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ABSTRACT

Computer-aided design and evaluation of digital circuits is a 
recent and promising application area for digital computers. This paper 
describes an algorithm for the simulation of logic networks. Specifical
ly, it describes a technique for simulating fundamental mode sequential 
circuits.

First a mathematical model of an individual logic element is 
presented. Next this model is utilized in constructing a simulation 
model of the network. The algorithm is programmed in FORTRAN IV and 
the results of parameter variation in the network are discussed. As an 
illustration of the techniques described, a fundamental mode sequen

tial circuit is simulated.

x



CHAPTER 1

INTRODUCTION

During the last few years the digital computer has brought about 
profound changes in the analysis and design of engineering systems. Ana
lytical experimentation has emerged as a new concept in the support of 
engineering analysis and design as a result of an increasing number, of . 
engineers acquiring new skills in computer programming. Simulation is an 
important form of analytical experimentation.

Given a system and its model, simulation is the use of the model 
to produce on the computer a succession of time instants. A model is any 
configuration used as an aid in writing a set of equations which repre
sents the response of the system to a given stimulus.

Circuit and logic designers are frequently faced with the problem 
of guaranteeing reliable circuit performance at minimum cost. The high 

cost and time required to build a digital system have created a need for 
an inexpensive and accurate method of debugging a design before it takes 
physical shape. The simulation of logic nets provides the engineer with 
an effective means of analyzing their logical behavior.

Obj ect
This paper deals with what may be called parameter variation in 

a fundamental mode sequential circuit. This is accomplished by simulat

ing the circuit on a digital computer and examining its performance 
under varying operating conditions. The technique presented is efficient



and convenient in the sense that it requires only a knowledge of FORTRAN 
IV. The FORTRAN IV programming system is treated as though it were a 
digital network simulator. This technique is applicable to a wide spectrum 

of digital network simulation, sequential as well as combinational. It 
provides the design engineer with a valuable tool for evaluating logic 

and transient operation of proposed designs.

A fundamental problem in the simulation of logic networks is that 
of constructing a mathematical model capable of faithfully replicating the 
actual networks'behavior in regard to simulation objectives. The model 
used here reflects faithfully the operation of complex logic networks in 
the face of any hazard or race conditions existing in the design. Another 
interesting feature of this set of programs is that it provides two ap
proaches to a partial analysis of the network under fault conditions. It 
is assumed here, as in most diagnostic procedures, that only one fault 
exists at any one time and that the fault is well-defined, i.e., it is not 
intermittent. Faults considered are logical failures - inputs and out
puts stuck at logical one (SA1) and logical zero (SAG). The program is 
also capable of analyzing the network for races and hazards existing in 

the design.
Thus the simulation program provides a complete check-out of 

a complex fundamental mode circuit prior to its construction.

Definitions and Notation Used
A few terms arise frequently in discussion throughout this paper. 

These terms are defined here before entering into a discussion of the 
program. Figure 1 shows the general model of a sequential circuit with 
the various terms labelled.
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PRIMARY INPUT (Externally Controllable)
A line which is connected to an input from outside the circuit 
rather than any other line in the given circuit.

FEEDBACK INPUT
A line which is connected to a circuit state variable.

PRIMARY OUTPUT (Observable Output)
A line whose signal is accessible to the exterior of the circuit 

NOTATION USED
Algorithms and their programming features are described in 

Iverson notation for conciseness, A list of definitions of notation in 
Iverson Language is given in the Appendix.

Essential Features of the Program 
This section is devoted to a brief description of the approach 

adopted for simulation. The functional organization of the complete 
simulation program is shown diagrammatically in Figure 2.

The program accepts as input a detailed description of the net
work to be simulated. Thus it "sets-up" the network in memory from the 
data read in from cards. In the flow chart this is indicated by block 
1. The unscrambling process, referred to in block 2, converts the input 
sequence which is read in as a sequence of octal digits to the binary 
form. These two steps constitute the "input" part of the program. The 

program can simulate the network under a single fault condition. If the 
network is combinational a separate multi-fault simulation can be used 
to determine a set of test inputs. This is the "Static Fault Simulation 
referred to in block 3. In the case of sequential networks the propa
gation delay time must also be considered to obtain realistic network



4 

I . 

11 

Increment 
. Time 

Step,_,· ~--~ 

Install 

Fault 

Yes 

~ . No 

-· --~ 5 )., "' 

5 .~--l 
~put Time Ste ~0~ 

. 6 . . . 

[_gate+~ · 

. 7 ~Q--~-· · __ 
Perform ~ogic 

s · 

9 

I. gate -~ gate~--· ___ __. 

10 

r
·-----Z~+-Z~,--------~ 

. 

No 

. !-

Delete . 

Fault ·. · 

a. 

Static . 

Fault . . 

Simulation 

·~ . 

3 

Analyze 
~- · Network :.·. 

for .Rae ' s· 
and Haz. rds. 

Figure 2 General" Flow Chart of the Program 

5 

End 



behavior under fault conditions. One fault can be specified by the user 
as indicated by block 4, and the program simulates the faulty network. 
Thus detailed circuit behavior of a faulty network can be evaluated to 
explore the appropriateness of later test generation simultaneously.

Simulation is carried out at the basic AND-OR-INVERT level. The 
program starts simulating at time "zero", beginning with the first gate. 
It performs the logic function of the gate making use of only the three 
primitive logic functions, AND, OR, and NOT. The transient effects are 
simulated by calling a subroutine called MODEL 1, as indicated by block 
8. This subroutine simulates the delay and rise time effects by solv
ing two difference equations, one for the delay and one for the rise 
time. The gate is thus completely simulated for one time step. The 
remaining gates are also simulated in a similar way. This constitutes 
one pass through the network. At the end of each pass through the net

work, time is incremented and the outputs updated in preparation for the 
next pass. This is indicated by blocks 9, 10, and 11. The time incre
ment referred to above corresponds to the time interval at which it is 
desired to observe the model behavior. At the end of the required 
number of model evaluations> the faulty network is completely simulated. 
The program then deletes the fault from the network and proceeds with 

normal simulation in exactly the same way as in the case of the fault 
network. Graphic output is provided upon completion of the program.

The program is also provided with the capability of detecting 
race and hazard conditions existing in the design. This is accomplished
by a systematic search of all the outcomes as a result of an input

!change. If the input change results in a change of both secondaries (or



feedback inputs) the race is followed until the circuit ends up in a 
stable state. Depending on whether this is a valid state or not, the 
program either proceeds with the analysis or monitors the race condition. 
Hazards are treated in a similar manner.

One feature of the program is readily noticed. The transient 
effect's simulator is a replaceable block in the program, thus allowing 

the designer to experiment with different types of models for the same 

logic block.



CHAPTER 2

APPROACH TO SINGLE GATE

An approach to simulation adopted in this program is to functional
ly decompose the model of a digital network into a complete set of prim
itive blocks, namely, AND, OR, NOT, and to collectively replicate the 
logical behavior of the actual digital network. This makes it necessary 
to develop a model for an individual gate.®. This chapter deals with this 
task.

A Mathematical Model 
i The heart of the simulation problem is an approximate model which 

accurately duplicates physical behavior. Each logic element, or gate, 
is modeled mathematically. That is, a mathematical set of equations 
and a primitive logical function represent the response of the gate to a 

given stimulus. We consider first an emitter-coupled logic gate, as 
shown in Figure 3. In Figure 4 only the OR side of the gate is shown, 
for simplicity.

Two possible models will be discussed here. Other more accurate 
and even less accurate models could be used. The overall program permits 
the substitution of other models. The ultimate goal of this project is 
to develop criteria for selecting the optimum model for a given appli
cation as a function of accuracy, circuit type, and simulation cost.

Separating the logic function of the gate of Figure 4 from the 
transient effects results in the gate shown in Figure 5. All transient
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effects are lumped into input and output capacitors which do not interact. 
The input capacitors Cj_n determine circuit delay and the output capacitors 
C0ut determine the rise times. The average delay time for an ECL gate is 
given simply by [1]

td = (tbd + tdc) (2.1)

where t^d = delay time of base response given by 0.7

and tdc = delay time of collector response given by 0.7 t cj

xbl = r^Ch, and (2.2)

TC1 = \ 1C1 (2.3)

In equation 2.2 and 2.3 and represent the average input capcitance 
of the gate and the average capacitance at the OR(NOR) collector respec
tively.

From a knowledge of the gate delay, which can be obtained from . 
the manufacturer^ data sheet, the input capacitor, which determines the 
circuit delay, can be obtained analytically by setting

‘d - V i n  (2-4)

where r, is the intrinsic base resistance, b
In Figure 4 the input capacitor C^n and base resistance r^ are shown 
explicitly for each input. Since the rise and delay effects are simu
lated by a single output capacitor and a single input capacitor for 
each input to a gate, it is necessary to integrate current in order to 

find the voltage at the input and output terminals as a function of time.
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Consequently, the RC circuit at the input to each gate is treated as an 
integrator whose output determines the voltage at the input terminal.

