
Electronic manufacturing test cell automation
and configuration using AI techniques

Item Type text; Thesis-Reproduction (electronic)

Authors Schinner, Charles Edward, 1957-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 19/05/2023 15:07:19

Link to Item http://hdl.handle.net/10150/278327

http://hdl.handle.net/10150/278327


INFORMATION TO USERS 

The most advanced technology has been used to photograph and 

reproduce this manuscript from the microfilm master. UMI films the 

text directly from the original or copy submitted. Thus, some thesis and 

dissertation copies are in typewriter face, while others may be from any 

type of computer printer. 

The quality of this reproduction is dependent upon the quality of the 

copy submitted. Broken or indistinct print, colored or poor quality 

illustrations and photographs, print bleedthrough, substandard margins, 

and improper alignment can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a complete 

manuscript and there are missing pages, these will be noted. Also, if 

unauthorized copyright material had to be removed, a note will indicate 

the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand corner and 

continuing from left to right in equal sections with small overlaps. Each 

original is also photographed in one exposure and is included in 

reduced form at the back of the book. 

Photographs included in the original manuscript have been reproduced 

xerographically in this copy. Higher quality 6" x 9" black and white 

photographic prints are available for any photographs or illustrations 

appearing in this copy for an additional charge. Contact UMI directly 

to order. 

University Microfilms International 
A Bell & Howell Information Company 

300 North Zeeb Road. Ann Arbor. Ml 48106-1346 USA 
313-761-4700 800 521-0600 





Order Number 1342478 

Electronic manufacturing test cell automation and configuration 
using AI techniques 

Schinner, Charles Edward, M.S. 

The University of Arizona, 1990 

Copyright ©1990 by Schinner, Charles Edward. All rights reserved. 

U M I  
300N. ZeebRd. 
Ann Arbor, MI 48106 





ELECTRONIC MANUFACTURING TEST CELL AUTOMATION 

AND CONFIGURATION USING AI TECHNIQUES 

by 

Charles Edward Schinner 

Copyright © Charles Edward Schinner 1990 

A Thesis Submitted to the Faculty of the 

DEPARTMENT OF ELECTRICAL AND COMPUTER ENGINEERING 

In Partial Fulfillment of the Requirements 
For the Degree of ' 

MASTER OF SCIENCE 
WITH A MAJOR IN ELECTRICAL ENGINEERING 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

19 9 0 



2 

STATEMENT BY AUTHOR 

This thesis has been submitted in partial 
fulfillment of requirements for an advanced degree at 
The University of Arizona and is deposited in the 
University Library to be made available to borrowers 
under rules of the Library. 

Brief quotations from this thesis are 
allowable without special permission, provided that 
accurate acknowledgment of source is made. Requests for 
permission for extended quotation from or reproduction 
of this manuscript in whole or in part may be.granted by 
the copyright holder. / /! / 

SIGNED: Is 

APPROVAL BY THESIS DIRECTOR 

This thesis has been approved on the date shown below: 

/0/.2 3/90 
Dr. Jerzy W. Rozenblit Date 
Assistant Professor of 

Electrical and Computer Engineering 



3 

To my parents 



4 

ACKNOWLEDGMENTS 

The author extends his appreciation to The San 

Diego Division of Hewlett-Packard Co. for their 

commitment to their employees education. Gratitude is 

extended to the thesis committee, Dr. Bernard Zeigler 

and Dr. Sanders for their review and comments. Special 

acknowledgment is extended to my advisor, Dr. Jerzy 

Rozenblit and Siemens Corporation for their support of 

Dr. Rozenblit's research. A special thanks to all my 

friends, family and co-workers for their support during 

the realization of this dream. This thesis was produced 

using Hewlett-Packard hardware. 



5 

TABLE OF CONTENTS 

Page 

LIST OF ILLUSTRATIONS 8 

ABSTRACT 10 

1. PROBLEM STATEMENT 11 

1.1 Background Information 12 
1.2 Evaluation Schemes 13 
1.3 Categories of Potential Faults 14 

1.3.1 Component Related Faults 16 
1.3.2 Manufacturing Related Faults 16 
1.3.3 Design Related Faults 16 

1.4 PCB Success Criteria 17 

2. PROJECT PARTITIONING 18 

2.1 Test Equipment Selection 18 
2.2 Test Equipment Arrangement 18 
2.3 Fault Isolation Heuristic Selection .... 20 
2.4 Required System Inputs 20 

