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ABSTRACT 

AUTOMATING THE VERIFICATION OF BOOLEAN FUNCTIONS 

IN DIGITAL COMPUTER LOGIC MODULES 

by Oran T. Reese 

When digital computer logic modules contain a 

large number of gates and have many input and output ter¬ 

minals, the problem of testing the modules is a formidable 

one. This thesis is a study of one aspect of the problem, 

that being the verification of Boolean functions imple¬ 

mented by irredundant combinational logic. The assumption 

is made that even when an automatic testing system is em¬ 

ployed it will not be feasible to provide all possible com¬ 

binations of binary input signals as a test pattern sequence. 

The manner in which a module should be tested is influenced 

by a number of considerations. Several schemes are sug¬ 

gested for classifying modules according to the type of 

electronic hardware involved. For several circuit types, 

it is shown that the input bit patterns required for testing 

individual gates are independent of the type of circuitry. 

It is also shown, however, that when gates are interconnected 

on a module the type of circuitry as well as the intercon¬ 

nections must be considered. An algorithm is developed 

which produces a set of module input bit patterns that will 

detect any single gate failure and at least some double 



failures. The characteristics of an automatic testing sys¬ 

tem are considered, first by means of an abstract model and 

then with regard to actual equipment that can be adapted to 

the problem. Techniques for generating and manipulating bit 

patterns in the testing system are investigated. Finally, a 

number of suggestions are given for further investigation. 



PREFACE 

The author's interest in automated module testing 

dates back to early reports in technical journals where the 

feasibility of implementing Boolean functions with mono¬ 

lithic integrated circuitry was presented. It was apparent 

that the logic-function-per-unit-volume ratio was destined 

to increase greatly. More recently, real problems in the 

writer's industrial experience have stimulated this inter¬ 

est, and the ability to get at the foundation of the testing 

problem has been enhanced through graduate study at Rice 

University. 

The reader is assumed to have at least a basic un¬ 

derstanding of Boolean algebra, set theory, and switching 

circuits. Although some of the fundamental notions of these 

fields are pointed out, this is primarily in the form of 

reminders rather than tutorial presentations. Recommended 

references for background material in these areas are Birk- 

hoff and MacLane [1], Pfeiffer [10], and Richards [13]. 

These and other references are noted throughout the text 

of this thesis. The numbers in square brackets correspond 

to the numerical order of the alphabetical list of references 

beginning on page 116. 
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I. INTRODUCTION 

In the construction of modern digital computers, 

the trend is toward the use of logic modules of increasing 

complexity. This trend is a direct result of advancements 

in the miniaturization of electronic switching circuitry. 

In this paper we are not concerned so much with the objec¬ 

tives of miniaturization or the desirability of increasing 

module complexity as we are with one of the problems cre¬ 

ated. This is the problem of testing a module and, in par¬ 

ticular, verifying the Boolean functions implemented by the 

module. The motivation for studying this problem should 

become apparent in the following paragraphs. 

The most popular technique of module construction 

in the past few years has been that of mounting electronic 

components on printed circuit boards. Until the advent 

of monolithic integrated circuits, all logic circuits were 

implemented with discrete components: transistors, diodes, 

resistors, capacitors, and an occasional inductor. Using 

discrete components, relatively few circuits can be pack¬ 

aged on one printed circuit board; two to four flip-flops 

or three to six gates per board is probably typical. An 
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important characteristic of these boards is that, in gen¬ 

eral, the circuits are not interconnected on the boards. 

That is, all inputs and all outputs are in the form of ex¬ 

ternal connections. This being the case, each circuit on 

the board can be tested individually with conventional 

test equipment. A pulse generator, an oscilloscope, and 

a manually operated test fixture are all that are required 

for complete testing. For simply verifying the Boolean 

function of a gate, the pulse generator and oscilloscope 

may be dispensed with in favor of a manual input-sequencing 

switch and an indicator light. 

Now let us contrast the above testing problem 

with that of testing computer modules which have recently 

begun to appear and those which seem to be just around the 

corner. Already in use are modules containing more than 

100 logic circuits. Current speculation in the literature 

[14] indicates that from 500 to 1000 gates on a single sili¬ 

con wafer are to be expected. In these situations, there 

will be a great many interconnections within a module where 

the output of one circuit is used as the input to one or 

more other circuits of the same module. The result is that 

many "internal" circuits will exist; an internal circuit 

being one whose inputs and outputs are not brought out to 
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external connections. Thus, many (or probably most) cir¬ 

cuits cannot be tested individually. Also, a large number 

of interconnected logic circuits leads to a module with a 

large number of external connections. Where twenty to thir¬ 

ty terminals are generally adequate for handling the inputs 

and outputs of the conventional discrete component module 

described earlier, 50 to 150 terminals may be required for 

an integrated circuit module. Often the number of terminals 

actually used is limited by the physical size of the connec¬ 

tor rather than by the functions contained in the module. 

As a conservative example, consider a fifty terminal module 

where each of twenty outputs is a function of from one to 

thirty inputs. A moment's reflection should convince us 

that we are clearly out of the range of manually testing 

the module; as hundreds, or possibly thousands, of input 

bit patterns may be required to verify the output functions. 

The proper question seems to be, "How should the module be 

tested?" 

There are two basic methods of verifying such a 

logic module. 

1. Plug the module into its proper location in 

an operating computer and run through a set 

of diagnostic programs. 
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2. Plug the module into an automatic testing de¬ 

vice which simulates the operating conditions 

in the computer. 

Although the first method will undoubtedly be used in many 

small scale operations, it has the following drawbacks. 

1. All other parts of the computer must be guar¬ 

anteed perfect. 

2. A complete computer is occupied for testing 

one module at a time, and troubleshooting 

"on-line" is an expensive operation. 

3. A given module type may be used in several 

locations in a computer, no one of which 

makes use of all the functions of the module. 

The primary advantage of this test method is that, just as 

the proof of the pudding is in the eating, the proof of a 

good module is in its satisfactory operation in the system 

for which it was designed. However, if the simulation pro¬ 

vided by a testing device is adequate, there is no reason 

to suspect that a module which passes a test under simulated 

operating conditions would not perform satisfactorily in the 

computer. On the contrary, proper simulation should give a 

high probability of success. 
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Just what constitutes proper simulation is the main 

topic of Section II of this thesis. Included there is a dis¬ 

cussion of several types of logic circuits and what the re¬ 

quirements for adequate testing are when connected in a com¬ 

binational manner with no redundancy. Among the things to 

be considered in supplying inputs to a module under test are 

worst-case voltage levels. This analysis is very similar to 

that for testing an individual circuit. For a module with 

interconnected circuits, however, an additional problem is 

encountered. This is the problem of determining worst-case 

input bit patterns for the module as a whole. The interest 

here stems from the assumption that, even with automatic 

test equipment, it will not be feasible to sequence through 

all possible combinations of input bits; and that a worst- 

case subset of the possible combinations should be chosen. 

To gain an improvement in the confidence level of 

a simulation system, instruments for automatically measuring 

switching time and delay time of the module outputs could be 

employed. Such instruments are presently on the market. To 

say that it is simply a matter of connecting the instrument 

to the output terminal is understating this aspect of the 

testing problem, particularly when the time to be measured 

is of the order of a few nanoseconds. Switching time measure- 
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merits are ignored in this paper, however, in order to con¬ 

centrate on the more fundamental problem of manipulating 

worst-case bit patterns for verification of the Boolean 

functions. 

The determination of what these bit patterns should 

be and how to manipulate them effectively are precisely the 

problems of interest to this investigator. As indicated pre¬ 

viously, Section II deals with the determination of worst-case 

bit patterns for irredundant combinational logic modules. 

Section IV is concerned with manipulating these bit patterns 

in an automatic testing system. The testing system consider¬ 

ed is provided with automatic control in the form of a digital 

computer. Section III is an abstract study of a mathematical 

model for such a testing system. The model is intended to 

demonstrate the theoretical aspects of automating the testing 

operation. 

The author considers this thesis to be a broad 

attack on a rather broad subject. Some topics are discussed 

in considerable detail, while others are discussed superfi¬ 

cially. Finding it impractical to go into detail on all the 

notions that have sprung up, several suggestions for further 

study have been listed in Appendix C. 



Before proceeding with the analysis, a few words 

about the terminology, symbols, and conventions adopted in 

this paper are in order. 

Unless otherwise noted, positive logic is always 

to be assumed. That is to say, a binary one or true value 

will be represented by the most positive of two voltage lev¬ 

els and binary zero or false value by the most negative. Sym¬ 

bols used for these voltages are as defined below: 

Nominal voltage representing binary one or true 

V^+ Most positive limit of 

Most negative limit of 

VQ Nominal voltage representing binary zero or false 

VQ_J_ Most positive limit of VQ 

VQ Most negative limit of VQ 

Example: Suppose we have a set of logic circuits where 

a binary one is given by +4.0 ^*Q volts, and binary 

zero by 0 ^Q*^ volts. Then: 

V 

V 

V 

1 

1+ 

1- 

= +4.0 volts 

= +4.5 volts 

VQ = 0.0 volts 

VQ_J_ = +0.5 volts 

= +3.0 volts 0.0 volts 



The logic element symbols adopted in this paper 

are taken from government specification MIL-STD-806. The 

symbols and truth table descriptions for the basic AND, OR 

and INVERT operations are presented in Figure 1. 
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D A-B-C 

(a) AND Gate 

D = A+B+C 

(b) OR Gate 

(c) Inverter 

ABC D 

0 0 0 0 

0 0 1 0 

0 10 0 

Oil 0 

10 0 0 

10 1 0 

110 0 

111 1 

ABC D 

0 0 0 0 

0 0 1 1 

0 10 1 

Oil 1 

10 0 1 

10 1 1 

110 1 

111 1 

A A 

0 1 

1 0 

FIGURE 1. BASIC LOGIC ELEMENTS 



II. TESTING TECHNIQUES 

Module Classification Schemes 

In the process of determining what tests to per¬ 

form on a module, there are some general module classifica¬ 

tion schemes which may be helpful. For example, consider 

the difference between a module consisting of a printed cir¬ 

cuit board on which semiconductor network devices are mount¬ 

ed and interconnected, and a module comprised of a semicon¬ 

ductor array which has been provided with external connec¬ 

tions. By "semiconductor network device" we mean a pres¬ 

ently available integrated circuit package containing from 

one to four independent logic circuits. A "semiconductor 

array" refers to an interconnected cluster of logic circuits 

on a single silicon wafer. 

We define three classes as follows: 

Class D1: Semiconductor network devices mounted 

on a printed circuit board or other 

carrier. 

Class A': Semiconductor ^rray modules 

Modules containing some combination 

of arrays and devices. 

Class C: 
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Note that C is the intersection of D' and A'; 

that is: 

C = D'HA' 

For the convenience of handling mutually exclu¬ 

sive classes, we define two new classes: 

Class D = D'nA': Modules with devices and no 

arrays 

Class A = A'H D': Modules with arrays and no 

devices 

The object in these classifications is for conven¬ 

ience in discussing types of tests to be performed. To il¬ 

lustrate, we may have advance information that a Class D 

module we are to test has just been assembled with devices 

which were pre-tested for all worst-case conditions. There¬ 

fore, we can dispense with worst-case tests on the module 

and use nominal voltage levels, since all we must verify is 

that the devices were mounted properly. However, we are not 

likely to have such a priori information available for test¬ 

ing a Class A module. This leads to another classification 

scheme, based on the condition of a module prior to testing. 

Class N: New modules, fresh off the assembly line, 

where all circuits have been individually 

pre-tested for worst-case conditions. 
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Class S: Modules retrieved from a spare parts 

storage area, possibly damaged by 

handling or storage environment. New 

modules whose circuits were not pre¬ 

tested fall in this class. 

Class F: Modules which are known to be faulty, 

but the nature of the fault is not 

known. 

Class U: Modules with the pre-test condition 

unknown. 

Class U is included to cover the inevitable case 

in which a module turns up on a work bench and no one remem¬ 

bers how it got there. 

The types of construction used for various modules 

provide another method of classification, where the class is 

determined by the degree of repairability. 

Class R: Modules which can be repaired by replac¬ 

ing faulty circuits. 

Class P: Modules which are partially repairable; 

that is, some circuits are replaceable 

and others are not. 