Referring to Figure 6, the sum of all currents flowing to the 
output terminal must, quantitatively, be zero, giving the differential 
equation,

C -gY + p" (Y-X) = 0 (2.5)

where (Y-X) represents the voltage actually available for charg

ing the capacitor.
Rewriting equation (2.5),

dY = L X  1_:Y 
dt RC “ RC

C1::X - C2: Y (2.6)

This equation is represented by the first order system of Figure 7. A 
solution of equation 2.6 is given by the first order Runge-Kutta approxi
mation,

Y. . - Y.
   = C1 X - C2 Y (2.7)

Solving and writing as a computer program step we have,

Yi+]_ = (1 - h Cx) Y.+h C2 X. (2.8)

where h E time-step of integration DELTA=t^+  ̂ -t^ and Y^e solution

vector.



R
.A/xA A A M --
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The output capacitor is determined in a similar manner from

a knowledge of the rise and fall times of the gate. An excellent approx
imation to the 10 to 90% rise and fall times of the gate (excluding the 
Emitter follower) is; [1]

tr = 2.2 tc1 (2.9)

where t n = R n C.cl cl 1
= average capacitance at the OR(NOR) side collector and con

sists of 4 components; collector to base capacitances of 

the transistors that have a logical zero applied to them; 
the input capacitance of the emitter follower and the 
parasitic capacitancess, if any.

As before, can be obtained using the equation,

V 5 R c2 C„ut '

The output capacitor C is shown in Figure 4 at the input to the 
emitter follower. Thus a second non-inverting integrator at the output 
terminal simulates the rise and fall times of the gate. The multiplying 

constants of the output integrator, shown in Figure 7a, are;

C3 ~ C4 S Rc2 Couf

The emitter follower output circuits are assumed to be ideal level tran
slators. Thus the loading effects of input circuits on previous gates 
is neglected.

One important result of the technique used here is readily 
noticed. Since the input and output difference equations are solved
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separately during each interation, the,input and output circuits do not 
interact and all difference equations remain first order.

With the transient effects thus separated, the gate acts an ideal 
logic block. This block is simulated in two stages. In the first stage 
the multivariable input configuration is mapped into a single-variable 
signal (logic operation), and in the next stage a decision function is 
applied to the single signal. Using the delay and rise time mechanisms 
and the ideal logic block, a simulation model of a 3-input ECL gate is 
shown in Figure 8. The two stages referred to above are indicated in. the 
figure by the two blocks, identified as LOGIC and THRESHOLD ELEMENT. X^, 
X^, and Xg are the outputs of the delay models of the three inputs. The . 
vector X is the result of performing logic on these vectors. The thres
hold element transforms the discrete (not necessarily binary) values of 
the vector X into binary values of the output vector Y by comparing it 
with a threshold value "t". Since the variables are normalized to lie 
in the range [0,1] the threshold value is equal to 0.5. The non-invert
ing integrator at the output simulates the rise time effects by making 
use of the first order Runge-Kutta approximation,

zy+1 ^ zY (1 - C„ h) + C. h yY (2.11)i i 3 y 4 i

The waveforms at the inputs to the gate and at the various outputs, 
modified as a result of the transient effects, are also shown in Figure 
8. The output is clearly seen to be delayed in time with respect to the 

input.
Referring again to Figure 8 it is observed that the simulation 

requires the solution of equation 2.8 for each input per gate per
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iteration. In the case of a sufficiently complex network this operation 
becomes prohibitive in terms of storage capacity and execution time. An 
alternate approach to this problem is to perform the many-to-one mapping 
(logic) first and then simulate the delay. The model configuration cor
responding to this approach is shown in Figure 9. This is the model used 
in all further simulations. This procedure requires only one solution 
of equation 2.8 per gate per iteration instead of "m" solutions as in the 
previous case, where "m" is the number of inputs, per gate. Thus the 
subroutine which simulates delay and rise time effects is called once 
every iteration.

This is a less accurate model of ECL but can be used as a approx
imation of various saturating logic circuits such as DTE or TTL. It is,
of course, awkward to attempt to treat the nonsymmetric charge storage 

effect and input delay as a single time constant.
Summarizing, the steps involved in the simulation of a single 

gate are:
(1) Performance of logic on the inputs once every iteration.
(2) Solution of the first order Runge-Kutta approximation to 

simulate delay time (Y).
(3) Transformation of the vector Y to a binary valued vector 

(YI) depending on the values Y^ being less than or equal 

to(<) or greater than(>) a threshold value t.
(4) Solution of equation 2.11 to simulate rise time effects. 

and (5) Updating of inputs for the next iteration.
Table 1 describes this routine in Iverson notation.
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Table 1
Program for the Simulation of the ECL Gate

1. i*T
2. Y^ic
3. Z^ic
4. i: itr>-»Exit
5. 0/INpi, INF*, INPg
6. Yi+l*y i': Cl-Cl,h)+C2 h X.
7. Yi+1:t^ (9)
8. YIi+I ^  (10)
9. YIi+r ~ A
10. Z. Z. (1-C3 h) +C4 h YI.i+l i i
11. i+i+1

LEGEND:

t: Threshold value.
itr: iterations.

ic: User specified initial conditions.

A= . 0 if gate is AND or OR.
Ah 1 if gate is NAND or NOR.
.0H Operator A or v.



Trial Simulation of Single Gate 
As an illustration of the use of the model just described, a 6- 

input OR gate was simulated on the GDC 6400 Digital Computer. Two dif
ferent values of input and output capacitors and different pulse-widths 
were used during the simulation. Some of the programming features of 
this example are discussed below. The model of Figure 9 is used for 

simulation.
A unique code number is given to each gate, the OR gate for 

example being denoted as 2. The inputs to the gate on all the .6 input 
pins during the entire period of simulation have to be read in. This 
requires reading in "6i" values of the inputs, where "i" represents the 

number of iterations. This number can be reduced significantly by 
specifying the 6 inputs at each instant as two octal digits, This re
duces the input values to be read in to just "i". As shown in Figure 10
the first three inputs constitute the first octal digit and the next

three, the second. With the values indicated, the input at the instant 
in question is 63. This input sequence is stored in an array IXIN(I,J) 
of dimensions:

where I is the number of 
I = y IXIN
J E v IXIN.

In the second column of this matrix are stored the discrete time values 
(in nanosecs) to which the input values correspond. This input sequence 
has to be unscrambled and stored in the correct sequence if- further oper
ations are to be performed on it. The FORTRAN in-line function MOD(I,J) 

used for unscrambling the input sequence. This function is the residue
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Figure 10 6-Input OR-GATE Showing the Inputs at a Particular Instant
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of the number I modulo J . In Iverson notation

i.e., i = jq+k where q and k are integers.
This function is applied consecutively to each element of column 1 of 
the array IXIN until all the 6 inputs are unscrambled. Table 2 describes 
this routine in Iverson notation. The next step in the simulation is to 
perform logic on the unscrambled input sequence. The Fortran function 
MAX(INP^,INP^,...,INP^) is used to perform logic. |

i.e., X. MAX(INP.T,INP. INP.Ji v il5 i2 16

The reason for using this function instead of the LOGICAL OR will be 
described later. The subroutine MODEL 1 is called after performing logic. 

The parameters of this subroutine are X,Cl,C2,C3,C4,DELTA,Y,YI, and Z‘,
The vector Z stores the final gate output, output considering delay and 
rise times. The two sets of values used during the simulation were:

1. Cl = C2 e 0.2xl07
C3 e C4 E O.lxlO7

DELTA 50 nanosecs.
Iterations: 41
Pulse width: 1000 nanosecs, and 500 nsecs.

2. Cl e C2 e l.SxlO8
C3 e C4 e l.0xl0S

DELTA 5 nanosecs.
. Iterations: 41 
Pulse width: 100 nsecs.
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Table 2
Program for Unscrambling the Input Sequence

Step
1. i+T 1

2. j*-6 2
3. k̂ -2 | IXIN^

3
4. IXIN^IXIN, - 21 1 *
5. INP^-k 4

6. ĵ -j-1
7. j : 1 (<,>)-K8,3) 5
8. i<-i+l 6
9. i:itr (<,>)->(2,Exit) 7

8

9

Comment
Initialize pointer i.
Set pointer j to greater of 
primary inputs 0 and 3.

Calculate k, residue modulo 
2 of IXINj .

Divide IXINi by 2. This is 
the new value of IXIN

Set INP4 equal to k. .
Decrement counter j.
Test for input; if all inputs 

unscrambled go to next 
iteration, otherwise go to

' 3.
Increment i.
If all iterations completed 
exit, otherwise branch to 
2 .

LEGEND:

IXIN: Array of inputs in octal. 
INP: Array of unscrambled inputs, 

i,j : Pointers.
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The latter set of values are compatible with MECL logic. Plots of the 
output with an without transient effects are shown in Figure 11. The 
consideration of the primitive set of logic blocks is not complete without 
considering INVERTERS. The INVERTER is treated as a limiting case of an 
AND or OR gate with the logical function of complementation. Figure 12 
shows a model of an inverter used for simulation. The model is similar 
to that of an AND/OR gate with the logic block removed. Its logical 
function is performed by the threshold element itself. Figure 11 shows 
an inverter with the input and output capacitors shown explicitly. Table 
3 describes the simulation of an inverter.
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Figure 11 An Inverter, With Input and Output Capacitors Shown Explicitly

Figure 12 Model of an Inverter



Table 3
Program for the Simulation of an Inverter

1. i+1
2 .

