110, 1001, 1010)
2)  Qutput code: {01, 10}
3) Fault set: all single stuck faults
4  Qutput partition: {00, 11}||{o1, 10}
5) [ nput partition:
Al arm set: {0000, 0011, 1100, 1111)
M cl ass: {0001, 0010, 0100, 0101, 0110, 1111,
1000, 1001, 1010, 1011, 1101, 1110

We begin the design with the hypothesis that we can transform

the 2 rail input code into the [-out-of-4 code with a single

| evel of AND gates, which is GSC and has the desired input
partition. The single level AND network is particularly
easy to work with, because it can be represented by a "set
of inplicants (one for each AND gate output) on a single

Kar naugh nap. A map showing the required response

}
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is shown in Fig. 6.1. The realization, if it exists,

will be called "subnetwork A."

h h,
™ v
* - | egend
he input codeword: output
° to be code

L non-code input: output
to be code
UV « | non-code input: output

to be non-code

by, ‘
t, ﬂ
oLy |

Fig. 6.2 Karnaugh map of subnetwork A.

Each cell on the map is marked with a dot ".", a star "#*",
or a dash "-". A cell marked with a dot is one of the
4 input codewords. A cell marked with a star is one of
the 4 inputs for which the Mrphic OR nust give a non-
code out put . Each cell marked with a dash is a non-code

input for which the Mrphic OR nust give a code output.

The single I evel network hypothesized nmust give a 1-out-
of -4 output for each cell marked with a dot or dash, and
give a non |-out-of-4 output for each cell marked with a

star. W have assuned that the network can be realized
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with 4 AND gates, one for each output. Each gate can
then be represented by an inplicant on a Karnaugh map
A realization of the desired function will have 4 inplicants
on the map, one for each gate, and every cell marked with
a dot or dash will be included in exactly one inplicant,
and every cell marked with a star will be included in zero

or nore than 1 inplicants

A few trials yield the 4 implicants already drawn on Fig. 6.2

h3= iy, h2= 1310, h1= izil, h0= izio' Two of the cells
marked with a star are included in 2 inmplicants, and the
others in no inplicants. Al other cells on the nap

are included in one inplicant. From the map we can check

if the realization is tested for all single faults by the

4 input codewords, by considering growth and existence tests

[ Pai ge, 1969]1. Each inplicant contains one input codeword,

so each AND gate receives the 11 input (existence test).

Each growth of each inplicant includes a second input codeword,
so each input stuck-at-I fault on an AND gate input causes

a 2-out-of-4 output for that second input (growth test).

Then the network which realizes these inplicants, shown in

Fig. 6.3, satisfies the GST property and is GSC
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' ) 3
4 6
1,7 5 h,
? 9
10
, ) 12
i 1| hg

Fig. 6.3 Realization of subnetwork A

Next we determne the set of all good output partitions
for this network. First we consider the input-output
function of the Mrphic OR The last 4 input conbina-
tions in Table 6.1 give outputs h3h2h1h0= 0000, 0110,
and 1001. The Morphic OR output is to be non-code for
these input conbinations, so 0000, 0110, and 1001 must
be in the alarm set of-the network (Fig. 6.3). Code
output for the first 12 input conbinations is already
guar ant eed because they give |-out-of-4 output at h3—h0.
The final Mrphic OR will have only one Mclass, so we
can restrict to good output partitions with one Mclass.

Ancestor partitions subject to these restrictions mnust

now be found.

Having a single Mclass sinplifies getting ancestor

partitions, because the GFS property is trivial to satisfy.
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partition is a

(good) ancestor
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partition if

its alarm set contains 0000, 0110, and 1001, and no

other nenber of its alarm set can be renpved without
A
violating the GST property. The set of alarm outputs
for each fault is shown in Table 6.2
Table 6.2
Alarm Qutputs for Various Faults
in Subnetwork A
faul t
/1 2/1 3/0 3/1 4/0 5/0 6/0 e6/1; 7/0 8/0 9/0 9/1,10/1 11/1 12/0 12/1
1100 1010 0000 1001 (1100 0101 0000 01010011 1010 0000 0011|0011 0101 0000 0101
1010 0110 0110 0011
1100 1100 1010 1001

In Table 6.2 note that we have omtted gate input stuck

faults which have the sane effect

faults.