Class T: Modules which have no replaceable parts 

and which are thrown away when faulty. 
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Note that our use of the term "faulty" pertains 

to bad components and excludes such simple problems as 

connector terminals becoming fouled with foreign material. 

Otherwise, all Class T modules would be Class P. 

The classification schemes above are by no means 

exhaustive; rather they serve as suggestions to anyone clas¬ 

sifying modules according to required testing techniques. 

As we shall have occasion to refer to the assigned classes 

and to sets formed by their intersections, the classifica¬ 

tions are summarized for ready reference in Figure 2(a). 

Figure 2(b) illustrates the class intersections obtained 

by mapping on the basic space of all modules, so to speak. 

Let us consider how testing techniques may be 

influenced by our classification schemes. Class A modules, 

for example, are noted to be in no way repairable, as indi¬ 

cated by the empty set designation, 0, in Figure 2(b). Any 

Class A module that is faulty will be discarded. Therefore, 

the set of modules which is easiest to handle is that set 

formed by the intersection of Class A, Class F, and Class T 

(called Set AFT for notational convenience). These modules 

can be immediately discarded with no need for testing. 

Perhaps the next easiest set to handle is Set DN. 

Since the individual circuits are known to be good for all 

worst-case conditions, the module test can be simplified by 



Class Key Word Module Characteristics 

D Devices Contains Devices only 

A Array Contains Arrays only 

C Combination Combination of Arrays and 
Devices 

N New New module; circuits known 
good 

S Spare From spare parts supply 

F Faulty Known to have a fault 

U Unknown 

R Repairable All components replaceable 

P Partially repairable Some " " 

T Throw-away No " " 

N 

S 

F 

U 

/ 
1 All modules 0 = empty set 

(a) 

0 0 0 0 0 0 

0 0 0 

0 0 0 

0 0 0 

RPTRPTRPT 

(b) 

Figure 2. Summary of Module Classification Schemes 
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eliminating worst-case conditions. However, there are cer¬ 

tain advantages to making Class N empty, or at least remov¬ 

ing the restriction that individual circuits be worst case 

pre-tested. The most notable advantage is that discussed 

by Slobodin [16], who references Phister's [11] remarks on 

system optimization. Slobodin cites results of a statisti¬ 

cal analysis which indicate that gains can be made by speci¬ 

fying performance of a long chain of circuits rather than 

worst-case performance of individual circuits. By assuming 

that most circuits in a system will not encounter worst-case 

conditions, performance specifications of individual circuits 

can be relaxed and thereby improve the yield of usable cir¬ 

cuits. Thus, worst-case testing of a module (considered as 

a subsystem) using semiconductor devices with relaxed speci¬ 

fications can reduce the cost of a system while still guaran¬ 

teeing the same overall level of performance. 

It would seem that the modules offering the great¬ 

est testing challenge are those in Class R. In contrast to 

Class T modules, where any fault that is detected will termi¬ 

nate the test, a fault detected on a Class R module must be 

diagnosed in order to repair it. After a fault is detected, 

additional testing is usually required in order to localize 

it. As will be shown later in this paper, it is impossible 
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in some cases to pin down a fault to one circuit when only 

external connections of the module are available. This is 

assumed to be the case in automatic testing. However, it 

usually is possible to narrow the choice down to one of a 

relatively small number of circuits. At this point it is 

necessary to resort to manually probing internal circuit 

terminals to locate the culprit. 

In the remainder of this section we will investi¬ 

gate two module characteristics to determine their influence 

on testing techniques. These are circuit configurations and 

module internal connections. In the course of the investi¬ 

gation we will consider a number of examples. Unless other¬ 

wise stated, it is always to be assumed that the examples 

are for modules from Set DSR. The reason for this is that 

this set is among those offering the greatest testing chal¬ 

lenge, and therefore the examples can be kept as general as 

possible. 

Circuit Considerations 

In testing any module belonging to Set DSR, it will 

be considered necessary to perform worst-case testing. We 

assume the testing is to be done by an automatic system which 

can make connection only with the module's peripheral circuits. 
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Peripheral circuits are those whose inputs and/or outputs 

are tied to the module terminals. It is impossible, there¬ 

fore, to worst-case test the internal circuits even if it 

were desirable. We are limited to supplying worst-case 

voltages and bit patterns to the module inputs and attach¬ 

ing worst-case loads to the outputs. In this way we can 

at least assure that internal circuits will be tested with 

true most unfavorable conditions (abbreviated as "t.m.u." 

conditions hereafter). By this is meant conditions which 

are at least as bad as those encountered in the system using 

the module. Note that t.m.u. conditions require worst-case 

conditions on the peripheral circuits. Therefore, we should 

begin the analysis by determining worst-case conditions for 

various logic circuits. 

Intuitively, one would probably say that for a logic 

circuit with n inputs, n + 1 tests are adequate. For an AND 

gate, then, it would be sufficient to test with all inputs 

simultaneously at the one level and with each input individu¬ 

ally at the zero level. An OR gate would be tested with all 

inputs simultaneously at the zero level and with each input 

individually at the one level. For a three-input gate with 

inputs A, B, and C, the input voltages for the four tests 

would be as follows: 



18 

AND OR 

VA VB 
vc VA VB VC 

Vl- Vl- Vl- V0+ 
V0* V0+ 

Vl+ Vl+ V0+ V V Vl- 
Vl+ V0+ 

Vl+ V Vl- V 
V0f Vl+ Vl+ Vl- V0- V0- 

Not being willing to trust intuition on this matter 

we must verify that the input patterns above actually consti¬ 

tute worst-case testing for the circuits of interest. 

As an example of the type of analysis required, con 

sider the well known diode AND circuit shown in Figure 3. In 

our positive logic convention, output X is to be positive if 

and only if all inputs, A, B, C, are positive. In Boolean 

form, this is X = A*B*C. The voltage at X is established by: 

Vx = min { (VA + VD1) , (VB + VD2). (Vc + (1) 

where is the forward voltage drop of a diode. The right 

hand side of equation (1) is intended to represent the input 

and diode voltage pair which is least positive. Since the 

input voltage swing, (V^ - VQ), of a well-designed diode gate 

is much larger than V^, the output voltage is shown by equa¬ 

tion (1) to follow the least positive input voltage. 



X 

Figure 3. Diode AND Circuit 
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To test any AND circuit, it is obvious that one of 

the required tests is to check for a true value at the out¬ 

put when all inputs are true. This amounts to setting = 

•k /V 

= V_ = V,, and checking for Vv = V,; where V, is the nomi- 

nal true output voltage which includes the allowable offset 

voltage. Since the true level for each of the three inputs 

3 
has high and low limits of and , there are 2 =8 sets 

of input voltages from which the worst-case set (or sets) is 

to be selected. The set which is worst case for making Vv 

*>v 
tend toward the false level, Vn, turns out to be V. = V_= ’0’ A B 

V_ = V. . This statement is justified in the following. 
U 1“ 

The equivalent circuit for a diode AND gate, gen¬ 

eralized for k = m + n inputs, is shown in Figure 4(a). The 

diodes are replaced with Hurley's [7] linearized equivalent 

circuit, where v is the forward threshold voltage, r^ is 

the forward resistance, and r^ is the back resistance. For 

a good diode, r^ » r^. Since V^_ < V^+, applying V^_ to 

the diodes assumed to be forward biased and to those 

assumed to be reverse biased is consistent with normal diode 

characteristics. For n > 1, the circuit of Figure 4(a) can 

be represented by the equivalent circuit of Figure 4(b), 

which can be reduced still further to the circuit of Figure 

4(c). For this circuit, the equivalent voltage and resis¬ 

tance are given by: 



k=m + n 

ns 1 

(Vj_+ v t) VW t Vx 

V1+ VW 

(b) 

(c) 

Figure 4. Equivalent Circuits for Diode AND 



22 

V 
e 

V 
+ vt) + (- 

1+ 

r 
e 

rf rb 
m r_c + n r, 
f b 

(2) 

(3) 

Also, 

VX - Ve + <VS - Ve^ R + r (4) 
e 

Examination of equations (2), (3), and (4) reveals that Vv X 
/V 

will be reduced toward VQ by increasing n, and thus reducing 

m since k = n + m. When m = 0, all input voltages are . 

Worst-case conditions are completed by connecting a load to 

the output and adjusting the supply voltage in a manner that 

reduces the current flowing through the diodes, thereby re¬ 

ducing the magnitude of the second term on the right hand 

side of equation (4). Clearly, this is done by setting the 

supply voltage at its lower tolerance limit, +Vg , and draw¬ 

ing rated load current, +1 , from the output. Note that 

the convention employed here is that a positive load is con¬ 

ventional current flowing out of a circuit, and a negative 

load is conventional current flowing into the output terminal. 

This negative current is sometimes called sink current. The 

conditions for this worst-case test having been established, 

they are summarized below for the diode gate of Figure 3. 
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Test No. 1 Conditions: 

Supply Voltage = +Vg 

Load Current = +1 
L max 

VA - VB ‘ VC - Vl- 

Check Output for: 

V. 
X 
> V 

* 

1- 

As pointed out earlier, there are seven other input 

voltage arrangements involving combinations of and 

which should give an output voltage of V? > V > vl' . The 

only information to be gained by these tests is whether or 

not the forward voltage drop, V^, of the diodes is excessive 

(by testing for (V^ + V^) = < V^_ for example). However, 

these tests would not impose worst-case conditions because 

less current is available to flow through a diode for 

inputs than for VQ inputs. The maximum forward voltage drop 

of a diode should be checked when it is carrying worst-case 

current. Therefore, only one test for Vv at the true level 

is required. 

In testing the three-input AND circuits for a false 

JL 

output, = VQ, there are seven input combinations to con¬ 

sider: 000, 001, 010, 011, 100, 101, and 110. Since the 

voltage representing a Boolean value has a high limit and a 
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low limit, each input combination has eight possible voltage 

representations which are potentially worst case. Thus there 

are fifty-six voltage combinations from which to select worst- 

case conditions for = VQ. 

Clearly, each input must be capable of holding the 

output at the false level under conditions which make the 

/V /V 
output tend toward the true level. Since > VQ, the input 

being tested should be driven with the positive limit of the 

false input level. Thus when input A is being tested, = 

VQ_J_. The worst-case voltages for the other inputs are to be 

determined. Referring back to Figure 4(a) , we assign VQ_^_ to 

the n forward-biased diodes, with n > 1. From equations (2), 

(3), and (4) it can be seen that Vv increases in the positive 
A 

direction as m increases. Therefore, n = 1, and input A is 

the only one with the diode forward biased. Further scrutiny 

of the equations reveals that the voltage to be applied to 

the m reverse-biased diodes to influence in the positive 

direction is V^+. For the input conditions just described, 

worst-case conditions of supply voltage and output current are 

those which require maximum conduction by the one forward-bi¬ 

ased diode. These are +V_, and -I_ respectively. The 
S+ L max r J 

test for input A is summarized below: 



25 

Test No. 2 Conditions: 

Supply Voltage = +VC 
OT 

Load Current = -T 
L max 

VA= V0+ 

VB - VC - Vl+ 

Check Output for: 

V < V„ 
X 0+ 

It is not necessary to test input A with = VQ . Since 

(Vx for VA = VQ+) > (Vx for = VQ_), such a test would 

only serve to verify that the conducting diode is capable 

of carrying slightly more current than required by Test No. 

2. If this small current difference, AI, is considered 

significant, Test No. 2 can be modified by increasing the 

output current to -(I + A I). The need for other tests 
IIlclX 

on input A is then eliminated. Test No. 2 is repeated for 

inputs B and C, making a total of four tests on the three- 

input diode AND gate. 

For an n-input diode OR gate, n + 1 tests are also 

sufficient. Since an OR gate becomes an AND gate by switch¬ 

ing from positive logic to negative logic, the argument given 

for the AND holds directly for the OR. 
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The preceding analysis may seem overly laborious 

for such simple circuits, especially when the end results 

merely verify an intuitive feeling expressed at the outset. 

Although several books [3, 13] present a discussion of these 

circuits from the circuit design angle, the author is not 

aware of any such treatment from the circuit testing view¬ 

point. For this reason, complete documentation is consid¬ 

ered necessary. Also, the worst-case analyses of more com¬ 

plex circuits to follow can now be simplified by referring 

back to the analysis just completed. 