3. MODEL

4. i+i+l.
5. i : itr^Exit

-*■1. Ŷ -e-ic
2. Z^ic

3. Yi + W ^  (1-cl h)+c2 h X1
3 3

4. Y V 1 : t> ->(6)
5. YI^+1 = l-> (7)3
6. Y l V 1 = 0]
7. Z ^ 1 -4- zt (1- c3.h)+c4 h YI*

3 3 3

MODEL



CHAPTER 3

THE PROGRAM ALGORITHM 
<

In the approach adopted here simulation of networks is performed 
at the basic AND, OR, INVERT level. The technique of single gate simu
lation, described in the previous chapter, is applied to each gate of the 
network till the entire network is simulated. This requires a suitable 
method of representation of the interconnection between the various gates 
A method of representation and an algorithm for multigate simulation are 
described in the following sections.

Simulation Model of a Logic Network 
Since the intention is to develop an algorithm that is capable 

of simulating both combinational and sequential networks, the model de
scribed here is sufficiently general and can be used for both types of 
logic. Specifically, the model described is that of a sequential cir

cuit operated in fundamental mode, so that race and hazard conditions 
in the proposed design can also be analyzed. A general model of a funda
mental mode sequential circuit, shown in Figure 13, is characterized by 
the equations,

2j , • • • ,Xn• yi,y2»• • •

s (Xj 5^2 5 • • • > >y>y2) • ‘ • sXy)

The delay element in each feedback loop represents a lumping of
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Network

2* Z

Figure 13 Model of a Fundamental Mode Sequential Circuit
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distributed delays in the combinational elements and additional delays to 
eliminate the effects of hazards. In addition, time delays occur for 
signals to be transmitted along the interconnecting wires from the output 
of a gate to the inputs of other gates. However these delays are not con
sidered in the model described here. The box labelled "combinational 
network" contains only combinational logic elements. The circuit shown 

has to be restructured for an efficient representation of the connections 
among the elements. This poses the problem of specifying the connections.

The Connection Matrix 
The circuit structured for simulation is shown in Figure 14. The 

gates are numbered with index i, the number of gates in the network being 
denoted by N. The ordering of gates is completely arbitrary. Each gate 
is represented by its simulation model. An inverter in the feedback 
loop is shown. Inverters are frequently used in feedback loops, in se
quential circuits to avoid races and hazards. The inputs to each gate 
are from a block labelled "Connection Matrix" designated C. This is 
just a symbolic representation of the method of interconnection. The 
connections among the various elements are arranged in an array, hence 
its name.

Each row of this matrix corresponds to a gate of the network, 
and each column to an input. The elements of a particular row repre
sent the inputs to the gate whose index is given by the row number. The 
element C;? corresponds to the input of gate i. The dimensions of the 

matrix C are:
yCHN(number of gates) 
vC=M(number of inputs)
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Figure 14 Simulation Model of a Fundamental Mode Sequential Circuit
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For uniformity the row dimension is determined by the maximum value of 
M in the network. If a particular gate has less inputs than the maximum 
value of M, a 1 or a 0 is stored in the corresponding location in the 
matrix depending on the type of the gate. The entry in denotes the 
location of the source of the input j of gate i, which may be the output 
Z of some other gate in the network, or a primary input INP or either 

a 0 or a 1. Thus a typical row of the connection matrix might look like:

[Z.,INP,Z.,0]

indicating that the inputs of the particular gate are,
1. output of gate i
2. primary input
3. output of gate j.

By arranging the connections among gates in the manner described the 
logical function of each gate can be written simply as,

Xi 6/Ci- c2- 4

where 0 is any binary operator or relation,
i'sirrespective of the actual source of the inputs. Since the C denote 

the locations of the inputs of gate i during each iteration, at the end

of the iteration the locations of the inputs during the next iteration

get substituted in them automatically. With the connections thus speci
fied, simulation of the network is reduced to the simulation of an order

ed set of gates, the gates being numbered in some convenient order.
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As the values of some of the inputs of the gates lie in the in
termediate range 0<C^<1, use of the logical functions OR and AND does 
not give the true results. Since the switching elements of the AND and
OR type functions produce minimum and maximum functions respectively
defined by:

AND: A A B34in' [A,B]

OR: A V BEMax [A,B]
logic at the AND and OR level is performed by making use of the Fortran 
in-line functions:

AMIN1 (Cj, c^, . C*) and

AMAX1 (Cj, C*, ..., C^) 
where the arguments are real. The results of logical operations are 
stored in the array X whose dimensions are,

yXEnumber of iterations
vXEnumber of gates N.

Each gate delay is simulated by calling the subroutine model during each 
iteration. The subroutine first solves the difference equation

Yi+1 "*■ Yi (1"C1 h)+c2 h xj v

The result y |+'*‘ is needed during the next iteration and so it is stored 
in a separate array Y. The dimensions of this array are once again deter
mined by the number of iterations and the number of gates.

The decision function applied to the discrete valued variable 
y |+  ̂transforms it into a binary valued variable Yl|+  ̂depending on.
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(1) The value of Y^+'*', (being < or > the threshold 0.5)
(2) The type of gate.

The subscript i denotes the gate index and the superscript j+1 denotes 
the iteration. The elements of the array YI represent the network's out
put considering delay time only. It's an ordered array of 0's and 1's.
The solution of the second difference equation using the known values of 
Z;? and Y^ yeilds Z? + \  the gate output considering delay and rise times 
at the (j+1) iteration. The dimensions of the output array Z also are 
determined by the number of iterations and the number of gates. Once
4+1Z^ is evaluated, gate i is simulated for that particular iteration 
(time instant) and the program proceeds with the simulation of the next 
gate. After the network is traversed completely, all inputs are updated 
as a function of time in preparation for the next iteration. Network 
simulation is complete at the end of all recursive evaluations. Table 4 
describes the simulation of a multigate network in Iverson notation. 
Brevity of the description is not to be interpreted as due to the simpli
city of the simulation program. It indicates the convenience of Iverson 
notation.

Trial Simulation of a Fundamental Mode Circuit
Figure 15 shows the network which was simulated as an illustration 

of the technique of multigate simulation. This fundamental mode sequen
tial circuit is actually a flip-flop which remembers whether the most 
recent input sequence was 00 or 11. The various gates are numbered and 
each gate is replaced by its model. The restructured network is shown 

in Figure 16.
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Table 4
Program for the Simulation of a Multi-Gate Network

1. i«4
2. > 1

3. X^KCA/c^AAjVCCV/C^A-vA)
4. MODEL

5. M  + i
6. j : n (<-,>) ->(3,7)
7. i^i+1
8. i : itr(< ,>)->(2,Exit)

Subroutine MODEL is described in Table 5.

LEGEND:
i,j: Pointers.
n: Number of inputs. 
m: Inputs per gate.

A=0: If gate is OR or NOR.

A=l: If gate is AND or NAND.
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Figure 15 Flip-Flop
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The dimensions of the connection matrix C are

yC = 4 and vC = 2 
and its elements are:

cj E INP^

C* E INpi

Cj = INpi

C2 5 INP2 

4  - 4
C2 5 Z4

4  5 Z2

C1 E Z3

The superscript i denotes the iteration. The number of gates in the net

work, the inputs per gate, the interconnection matrix, values of the de
lay and rise time constants, timestep DELTA, number of iterations ITR, 
and the initial states of the circuit constitute the input to the program. 
The number of iterations is evaluated as:

Itr 5 u ( W s)/h
where t is the time interval during which the network behavior max 6

is desired to be observed, 
s is the starting value, which is 0. 

and h is the increment in time, DELTA.
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The input sequences used during the- simulation are:

IMP [111111. .1000. . .00]

INP2 [00001. . .111110. .0]

While specifying the input sequences the restriction on the timing of
inout changes has to be kept in view, as can be verified from the se
quences. The inputs are actually read in as a sequence of octal digits, 
as 4,4,4,4,6,6,...,6,2,2,2,2,0,...,0.0. and stored in the array IXIN.
The unscrambled input sequence is stored in the array INP of dimensions

ylNP e ITR 
vINP = 3

The values of the various constants used during the simulation are given 

below.
C1eC2e1.5x 108 
C3eC4=1.0x 108 
DELTAeO.5xl0-8 
ITRE41

Period of One pulse width. (200 nanosecs)
Simulation.

The results of simulation and plots of the observable outputs are in
cluded in the Appendix and discussed in Chapter 5.

An assumption made during the simulation is that all gates have 
identical delay and rise and fall times.