2.4.1 Composition Tree 20 
2.4.2 Component Data Base 24 
2.4.3 Test Station Data Base 25 

3. SET COVERAGE ALGORITHMS 26 

3.1 Problem Introduction 26 
3.2 Test Cell Criteria 26 
3.3 Selection Process Assumptions 27 
3.4 Quine-McCluskey Algorithm 28 

3.4.1 Sum-of-Products Notation 28 
3.4.2 Karnaugh Maps 30 
3.4.3 Example Application 32 
3.4.4 Prime Implicant Table 36 

3.5 Algorithm Analysis 40 
3.6 Application of the Quine-McCluskey 

Algorithm 40 
3.6.1 Test Cell Equipment Selection .... 42 
3.6.2 Opportunities for Algorithm 

Improvement 4 6 

4. TEST EQUIPMENT SELECTION 48 

4.1 Material List Formation 48 
4.2 Test Station Selection Expert System .... 50 
4.3 Fault Isolation Categories 50 



6 

TABLE OF CONTENTS - Continued 

Page 

4.4 Problem Partitioning 51 
4.4.1 Stage 0 51 
4.4.2 Stage 1 53 
4.4.3 Stage 2 54 

4.4.3.1 Heuristic Functions 57 
4.4.3.2 Implemented Heuristic 

Function 58 
4.5 Expected Results 64 
4.6 Program Implementation 64 

4.6.1 Stage 1 64 
4.6.2 Stage 2 65 

4.7 Actual Results 66 
4.7.1 Expert System Sample Executions ... 67 
4.7.2 Sample Program Execution 69 

4.8 System Implementation 70 
4.9 Summary 70 

5. TEST STATION ARRANGEMENT 72 

5.1 Knowledge Spectrum 73 
5.1.1 Equal Test Station Fault Coverage. . . 73 
5.1.2 Unequal Test Station Fault Coverage . 74 
5.1.3 Complexity Index 74 
5.1.4 Predicted Component Reliability. ... 75 
5.1.5 Experienced Component Reliability. . . 76 

6. FAULT ISOLATION HEURISTIC SELECTION 77 

6.1 Search Algorithms 77 
6.2 Reliability Definition 78 

6.2.1 Background History 79 
6.2.2 Reliability-wise in Series 

or Parallel 81 
6.2.3 Prediction Models Limitations .... 82 
6.2.4 Reliability Calculations 83 

6.3 Heuristics 85 
6.3.1 Maximum Components 85 
6.3.2 Complexity Index 86 
6.3.3 Predicted Component Reliability. ... 86 
6.3.4 Experienced Component Reliability. . . 87 