Referring to Figure 5(a), consider an AND gate con¬ 

structed with the base-emitter junctions of PNP transistors 

used as diodes. This circuit is functionally identical to 

the diode AND gate of Figure 3, and the worst-case tests pre¬ 

viously developed apply directly. If the collectors are tied 

to a common supply voltage, -Vg < VQ , the circuit becomes 

the emitter follower gate (Figure 5(b)) described by Ware [17] 

and others [3, 13]. In a positive logic system, this is still 

the AND connective. By replacing the diode at each input with 

a transistor, the only change from the diode gate is that cur¬ 

rent gain is provided. Since the proper logic function will 

result even if the current gain is absent due to an open 

collector circuit, the input current must be monitored for 



Figure 5(a) Diode AND 
Using Transistor Junctions 

X 

A—r QI B C Q2 c—L Q3 

-N4<v0- 
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the conducting transistor as well as the leakage current for 

cut-off transistors. In addition, the negative supply volt¬ 

age must be set to -Vg_ to establish the worst-case condition 

on the leakage current. 

To compensate for the offset voltage caused by the 

base-emitter voltage drop of the input transistors, an output 

emitter follower is sometimes added as shown in Figure 5(c). 

Here, Q4 provides the desired compensation and also furnishes 

an extra stage of current gain. In this circuit the negative 
.JL. 

load current, -IT , for the Vv < VA, test flows through R2 JL max x UT 

Since V.r = -V_ + (IT + I_,)R0, the worst-case setting of X S L max Q4 2’ ° 

the negative supply voltage is -Vc,. However, this does not 
b"T 

affect the worst-case input voltage combinations. 

Having established worst-case patterns for two 

basic logic circuits, we now use these results in examining 

two circuit types presently available in monolithic form [15] 

The first is simply a diode gate coupled to an output ampli¬ 

fier. This circuit is commonly referred to as Diode-Transis¬ 

tor Logic, or DTL. The circuit schematic for a DTL gate is 

given in Figure 6(a). Since the output amplifier performs 

a signal inversion, the resulting logic function is the AND- 

NOT, which is usually referred to as NAND logic. The new 

logic symbol thus introduced is shown in Figure 6(b), along 
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with the truth table for the function. The schematic for 

the DTL NAND gate can be divided into two parts: a logic 

section and a driver section. The two sections are sepa¬ 

rated by node Y in Figure 6(a). In the driver section, the 

transistor Q1 is operated in the switching mode. Ql on 

corresponds to a false output and Ql off corresponds to a 

true output. The collector circuit of Ql is completed when 

output F is tied to one or more DTL inputs. In addition, 

resistor R3 (shown dotted) is sometimes added to improve 

the speed performance of the circuit. To examine the worst- 

case conditions on the driver section, the circuit is re¬ 

drawn in Figure 7 with the logic section replaced by an 

equivalent circuit. For Ql to be turned off, the truth 

table of Figure 6(b) shows that at least one input must be 

at the false logic level. The diode associated with this 

input will be conducting. 

If we assume that inputs A, B, and C are driven 

from other DTL gates which have output resistor R3, then 

VT and Rj of Figure 7 form the Thevenin equivalent circuit 

of Figure 4(c). For Ql turned off, the worst-case voltage 

into node Y should be in the direction (positive) that tends 

to turn on Ql. Since is the open circuit voltage at out¬ 

put X of Figure 4(c), then: 



+ Vs 

A 
B 
C 

Y 
O 

Figure 6(a). DTL NAND Circuit 

F 

Figure 6(b). NAND Symbol and Truth Table 



Figure 7. DTL NAND; Logic Section Equivalent 

Circuit for False Input 
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VT ‘ VX - Ve + ST + Tr ' Re 
(4a) 

e 

The conditions which make VT tend to move in the positive 

direction are therefore the same as the conditions where 

the < VQ+ test was made on the diode gate. Hence, to 

test for Ql off, the three input voltages should be V^,, 

V^+, V^+, with each input individually and in turn being 

assigned the false level. Note that assuming the input to 

be supplied from a DTL gate with R3 results in V,, = +V„., 
  1+ S+ 

rather than the true input being formed by a high resistance 

to ground. Equations (2) and (4a) show the former to be 

worst case for tending to turn on Ql. Hence, the assumption 

was the correct one. The worst-case condition of the nega¬ 

tive supply voltage is also that which tends to turn on Ql; 

that is, For each of the tests where one input only 

is at the false level, the output is checked by connecting 

terminal F to +VC, through R3 and measuring for V_ > V? = 
OT I1 1- 

! t 

+Vg_j_ - R3, where 1^, is the maximum allowable collector 

leakage current. 

To turn on Ql, all inputs must be at the true 

level. Worst-case inputs are the true levels which are 

least likely to allow Ql to turn on. There are two cases 

to consider: 
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Case 1) Each input supplied by a voltage source equal 

to Vx_. 

Case 2) Each input supplied with a large resistance to 

ground, simulating the collector of a turned- 

off transistor. 

With Ql turned on, Vy will be established by the clamping 

action of the threshold biasing diodes, D4 and D5, and the 

base-emitter junction of Ql. For Case 1, circuit operation 

depends on being more positive than Vy so that the input 

diodes are reverse biased. For Case 2, since the input diodes 
R. 

are forward biased, circuit operation depends on — » R1 

being true, where n is the number of inputs. Suppose Case 2 

is assumed to be worst case. The equivalent circuit for the 

logic section is then as shown in Figure 8. The worst-case 

value of R^ should be the smallest input resistance to be 

encountered in the system. Hence, minimum R^ will include 

the collector resistance, R , of a turned-off transistor in c 

parallel with the back resistances of other diodes which may 

be connected to that collector. That is, if m is the fanout 

limit, then: 

Ri r, 
(m - 1) (R +  H-) v y v c m - 1 



+ Vs 

Figure 8. DTL NAND; Logic Section Equivalent Circuit 

for Inputs Supplied by Turned-off Transistors 
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Since is large, the current through each input diode will 

be quite small. In Figure 8, r^ is the resistance of a diode 

in the low current region. This resistance is normally in 

the range rfe > rd » rf. The circuit will be considered good 

* 
if Vp < VQ+ when the load resistor, R^, is such that 

vs - V 
RT 

= I = 
c -I 

L max (5) 

Since Ic = h^l^, the test is in part a measure of the avail¬ 

ability of sufficient base current to Ql. 1^ is determined 

as follows: 

I = I - I - I 
D ±S l iR2 (6) 

Tb " 

V - V 
_S _Y 

R1 

nVT 

R. + r, 
l d 

Vbe + Vb 
R2 (7) 

Therefore, 

Ic hFE ( 
V - V 
S Y 

Rl 

nVT 

R. + r, 
l d 

V, + V, be b 
R2 ) (8) 

From equation (8), we note that any variation of V^e, Rl, R2, 

or clamp voltage which tends to reduce I may be offset by 

an abnormally large forward current transfer ratio, h„„, about 

which we have no knowledge. Good design practice dictates 
R. + r, 

that Ig » 1^2* Also, since 
n 

» Rl, then I_ » I.. 
’ S l 
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Hence, our assumed worst-case input for Case 2 has very little 

effect on with respect to variations in clamp voltage V^. 

Therefore, if is abnormally large (up to within a few tenths 

of a volt of VQ) , this fact could be completely obscured by 

hpE being large. 

Now let us consider Case 1, where the true level 

inputs are < +Vg . The equivalent logic section for the 

nominal range of is as shown in Figure 9(a). Equation (8) 

becomes 

Ic hFE ( 
V - V V- - V 
S Y + 1- Y 

Rl 

V, + V, 
be b 

R2 ) (9) 

n 

However, if the threshold of the clamp voltage is abnormally 

high such that (V^e + + V^) > (V^_ + vfc) , then the equiv¬ 

alent circuit changes to that shown in Figure 9(b). This re¬ 

sults in the voltage at the base of Ql being below the thresh¬ 

old voltage so that Ql does not turn on. The failure will be 

detected by noting that Vg > VQ+. From equation (9) we note 

that variations in Rl, R2, and can be compensated for 

(within limits, to be sure) by hgE as in Case 2. 

Having shown that Case 1 inputs are worst case, we 

note from equation (9) that worst-case supply voltages are 

+Vg_ and -Vb_- 



+ Vs- 
+ Vs 

R1 

v,_-AW-» 
r_b_ 

n 

■o 
Y 

D4 
4>h 

(a) 

+ Vs- 

V.—1 |—WV 

n 

+ Vs 

RL 

(b) 

Figure 9. DTL NAND; Logic Section Equivalent Circuit 

for Inputs Supplied by V^_, (a) < V, 

(b) Vy > vx_ 
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We conclude that worst-case inputs for testing a 

DTL gate are exactly the same as those for the diode AND 

gate. That is, for a gate with n inputs, n + 1 tests are 

required. One test is with all inputs connected to . The 

other n tests are with VQ^_ tied to one input and tied to 

the remaining inputs, the test being repeated for all inputs. 

Of particular interest to this writer are the gates 

of one of the families of semiconductor integrated circuits 

manufactured by Texas Instruments Incorporated [15]. This 

is the Series 53 line of networks. These gates may have from 

two to five inputs each, and the positive logic function they 

implement is the NAND. The circuit schematic for a three-in- 

put SN5331 NAND gate is shown in Figure 10 with the speed-up 

capacitor omitted. This 25 pf capacitor is actually connected 

from the base of Q4 to the Q5/6 base connection. Since we are 

concerned with the Boolean function of the gate under dc con¬ 

ditions, the capacitor is deleted for simplicity. Resistor 

values shown in the schematic are nominal. For a supply volt¬ 

age of +4 volts, logic levels are specified [15] as follows. 

Input Output 

= +4.0 v = +4.0 v 

V^_ = +2.6 v V1_ = +2.4 v 



Vs= + 4v 

Figure 10. TI SN5331 NAND Circuit 

(Speed-up Capacitor omitted) 
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VQ+ = +0.4 v = +0.3 v 

VQ_ = 0.0 v V*_ = 0.0 v 

As in the case of the DTL gate, the Series 53 gate 

can be divided into a logic section and a driver section, 

separated at node Y. The logic section is noted to be iden¬ 

tical to the emitter follower gate with offset voltage com¬ 

pensation in Figure 5(c). The driver section performs a 

phase inversion as required for the NAND connective. Thus, 

output F is false when all inputs are true. Looking at the 

driver section alone we see that when F is false, Q5 and Q6 

are turned on while Q7 is turned off. For Q5 and Q6 to be 

turned on requires the voltage at node Y to be at the true 

level, VY^J which is positive. The worst-case for the driver 

section is when VY^ is at its lower tolerance limit, • 

From the previous analysis of the emitter follower gate, we 

know that this condition is met when the inputs are 

VA " VB " VC - Vl- 

The worst-case conditions for the < V^_ test are summarized 

in Figure 11(a), where IL is chosen such that 

V 
S 

Lmax 

For output F to be true, at least one input must be 



Vs = + 4.0v 

Figure 11(a). Test for False Output 

Figure 11(b). Test for True Output 
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false. The magnitude of VYQ must be below the turn-on thres¬ 

hold of Q5 and Q6 so that Q7 will be able to turn on. The 

worst-case condition is then VY0+* From previous analysis we 

know the worst-case input conditions to be a single input tied 

to and all other inputs tied to . Then, the output is 

checked for Vp > V^_ while ILmax is being delivered from the 

output. As with the emitter follower gate, the input cur¬ 

rent must be monitored for the input that is false. This test 

is summarized in Figure 11(b), where R^ is determined by 

= i 
Lmax 

All gates examined above require the same sort of 

input patterns for worst-case testing. Hereafter, we sim¬ 

plify our notation somewhat by deleting tolerance direction 

indicators of the voltage subscripts; that is, V^, becomes 
Lrr 

VQ, and so on. For Boolean notation we will use simply 1 and 

0 for the true and false signals respectively; the worst-case 

tolerance being implied. 