CHAPTER 4

FAULT SIMULATION

A major application of digital logic simulator is the testing of
diagnostic programs. The procedure normally used for testing is to
simulate the malfunctioning of individual logic elements and then to' 
execute a diagnostic program in order to establish whether or not it will 
detect these malfunctions. By a "failure" is meant any transformation of 
the hardware that changes the logic function realized by any portion of
the hardware. By a "test" (for the failure) is meant the process of apply
ing a set of inputs to the network and observing the output. The value 
of at least one primary output will differ depending on whether or not 
failure is present. "Diagnosis" is the process of identifying the fail
ure, if one exists. Fault diagnosis deals with specifying, down to the 
component level, what fault has occurred. Failures considered are logi
cal failures-inputs and outputs stuck at logical one (SA1) and logical 
zero (SAG). Two separate techniques of fault simulation are described 
here, one for combinational circuits and the other for sequential cir
cuits. The two, techniques differ in that a static fault model is used 
for combinational circuits and all the faults are simulated simultane
ously, whereas in the case of a sequential circuit the circuit delay 
is also considered with the fault model and one fault is simulated at 

a time.
41



Faults in Individual Logic Elements 
A logical starting point in the discussion of fault simulation 

is the consideration of faults in individual logic elements. A 3-input 
AND gate is shown in Figure 17. To verify that the output 4 is not SAG, 
the inputs must be such that line 4 will be at 1 if the gate is fault 

free. For an AND gate this means that all inputs must be set to 1. Thus, 
this vector of all I's activates the output. To verify that each of the 
input lines is not SA1, the input on the particular line must be a 0 and 
all I's on all other lines. Thus the tests required to completely check 
out a AND(NAND) gate are:

1. Verifying that the individual input lines are not SA1 
(SAG).

2. Verifying that any one input is not SAO(SAl).
3. Verifying that the output is not SAG(SA1).

Similarly, for a OR(NOR) gate, by duality, the tests required are:
1. Verifying that the individual input lines are not SAG 

(SA1).
2. Verifying that any one input is not SA1(SAG).
3. Verifying that the output is not SA1(SAG).

Thus to detect SA1 and SAG conditions requires, for each gate, 1+ (n+1) 
tests, where n=number of gate inputs. In this method of simulation, 
each bit position of a (m+1) bit word is used to contain the value of 

a fault (0 or 1). This (m+1) bit word is called FAULT WORD or FAULT 

VECTOR and denoted by FW, where m=(l+(n+1)). The first bit position is 
used to denote the fault-free network. For each input to a gate there . 
are two fault words, one to inject the SAG faults and the other for SA1
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faults. The input is also a (m+1) bit vector. In the case of primary 
inputs, the input vector INP is either a vector of all 1's or a vector 
of all 0's:

INP (I) or,
INP -<-e (1) 

where 1 = (m+1).
The input vector INP is first ANDed bit by bit with the SAG vector FW1 
and then ORed with the SA1 vector FW2. It is observed that a particular 
bit of the input vector is unaffected if the corresponding bits in FW1 
and FW2 are 1 and 0 respectively. To inject a SAO fault at a particular 

input the corresponding bit positions in FW1 and FW2 are to be 0. Simi
larly, to inject a SA1 fault, the corresponding bit positions are to be 
1. This suggests that the SAO fault vector is to contain all 1's except 
in those positions which are to be SAO. Similarly, the SA1 vector is to 
contain all O's except those bit positions which are to be SA1. Typical 
fault words are shown below.

Bits 3 are 0 in both vectors implying that network number 2 is SAO. 
(The first bit corresponds to the good network). Bits 4 are 1 in both 
vectors indicating that the fault network corresponding to this bit 
position is a SA1 fault.

FW1 = 1 FW2 = 0
1
0
1
1

0
0
1
0

1 0
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Fault simulation of the 3-input AND gate shown in Figure 17 is 
considered. The same gate with the various fault networks labelled is 
shown in Figure 18. Denoting the 3 input vectors by INP1, INP2, and INP3, 
input 1 is to be SA1 and SAG, yet these faults are to be kept independent 
of each other. The fault words■generated to fail the input line 1 are 
shown below:

Bits 2 and 3 in both words are 1 and 0 indicating that fault network 1 
is SA1 and network 2 is SAO. Bits 4 and 5 are 1 in FW1 and 0 in FW2 as 
these correspond to faults on other .lines. Bit 6 corresponds to a fault 
on the gate output. The input vector INP1 is first ANDed with SAO and 

then ORed with SA1 vector:

The other input vectors are similarly ANDed and ORed with the fault words 
whose appropriate bits are set to 1 or 0 depending on the fault being 
simulated. The results of these operations are stored in temporary 

locations. These resultant vectors are, next, ANDed and the output is 
again operated upon by the fault vectors to simulate the fault on the 
output lead. The complete simulation in Iverson notation is given in 
Table 5.

FW1 = 1 FW2 = 0
1
0
1
1
1

1
0
0
0
0

INP1 A FW1 V FW2 .
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Figure 17 3-Input AND Gate

1,2 ___-ps*nx s
3 — > )— i--
4 — > J

Figure 18 The 3-Input AND Gate With Individual Faults Labelled



Table 5
Program Describing the Fault Simulation

1. i«-l 10. T.^-(INP.AFWl) v FW2 3 3
2. B-*-e (1) 11. i+i+1

3. j+l 12. i :£ ^>(15)

4. Mk-e1 ( ) 13. 3+j + l

5. j : 1 >-K7) 14. j : m

6. FWl-<-(B~M)-K9) 15. Z^A/T

7. FWl^B 16. FWl^(B-M)

8. i<-i+l 17. FW2-e-(̂ B)

9. FW2*-e1(l) 18. Z<-(ZAFW1) v FW2

LEGEND:

i: Pointer which keeps track of fault networks.

1: Number of fault networks.

B: A vector of all 1's. 
m: Inputs per gate.
M: A vector of all zeroes with a 1 in position i.

FW1: SAO fault vector.
FW2: SA1 fault vector.
Tj: Result of injecting fault on input j.



Fault Simulation of a Combinational Network 
The fault simulation of a combinational network is based on a pro

cedure proposed by Seshu and Freeman [2] . In this procedure, a fixed set 
of inputs is applied to the network containing the fault and the outputs 

are observed. The results are then analyzed to identify the set of all 
failures. The network is diagonized on an element by element basis. The 
network structure, the number of failures considered and the set of all 
inputs constitute the program input. The elements considered are the 
primitive logic blocks. Each bit position in the 60-bit 6400 computer 
word is used to contain the binary value of a specified fault. Thus all 
faults can be simulated simultaneously. The dimension of the fault 

vector is determined by the number of failures considered:

yFW. 1J
where 1 number of failures.

The fault vectors FW1 and FW2 are generated by a recursive procedure 

described compactly as:

FW2 ^e1(l) 
and FW1 e(l)-e1(l)

The index i is incremented each time an input or an output line is to be ' 
failed. As the program proceeds simulating, each fault is considered in 
the order specified. After all the faults have been simulated a new set 
of inputs is applied to the network and the simulation repeated. The 
network outputs are then examined to determine which faults can be detect
ed by them. The complete program in Iverson notation is given in 
Table 6. It is to be noted that since the propagation delay time is
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Table 6

Program Describing Fault Simulation of a Combinational Network

1. k-*T
2. i+l
3. j-HL .

' 4. j: 1-̂ (6) .
5. FWi^(e()l)-E1(£))A%(7)
6. FW2^( e ( «-) AAk) V ( ( e ( A) - e1 (&) )

7. i+i+1
8. FW2^-e1(£)
9. Tj4-(CjAFWl)vFW2
10. i^i+1

11. iri^EXIT
12. j-<-j+l

13. j :m >-̂ (3)
14. .ZkH  (A/T) AAk) v ( (v/T) A~Ak)
15. Ak ^ ZkABk
16. FWK-C (e(Jl)-e1 (l)) AAk) v (e (£) A ^ )

17. i+i+l
18. FW2^(^.e (1) AAk) v ( e1 (1) A^Ak)
19. Zk^(ZkAFW]L)vFW2
20. k-̂ k+1
21. k:n *‘<’> ->(3,Exit)

A^hO if gate is OR Bk=0 for AND/OR gate

=1 if gate is AND =1 for NOR/NAND gate
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neglected during the simulation, the SAO and SA1 fault model used is not 
always sufficient to test the network.

Fault Simulation of a Sequential Network
To evaluate detailed behavior of sequential networks under iso

lated fault conditions it is essential that circuit delays be considered 

in the analysis. In this section the fault simulation of an asynchronous 
sequential circuit is described. A model of an asynchronous sequential 
circuit with a fault installed in it is shown in Figure 19. This is the 
model used for simulation. The block labelled FM is the SAO or SA1 
fault model. The fault is specified by the user at the start of program. 
One problem in the fault simulation of sequential circuits is the deter
mining of initial states. It is assumed here that the power-on states 
of a network with a fault in it are the same as those of a good network.
A more exact simulation of the actual faulty network may be achieved by 
"cycling" the simulation. Cycling assures consideration of the initial 
states assumed by a faulty network following the application of power. 
Inherent in the discussion is the assumption about the asynchronous 
sequential circuit constraint, namely, that only one input changes at a 

time.
As an illustration of this technique of fault simulation the 

fundamental mode sequential circuit shown in Figure 19 was simulated 
after creating a fault in it. The fault specified was the input 
of gate 3 being SAO. This circuit is actually a flip-flop which re
members whether the most recent inputs were both 1 or both 0 .
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Figure 19 Simulation Model of the Flip-Flop With the SAO Fault
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Analyzing the network with the fault in it, assuming power turn

on states of 1 0, it is seen that when one of the inputs goes to 1, gate 
2, which was at 1, goes to 0 . Since the output of gate 3, which happens 
to be an input of gate 4, is at 1 the circuit remains toggled in the
state 10. When both inputs are 1 the output of gate 1 , which is the
input of gate 3, goes to 1. Since the input is SAO this gate 
does not see the input change and so the circuit always remains in the 
10 state no matter what the inputs are. The print out of the primary 
inputs and the circuit outputs considering the fault is reproduced in 
Table 7. All input combinations are used in the test sequence. It is 
seen that there is excellent agreement between analytical and simulation 
results.