The out puts 0000,

alarm set to satisfy the constraint

The outputs 1100,

1010, 0101,

and 0011 nust

as one of the gate output stuck

0110, and 1001 nust be included in the

on response to non-code inputs.

each is the sole alarm output for one or nore faults.

as a colum in Table 6.2 with only a single entry.
from Table 6.2 al
colums themrenmain in the table,

to the alarm set

col ums covered

any mnim

fornms an ancestor

by these outputs.
cover,

partition.

be included because

This appears

W can renpve

If any

when added
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Renmove the colums containing 0000, 0110, or 1001, and
all colums with only a single entry. No col umtms
r enai n. For conpactness, let us denote output vectors

h3h2h1h0 by their deci mal equivalents,

S e i

0<k<3

Qutputs 0, 6, and 9 are required in the alarm set to give
the required input-output response. Additional outputs
3,5, 10 and 12 conplete the GST property. Any ot her
outputs may be renoved from the alarm set. Then the
partition {0, 3, 5, 6, 9, 10, 12}||{1, 2, 4, 7, 8, 11,

13, 14, 15} is the only ancestor partition.

Table 6.3
Encodi ngs for Subnetwork A
codes alarm sets
input code . . . . . 5,6,9,10 to detect faults ...... 0,3,5,10,12
output code . . . . 1,2,4,8 to catch bad inputs . . . 0,6,9

to detect faults
and bad inputs ...... 0,3,5,6,9,10,12

At this point, we have successfully transformed the 2 rail
input code to the |-out-of-4 code. The realization in

Fig. 6.3 is GSC for the input code {5,6,9,10}, the set of



all single stuck faults,

{0,3,5,6,9,10,12}||{1,2
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and the ancestor partition

,4,7,8,11,13,14,15}.

We now hypot hesize another |-level AND network with the

{1,2,4,8} input code, whose input partition has an alarm

set which contains {0,3

,5,6,9,10,12},

A Karnaugh map showi ng these requirements is shown in Fig

If a realization exists

we will call it "subnetwork B."

6.4.

L ko ) A3
k
B\, {/K 2
@ . * .) | egend
3 . i nput codeword: output
) * Y - * Jto be code
= /k‘ o _ fnon-code input: output
* - ) - - opti onal
’t, " 3 o * non-code input: output
>/ * - * to be non-code |
| ] [
b0,

Fig. 6.4 Karnaugh

A few trials yield the

map of subnetwork B

realization in Fig. 6.5 whose

i mpli cants have been drawn al ready on be Karnaugh nmap

The output code of this
2-out-of-4 code. The

and existence tests for

network is a subset of the
Karnaugh nmap again shows growth

every inplicant, each test giving
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a non-code out put. W again solve a covering problem

on the alarmoutputs (Table 6.4) to find the ancestor

- partitions at the output. As can be seen the solution
to this covering problemis unique, and is shown in

Table 6.5; there is only one ancestor partition.

1 3
: 6
- . 9
}i k
hl 8 1
10
12 K
hO 11 0

Fig. 6.5 Realization of subnetwork B

Table 6.4

Alarm Qutputs For Various Faults in Subnetwork B

faul t
/O 2/0 3/0 3/l(| 4/0 5/0 6/0 6/1 |7/0 8/0 9/0 9/1 10/1 11/6 12/0 12/1

1101 1110 0001 110111101 1110 0001 11010111 1011 1000 0111 1011 0111 0100 1011
0010 1110l 0010 1110 0100 1011. 1000 0111
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Table 6.5