Interconnection Effects 

When logic gates are interconnected on a module, 

the worst-case input bit pattern cannot usually be determined 

on an individual gate basis. In fact, both the interconnec¬ 

tions and the type of circuitry of the gates will affect the 
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worst-case pattern. For example, consider the arrangement 

given in Figure 12. All the gates shown are identical; the 

characters (Gl, G2, etc.) inside the NAND symbols are merely 

gate identification numbers for reference between the text 

and the illustration. Since each gate has only two inputs, 

the minimum number of tests required is three. Also, since 

there are a total of four inputs, no more than sixteen tests 

will be required. To determine the required tests, all pos¬ 

sible combinations of four Boolean variables are tabulated in 

the "Input Variables" column of the Test Pattern Determination 

Chart shown in Figure 13. We know that the testing of gate Gl 

requires three input patterns, 11, 10, 01; and we observe that 

these patterns correspond to A*E, A*E, and A*E. The Gl con¬ 

straint columns of Figure 13 are labeled A*E, A*E, A*E; and in 

each column an x is placed in the rows where the input com¬ 

bination contains the column heading. For example, in the 

first row A = 0 and E = 1 (since E = C*D). Therefore, an x 

is placed in the first row of column A*E. Repeating this 

process for G2 and G3 produces the next six columns of Figure 

13. The problem now is to select enough rows so that at least 

one x in each of the nine gate constraint columns is included 

in the selection. The combinations of A, B, C, and D contained 

in the set of rows selected will be used as the input patterns. 



F=A + C-D 

6= B + C-D 

Figure 12. 
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Close examination of Figure 13 reveals that there are at 

least four sets of rows wherein one x in each column can be 

included with a selection of three rows for each set. These 

four sets are tabulated as the "Row Sets" columns of Figure 

13, with the rows in each set identified by a star (*). Thus, 

by considering the requirements of each gate individually, 

there appear to be four different methods to test the logic 

arrangement of Figure 12, each method requiring only three 

input bit patterns. However, let us investigate Set 1 more 

closely. From the chart, the input patterns for this test 

method are as follows: 

A B C D 

0 0 0 1 

1110 

1111 

Note that the only time C is false is when both A and B are 

false. Then F and G will be true regardless of the level at 

E. Therefore, we have not verified that input C has proper 

control of E. Another row (13, for example) must be added to 

Set 1. A similar situation exists with Set 2. Now, two of 

the four test methods require three input patterns and two 

require four input patterns. With no additional information 
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about the gates, one method may be assumed to be as effective 

as another. 

Suppose, however, we are advised that the gates 

used in Figure 12 are of the DTL variety of Figure 6(a), and 

that collector resistor "R3 is not used in the system. The 

pertinent part of the combined schematic diagram is given in 

Figure 14. Set 1 is selected as the test method. The input 

patterns and the resulting logic value of E, together with 

the voltage levels at X and Y, are as follows: 

A B C D E 

0 0 0 1 1 

1110 1 

110 1 1 

1111 0 

V V 
X Y 

vivi 

Vo 
Vo 
Vi 

is the voltage at X (or Y) which produces a 1 at F (or G), 

and conversely for VQ. Note that the voltage levels at X and 

Y are always equal. Suppose diode D3 is shorted; that is, it 

exhibits very low resistance in both the forward-biased and 

reverse-biased conditions. Since Vv is the same as Vv for 

all four input patterns, and since E = 1 is provided by a 

turned-off transistor, there is no way for the shorted diode 

to be detected. In fact, both D2 and D3 could be shorted and 



Figure 14. Circuit Detail for Connection of Figure 12. 
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not detected. For D3 shorted, Vv > Vv is required for de- 

tecting the short. This condition is assured when = VQ 

and = simultaneously, which corresponds to F = 0 and 

G = 1. For detection of D2 shorted the opposite is required; 

that is, F = 1 and G = 0. This results in additional con¬ 

straints on the selection of rows in Figure 13. In this 

example, the constraints are incorporated by adding two 

inter-connection constraint columns labeled F*G and F*G. 

The F*G column will have x's in rows 4, 5, and 6. The F*G 

column will have x’s in rows 8, 9, and 10. An x from each 

column must be included in the selection of rows. Referring 

once again to Figure 13, we see that neither Set 1 nor Set 2 

is satisfactory. Either Set 3 or Set 4 must be used for the 

test; and at this point they must be considered equivalent. 

There are other constraints which may be brought 

into play. Suppose that it is desired to impose t.m.u. (true 

most unfavorable) conditions on the non-peripheral gate inputs 

Although t.m.u. conditions occur as a result of applying worst 

case inputs to the peripheral gates, they may be omitted by 

the selection of rows (Figure 13) unless constraint columns 

are added to insure them. Consider again the example of 

Figure 12 where F = A*E. Complementing both sides of the equa 

tion gives F = A*E. Thus, F can be false only when E is true. 

But E can be made true by two of the worst-case input patterns 
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— — 

for G3: E = C + D. Therefore, may have a different 

value for each of the two ways of making E true. Since E is 

not connected to a peripheral terminal, we have no way of 

knowing which of the two values is least positive. The least 

positive value of V£, along with = V^_, constitutes t.m.u. 

conditions on Gl. To insure t.m.u. conditions for F false, 

we must therefore check for two times: once with 

C = 1, D = 0 and again with C = 0, D = 1. 

The constraints for t.m.u. conditions on Gl are 

imposed by adding two more constraint columns. These columns 

are headed C*D*F (with x's in rows 10 and 14) and C*D*F (with 

x's in rows 9 and 13). Similarly, the t.m.u. conditions on 

G2 are added with columns C*D*G (with x's in rows 6 and 14) 

and C‘D‘G (with x's in rows 5 and 13). With the t.m.u. con¬ 

straints added, neither Set 3 nor Set 4 is adequate. 

The Test Pattern Determination Chart for Figure 12 

which includes all the constraints discussed above is given 

in Figure 15. Note that columns C*D and C*D are omitted since 

these terms are implied by C*D*F and C*D*F respectively. 

(They are also implied by C*D*G and C*D*G.) Set 3 and Set 4 

are repeated in Figure 15 to illustrate their inadequacy. By 

careful examination of the chart, however, it can be seen that 

the union of Set 3 and Set 4 contains rows (5, 6, 9, 10, 15) 



CO 
* * * * 

h- 
LU CO * * * * 
CO 

in * * * * * 

o ★ * * 
tc 

ro * * * 

K? 
a X X 

16 
lc£> 
16 X X 
6 

14- 
Q X X 
16 
111. 
IQ X X 
O 

CO 
X X X 

IU- 

lo 
X X X 

CO 1 LL 
r- 

2 Q 
, X X X X 

< 
IT 
h- 

o 

LU 
CO . X X X X X X 
2 ICQ 
u 
O |UI 

X X 
CD 

UJ 
X X X X X X 

GO 
UJ 

X X X X X X 
l< 

ILU 
X X 

< 

LU 
X X X X X X 

< 

S3"18 VldVA CO — — — — o o o — — — — — o o o — 

±N3QN3d3Q 
LL. 

LU 
o o o o o o 

o 

Q o o o o o o o o 
CO 

. W 
1- _J 
3 CD 
0- < 

O o o — — o o — — o o — — o o — — 

< GO o o o o — — — — o o o o — — — — 
> 

< o o o o o o o o 

R
O

W
 O

N
 o — CVJ ro in CD 1^- 00 <r> o — CVJ ro in 

F
i
g
u
r
e
 
15
. 

C
o
m
p
l
e
t
e
 
T
e
s
t
 
P
a
t
t
e
r
n
 
D
e
t
e
r
m
i
n
a
t
i
o
n
 
C
h
a
r
t
 
f
o
r
 
F
i
g
u
r
e
 
1
2
 



52 

that do include at least one x in each constraint column. 

Note that this union, Set 5, contains five rows. The ques¬ 

tion that arises naturally is whether or not there exists a 

smaller set (fewer rows) that is adequate. It turns out that 

more than one such set exists. Among these are Set 6 and 

Set 7 in Figure 15. To get a better grasp of this problem, 

we make the following definitions. 

Definition 1. With reference to the Test Pattern 

Determination Chart, an adequate row set is a set 

of rows which include at least one x in each con¬ 

straint column. The degree of the set is the 

number of rows contained. 

Definition 2. A minimum adequate row set is an 

adequate row set of degree k such that there is no 

set of k - 1 or fewer rows which is adequate. 

By Definition 1, Sets 5, 6, and 7 are adequate row 

sets. That Sets 6 and 7 are also minimum adequate row sets 

can be shown by careful inspection of Figure 15. 

The real interest is in t^, the required number of 

tests for a module. Two obvious bounds on t^ were implied 

earlier. These are: 

t^ < 2n, where n is the number of module inputs 
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t > i +1, where i is the maximum number of 
r m m 

inputs to any single gate. 

If the test pattern determination chart is constructed with 

sufficient constraint columns, then bounds on k will also be 

bounds on t^. Bounds which will be justified for a special 

case in the development which follows are stated below. 

g 

t = k < N = 2 (i, 
r,max max c v h 

h=l 
N 

t . = k . >  — 
r,mm mm max w 5 r 

N = number of columns in the 
c 

determination chart 

g = total number of gates 

i^ = number of inputs to gate 

w = number of x's in row r 
r 

Note that the bounds are given in terms 

determination chart. For this bound to 

chart must be known to be adequate. That is to say, the 

chart must include sufficient constraints to insure that all 

gates of a module are tested. Hence, there is a requirement 

for an algorithm to generate an adequate row set for an ad¬ 

equate chart. The result is to be an adequate set of input 

+ 1) (10) 

(11) 

test pattern 

h 

of the test pattern 

be meaningful, the 
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test patterns for a module. 

Test Pattern Determination 

A generalized combinational logic module will have 

n inputs and m outputs. For the present we will assume that 

the outputs, Fp..., F , are independent. Module outputs are 

considered to be independent when the set of n inputs is 

partitioned into m disjoint subsets and each output is a 

function of one and only one subset. With this assumption, 

there is no loss of generality in setting m = 1. The logic 

diagram for a simple module with n = 5, m = 1, is shown in 

Figure 16. Here we have employed the convention of labeling 

the logic signals as follows: 

Aj, 1 < j < n: independent variables (module 

inputs) 

Bjp 1 < h < g - 1: internal dependent variables, 

where g is the total number of 

gates. 

F = f(Ap..., A ) : output function 

The present objective is to determine algorithmical¬ 

ly an adequate set of input test patterns. The first step 

is to construct an adequate test pattern determination chart. 

By employing an algorithm, a computer can be programmed to 



Figure 16. Logic for a Simple Module; n = 5, m = 1 
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construct the chart. Toward this end, a one will be used in 

place of an x, and a zero in place of no x. Also, the term 

"chart" is dropped in favor of "array." The definition of an 

adequate set of input test patterns may vary, depending on 

the module classification (Figure 2) and the desirability of 

inducing t.m.u. conditions. Here we are interested in the 

condition of the module as a whole, as would be the case for 

a module from Set AST. Considerations for localizing a fault 

in a Set DSR module are brought out later. 

Definition 3. An adequate set of input test pat¬ 

terns is a set of input combinations which causes 

bit patterns to be presented to each gate in such 

a way that any gate failure can be detected at the 

output. 

Definition 4. A test pattern determination array 

is adequate when it contains sufficient constraint 

columns such that an adequate row set by Definition 

1 produces an adequate set of input test patterns. 

With regard to the above definitions, the array construction 

is begun by choosing constraint columns. For each gate, the 

worst-case patterns are listed. For gate G2 in Figure 16 

these patterns are 11, 10, and 01, for which we list 



To each pattern is appended the states of other variables 

which allow G2 to control the output. From Figure 16, it is 

seen that output F is controlled by G2 if and are true. 

Therefore, B^B^ is appended to the above patterns, and the 

constraint columns for G2 are labeled: 

A3A4B1B3 

A3A4B1B3 

A3A4B1B3 

This procedure is repeated for all the gates. Note that the 

number of columns produced is equal to the upper bound on t 

given by relation (10), thus justifying that bound. 