It can be verified that this output is also obtained when either 
one of the inputs of gate 1 or its output is SAO or the output of gate 3 
is SA1. It can be concluded that when the output of the network stays
at 10 for all possible input combinations, the fault lies at one of
these locations. Thus these faults are indistinguishable.
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Table 7
Print Out of the Results of Fault Simulation of the Flip-Flop

OUTPUT CONSIDERING SINGLE LOGIC FAULT 
INPUT OF GATE 3 IS SAO 
GATE 3

11111111111111111111111111111111111111111 

GATE 4
00000000000000000000000000000000000000000



CHAPTER 5

USING THE PROGRAM

This chapter describes a digital computer program for the simu
lation of logic networks based on the algorithm discussed earlier. 

Specifically, it describes the operation and use of the computer program 
LOGIC designed to simulate logic networks.

The program, as show in Figure 20, is decomposed functionally 
into five parts.

Input
The program input list completely specifies the network to be 

simulated. The following is a list of the program variables and their 
dimensioning.
TYPE:

N:

IND(N):

M(N):

53

An integer variable which specifies the type of network 
being simulated. The networks are coded as follows: 

0=Combinational; l=Sequential;
This control variable selects the appropriate fault 
model for fault detecting depending on the type of 
network.
Number of gates in the network.

A vector whose elements denote the type of each gate. 
The various gate types are coded as follows:
1 AND: 2 OR: 3 NOR: 4NAND: 5 INVERTER:
A vector which specifies the inputs per gate.



Input

Fault and Normal 
Simulation

Model

Race and Hazard 
Analysis

Output

Figure 20 Set-up of Program LOGIC
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IC(N) : 
IXIN(I,2)

ITR:
Cl,C2: 
C3,C4: 

DELTA:

C(I,J): 
EM (I,J) 
FAULT:

A vector whose elements specify the power-on states.
An array which stores the primary inputs, in octal, and 
the corresponding time instants. The column dimension of 
this array is the number of iterations (ITR).
Number of iterations.
Delay time constants.
Rise-time constants.
The increment in time, h=At. The network response is 
evaluated at intervals of Delta.
The interconnection matrix.
The excitation matrix.
An integer variable, which denotes the existence of a 
fault if it is specified as 1.

The above variables constitute the input list. The other pro

gram variables are:

FAILURE:

DWORD:

FW1 and FW2: 
JJ :

An integer variable which denotes the number of fault 
networks considered for static fault simulation.
An integer variable which denotes a vector of all I's. 
Elements of this vector are represented by the individual 
bits of a computer word.
Integer variables which represent the fault words.
A control variable which selects the mode of simulation 
depending on whether a fault exists or not.
JJ = 1 represents simulation of network under fault 

conditions.
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JJ = 2 represents simulation of good network.

INP(I,J): An array in which is stored the unscrambled input
sequence; minimum row dimension 3.

X(I,N): An array in which are stored the results of performing
logic on the gate inputs.

Y(IjN): An array each column of which represents a solution
vector of the difference equation simulating delay.

YI (I ,N): An array whose columns are binary-valued vectors, cor
responding to the delayed outputs of individual delay. 

Z(I,N): An array in which are stored the final gate outputs.
Each column of this array is a solution vector of the 
difference equation which simulates rise time.
These variables will be referred to in the description 
of the operation of the program which follows.

The input data format for the program is given in Table 8. After the
data is read in, an actual input representation of the design received 
by the computer is requested. This listing is used as a check to verify
if the coding does indeed match the schematic.

The primary, inputs which are read in as a sequence of octal 
digits are converted to the binary form using the Fortran function 
MOD(I,J). The section of the program which performs this conversion 
is described by the flow-chart of Figure 21. The variable I is a 
counter for the number of iterations completed. The variable IK is a 
pointer for the number of primary inputs. IK is constrained to be 
greater than or equal to 3, even if the network has only one primary
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Table 8 

Input Data Format

Card No. Variable Format Identification

3-7

N
IND(N) 
IC(N)

ITR
Cl
C2
C3

C4
DELTA
EM(I,J)

10

M(N)

TYPE,FAULT 

IXIN(1,2)

12

Nil
Nil

I-
E6.1
E6.1

E6.1

11

12 

12 

Nil

211

02
13

Number of gates.
Type of each gate.
Power-on states of 
the gates.

Iterations
Delay time constant.

H  I f  I I

Rise time constant.
ii n n

Time interval.
Excitation matrix 

input.
Secondaries
Excitation
No. of inputs per 

gate.
Type of network, and 

a variable to denote 
a fault.

Array of inputs in 
octal, and time in 
nanosecs.
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1 =  1

K=M0D(IXIN(I,1),2)

IXIN(1,1) = IXIN (I,l)/2

Yes No
INP(I,IK)=0 <3 K=0?

—

IK: 1

1 = 1 + 1

1 = 1 + 1

IK=PI

I K = I K - 1

Figure 21 Flow Chart for Unscrambling the Input Sequence
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input. A precise defination of the MOD function is,

MOD(IXIN(1,2),2)= IXIN(1,1) - 2

where A Z H A .A) indicates the "integral part of."
Thus,

K=MOD(I,J)
represents the residue modulo 2 of the number IXIN(1,1) for each value 

of I. During each iteration the program evaluates all the elements of 
a row of the array INP, namely, INP(1,1),INP(1,2),...,INP(I,IK). These 
values correspond to the values of K determined by. the repeated appli
cation of the MOD function to the octal digits as indicated by the
inner loop in the flow chart. The element INP(1,1) of the row vector
indexed I represents the most significant bit in the binary representation. 
The correspondence between the unscrambled bits and the inputs of a gate 
is shown in Figure 22. Conversion to the binary form is complete at the 

end of all iterations. It is seen that all required data is kept in 
core memory during the entire period of simulation.

Simulation in the Fault and Normal Modes
The flow chart describing this routine is shown in Figures 23 and 

24. Initially the control variable JJ is set to 1. Depending on type 

of the network the program branches either to the combinational fault 
simulation or to the main routine. If the variable TYPE is specified 
as 1, the network is sequential and the program proceeds to determine if 
a single fault has been specified. A fault is specified by the user by 
reading a card setting the specific connection matrix element to a 1 or 
a 0 depending on whether the fault is a SA1 fault or a SAG fault.
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Figure

INP(I,1) 
INP(I,2)

INPCI,IK)

22 Or Gate Showing the Correspondence Between the Unscrambled 

Input Sequence and the Input Pins
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JJ=1

/  Type^x 
X  of 
N s Network,-

Fault?

11 C(I,J) Normal 
input 

JJ=JJ+1

Install fault 
at

C(I,J)

kk=lkk=l13

gate=l

Set up the 
intercon
nection 
matrix. C

15

16

Ind(gate)
NAND

19 OR 1 NOR

X (kk,gate)=C(gate,1) 21

Figure 23 Flow Chart of the Simulation Program Logic
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18
X(kk,gate)=AMINl (c(gate, 1),. . . ,c(gate,111))

20

X (kk,gate) =A.MAX1 (c(gate, 1),. . . ,c(gate,m))

Call 
Model 1

gatc=gatc i-l

kk=kk+l

Update 
elements of 
connection 
matrix

kk:Itr

Print "output of network" 

JJ=JJ+1 25

Figure 24 Continued Flow Chart of the Simulation Program Logic
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Figure 19 shows the model of a network with a fault in it. The card 
which specifies the actual source of the gate input corresponding to 
this matrix element has to be deleted from the set of cards which set
up the connection matrix.

The pointer KK is next initialized. Starting with the first 
gate, a Computed Go To on the type of gate branches the program to 
perform the appropriate logic function. Logic is performed by the 
functions,

X(KK,gate) -̂ -AMINl (C(GATE, 1) ,C(GATE,2),... ,C(GATE,M)) for AND and NAND 
logic, and

X(KK,gate) +-AMAX1 (C(GATE, 1) ,C(GATE,2) ,... ,C(GATE,M)) for OR and NOR 
logic. In the case of an inverter the vector X(KK) is set to its 

input vector, as indicated by block 19.

Subroutine Model 1 

Control is next transferred to the subroutine MODEL 1 which 
simulates the transient effects. The flow chart describing the sub
routine is shown in Figure 25. This subroutine solves the two differ

ence equations:

Y V+1 yY(1 - Cl h) + C2 h - x Y  (5.1)1 1 * 1

zY+1 + zY(l - C3 h) + C4 h  Y l Y  - - . (5 .2)x i x ’

one to simulate delay time and the other to simulate rise time. The 
constants Cl, C2, C3, C4, DELTA, the variables ITR, Ind(J), and the 
arrays X, Y, YI, and Z, and the control variable JJ are referenced by



I
JK=KK+1

Y(l,gate)=l. Y(l,gate)E0.

Y(JK,gate)=Y(kk,gate)(1-C1.h)+C2.h.X(kk,gate)

YI (JK,gatc) = 1 YI(JK#gate)=0

Z(JK,gate)=Z(KK,gate)(l-C3,h)+C4.h.YI(JK)

V
Return

Figure 25 Flow Chart of the Subroutine Model 1
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both the subroutine and the main program through the use of a blank 
COMMON statement.