Encodings of |-out-of-4 to 2-out-of-4 Converter

codes al arm sets
i nput code . ..{1,2,4,8} to detect faults ...{1,4,7,11,13,14},
{1,7,8,11,13,14},
out put code . ..{5,6,9,10} {2,4,7,11,13,14},
{2,7,8,11,13,14},
to catch bad inputs . . . {0,1,2,4,8,15}

to detect faults and
bad inputs . . {0,1,2,4,7,8,11,13,14,15}

Thus subnetwork B in Fig. 6.5 is GSC for the input code {1,2,4,8}, all
single faults, and the ancestor partition {0,1,2,4,7,8,11,13,14,15}||
'{3,5,6,9,10,12}. This ancestor partition is forned directly

from the covering problem solution shown in Table 6.5. W will
attenpt to suffix subnetwork B to subnetwork A Because B

is to be suffixed to A, we want B to offer the largest possible
alarmset at its input. So we expand ancestor out put

partition of B to the utmost, {0,1,2,3,4,7,8,11,12,13,14,15}|
{5,6,9,10}, noving all non-code outputs into the alarm set.

We shall attenpt to cascade B, with this expanded out put

partition,to A The input partition of B then is

P = {o0,3,5,6,7,9,10,11,12,13,14,15}| | {1,2,4,8}.
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Happily, P, is an expansion of A s ancestor partition

b
{0,3,5,6,9,10,12}| | { 1,2,4,7,8,11,13,14,15}. Then we can
expand the ancestor partition of Ato nmake it match the input
partition offered by B. A is still GSC. Then, since both

the codes and partitions match, the cascade is GSC by
Theorem 1. It is GSC for the input code {5,6,9,10}, all

single stuck faults, and the output partition

{o0,1,2,3,4,7,8,11,12,13,14,15 | | {5,6,9,10 }.

Fig. 6.6 Partially conplete cascade.

The cascade A:B is shown in Fig. 6.6, where we have
changed the NOT-AND gates in both subnetworks into OR NOT
gates, follow ng DeMorgan's Law. This change does not affect
any of the properties derived for these networks, because the
fault nodel we use supposes stuck-faults on the output wre

and input wires of any gate. The faults can be thought to be
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on the wires, rather than within the gates. Then we are free
to replace a gate with an equivalent one, so long as the num
ber of input wires is unchanged

Now the next step in the cascading procedure is to find
the ancestor partitions for the cascade, and then seek a new
subnetwork to put on its right. But we don't need to go to
that trouble, because an answer already exists. The output
code fromthe cascade, {5,6,9,10}, is the sane 2 rail code
we began with. The remainder of the network must accept
this as its input code, and may sinply offer an alarm set equa
to all non-code inputs, nanely {0,1,2,3,4,7,8,11,12,13,14,15 }.

The Morphic AND, or "MAND", described in [3] has just
these features. It has the 2 rail output code {1,2} which
we wi sh to reach. It is GSC for the input code {5,6,9,10},
all single stuck faults and the output partition
{0,3}||{1,2}. For this output partition, its input partition
is {0,1,2,3,4,7,8,11,12,13,14,15}]]{5,6,9,10}. Then using
Theorem 1 we suffix the MAND to the cascade, and obtain the
desired GSC Morphic OR The conplete cascade is shown in
Fig. 6.7. The last 2 logic levels, an AND K conbinati on,
constitute the MAND which was suffixed. Some internal signals

for this cascade are shown in Table 6.6



Fig. 6.7 Mrphic OR obtained by cascading

Table 6.5

Internal Signals of Mrphic OR Wen Fault-Free

1315830 | hghohyhy | K3kokiKg | £3858, 4| mym
0101 0001 0110 0010 01
0110 0100 1001 0001 01
1001 0010 1010 1000 10
1010 1000 0101 0100 10
0100 0100 1001 0001 01
0111 0001 0110 0010 01
1000 0010 1010 1000 10
1011 1000 0101 0100 10
0001 0010 1010 1000 10
0010 0100 1001 0001 01
1101 0001 0110 0010 01
1110 1000 0101 0100 10
0000 0110 1000 0000 00
0011 0000 1111 [-111 11
1100 0000 1111 1111 11
1111 1001 0100 0000 00

43
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The Morphic OR reported in [3] is shown for conparison
in Fig. 6.8. The two realizations visibly differ in fanouts,

level count, and gate count.