After establishing the constraint column headings 

for the test pattern determination array, the next step is to 

assign ones to the proper rows for each column. There is a 

row in the array for each possible input pattern; hence, 2n 

rows. Obviously, one minterm of the input variables is as¬ 

sociated with each row. The minterms are ordered such that 

the binary number represented by the minterm is the same as 
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the row number. A quick review of Figure 15 will help clarify 

this minterm-row number scheme. The logic values for each of 

the dependent variables are computed for each minterm and 

tabulated in columns adjacent to the minterm column. For the 

example of Figure 16, we now have columns as follows: 

A^^A^A^A^B-j^B^B^. This string of variables takes on a dif¬ 

ferent binary value for each row. The binary number represen¬ 

tation of a column heading is compared to the binary value of 

the variables, while masking the bit positions not appearing 

in the column heading number. The comparison is accomplished 

by determining the symmetric difference of the two numbers, 

with X's in the column heading number representing the mask¬ 

ing of the "don't care" positions. The masked positions are 

assigned the value of zero in the result. If the result of 

the comparison is all zeros, a one is placed in the array for 

that row and column intersection; otherwise that array ele¬ 

ment is zero. The following examples are again with refer¬ 

ence to Figure 16. 

A1A2A3A4A5B1B2B3B4 

Row 20 101001110 

Column A0A,B,B0 3 4 13 4 1 
XX10X1X1X 

Symmetric Difference 000000000 

Result: a one is placed in Row 20 of Column A^A^B^B^ 
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Row 21 101011101 

Column A0A,B,Bn XXIOXlXlX 
3 4 13   

Symmetric Difference 000000010 

Result: a zero is placed in Row 21 of Column 

A0A,B,B0 3 4 13 

The entire test pattern determination array is completed in 

this manner. Rows in the completed array which do not con¬ 

tain any ones are then eliminated from the array. 

The problem now is to select an adequate row set 

(Definition 1). The selection process will yield a set of 

input-variable minterms which will be used as the input test 

patterns. Any row containing a one that is the only one in 

that column is an essential row, and all such rows are selec¬ 

ted at once. After selecting a row, the array is reduced by 

striking out that row and all columns having a one in that 

row. Further selection is based on row weight, w. The 

weight of a row is the number of ones it contains. The row 

which has maximum weight is selected. The array is reduced 

and new row weights computed. Note that the row weight 

criterion justifies the lower bound on t given by relation 

(11). Should more than one row have maximum weight, a free 

choice exists. Row selection continues until the array col¬ 

umns are exhausted. The procedure is guaranteed (by con- 
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struction) to produce a set of minterms which include all 

constraints. 

The algorithm loosely described above is employed 

in Appendix A to completely work out the example of Figure 

16. Also, it is shown that any single gate failure will be 

detected by the set of input test patterns produced. 

As a practical matter, the test pattern determina¬ 

tion algorithm as described will be unwieldy for large values 

of n even on large computers. For example, if n = 20, the 

algorithm calls for an array with over a million rows. The 

columns could be expected to number only a few thousand, how¬ 

ever. It seems reasonable, therefore, to generate the column 

headings first, then construct the array rows one at a time. 

As each row is constructed it is checked for the following: 

1. Is w = 0? 

2. Are the ones in the row completely "covered" by 

a previously generated row? (Row i is covered 

by row j if each column which has a one in row 

i also has a one in row j). 

If the answer to either question is "yes," then the row is 

discarded immediately. Using this variation of the algorithm, 

the number of rows at the start of the row selection process 

would be no greater than the number of columns. However, the 
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degree of the minimum adequate row set may be affected ad¬ 

versely. The author has not gone any deeper into this ques¬ 

tion. 

With an understanding of the procedure for a single 

output (m = 1) , it can be seen that for m > 1 it is simply a 

matter of constructing m independent arrays. Furthermore, 

the restriction of output independence can be removed by com¬ 

bining the arrays into one large array. It may then be nec¬ 

essary to add more constraint columns to account for connec¬ 

tions such as those discussed in reference to Figure 14, in 

which case the expression, for Nc in relation (10) must be 

modified. 

Note that Definition 3 allows worst-case patterns 

to be applied to two or more gates simultaneously so long as 

a failure in either is detectable at the output. For a Set 

DSR module, it is desirable to localize a fault with a set 

of diagnostic test patterns. A modified form of Definition 

3 to cover diagnostic testing is given as 

Definition 5. An adequate set of input test 

pattern is a diagnostic set when each gate is 

tested individually with all other gates being 

maintained in a condition which minimizes the 

chance of an error in those gates. 
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The difference in Definitions 3 and 5 is explained as fol¬ 

lows. Referring to Figure 16, Definition 3 requires only 

that be true when testing gate Gl. On the other hand, 

Definition 5 requires that all inputs not associated with Gl 

be such that the chance of error in B^ is minimized. This 

means that all inputs to G4 must be false, which in turn 

requires that all inputs to G2 and G3 be true. Constraints 

under Definition 5, therefore, select input-variable minterms 

directly with nothing to be gained by the test pattern deter¬ 

mination array. 

Since in general the diagnostic method will require 

more input patterns and thus lengthen the testing time, it 

seems natural to employ the pass-fail method of Definition 3 

until a failure is detected. Then, as a result of the fail¬ 

ure, the testing system would automatically switch to the 

diagnostic method. This is referred to as adaptive testing. 

It was pointed out earlier that it is not always possible to 

localize a fault to one gate. This is best demonstrated by 

example. Suppose in Figure 16 output F is true for any 

combination of input variables. This fault could be caused 

by a single failure of the driver section of either Gl, G4, 

or G5. These three failures are equally likely to occur. 



III. ABSTRACT MODEL OF A TESTING SYSTEM 

A system is to be devised whereby any module from 

a set of k modules can be tested and either accepted as "good" 

or rejected as "bad." Each module may be communicated with 

by means of external connections, n inputs and m outputs. 

Each input must be supplied with one of two possible signals, 

and the signal appearing at each output is a Boolean function 

of one or more of the n inputs. The function of the testing 

system is to supply input signals, read the output signals, 

and to determine if the output signals are the correct Boolean 

functions of the inputs. There are 2n possible input combina¬ 

tions and 2m possible output combinations. The testing system 

must sequence through enough input combinations to insure prop¬ 

er testing of all logical functions of the module. The number 

of tests required is equal to or less than 2n. 

At each step of the test sequence there are two pos¬ 

sible results, "yes" or "no." "Yes" indicates the module out¬ 

put terminals contain correct information and "no" indicates 

incorrect information. As long as "yes" answers are given by 

the testing system, the sequence continues until a final "yes" 

answer occurs. Any "no" answer is considered final. The 
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final answer is made known to the system operator by an in¬ 

dicator light. 

A refinement in the final answer provided by the 

testing system would be to have a typewriter print out cer¬ 

tain information regarding a nnon answer that would assist 

the operator in diagnosing the trouble. This refinement is 

not considered in the abstract treatment which follows. 

Rabin and Scott [12] have devised a formalism for 

modeling systems which are capable of a finite number of in¬ 

ternal states and which, at discrete time intervals, sample 

certain inputs and emit certain outputs. Such a model seems 

ideal for the testing system desired. The remainder of this 

section is devoted to developing this model in a manner pat¬ 

terned after the paper by Rabin and Scott. Some of the sym¬ 

bols have been rearranged to fit the present system, but the 

general treatment draws very heavily on the exposition of 

deterministic finite automata in the referenced paper. 

In the formalism of Rabin and Scott, automata are 

devices applied to the defining of sets of tapes by either 

accepting or rejecting each tape fed into the automaton. 

The notion of accepting or rejecting a tape is explained 

briefly as follows. 



65 

A tape is considered to be a finite string of sym¬ 

bols from the alphabet A. The automaton reads the symbols 

one at a time. As a result of reading a symbol, the auto¬ 

maton "moves" from one state to another in a deterministic 

manner. That is, the next state of the automaton is deter¬ 

mined by the transition function T(s^,a) = s ^ , where a€ A, 

and s^, Sj€ S, with S being the set of internal states of the 

automaton. Note that i = j is not prohibited in the expres¬ 

sion for the transition function.- For a tape, x, with length 

JL (J2. symbols) , the situation, may be diagrammed as shown, 

x = a^a^a2... aQ ^ 

0 J2-1 

~0 “1 ~2 S3 1 a£ 

Let F, a subset of S, be the designated final states of the 

automaton. If s^£ F, then the tape x is accepted by the 

automaton. If the set of all tapes accepted by automaton CL 

is X( CL ) , then x € X( CL ) . Also, T(SQ,X) € F, where T(SQ,X) 

is the final state of the automaton reached by starting in 

state SQ and reading tape x through from beginning to end. 

Example: 

Consider a finite automaton CL which accepts all 

tapes whose symbols constitute a five digit even number with 



the first digit nonzero. The alphabet, A, is given by 

A = {o,l,2,...9,e} , where e marks the end of the tape. The 

table of state transitions for CL is given in Figure 17. 

In the present work, a finite automaton is to serve 

as a model for a testing system which classifies logic mod¬ 

ules rather than tapes. The testing system S' is defined 

over the input alphabet A by 

S' = (S, T, So,F) 

S is the set of internal states of S' (a finite, 

non-empty set). 

T is a function defined on the Cartesian product 

S x A of all state-symbol pairs, with values in S; that is, 

T: S x A —► S. 

S is the* subset of S which contains the initial 
o 

states of S . There is a starting state for each of k 

S1 

F is a subset of S; the designated final states of 

modules to be tested. S = 
o = { 

o . 

•••>1 
The alphabet A is given by A = {^a^, ap a2 

where each a^ is a symbol produced by coding m binary signals. 

t t XI 
At time t, a = f(b ), where b € B. B is the set of 2 sym¬ 

bols which are decoded into n binary signals serving as the 

module inputs. 
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A 

T 0 1 2 3 4 5 6 7 8 9 e 

so S6 si si si si si si si si si S8 

S1 S2 S2 S2 S2 S2 S2 S2 S2 
S2 S2 S8 

S2 S3 S3 S3 S3 S3 S3 S3 S3 S3 S3 S8 

S3 S4 S4 S4 S4 S4 S4 S4 S4 S4 S4 S8 

S4 S5 S6 S5 S6 S5 S6 S5 S6 S5 S6 S8 

S5 S6 S6 S6 S6 S6 S6 S6 S6 S6 S6 S7 

S6 S6 S6 S6 S6 S6 S6 S6 S6 S6 S6 S8 

S7 
(TURN ON ’’ACCEPT" LIGHT) 

S8 
(TURN ON "REJECT" LIGHT) 

F 

Figure 17. Transition Table for CL 
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Let M be the set of all modules with n inputs and 

m outputs. Let M^, M 

M, representing the k different types of modules to be tested, 

and the remaining modules. 

M1 = {mll’ m12’ m13’'* *’ mlp} 

M2 = {m21’ m22’ m23’‘’*’ m2q} 

\ = {"hcl’ mk2’ ^3’ * * *5 “kr} 

If M(t^ ) is the set of modules accepted by , then we de¬ 

fine 

H( ) = m21* m3i> • • •» ^ki^ 

Suppose module is to be tested. Of the subscript pair, 

i is known and corresponds to the type of module, but j is 

unknown. If j turns out to be one, then the module is a good 

one of type i. If j ^1, then the module is a bad one of type 

i. We note without discussion that if i is also unknown, an 

analogy can be drawn with nondeterministic automata. 

To test module m. ., the automaton is connected to 
ij 

the module and then forced into state s^ by some external 

means. The machine then proceeds to move through various 

states at discrete time intervals as a result of the inputs 

K.’ K.+1 be dlsJoint subsets of 
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it receives from the module. We are not concerned with the 

internal workings of the machine. The "substates" or what¬ 

ever that are required for the machine to determine the next 

state from the transition function T(s^,a) = s^ are suppress¬ 

ed in this representation, since the operation, is completely 

specified by the sequence of internal states that occur when 

reading the module outputs. This concept of internal states 

thus simplifies the model. 

When ^ is in state s^, symbol b^ appears at its 

output terminals which are connected to the module. As a 

result of the logical function of the module, some symbol, a, 

is presented to . If the a is determined to be correct, 

moves to the next step in the sequence of tests. If the a 

is incorrect, the sequence is terminated and the module re- 

j ected. 

The formalism established by Rabin and Scott allows 

for the cutting and splicing of tapes. Applying this concept 

to the present case would permit the alphabet A to be simpli¬ 

fied to A = {o,l}. This would be done by considering the m 

bits of information at each step as a tape with m symbols, 

each of which is 0 or 1, rather than as a single symbol, a. 