Referring to equations 5.1 and 5.2 it is seen that this method 
of solving the first order differential equations is not self-starting, 
as the first values calculated are Y (2,J), and Z(2,J) respectively. The 
values of Y (1,J) and Z(1,J) which are needed during the first iteration 
are determined from the user - specified initial conditions. It is, to 
be noted that since gates which complement their outputs (NAND, and NOR) 
are treated as AND and OR gates while performing logic, their logical 

outputs have to be complemented before using them in equation 5.1. 
Alternatively, values of Y (1,J) and Z(1,J), as derived from the initial 
conditions, can be complemented instead of the logical outputs and used 

in the equations. This later approach is adopted in this program as 
indicated by blocks 3 and 4 in the flow chart. After the difference 
equation 5.1 is solved, the gate delay is simulated by treating the 

signal (the gate output) as:

YI(I,J)=0 for Y(I,J)< 0.5
YI(I,J)=1 for Y(I,J)> 0.5

In the case of a gate which complements its output, the signal is inter
preted as:

YI(I,J)=0 for Y (I,J)> 0.5
YI(I,J)E1 for Y (I,J)'< 0.5

The values of YI(1,J) and Z(1,J) for J=1,N are set equal to the User- 
specified initial conditions by a DO statement.
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In the program these functions are implemented by single branch logical 
IF statements as shown in the flow chart by the decision blocks. The 
subroutine then proceeds with the solution of the equation 5.2. The 
value of Zv+  ̂evaluated by this equation is the actual gate output con
sidering transient effects. With the return of control to the main 
program the next gate comes under consideration. This is indicated in 
the flow chart by block 22 and the following decision block. The network 
is completely traversed once each iteration after all gates are simulated 
for that time instant. The program then updates the inputs separately 
for each gate and the network is traversed again. . This is indicated by 

block 23 and connector 16. At the end of the required number of iter
ations all observable outputs are printed out. A print statement which 
denotes the mode of simulation precedes the "print output" statement.
The network is thus simulated under a single-fault condition.

The variable JJ is incremented for simulation under normal 
operating conditions. If its value is equal to 2, which denotes normal 
operation, control is transferred to connector 11 as shown in the flow 
chart in Figure 23. At this point the fault in the network is deleted 
by reading the card which "restores the normal connection". This card 

specifies the actual entry of the element of the connection matrix 
which had earlier been set to the particular fault model. Essentials 
of the simulation procedure for the "good network" remain the same as in 
the fault mode.

If the network were combinational (variable TYPE e 0)'1'the program 
would have branched to "static fault simulation" before proceeding to 
normal simulation. Static fault simulation is described by the flow 
charts of Figure 26, 27, and 28. Referring to this flow chart, the
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gate=l

MI=2**(F-J)

Ind(IG) 
2,4 ^  ?

input=l

© No /  First 
1 \  input?

Generate fault word. Generate fault word.
FW1=BW0RD-MI 47 51 FW1=DWORD-MI

r: 1 = 1 + 1 48 52 1 = 1 + 1i
Generate fault word. Generate fault word.

FW2=MI 49 53 FW2=MI

Figure 26 Flow Chart of the Static Fault Simulation Program
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54

Generate fault words 46 45 Generate fault words
FW1 = FW1 FW1 = FW1-MI
FW2 = MI FW2 = FW2

I 1 = 1 + 1

T(II)=C(IG, II) AFIV1VFW2

55 11=11+1

59

All
No // inputs 

44 W-— \ considered?

Perform Boolean AND/OR of 
T(l),T(2),...,T(n), de
pending on the type of 
gate.
Determine Z (IG).

58

FW1

FW2

FW1-MI

FW2+MI 1,3 FW2

60

2,4

output SAP or SA1

...

Figure 27 Continued Flow Chart of the Static Fault Simulation Program
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Z(IG)=Z(IG)AFW1VFW2

1=1+ 1

IG=IG+ 1

Complement one 
of the inputs

All ^ 
inputs 
tested?

Figure 28 Continued Flow Chart of the Static Fault Simulation Program
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variable MI in block 41 represents the SA1 fault vector, generated re
cursively as;

2**(F-J)

where FHnumber of failures considered 
and J e I+1

The index I is a pointer which locates each fault. The SAO fault 
vector is generated by the relation;

FWlHBWORD - MI 
where BWORD is a vector all 1's 

which has beten in read in with a DATA statement. The number of elements 

in this vector is equal to the number of failures specified plus one. Up 
to 59 faults can be simulated simultaneously. Since simulation is on an 
element-by-element basis, the fault model to be used for each input and 
output is decided by the program depending on the type of the gate. In 
this respect AND and NOR gates are treated alike, so also are OR and 
NAND gates. This is implemented by a Computed Go To on the type of gate, 

as shown by the decision block after connector 44. Blocks 47, 49 and 53 
indicate that the first input of each gate is failed to 0 and then to 1. 
The increment in the value of the index I before the generation of FW2 

indicates that these faults are indeed treated separately. These fault 

words are ANDed and ORed with the input vector C(IG,II). All other 
inputs of the gate are set either to a 0 or a 1 depending on its type, 
as shown in blocks 45, and 46. After all inputs have been set to the 
appropriate fault model, the pertinent logical operation is performed on 
them (block 58) and the output vector Z(IG) is determined. To fail the 
output of the gate suitably the output is ANDed and ORed with the fault
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words and the new value of the output is stored its previous location 
(block 61). Blocks 62 and 63 transfer control back to the starting point 
for the diagnosis of the next gate. Observable outputs of the network are 

printed out at the end of each simulation, after which one of the in
puts is complemented and the network simulated again. All possible 
input combinations are tried since the intention is to determine a set 
of test inputs which will detect as many faults as possible.

Race and Hazard Analysis 
An interesting feature of the program is its ability to detect 

race or hazard conditions existing in the design. A race occurs whenever 

, a required secondary transition involves the change of two or more of 
the secondary variables simultaneously. The delay times of the various 
gates create logical hazards in digital circuits. An analysis of race 
and hazard conditions is carried out by considering the set of delayed 
outputs. A TRANSITION table is formed using the input sequence, the 
evaluated values of delayed outputs stored in the array YI and the 
feedback variables. In forming this table use is made of the fact that 
for a fundamental mode circuit the excitations (feedback outputs) are 

the next states of the secondaries (feedback inputs). This table differs 
from the familiar transition table in that the inputs are arranged in 
rows instead of in columns because of the large number of iterations 
involved. Consequently vertical transitions in this table correspond 
to changes in input and horizontal transitions to changes in feedback 
variables. The first entry in the "secondaries" column represents the 
initial values of the feedback variables and the first entry in the 
"Excitation" column represents the values of the variables after the
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first iteration, which happen to be the next states of the secondaries. 
The transition table of the flip-flop, discussed earlier, is shown in 
the Appendix.

The program detects races and hazards by a systematic search of 
the outcomes of a change in input. The flow chart describing the race 
and hazard monitoring feature is shown, in Figure 29. If a change in 
input involves a change in two or more of the secondaries, the program 
determines the outcome of the "race" after the network has stabilized. 
This is indicated in the flow chart by blocks 3 and 4. In order to 
determine whether the network is in the correct stable state or not the 
excitation matrix, which is read in during input, is searched to find 
a match for the input combination, secondaries and the output. If a 
match is found the network is in the correct stable state and the pro
gram proceeds with the analysis, otherwise the analysis is terminated 
and the race condition and iteration are printed out. The network is 
analyzed even if a change in input involves a change in at least one 
secondary. This is indicated in the flow chart by the branch to block 
3. Since hazards result from different delay times for two or more paths 

propagating the same signal, any hazards causing the network to mal
function will be detected by the program as a "race condition". The 
search and detection techniques described are implemented with one 

branch Logical IF statements and Relational expressions. A compact 

description of the search technique in Iverson notation is,

E1*- ((m/E) = X)//E 
where E Excitation matrix

m Mask bit vector which specifies by its "1” elements
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bSSr Go to No
<3next input

2 ■---Change in Input?
No

G>"°
No

Change in at 
least one? -c-—

Yes
2 M  Is it the correct

state? Yes

No

t
Print "Race or 
Probably Hazard 
in Network"

Yes

Change in more than one 
secondary

\ Yes

Is the network stable?

No

v
Go to next state.

V No /— x
Have all states been   3 ]

tested?

Yesv
Print "Network does not 

stabilize"

Figure 29 Flow Chart of the Race and Hazard Analysis Program
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which columns of E are to participate in the search 
in this case m (vE)

X Argument to be used in the search, a vector. Here 
the vector is a particular row of the transition 
table.

Output "
The results of simulation constitute a state description of the 

model which is a mathematical representation of the actual circuit.
These results are printed out at the end of simulation. The outputs 
requested can vary from primary outputs to the outptuts of all gates at 
the user's option. The outputs are further classified into outputs con
sidering delay time only and outputs considering both delay and rise 
times. Either one of these or both can be requested. The program prints 
the outputs of both normal and fault simulation. Also printed out are 
an excitation table and comments on the results of race and hazard 
analysis.

An interesting feature of the program is that it provides plots 
of all observable outputs and the inputs. The plots are obtained on a 
digital incremental plotter by calling the various FORTRAN plotting 
subroutines. These subroutines are described in detail in a Bulletin 

of the University Computer Center.



CHAPTER 6

RESULTS

The results of simulation of the OR gate and the Flip-Flop des
cribed earlier are discussed. Also discussed is the simulation of an 

example network. The network considered is a modulo-4 counter. This 
example illustrates all aspects of logic simulation described in this 
paper.