End of Exanple

a )L I

=D B

SR

The preceding exanple has shown the synthesis of a GSC

—

—

N

Fig. 6.8 Mrphic OR given by Carter.

network.  The same method can be used to get a TSC network, since
TSC is a special case of GSC. Referring to Theorem 2, a TSC
netwo’rk is a GSC network whose output partition is conposed of
singleton Mclasses. Then to synthesize a TSC network, one
should stipulate an output partition with as many Mclasses as

there are output codewords. \Wen the design is finished, expansion

(Lemma 2) can be used to renove all non-code outputs from the
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various Mclasses, leaving a single codeword in each. Then the
output partition would become a singleton output partition, and
so the network would be TSC

It follows from Theorems 1 and 2 that any TSC network which
exists has a realization which is a cascade of GSC networks
Those networks will successfully cascade together by the nethod
gi ven here and reconstitute the original network. W have here
a cascading technique with perfect generality, but we need a
constructive synthesis algorithm

In the exanple, the first 2 subnetworks were obtained by a

conbination of intuition and trial-and-error persistence. These

éfforts started always with a working hypothesis of a single-Ieve
GSC network with a particular output code. The hypothesis nay
have been false. There exist input code-output code pairs, for
which no |-level GSC AND network realization exists. Had one of
these pairs been hypothesized, no solution would have been found
and the example would have failed

To have a synthesis algorithm based on cascading, we need an
algorithm to produce the GSC subnetworks used. Perhaps it may be
possible to break down a desired input-output function into a
canoni cal sequence of code transformations, each of which is
realizable by a GSC network. It should certainly be possible to
do this for some well-chosen class of transformtions between

i nput and output codes.
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An attenpt at this has been made in [5]. [Input and output
codes were restricted to have Hamming distance 2 or greater, and

_aonly 4 or fewer lines. Single level AND networks were chosen,
and all code transformations having single |evel AND realizations
were found by exhaustive analysis. Only 48 non-trivial realiza-
tions existed. By cascading them quite a few code transformations
are possible, but the number was judged to small to warrant
further work.

This is a conplex problem and a good topic for further
investigation. There are a great nmany other ways to approach it.
It is hoped that the cascading technique given here will provide

the'"éncouragerrent for further work, and that ultimately, a

synthesis algorithm for TSC and GSC networks will be found.
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7. SUMVARY

In this paper we have seen 2 mmjor results. First, practical
considerations led us to define the GSC network, a generalization
of the TSC network. We found that the self-checking and self-
testing (SCST) network as well as the TSC network is a special
case of the GSC network.

Second, we found very pronounced cascade structure in
conbi national acyclic TSC, SCST, and GSC networks. Wen such a
network is divided into a series cascade, every piece of the
cascade is GSC. This establishes a nuch stronger relation be-
tween the TSC and SCST networks than was ever suspected. W
found conditions pernmitting a GSC network to be built up by
cascading smaller GSC networks.

Wth this cascading technique it is possible to build up a
desired TSC, SCST, or GSC network with specific input-output
response by cascading, through a risky process of trial-and-error.
In an exanple we used this approach and derived an alternate
realization of the Morphic OR network [3]. The technique we
used strongly suggests that a canonical code transformation
could be found, which would elimnate nost of the trial-and-error
risk from synthesis by cascading. If such a transformation is
found, cascading synthesis of TSC networks will beconme practical,
and TSC networks will become a nuch nore significant part of

fault-tol erant conputing.
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