The test of a complete module would then compare to the 

splicing of 2n tapes with m digits each. This simplification 
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of A would be offset by an increase in the number of internal 

states of . As seen previously, for a tape (module) with 

J2 symbols, Jt + 1 states are required. If 

A ja0, ar 
a
2, • • •, a2m_1 

then the number of states required for each module, Ng, is 

given by N = N + 1, where N < 2n is the number of input 

test patterns that must be applied to a module with n. inputs. 

Then the total number of internal states for is kN = 
s 

k(N^ + 1) < k(2n + 1). However, if A = {o,l} then m symbols 

must be read for each input test pattern. Thus the total 

number of required internal states would be mkN . In the 
s 

remainder of this section, only the system with the fewest 

internal states is discussed. 

A general transition table for the system described 

would take the form illustrated in Figure 18. 

We now consider an example to illustrate a model of 

a simple testing system. For the system , assume k = 1. 

The module to be tested is a binary three-bit decoder, 

n = 3 B = {o,l,2,...,7 } 

m = 8 |o,l,2,... ,7,a^,a^,...,a24.g ^ 

,n 
Nfc = 2=8 

For each of the 8 possible input combinations, one and only 

one of the output terminals is to be at the binary "1M level. 



A 

Figure 18. General Transition Table 
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The system is shown schematically in Figure 19, and the sym¬ 

bols are coded as shown in Tables 1 and 2. 

The table of transitions for this is given in 

Figure 20. That this is a tabulation of all the functions 

T(s_^,a) = Sj is illustrated by listing some of the individual 

functions, such as 

T(SQ,0) = s1 

T(s0’a43^ = S9 

T(S3,3) = s4 

The system is not so general as that of Rabin and Scott, 

where all states of the machine are either in the ’'accept” 

subset, F, or in the "reject” subset. In this example F has 

only one member 

F = h} 
Also, the reject subset has only one member, s^. This leads 

to one more state than the minimum required, but seems to 

model a real system more accurately. 



Figure 19. Block Diagram of a Module Testing System 



TABLE 1. Coding of Symbols of Alphabet B 

State b 
Module Input 

Pattern 

so 
0 000 

S1 1 001 

s2 
2 010 

S3 
3 011 

S4 
4 100 

S5 
5 101 

s6 
6 110 

S7 
7 111 

TABLE 2. Coding of Symbols of Alphabet A 

Module Output 
Pattern a 

00000001 

00000010 

00000100 

00001000 

00010000 

00100000 

01000000 

10000000 

all other 
patterns 

0 

1 

2 

3 

4 

5 

6 

7 

al 
a2 

a248 



A 

T 0 1 2 3 4 5 6 7 al a2 • • • a248 

so S1 S9 
<s S9 

S1 S9 s2 S9 
N S9 

s2 S9 S9 s3 s9 
-s - S S9 \ 

s3 S9 S9 S9 s4 S9 
s' S9 N 

s4 S9 S9 S5 S9 
s 

S9 
V 

s5 S9 
s ■S. S9 

s6 S9 S9 V > s 

s6 S9 
\ S9 S7 S9 

s 
S9 s \ 

S7 S9 
s' \ 

S9 s8 S9 
s 

S9 \ > V  7 

s8 
ACCEPT 

S9 
REJECT 

Figure 20. Transition Table for 



IV. CONSIDERATIONS FOR A TESTING SYSTEM 

In. this section we briefly consider some of the 

more important aspects of the required automatic control. 

First we point out some of the advantages of using a general 

purpose digital computer as the means of control. Then some 

suggestions are given for manipulating bit patterns within 

the computer. 

Computer Controlled Testing Device 

The fundamental approach to verifying the Boolean 

functions of a logic module is one of applying an input bit 

pattern to' the module and comparing the output bit pattern to 

the known correct pattern. Various input bit patterns are 

applied in sequence until an adequate set of tests has been 

completed. The testing system should therefore have the capa¬ 

bility of either storing or generating both the input bit 

patterns and the output bit patterns. It must also be able 

to control the sequencing of the input patterns and to select 

the proper output patterns for the comparisons. The testing 

system must have some means of reporting results, and it 

should be flexible enough to test a variety of modules rather 
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than being limited to one type. For adaptive testing, the 

system must be able to modify the test sequence automatically 

as a result of information obtained during the testing pro¬ 

cess. A general purpose digital computer has all of these 

characteristics and, in addition, operates at high speed and 

can perform other duties with appropriate time sharing tech¬ 

niques . 

Figure 21 is a block diagram of a computer-control¬ 

led testing system that might be called typical. In this 

system, large-volume storage is provided in the form of a 

magnetic disc unit. Programs and test patterns for several 

types of modules can be stored on the disc and called into 

the main memory as required. The typewriter serves as a bi¬ 

directional means of communication between the operator and 

the machine. The paper tape reader is used to load the com¬ 

puter initially and to update the stored information. The 

paper tape punch can be used as a means of obtaining a per¬ 

manent record of test results, as required in quality control 

analysis for example. Also provided is a manual switch with 

which the operator can interrupt the normal activity of the 

system for various reasons. Since the module test fixture is 

not a standard piece of input-output equipment, a special 

input-output channel to accomplish electronic and data format 



MANUAL 
INTERRUPT 
 o— 
A_ 1 

SPECIAL 
1-0 CHANNEL 

l\ 

TEST 
FIXTURE 

MAIN MEMORY 

CENTRAL 
PROCESSOR 

Ik 

STANDARD LOW SPEED 

1-0 CHANNEL 

~T~ 

TYPEWRITER 

STANDARD HIGH SPEED 

1-0 CHANNEL 

A 

MAGNETC 
DISC 

STORAGE 

MODULE PAPER PAPER 
UNDER TAPE TAPE 
TEST READER PUNCH 

Figure 21. Computer-Controlled Test System 
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interfacing is shown in Figure 21. The test fixture itself 

contains a register for storing one input bit pattern and 

appropriate monitoring devices. 

The order structure of the computer should include 

the symmetric difference operation for bit pattern compar¬ 

isons. Also, if the logic simulation to be discussed later 

is to be accomplished, the computer must be able to perform 

logical operations. These are logical and, logical or, and 

negation. Negation as a separate operation is not required, 

since the bits in a computer word can be logically negated by 

performing the symmetric difference on the word with another 

word in which each bit is a one. That is, for each bit b, 

l-©b=b-©l=b. 

Test Pattern Generation 

The obvious way to make input patterns available 

is to store them in sequential memory locations and extract 

them in order for transmission to the test fixture. This 

method is certainly feasible for a small number of tests or 

for a computer with extremely high storage capacity. When 

neither is the case, it becomes desirable to generate the 

required test patterns in the computer. 

The simplest way to generate test patterns is to 
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increment a register through all 2n possible input combina¬ 

tions. Unless there are circumstances which make such 

exhaustive testing necessary (as with the three bit decoder 

example in Section III), this scheme will be extremely in¬ 

efficient. 

The following work is a brief presentation of one 

possible method of generating all required test patterns 

from a relatively small amount of stored information. We 

make use of some of the same aspects of modem algebra em¬ 

ployed in the theory of linear codes. This material is given 

in compact form in Chapter 2 of Peterson [9], who references 

Birkhoff and MacLane [1] for a much more complete treatment. 

A brief review of this material will facilitate its applica¬ 

tion to test pattern generation. 

Peterson defines an n-tuple over a field as an 

ordered set of n field elements. The n-tuples are denoted 

(a^,a2,..•,an), with each a^ being a field element. Addition 

of n-tuples is given by: 

(a^Ja2> • • • Ja^) *" * ’^n^ = ^1 ^15^2 ^25 * * * ’^n ^n^ 

For the binary case, the field elements are 0 and 1, and addi¬ 

tion of field elements a^ + b^ is the symmetric difference 

operation: 

1#0 = 0-©1 = 1; 1«1 = 0®0 = 0 
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Multiplication of an n-tuple by a field element (scalar) is 

defined to be 

cj,...,3^) - (ca^jca2,.«.,ca^) 

If the set of all n-tuples over a field is an 

Abelian group under addition and if certain other axioms 

relating to distributive and associative laws for multiplica¬ 

tion by scalars are obeyed, then the set forms a vector space. 

If a subset of a vector space is closed under addition and 

multiplication by scalars, it is called a subspace. For a 

set of vectors v^,V2,...,v^ of a vector space V, the set of 

all linear combinations of the v^, 1 < 1 < k,is a subspace 

of V. For the binary case, the j-th element in the set of 

linear combinations is given by: 

u. = 2 I.v., 1 < j < 2k 

1 • -ill* J 
J i = l 

where 1^ is an indicator function [10] such that 

I. 
1 

1 if i € J 

0 if i ^ J 

and JC |l,2,... ,k|is an index set. If u^ =0 for some j 

such that J is nonempty, then the set of vectors vpv2» • • • 

is linearly dependent; otherwise the set is linearly inde¬ 

pendent . 

A vector space V is spanned by a set of vectors 
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vl,v2,*’*,vk if each vector in V can be obtained from some 

linear combination of the vectors in the set. The dimension 

of V is the number of linearly independent vectors which span 

the space. Thus if V;L»
V2> • * *’vk are linearly independent, 

the dimension of V is k, and the set forms a basis of V. 

A set of kn elements arranged in a rectangular 

array of k rows and n columns is a k x n matrix. A set of 

vectors v-^v^ ... ,vk, where = (an>ai2’ " ‘ >ain) 
for 

1 < i < k may be employed as the rows of the matrix. Then 

the a^, 1 < j < n, are elements of the matrix. The row 

space of a matrix is the vector space of the set of row 

vectors, and is a subspace of the set of all n-tuples. It 

follows that the dimension of the row space (called the row 

rank) is the same as the dimension of the vector space. 

Peterson defines a set of three elementary row operations for 

matrices, which can be reduced to two when the matrix elements 

are in the binary field. These operations are: 

1. Interchange of any two rows 

2. Addition of any one row to another 

By a sequence of elementary row operations, a matrix can be 

simplified to a standard form called echelon canonical form. 

Again limiting our consideration to the binary case, the 

echelon canonical form is as follows: 
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1. The leftmost 1 of each nonzero row is a lead¬ 

ing term. 

2. Every column containing a leading term has 

zeros for all its other entries. 

3. The leading term of any row is to the right 

of the leading term in every preceding row. 

4. All zero rows are below all nonzero rows. 

The transpose of a k x n matrix, M, is an n X k 

rT matrix, M . 

The intent of the preceding review is to lead into 

a description of test patterns by matrices. Consider a mod¬ 

ule with n inputs, A^,A2,...JA^. The set of all possible 

input patterns may be thought of as a set of vectors of an 

n-dimensional vector space, V, from which a 2n X n matrix 

may be formed. A set, T, of test patterns may be chosen 

from V. Then T is a set of vectors 

If each vector in T can be expressed as a linear combination 

of other vectors in T, then T is a subspace of V. Also, T 

is the row space of a t X n test pattern matrix, M^.. Assume 

the dimension of T is k. Then the echelon canonical form of 

Mt will have k nonzero rows. Let G be a matrix whose rows 
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are the k nonzero rows of M_ in echelon canonical form. The 
t 

reader familiar with linear code theory will recognize G as 

the generator matrix for an (n,k) code [9]. The set of all 

linear combinations of the rows of G is a set of 2 code 

vectors of n bits each. In like manner, the set 

T = |vi .* 1 < i < t = 2
k | 

can be generated from linear combinations of G. It should 

be pointed out that while permutation of columns of G does 

not affect the properties of the code generated, it definite¬ 

ly does affect the set of test patterns. This is because 

each of the n columns corresponds to an input variable, and 

the columns are ordered to agree with a particular ordering 

of input variables, A^,A2,...jA^. 

Example: 

For n = 6, t = 8, let T be a set of test 

patterns shown below as rows of Mfc. 

M 
t 

A-, A„ A0 A, Ac A, 1 2 3 4 5 6 

0 110 11 
110 10 0 
0 1 0 0 0 1 
10 0 10 1 
0 0 0 0 0 0 
0 0 10 10 
10 1111 
111110 
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Then G is given by 

G = 
10 0 10 1 
0 1 0 0 0 1 
0 0 10 10 

where it is seen that k = 3. 