Discussion of Results 
Two separate listings of the output of the OR gate using two 

different gate parameters are given. Included in each listing are;
(1) The ideal gate output.
(2) The output considering delay time only.
(3) The output considering both delay and rise times.

The initial set of data used for the simulation of the gate is follows. 
Cl=C2=0.2xl07 

C3=C4=0.IxlO7 

DELTA= O.Sx-lO-7 .
Its response to an input pulse width of 500 nanosecs is given in the 
listing of Figure 33, and a plot of the output in Figure 35 in Appendix. 
For the values of the gate parameters indicated it is seen that the 
gate has considerable propagation delay time, a large rise time and that 
it is still in transition at the time of the next input change. There

75
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is a considerable narrowing of the pulse. Hence the next step in the 
investigation is to increase the pulse width.

The effect of increasing the pulse width to 1000 nanosecs is 
shown in the plotter output of Figure 36. Though there is no appre
ciable narrowing of the output pulse, there is still considerable 
delay in th'e gate and it has a large rise time. This is obvious 
since the delay and rise time constants have not been changed. In 
comparing the wave shapes of the ideal output and the output consider
ing transient effects the differences in logic swing are evident.

In the second set of parameters the rise and delay time constants 
are increased and the input pulse width is simultaneously reduced to 
100 nanosecs. The parameters used are:

Cl=C2=1.5xl08 

C35C4E2.0xl08 

DELTA 0.5x10"8 .
Time steps of 5 nanosecs are used. The gate is simulated for one 
pulse period. The plot of Figure 37 refers to the output of the gate. 
Delay time of 6 nanosecs and rise time of 10 nanosecs are clearly 
observed. It is also seen that the gate is in transition only for a 
short period and that it stabilizes before the next input change.
This set of parameters is more compatible with the actual component 
values, as in an ECL gate, as evidenced by the waveshapes.

The results of the simulation of the Flip-Flop are given in Figures 
38 and 39. All gates are assumed to have identical delay and rise times. 
6 nanosecs delay time and 10 nanosecs rise time are assumed for all
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gates. To observe fully the operation of the flip-flop, all four input 
combinations were used during the simulation. Initial states of 10 
were assumed for the feedback outputs.

An analysis of the flip-flop shows that a change in any one 
input does not change its state. It flips only when both inputs are 
either 1 or 0. This is easily verified from the gate outputs. When 

the input INP1 goes to 1 the flip-flop is in its initial state 10.
When INP2 also goes to 1 after 5 iterations, the flip-flop changes its 
state to 01. Since the transition involves a change in both secondaries 
the circuit cycles to the 01 state through the unstable 00. It is seen 
that the flip-flop is momentarily in the 00 state. A change of input 
from 11 to 01 or 10 does not change the outputs. A further change takes 
the circuit to this:initial state after some delay and the circuit again 
cycles throught the unstable state 0 0.

Behavior of the flip-flop under a single fault condition was 
discussed in Chapter 4. The results of race and hazard analysis are 
given in the transition table of Figure 40. Referring to this table 
it is seen that since the secondaries do not both change simultaneously 

the circuit is free of races. Also, since the spurious output during 
transition does not place the circuit in an invalid state, the circuit 
is free of hazards. This situation is correctly monitored by the 
program as shown in the print out.

Simulation of a Modulo 4 Counter 
To illustrate the techniques of simulation described thus far, 

simulation of a counter is considered. The counter is designed to give 
a modulo-4 count of the number of transitions in the input [3]. It is
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seen, for curiosity, that the network is a Moore machine since the out
puts depend only on the present states and not on the inputs. The net
work is shown in Figure 30 and 31. The network is designed to be free
of all races and all static and dynamic hazards. This can also be 
verified from the excitation matrix and excitation maps shown in Figure 
32. The equations for the excitiations and outputs are:

Y 2=y i X + y 2x +yi y 2 " (6 .1).

YlEyl y+y2X+yl y 2 (6 -2)

Z2=Y2 and Z^X (6.3)

The set of data used for all gates is as follows.

Cl=C2=1.5xl08

C3=C4=2.0xl08

DELTAE O.SxlO™8

ITERATIONS 101 
Pulse period: 200 nanosecs 

The actual network structure is documented in Figure 41 in the Appendix. 

A listing of the unscrambled input sequence is also given. The number 
of transitions in the input is chosen so that the circuit gives a count 
of 4 and then resets to its initial state. Consequently, the circuit is 
"energized" for 500 nanosecs or two and one half pulse periods. The 

circuit is started in stable state 00 and the first input change should 
take the circuit to stable state 01. However due to propagation delay 
in gates 1 and 6 the primary output does not go to 1 till about 3



OR

Figure 30 A Modulo-4 Counter
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Figure

INF

INF1

31 The Modulo-4 Counter With the Gates Indexed for Simulation
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SECONDARY EXCITATION OUTPUT

YzXi INP = 0 INP = 1 INP = 0 INP = 1

00 00 01 00 —  —

01 11 01 —  w 01

11 11 10 10 -  -

10 00 10 — 11

Excitation Matrix

INP

00
01

Y

INP

00

Excitation Maps

Figure 32 Excitation Matrix and Excitation Maps of the Modulo-4 Counter
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iterations (or 15 nanosecs) and the circuit remains in state 00 for some 
time after the input goes to 1. The output changes immediately to 01, 
as is seen in the transition table shown in Figure 42. The input going 
to 1 drives AND 7 to 1 and to 1, fixing it at 1. Gates 4, 5, and 6 

are disabled because and Z(kk,1) are both 0. The network remains in 
this state even after the input has gone to 0. However the output goes 
to 00 the instant the input goes to 0 . Y9 does not go to 0 till about

t 1
6 iterations due to propagation delay in gates 1 and 6 . Once the circuit 
sees Z(KK,1)=1, Y2 goes to 1 and the network is in stable state 11 and 

the output is 10. This state is maintained till after the next input 
change, when the output goes to 11 and the feedback variables to 10.
It is seen that due to transition delay the output of the counter stays 
momentarily at 00 before changing to 10. The output is thus in error 

temporarily and this condition is monitored as a "race or hazard con

dition". It is to be noted that only the output is in error, not the 
feedback variables, and the desired output is obtained after some delay.
So this condition can neither be called a "static hazard" nor a "dynamic 
hazard".

A type of hazard which is a characteristic of all counters is 
called an "ESSENTIAL HAZARD". An asynchronous machine M in state "q" 
and with an input "i" such that 6(q,i)Eq is said to contain, an 
essential hazard if "i' " is an input adjacent to i and, [4] 

d(q,i')=q'

6 (q',i') = q"
6 (q",i') = q"' 

and q1" f q'
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This type of hazard is caused due to the feedback variables changing 
before the input change has propagated to the entire circuit.

To analyze the network for this type of hazard, gate 1 is 
assumed to contain a large delay. The values, of the delay and rise 
time constants chosen for this gate are:

Cl=C2=1.5E+7
C3=C4=1.0E+8

The circuit response is given in Figure 43. The circuit is once 
again started in stable state 00 and after the first input change 
the feedback variables go to stable state 01 after some delay for 
reasons already mentioned.• The output is 01. Referring to Figure 
31 it is seen that INP1 1 drives AND 7 to 1, and so Y, is fixed at 1. 
Because of the large delay in inverter 1 at the input to AND 6 . this 
gate still sees Z(KK,1) 1 after y^ has gone to 1. Thus AND 6 goes to 1 
taking Y^, and thus y^, to 1. Consequently the circuit goes to unstable 
11 and thence to stable 11 as indicated in iteration 10. This takes the 
output also to 11 after some delay. The entire circuit sees Z(KK,1)=0 
after 9 iterations, from the instant the circuit is placed in stable 

state 11, and thus the circuit finally settles in stable 10. The 
output stays at 11. It should be noted that these changes have taken 
place while the input remained stationary. The circuit, thus, is seen 
to contain a hazard and this type of hazard is known as an essential 
hazard. The hazard condition is correctly monitored by the analysis 
program. Hazards can be eliminated by inserting delays in the feedback 
paths to ensure that the feedback inputs do not change until the input 
change has propagated to the entire circuit. The results of single
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fault simulation are given in the edited print out of Figure 44. The 
fault specified being input 1 of gate 7 is SAO. Referring to Figure 31 
it is seen that since gate 7 is an AND gate its output will be stuck at 
0. Since , and hence , remains at 0 for about 3 iterations after 
the input goes to 1, gates 4, 6 , and 8 are disabled. Thus is fixed 
at 0. Consequently Y^, and hence the output Zg, is always at 0 . It is 
seen that with an input of gate 7 SAO the output of the counter oscil
lates between 01 and 00, as verified from the print-out. It can be con
cluded that this fault is detectable.



CHAPTER 7

CONCLUSION

Of late various phases of the problem of automation of digital 
systems design have come under study. One of these is concerned with 
the simulation of digital circuits. An attempt has been made in this 
paper to describe an efficient technique of simulating fundamental mode 
sequential circuits. Though the emphasis has been on fundamental mode 
sequential circuits, no restriction is placed on the type of logic which 
can be simulated.