6.4 System Learning 88 
6.4.1 Manufacturing Data 

With Unlimited Queue 89 
6.4.2 Manufacturing Data 

With Circular Queue 90 



7 

TABLE OF CONTENTS - Continued 

Page 

7. PROSPECTUS AND CONCLUSIONS 92 

7.1 Prospectus 92 
7.2 Conclusions 93 

APPENDIX A: Configuration Expert System Details ... 95 

APPENDIX B: Configuration Expert System 
Program Code 98 

APPENDIX C: Configuration Expert system 
Test Case Examples 105 

APPENDIX D: Heuristic Ratio comparisons 109 

LIST OF REFERENCES 110 



8 

LIST OF ILLUSTRATIONS 

Figure Page 

1.1 Fault Isolation Sequence 15 

2.1 Project Overview 19 

2.2 Composition Tree Structure 22 

2.3 Composition Tree Example: PC Computer 23 

3.1 Boolean Expressions 29 

3.2 Equivalent Boolean Representations 31 

3.3 Equivalent Expressions for Example Function . .33 

3.4 Minterm Binary Format 33 

3.5 Ascending Sort of Minterms 34 

3.6 Minterm Combination Process 35 

3.7 Prime Implicant Table 37 

3.8 Essential Prime Implicants 38 

3.9 Reduced Prime Implicant Table 38 

3.10 Minimized Equivalent Functions 39 

3.11 Test Cell Prime Implicant Table 42 

3.12 Test Station Definitions 43 

3.13 Test Station Prime Implicants 45 

3.14 Prime Implicant Table for Text Example 46 

3.15 Reduced Prime Implicant Table 46 

3.16 Test Station Monetary Impact 47 

4.1 Configuration Expert System Flowchart 49 

4.2 Stage 0 Flowchart 
Arrangement Expert System 52 



9 

LIST OF ILLUSTRATIONS - Continued 

Figure Page 

4.3 Stage 1 Flowchart 
Required Test Expert System 55 

4.4 Stage 2 Flowchart 
Consolidation Expert System 56 

4.5 Expert System Classification Tree 59 

4.6 Classification Using Set Functions 60 

4.7 Consolidation Expert System 
Heuristic Ratio Calculation 62 

4.8 Heuristic Ratio Examples 63 

6.1 Reliability Bathtub Curve 80 

6.2 Chance Failure Region 81 



10 

ABSTRACT 

This thesis utilizes artificial intelligence 

techniques and problem specific knowledge to assist in 

the design of an manufacturing test cell for electronic 

products. The electronic printed circuit board (PCB) is 

subjected to one or more functional evaluation(s) during 

the manufacturing process. The purpose of these 

evaluations is to assure product quality. This thesis 

is focused on, with historical knowledge, the 

configuration of this testing environment and associated 

fault isolation processes. By using such knowledge, an 

improvement in the testing efficiency will be realized 

which will allow the overall product cost to be 

minimized. 
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CHAPTER 1 

PROBLEM STATEMENT 

The electronic printed circuit board (PCB) 

will be subjected to one or more functional evaluations 

during its manufacture. The purpose of these evalua

tions is to assure the outgoing product quality. The 

goal of this project is to develop an automated 

production test strategy to identify PCB defects while 

incurring the lowest possible testing expense. This 

thesis proposes a computer assisted design approach to 

the manufacturing test environment. The test 

environment will be optimized by knowledge of electronic 

component test and details of the PCB design in ques

tion. 

A testing environment will be fabricated for a 

generic electronic printed circuit board. This process 

will involve test equipment selection, arrangement of 

this equipment and selection of fault isolation 

strategies. The equipment selection process will be au

tomated using an expert system. Data bases include 

knowledge regarding component test requirements and 

available test equipment. An expert system will admi

nister a resource allocation scheme to select the test 

equipment required. 

A proposed solution spectrum for both the 
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equipment arrangement and fault isolation schemes are 

also presented. Specific scheme selection will be de

pendent on the quantity of information known with regard 

to the particular design or components used. These 

schemes present a collection of concentrated knowledge 

ready to be embodied into an expert system. 

1.1 BACKGROUND INFORMATION 

Current electronic products consist of one or 

more printed circuit boards (PCB). The two primary 

functions of the PCB are to support the components me

chanically and electrical circuit interconnection. 

Etched copper traces provide the circuit interconnec

tions. Plating these copper traces with other metals 

prevents corrosion and improves component solderability. 

A sheet of insulating material, typically fiberglass, 

mechanically supports the components and the copper 

traces. The magnitude of voltage and current circulat

ing in the circuit governs the insulating material 

selection [Kear, 1987]. 

"Different things go wrong at different times 

arising from different causes" [Pynn, 1986]. Because of 

the diversity of both the manufacturing process and com

ponent variation that makes designing the manufacturing 

test environment such as challenging task. By using ar

tificial intelligence techniques, these tasks may be re
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duced to a manageable level. 

1.2 EVALUATION SCHEMES 

To evaluate the PCB in the manufacturing envi

ronment, the testing process may employ a four quadrant 

testing method [Genrad, 1987]. The four quadrants of 

test are analogue, digital, in-circuit and functional. 

Different test philosophies and equipment will be re

quired to evaluate the two classifications of compon

ents, digital and analogue. 

In-circuit testing refers to electrically iso

lating a single component from the surrounding circuit 

and evaluating the component's functionality [Lea 

et.al., 1988]. With the board unpowered, the passive 

components are evaluated. The active components are 

tested with power applied to the board. The typical 

test hierarchy is: shorts, passive components, IC 

orientation and digital logic tests. 

Functional testing is the evaluation of an op

erating component group (module) while being monitored 

for deviant behavior. It produces stimuli and measures 

the responses of a PCB in the final product environment. 

To detect PCB shorts and opens, additional 

specialized screening is required. They are a predomi

nant manufacturing process fault on loaded PCB's. These 

failures account for greater than 50% of the total man
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ufacturing failures [Bateson, 1985]. A short is an 

electrical connection between two circuit nodes that 

should not exist. Shorts often result from solder 

splash, incomplete copper etching and contamination pro

blems. Opens are incomplete circuit connections. Both 

result from manufacturing process variations in the 

etching and soldering processes. 

The manufacturing test cell will consist of 

one or more test stations. The selection of these sta

tions will be derived from an expert system using PCB 

circuit information and general test knowledge. 