Since T is the row space of G, all nonzero vectors 

(test patterns) in T can be generated from the rows 

of G with the symmetric difference operation in a 

digital computer. The zero vector is obtained by 

simply clearing a register. Therefore, one need 

only store three test patterns (the rows of G) 

rather than seven. 

Although the reduction of required storage in the 

above example is insignificant, it should be obvious that 

for larger values of k the matrix description of T is very 

compact compared to a list of all the test patterns in T. 

For example, if k = 10, then 1023 nonzero test patterns can 

be generated from ten linearly independent test pattern 

vectors stored in memory. 

In general, the test pattern vectors of T will not 

constitute a vector space, in which case the foregoing scheme 

cannot be applied directly. However, it seems likely that in 

some of these cases there will be prevailing circumstances 
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that may make it feasible to add a number of redundant test 

patterns to T so that a vector space T is formed. Then T 

will be a subset of the vector space T'; and if T = 

jvpV^ ... ,vt •, then T* = jv-^v^ ... ,v with t < t* = 2k, 

where k is the dimension of T . Consider a case where 

t “ k > t - t. The feasibility of expanding T to T will 
* 

depend on the ratio R = —- _ ^ and its relation to certain 

characteristics of the control computer such as: 

1. Capacity of the main memory 

2. Capacity of the mass storage unit 

3. Speed of the central processor in generating 

test patterns 

4. Transfer rate for bringing data into the main 

memory from mass storage 

One might define a feasibility function F = f(C , C , S, D, P ) 
m’ s’ * ’ 3/ 

such that F takes on positive real values; where C and C 
m s 

are the respective capacities of main memory and mass storage, 

S is central processor speed, D is data transfer rate, and the 

P.^ are other characteristics peculiar to a given system. Then 

if F bears a certain relationship to R, say F > R, it will be 

* ^ 
feasible to expand T to T by adding t - t redundant test 

patterns. 
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Output Pattern Generation 

Similar to the problem with input test patterns is 

the problem of making known correct output patterns avail¬ 

able for comparison with patterns obtained from the module 

under test. A scheme which is useful in both generating and 

storing correct output patterns involves the formulation of 

a function designation number or function number N^. The 

function number was introduced to this writer by Pfeiffer 

[10], who credits Cyprus [4] with the use of the binary form, 

the binary designator, as a preferred variation of Ledley's 

scheme [8], Hellerman has also made use of the function 

number in octal form as reference numbers in his catalog of 

three-variable functions [5]. Reviewing the work of Cyprus 

has been especially interesting, partly for its excellent 

discussion of Boolean function representation, and also be¬ 

cause the use therein of the binary designator coincides 

with some of this writers preconceived ideas for represent¬ 

ing Boolean functions in the registers and memory of a digital 

computer. The following development draws upon the above 

references. However, the formulation of the function number 

differs slightly from any of them. 

Consider the function f(A,B,C) = F = A*B 4- C. The 

truth table for this function is expressed as a Boolean 
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matrix M as follows: 

A B 

M = 

0 0 0 
0 0 1 

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

0 
1 
0 
1 
0 
1 
1 
1 

Mintera 
Number 

0 
1 
2 
3 
4 
5 
6 
7 

Then the transpose of M is given by 

01234567 

00001111 
00110011 
01010101 
01010111 

A 
B 
C 
F 

The horizontal truth table format expressed as the rows of 

T 
M can be looked at as a sequence of binary numbers. Each 

binary number may be stored as a computer word so long as 

the number of digits does not exceed the word length of the 

computer. (Should the word length be exceeded, multiple 

words are required to store each number.) With this organ¬ 

ization, logical operations of the computer can be performed 

using the binary representations of A, B, and C as operands 

to generate the binary representation of F. Thus, row F of 

M can be generated from rows A, B, and C by simulating a 

logic module with logical operations in a computer. The 
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result is the function number of F, denoted N_(F), and in 
r 

the above example, 

N_,(F) = 01010111 
r 

Similarly, the binary representations of A, B, and C and 

their logical combinations are function numbers. Thus the 

step-by-step generation of N„(F) is as follows: 
r 

N„(A) =00001111 
r 

N„(B) =00110011 
r 

N„(A*B) =00000011 
JL* 

N^CC) =01010101 
r 

N_(A*B + C) = N„(F) =01010111 
r r 

It is readily seen that values of N_ range from zero to 

2^-1, where N = 2n with n being the number of variables. 

The maximum and minimum values of N„ correspond to the func- 
r 

tions which are identically 1 and 0 respectively. These are 

denoted 

N_(l) = 1 1 ••• 1, where there are 2n l's 

NF(0) = 0 

The first of the above notations is convenient for negating 

a Boolean variable with the symmetric difference operation. 

For example, if we modify the function of the previous 

example to read 
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F' = A-B + C 

then the step-by-step generation of Np(F') is as follows: 

N (A) = 00001111 
r 

N_(l) =11111111 r 

Nf(1 « A) = Np(A) =11110000 

SL,(B) =00110011 
F 

N_,(A-B) = 00110000 
F 

SL, (C) =01010101 
F 

Np(l « C) = NF(C) =10101010 

NF(A.B + C) = NF(F') =10111010 

It is sometimes convenient to employ the function 

number in octal or decimal form for the purpose of tabu¬ 

lating certain functions [4,5]. To do so we may use the 

formula 

P o(P-i) (12) 
N_(F) = 2 F 2^ ; 

F i=0 

where P = 2n - 1 with n being the number of variables, and 

where F^ is the i-th functional value; that is, the value of 

F (0 or 1) for the i-th minterm. Thus for the preceding 

examples we may obtain from equation (12): 

NW(F) = 127(8) = 87 (10) 

VF’> = 272(8) " 186(10) 
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For a particular ordering of n variables and the 

resulting 2n minterms, the function number uniquely identi- 

2n _ 
fies one of 2 1 Boolean functions. The minterm order 

T previously defined by transposing the minterm matrix M to M 

results in a binary function number identical to that devel- 

T 
oped by Ledley. If the columns of M are permuted so that 

the order is exactly reversed, then the binary function num¬ 

ber agrees with the binary designator defined by a slightly 

simplified version of equation (12) [4,10]. 

The ordering of minterms is not critical so long 

as it is clearly defined and maintained. The order estab¬ 

lished in this thesis is used simply to illustrate the 

straightforward progression from test patterns (minterms) to 

output values by matrix transposition. The transposing of 

the minterm matrix is readily accomplished in a computer 

equipped with two independent registers, say Y and Z, that 

can be logically coupled to form a double length register YZ. 

(This register organization is not uncommon in general pur¬ 

pose computers.) If we assume that the binary representations 

of minterms, nu, 0 < i < 2n - 1, are stored in the high order 

bits of sequential memory locations ordered according to in¬ 

creasing minterm number, then the minterm matrix is transposed 

as follows: 



92 

1. Load nig into register Z. 

2. Shift register YZ left one place. (The high 

order bit of is now in the low order posL 

i 
tion of Y, with the remainder, m^, in the 

high order positions of Z.) 

i 

3. Store contents of Z (m^). 

4. Load m^ into Z. 

5. Shift YZ left one place. 

I 

6. Store contents of Z (m^). 

m (2n 

T 
of M 

p. Load m^n _ ^ into Z. 

q. Shift YZ left one place. 

I 

r. Store contents of Z (m 1)^* 

s. Store contents of Y. (The contents of Y is 

T 
the first row of the transposed matrix M , 

assuming of course that the length of Y is 

n 
not exceeded by 2 .) 

The above steps are repeated using first m^, ..., 
t! II 

^, then m^, ..., m , etc. until the n rows 

are completed. The next step is to compute N_ with 
F 

logical operations of the computer as described above. 
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We now introduce the notion of the partial func¬ 

tion number, N„„. For a certain connection of gates to imple- ——— .rr 

ment the function F = A*B + C, it can be shown that minterms 

mp, m2, rrij., and m^ are an adequate set of test patterns. The 

binary representations of the minterms are then the rows of 

the test pattern matrix Mt. 

M 
t 

ABC 

0 0 1 

0 10 

10 1 

110 

m 

m 

m 

m 

1 

2 

5 

6 

Then the transpose of Mt is: 

0 0 11 

0 10 1 

10 10 

T 
Now the rows of are the partial function numbers of A, B, 

and C respectively. They are used exactly as before to gen¬ 

erate the partial function number of F, which in this case is 

NpF(F) =1011 

Note that while octal and decimal equivalents may be obtained 

for N_,_, it is not done with minterm number indexing as given 
PF 

by equation (12). 
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A final point to consider is that of multiple func¬ 

tions of a common set of variables. When F, , F„, .... F are 
l z m 

functions of A^, A^ ..., Ar, we can generate partial func¬ 

tion numbers NT,T7(F.), 1 < j < m. The function numbers will 
ru j 

be word organized, whereas the desired result is word orga¬ 

nized output patterns. This is readily accomplished by matrix 

transposition also. Suppose we have the output function num¬ 

ber matrix as follows: 

all a21 *•* atl 

NPF(F2) 

• 
• II 

a12 a22 at2 

• 

_ NPF^Fm\ lm 2m tm_ 

where N_,_(F.) = a,. a0. ... a_., and t is the number of test 
PFV y lj 2] tj’ 

patterns employed. Then the output pattern matrix is ob¬ 

tained by transposing M^. 

all a12 ’* * alm 

a21 a22 " * a2m 

atl at2 ‘* atm 
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In M the element a., is the i-th functional value of F., 
P iJ J * 

where 1 < i < t and 1 < j < m. Hence, the i-th row of M 
P 

is the output pattern for the input test pattern given as 

the i-th row of Mt. 

In Appendix B a complete example is worked out 

which should clarify the generation of output patterns.' 
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APPENDIX A 

Test Pattern Determination Algorithm 

The following is an application of the test pat¬ 

tern determination algorithm to the example of Figure 16. 

Step 1. Establish an array space of Nr rows and N£ columns. 

N^ = 2n, where n is the number of module inputs 

Nc = N^ + g, where N^ is the total number of gate 

inputs and g is the number of gates. 

Example: N^ = 2^ = 32 

N = 9 + 5 = 14 
c 

Step 2. With the independent input variables ordered A^, 

•••, A^, obtain the binary number representation for each 

minterm where a one is used for the true form of each variable 

and a zero for the complement form. The resulting 2n binary 

numbers are row numbers. For each input minterm, compute the 

Boolean value of each internal dependent variable. With the 

dependent variables ordered B^, '&2>***> i> obtain 2n binary 

numbers. Append each number to the right end of the associated 

row number to obtain row labels. The array rows are labeled 

sequentially according to the row number portion of the labels. 



97 

Example: The label for Row 25 of Figure A-l is obtained as 

follows: 

Minterm: A1A2A3A4A5 

Row Number: 11001 

B1 = Ax + A2 —> B1 = 0 + 0 = 0 

B2 = A3 + A4 —> B2 =1 + 1 = 1' 

b
4 = 

b
2 + 

b
3 —> 

B
4 = 0 + 1 = 1 

B-jB^^ —> 0 10 1 

A1A2A3A4A5B1B2B3B4 

Row Label: 110010101 

Note that the output function, F, is also tabulated in Fig¬ 

ure A-l. It is strictly for reference and is not used in 

the algorithm. 

Step 3. Label the array columns with combinations of vari¬ 

ables obtained in the following manner, 

a. For each gate, list the gate input combinations 

required to test the gate. 
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Example: 

Gl G2 G3 G4 G5 

A
1A2 

A3A4 A5 B2B3 B1B4 

A
1A2 

A.3A4 A5 B2b3 B1B4 

A
1A2 

A3A4 B2B3 
B1B4 

b. For each gate, list the combination of variables which 

allows that gate to control the module output. 

Gl G2 G3 G4 G5 

B4 B1B3 B
1B2 

B
I 

c. For each gate, combine the control-determining vari- 

ables (b) with the gate input variables (a). 

Gl G2 G3 G4 G5 

W4 A3A4B1B3 
A5B1B2 B1B2B3 B1B4 

V2B4 
A3A4B1B3 B1B2B3 B1B4 

AI
A
2*4 A3A4B1B3 B1B2B3 B1B4 

Step 4. Obtain binary numbers for the column headings with 

the variables ordered the same as for row labels. Any vari¬ 

able not appearing in a column heading is inserted in the 

binary number as an X, which signifies a masking operation. 