Two different approaches to digital logic simulation exist. In 
one approach the primitive logic blocks (gates) are treated as delay 
free. This is a reasonable assumption if only combinational logic is to 
be simulated. Obviously the only meaningful function that can be per
formed here is logic verification. In the second approach all gates 

are considered to include delay elements, as is true of all gates as 
represented by actual physical hardware. Here the circuit model more 
accurately reflects actual circuit behavior. It is precisely these 
delay times which create logical hazards in digital circuits. An 
algorithm for their detection is principal part of the set of programs 
discussed herein.

The algorithm for simulation described in this paper utilizes 

the latter approach. Two separate models of a gate are described. In 
both models the logic function of the gate is separated from the tran
sient effects and each is simulated separately. In one model the
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transient effects are simulated first for each input and then the logic 
function is performed. In the second model the logic function is per
formed first and then the transient effects are simulated. The second 
model is shown to be more efficient than the first one. A single time 
constant approximation is used for simulating transient effects. This 
technique for simulating transient effects is not very accurate. The 
inaccuracy is more pronounced in the case of saturated logic circuits 
where the transient response is determined largely by storage time. A 
more accurate simulation of the transient effects is possible by.con
sidering a non-linear model of the transistor. It is seen that the 
transient effects simulator is a replaceable block in the algorithm.
The main achievement is a structure in which other delay models can be 
inserted and their performance evaluated to develop criteria for 
selecting the optimum model for a given application.

The assumption that any delay of signals occurs in the logical 
blocks and no delay occurs along the lines interconnecting them is a 
slight deviation from practice. In a physical circuit there is a delay 
along each line. Thus if the output of a gate is connected to two or 
more gates and the delays along the different lines differ considerably 

the model does not give a faithful representation of the circuit.
Analysis of proposed designs under single fault conditions is 

also described. The assumption about single faults simplifies the 
problem of fault detecting sequences. This assumption seems reasonable 
if the probability of occurrence of multiple faults is very small. Fault 
simulation of sequential circuits considering the delay model, as des
cribed in this paper is time consuming. An efficient approach would
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be to simulate all faults simultaneously as in static fault simulation. 
This refinement should be incorporated in the program to be able to 
provide a complete fault diagnosis of sequential circuits. A problem 
which requires further investigation here is the prediction of initial 
states.

Sophistications in the programs that have been developed are 
possible. However it demonstrates the possibility of efficient use of 

the capabilities of the digital computer in the area of logic design 
automation. Though the computer has not eliminated the need for bread- 
boarding, it definitely can reduce the time and effort involved in 
circuit development by performing a large amount of analysis.
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.. OUTPUT WITHOUT TRANSIENT EFFECTS

0 . 0 0 0  
. 1 0 0  .

9 19 0
« 271
,344 
,41 0 
® 469 
,522 
,570 
,613 : 
*651 , , 686 
, 618 
,556 
,500 
$ 4 5 0 
,405 
,365 
,328 
,295 
, 266 
*239 
*215 
*194 
,174 
,157 
,141 
,127
* 1 14
,103
* 093 
, 083 
,075 
,068 
,061 
,055 
o 049. 
@04 4 
,04 0 
@036 
,032

OUTPUT .CONSIDERING DELAY TIME ONLY
0 0 0 0 0 0 0 1  1 T i  1 T 1 1 0 0 0 0 0 0 0 0 0 0  o 0 0 0 0 0  000.0 0 00000.

Figure 33 Listing of the Gate Output
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OUTPUT CONSIDERING TD AND TR
0 , 0 0 0  

6,000 
' 6,000 

0.000 . ' .
0*000
6.00 o 

■ 6 , 0  00
6.000 
. ,050
, 0 9 7
t, 143 .

» 185 
,226 
,265 

. ,302 
,337
. 3 2 0  , '
,304 
,289 
*274 .
,260
,247
,23$
.223 
, 2 1 2  
,.202 

- .191 ■
,182 
,173 

- ,166 
•,156 ■
' >148 
,141 

- ,134
. 1 2 7  
, 121 .

*115
,109 - -
,103 1 ■
,098
,093 ;

Figure 34 Listing of the Gate Output, Continued
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Cl = C2 = 0.2x10 
C3 = C4 = O.lxlO7 

DELTA = 50 nanosecs 
Pulse Width = 500 nanosecs
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Figure 35 Output of the OR Gate
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Cl = C2 = 0.2xl07 

C3 = C4 = O.lxlO7

DELTA = 50 nanosecs
Pulse Width = 1000 nanosecs
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Figure 35a Continued: Output of the OR Gate
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Cl = C2 = 0.2xl07 

C3 = C4 = O.lxlO7 

DELTA = 50 nanosecs 
Pulse Width = 500 nanosecs
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Figure 36a Continued: Output of the OR Gate
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C I =  C2 = 1 .5 x 1 0 s 

C3 = C4= l .O x lO 8 

DELTA 5 nanoseco 
PULSE WIDTH 100 nanosecs

oCD

OC\J

O

50.00 100.00 TIME IN NSECS 150.00

Figure 37 Output of the OR Gate, New Set of Parameters
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Figure 38 Input to the Flip-Flop
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Transition
Table:

Inputs Secondaries Excitation
10 10 10
10 10 10
10 10 10
10 10 10
10 10 10
11 10 10
11 10 00
11 00 01
11 01 01
11 01 01
11 01 01
11 01 01
11 01 01
11 01 01
11 01 01

01 01
01 01

11 01 01
11 01 01
11 01 01
11 01 01
01 01 01
01 01 01
01 01 01
01 01 01
01 01 01
00 01 01
00 01 00
00 00 10
00 10 10
00 10 10
00 10 10
00 10 10
00 10 10
00 10 10
00 10 10
00 ' 10 10
00 10 10
00 10 10
00 10 10
00 10 10

11111110000000000000000000000111111111111
00000000111111111111111111110000000000000

Circuit is Free of Hazards and Races

Figure 40 Simulation of the Flip-Flop



SIMULATION OF A MODULO 4 COUNTER 

MO Of SATES N=I6

GATE' TYPE OF GATE NO OF INPUTS

1 ' INVERTER I '

2 ■ INVERTER 1

3 INVERTER I

4 ' AND , ' "  • , 2

v ' 5 AND a

6 ' AND . 2

7 AND 2

8 ‘ AND ' 2

9 OR 3

10 OR ' 3

PRIMARY. INPUTS

" i i i i T i i u I i i u i i i i i i i o o o o o o o o o o o o o o o o o o o o o o n i m i i n u i n n i n i o o o d o ' o o o o o o o o o o o o d o o
Figure 41 Listing of the Structure of the Modulo-4 Counter



Race and Hazard Analysis
Inputs Secondaries

00 
00 
00 
00 
01 
01 
01 
01 .

01 
01 
11 
11 
11 
11 
11 
11 
11 
11 
11 
10 
10 
10 
10 
10 
10 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00
00 .

00 
00 
00 
00 
00

Excitation Output
00 01
00 01
00 01
01 01
01 01
01 01
01 01
01 01
01 01
11 01
11 11
11 11
11 11
11 11
11 11
11 11
11 11
11 11
10 11
10 11
10 11
10 10
10 10
10 10
00 10
00 00
00 00
00 . 00
00 00
00 00
00 00
00 00
00 00
00 00
00 00
00 00
00 00
oo 00
00 00
00 00
00 00
00 01

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1

Figure 42 Transition Table of the Modulo-4 Counter
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Inputs Secondaries Excitation Output
00 00 01
00 00 01
00 01 01
01 01 01
01 01 01
01 01 01
01 01 01
01 01 01
01 01 01
01 11 01
11 11 11
11 11 11
11 11 11
11 01 11
01 01 01
01 11 01
11 11 11
11 11 11
11 10 11
10 10 11
10 10 10
10 10 10
10 10 10
10 10 10
10 00 10
00 00 00
00 00 00
00 00 00
00 00 00
00 00 00
00 00 00
00 00 00
00 00 00
00 00 ocr
00 00 00
00 00 00
00 00 00
00 00 00
00 00 00
00 00 00
00 00 01
00 00 01
00 00 01
00 01 01
01. 01 01
01 01 01

Figure 42 Transition Table of the Modulo-4 Counter--Continued



102
Inputs Secondaries Excitation Output

1 01 01 01
1 01 01 01
1 01 01 01
1 01 11 01
1 11 11 11
1 11 11 11
1 11 01 11
1 01 01 01
1 01 01 01
1 01 11 01
1 11 11 11
1 11 11 ' 11 
1 11 11 11
1 11 00 11
1 00 00 01

Race or Probably Hazard in Circuit

Figure 42 Transition Table of the Modulo-4 Counter--Continued
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oo
o.0 .0 0 10.00 20.00 30.0.0TIME IN NSECSlXI0 ) 40.00

Figure 43. Input to the Modulo-4 Counter
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Figure 43a Continued: Output of the Modulo-4 Counter
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SINGLE fault SIMULATION 
input 1 OF -GATE 7 IS SAO

PRINT OUT Of OBSERVABLE GATE' OUTPUTS 
. . OUTPUT CONSIDERING' DELAY TIME' ONLY

0 0 o o n o 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O O O O O O O O O O O O O O O O O O 0 0 0 0 0 O O O O O O O O O O O O O O O O O d O d 0 9 0 0 0 0 0 0 0 0 0 o o o oii ill l i l i i  ii i i n  n  iiioooooooooo ooo oo oooooooii i n h n n u i n i i h i  ooooooooooooooooo ooo

Figure 44 Listing of Counter Output Considering a SAO Fault
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