Example: Column heading: 

Column heading number: XX10X1X1X 
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Step 5. Assign binary values for all array elements a^. 

in the following manner. 

a. For each column in turn, compare the column heading 

number to each row label with a masked symmetric 

difference operation (<D ) defined below. 
m 

1 6 0 = 0 « 1=1 
m m 

H 1 = 0 
m 

0« 0 = 0 
m 

0 « X = 0 
m 

1 e X = 0 
m 

b. If the comparison for the i-th row and j-th column pro¬ 

duces all zeros, then 

a. . = 1 
ij 

Otherwise, 

Example (Figure A-l): 

(1) Row 9, Column A^A^B^B^ 

Row label: 010011101 

Column heading number: X X 0 1X1X1X 

Symmetric difference:. 000100010 

Result: a zero is placed in the ninth row of 

column AOA.BTBO 
3 4 13 
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(2) Row 15, Column 

Row label: 011111001 

Column heading number: 01XXXXXX1 

Symmetric difference: 000000000 

Result: a one is placed in the fifteenth row of 

column A,A0B, . 
12 4 

Step 6. Compute the weight w for each row of the array. 

The weight of a row is the number of ones it contains. 

Examples (Fi.g. A-l): 

Row 2, W£ = 4 

Row 7, v/j = 1 

Step 7. Strike out each row for which w = 0. 

Step 8. Select the row which has maximum weight. If more 

than one row has maximum weight, (arbitrarily) select the 

row with the smallest row number. For the row selected, 

record the binary row number which is to be used as one of 

the module input test patterns. 

Example: Row 2 selected. 

Step 9. Reduce the array by striking out the row selected 

in Step 8 and all columns having a one in that row. The 

reduced array is shown in Figure A-2. 
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Step 10. If the number of columns in the reduced array is 

greater than zero, return to Step 6. Otherwise, terminate 

the process. 

Further reductions of the example array are given 

in Figures A-3, A-4, A-5. The rows selected are 2, 9, 22, 

25 and 4 in that order. Thus, the set of input test pat¬ 

terns are as shown in Table A-l. Also shown in this table 

are the resulting values of all dependent variables. Each 

of the input patterns is assigned a test number for refer¬ 

ence in the text that follows. 

TABLE A-l 

Test 
Number 

Decimal 
Row 

Number 
Test Patterns 
A1A2A3A4A5 

Dependent 
Variables 

BlB2B3B4 F 

1 2 0 0 0 1 0 1110 1 

2 4 0 0 10 0 1110 1 

3 9 0 10 0 1 110 1 0 

4 22 10 110 10 11 0 

5 25 110 0 1 0 10 1 1 
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To show that the input test patterns of Table A-l 

will detect any single fault, we will consider the follow¬ 

ing ways in which a gate can fail: 

1. Gate output always true 

2. Gate output always false 

3. Gate output always equal to one of its inputs (due 

to an internal short, for example) 

4. Gate output always equal to the complement of one 

of its inputs (due to the other input being 

inactive, for exariiple) 

Suppose that a bad connection in the internal circuitry of 

gate G4 results in B2 being disconnected from that gate. 

Then B^ = B^. In Test 4 of Table A-l, B^ must be true in 

order for F to be false. 

F = B^ = \ + B4 

If B^ = Bg, then F = B^ + B^. 

From Table A-l for Test 4, 

F = 0 + 1 

F = 1 

But also from Table A-l, F should be false for Test 4. 

Hence, the fault is detected. 

In Table A-2 are all single faults for the logic of Figure 
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16 along with the number of the test(s) from Table A-l 

which will detect each fault. 

From Table A-2, it can be seen that the set of 

test patterns of Table A-l is adequate for all single 

failures. That it is adequate for at least some double 

failures is also true as shown below. 

B2 and Bg always true: Tests 3 and 4 fail. 

®1 = ^1 anc* ^3 = ^5* Tests 1, 2, 3 and 4 fail. 

The number of possible double failures is 288. It has not 

been verified that all these will be detected. Triple 

failures have not been investigated at all. 



104 

TABLE A-2 

TESTS 
FAULTS WHICH 

FAIL 

TESTS 
FAULTS WHICH 

FAIL 

always true 5 B2 = A, 1, 4 

B2 always true 4 B2 - A4 2, 4 

Bg always true 3 B2 = A3 2 

B^ always true 1, 2 B2 - A4 1 

F always true 3, 4 B, - Ac 1, 2, 3 

B^ always false 3, 4 B4 = B2 1, 2, 4 

B2 always false 1, 2 B4 = B3 1, 2, 3 

B^ always false 1, 2 B4 " B2 3 

B^ always false 3, 4 B4 “ B3 4 

F always false 1, 2, 5 F - B, 3, 4, 5 

B1 = Ax 3, 5 F = B4 1, 2, 3, 4 

B^ = A2 4, 5 F = B1 1, 2 

Bi - xi 4 F = B4 5 

B- - A, 3 
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PQ ICQ CQ 
CM CM CM <j* 

PQ PQ|PQ PQ |PQ PQ 
rH rH rH rH rH rH 

PQ PQ PQ PQ PQ|pQ 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Figure A-l 
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Figure A-2 
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PQ 
CN 

< 
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< 
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PQ 
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PQ 
rH 

PQ 
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l« 

w 

1 0 0 0 0 0 0 0 
3 0 0 0 0 0 0 0 
4 0 0 0 1 0 0 1 
5 0 0 0 0 0 0 0 
6 0 0 1 0 1 0 2 
7 0 0 0 0 0 0 0 

11 0 0 0 0 0 0 0 
12 0 0 0 1 0 0 1 

13 0 0 0 0 0 0 0 
14 0 0 1 0 1 0 2 
15 0 0 0 0 0 0 0 
17 0 1 0 0 0 0 1 
19 0 1 0 0 0 0 1 
20 0 0 0 1 0 0 1 
21 0 1 0 0 0 0 1 
22 0 1 1 0 1 0 3 
23 0 1 0 0 0 0 1 
25 1 0 0 0 0 1 2 
27 1 0 0 0 0 1 2 
29 1 0 0 0 0 1 2 
30 1 0 0 0 0 1 2 
31 1 0 0 0 0 1 2 

Figure A-3 
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Figure A-4 Figure A-5 



109 

APPENDIX B 

Output Pattern Generation 

To illustrate the process of generating known cor¬ 

rect output patterns, we will consider a module where n = 5, 

m = 3; that is, there are five inputs A^, A2, A^, A^, A,., 

and three outputs F^, F2, F^. The output functions are as 

follows. 

F1 A1A2 + A5('A3 + A4^ 

F2 = A1 + A5 

F3 " A5 

It will be noted that F^ is identical to the function F of 

Figure 16 and Appendix A, while F^ is merely of the same 

example. F2 is obtained by adding a NAND gate to Figure 16 

with A^ and B^ as its inputs. 

The test patterns of Table A-l were generated as 

an adequate set for verifying function F^. Although we will 

not do so, it is easily shown that these same patterns are 

simultaneously adequate for verifying both F2 and F^. 

Therefore we have the following test pattern matrix and its 

transpose. 



110 

A1A2A3A4A5 

Test 
Number 

M 
t 

0 0 0 1 0 
0 0 10 0 
0 10 0 1 
10 110 
110 0 1 

1 
2 
3 
4 
5 

0 0 0 1 1 
0 0 10 1 
0 10 10 
10 0 10 
0 0 10 1 

T 
The binary numbers expressed as the rows of Mt are now 

regarded as partial function numbers for the input variables. 

N
PF 

(Ax) = 0 0 0 1 1 

N
PF 

(A2) = 0 0 1 0 1 

N
PF 

(A3) = 0 1 0 1 0 

N
PF <V = 1 0 0 1 0 

N
PF 

<A5) = 0 0 1 0 1 

By logical operations on the N (A.), the partial 
Jrr 1 

function numbers for the output functions are computed. 
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F1: 
N
PF(

A1> = 0 0 0 1 

NpF
(A

2) =0010 

NpF(A1-A2) =0000 

NPF(A3) =0101 

NpF(l) =1111 

Npp(l <& A3) = NpF(A3) =1010 

NPF(A4} = 1 0 0 1 

Npf
(1

 * A4) = NPF(A4) =0110 

Npfl(A3 + A4) = 1 1 1 0 

NPF(A5) =0010 

Npp(i « A5) = NPF(A5) = 110 1 

NPF[A5(A3 + A4)] = 1 1 0 0 

NPF(F1) = NPF[A1-A2 + A5(A3 + A4)] - 1 1 0 0 

F2: 
NPF(A1) = 0 0 0 1 

Npp(l « A1) = Npp(A1) =1110 

NpF(A5) =0010 

NPF(F2} = (Ai + a5) " 
1 1 1 0 

F3: 
NPF(A5} = 0 0 1 0 

Npp(l « A5) = NpF(A5) =1101 

1 

1 

1 

0 

1 

1 

0 

1 

1 

1 

0 

0 

1 

1 

0 

1 

1 

1 

0 
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The Npp(F^) are now expressed as the rows of the output 

function matrix M^. 

Mf = 

110 0 1 

1110 1 

110 10 

Then by transposing we obtain the output pattern matrix 

M . 
P 

111 
111 
0 10 
0 0 1 
110 

We now have a list of output patterns (the rows of M ) which 

correspond to the input patterns as shown in Table B-l. 

TABLE B-l 

Test 
Number 

Test Patterns 
A1A2A3A4A5 

Output Patterns 
F F F 
*1* 2*3 

1 0 0 0 1 0 111 

2 0 0 10 0 111 

3 0 10 0 1 0 10 

4 10 110 0 0 1 

5 110 0 1 110 

We observe that columns and F^ of Table B-l 

match columns F and B^ respectively of Table A-l. 
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APPENDIX C 

Suggestions for Further Study 

During the latter stages of this study, a number 

of thoughts occurred which have not been developed. The 

following is an annotated list of these ideas for the bene¬ 

fit of the reader who has an interest in probing deeper into 

the problem of logic module testing. 

1. Sequential Logic 

An obvious, and in some ways necessary, extension of the 

present work is to consider sequential logic by removing 

the zero-memory restriction imposed herein. Such an ex¬ 

tension should include a study of worst-case input condi¬ 

tions for various bistable elements and the test constraints 

resulting from interconnections. 

2. Use of the Universal Network 

Hellerman [5] has employed a form of a universal logic 

network, restricted to combinational logic, for the pur¬ 

pose of examining all possible connections between n logic 

blocks. Any given set of connections may be represented 

by a "connection matrix" with binary elements. Whether 

or not it is possible to construct an algorithm for 
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operating on such a matrix in a manner that will pro¬ 

duce a set of adequate test patterns is not known. How¬ 

ever, it is believed to be worth investigating, if only 

as an academic exercise. 

3. Intermittent and Conditioned Failures 

In any system an intermittent failure is almost always 

more difficult to detect and locate than a solid failure. 

It may be fruitful to investigate how the confidence 

level of detecting an intermittent failure by repeated 

tests might be established. Such investigation would 

attempt to define the causes of intermittent failures 

and their probabilities, and would possibly include in¬ 

ducing a higher rate of failure by an artificial environ¬ 

ment. Also, one might want to distinguish a random inter¬ 

mittent failure from a conditioned failure; that is, a 

failure which is the temporary result of conditions (such 

as overheating) that are set up by previous test patterns. 

In particular, it is suspected that a problem of localized 

overheating may occur in semiconductor arrays such that 

neighboring gates might fail in a manner analogous to 

"disturbed" conditions in thin film memories. 
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4. Test Point Optimization 

As shown in Section II, a module failure cannot usually 

be isolated to a single gate. Generally one can only 

identify some number of gates as being the most likely 

candidates for having caused the failure. However, by 

adding external test points to a module, the number of 

candidates may be significantly reduced for any given 

failure. If we could provide a test point for each gate, 

then we could presumably achieve perfect resolution. 

Since this is not practical, the problem of determining 

an optimum set of test point connections might prove to 

be interesting. For some number of test points, a figure 

of merit might be defined (possibly using the entropy 

function of information theory) which would indicate the 

best points in the logic network to connect the test 

points. 
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