Arrangement of these stations and fault isolation stra

tegies will then be selected from a list of options 

based upon the availability of particular PCB informa

tion. 

1.3 CATEGORIES OF POTENTIAL FAULTS 

Discovery of faults during the manufacturing 

testing process, may be partitioned into groups. As 

pointed out in the Siemens report [Rozenblit et.al., 

1988], faults may be classified as either component or 

interconnection related. In practice, these classifica

tions must be expanded to include three areas, compon

ent, manufacturing and design [Schinner, 1990]. This 

thesis project will address the fault categories of com

ponent and manufacturing (figure l.l). 
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Figure 1.1 - Fault Isolation Sequence 
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1.3.1 Component Related Faults 

Faults that may fall into this classification 

are: component parametric specifications deviations and 

improper output functions. Increased leakage current at 

an output of a logic gate is an example of component 

parametric specification deviation. The measured 

current exceeds the design specifications. With this 

fault type, the component must be replaced. To isolate 

this fault category, the test cell must have the cap

ability of functionally testing the PCB to the component 

level. 

1.3.2 Manufacturing Related Faults 

Examples include solder shorts, insertion pro

blems, incorrectly placed components, handling induced 

damage and PCB trace shorts and opens. These fault 

types are due to manufacturing process deviations. 

These deviations may be monitored using Statistical Pro

cess Control (SPC) methods [Owen, 1989]. 

To isolate manufacturing related faults, a 

minimum test cell consisting of a switching matrix and a 

continuity checker will be required. This test station 

will be able to verify the PCB interconnections and the 

majority of manufacturing process related faults. 

1.3.3 Design Related Faults 

If a module fault is detected and the isola
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tion of the fault cannot be attributed to either a com

ponent or manufacturing flaw, then the design or the 

test system may be the cause. If all the components 

and the PCB interconnections have verified to be good, 

the fault must lie with the design of the test system or 

of the PCB. An example of this is when the input of one 

component (B) is connected to the output of another (A). 

Component A and B satisfies their specifications indi

vidually, and the proper connections are made between 

the two. Yet, the combination of the two does not func

tion as desired. This may be attributable to worst case 

tolerance buildup. If component A's output specifica

tions do not meet or exceed the input specifications of 

component B, then this situation may occur. Detailed 

analysis by human engineers is required to resolve this 

type of situation. 

1.4 PCB SUCCESS CRITERIA 

Every circuit component must function correct

ly and be correctly interconnected for the PCB to oper

ate successfully. The assignment of the test cell is to 

sort the good PCB's from the bad ones. A good board is 

one that functions correctly. A bad or faulty board 

contains one or more defects which must be repaired in 

order to function correctly. 
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CHAPTER 2 

PROJECT PARTITIONING 

Subdividing a large complex problem into a 

small collection of understandable, approachable tasks 

is recommended [Bunza, 1983]. The partitioning for this 

thesis project is displayed in figure 2.1. The system 

is conceptualized into three operational modules, test 

equipment selection, test equipment arrangement and 

fault isolation selection. 

2.1 TEST EQUIPMENT SELECTION 

The material list is a list of component part 

numbers or symbols which comprise the PCB. Optimum test 

station(s) will be selected for the test cell based upon 

the material list and available test stations. An ex

pert system will select the test station(s) and will be 

guided using a heuristic function. 

2.2 TEST EQUIPMENT ARRANGEMENT 

If multiple test stations have been selected 

for the test cell, different station test sequences are 

possible. This process involves selecting the PCB test 

path through several possible arrangements of test sta

tions. This process is guided by data, such as compon

ent reliability and PCB complexity. Several arrangement 

heuristics will be presented. 



19 

Composition Tree 

Component 
Data Base 

Test Station 
Data Base Optimized Test Cell 
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Heuristic Selection 

Configuration 
Expert System 

Material List 

Figure 2.1 - Project Overview 
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2.3 FAULT ISOLATION HEURISTIC SELECTION 

Based upon accessible information, different 

fault isolation algorithms may be used to accelerate the 

fault resolution process. The selection of a isolation 

heuristic is dependent upon the quantity of knowledge 

known regarding the particular PCB design and associated 

components. Several algorithms are presented. 

2.4 REQUIRED SYSTEM INPUTS 

The circuit, information is supplied in a stan

dardized composition tree format. This tree contains 

the knowledge of circuit components, partitioning and 

interconnections. 

The component and test station data bases are 

required for this system. These data bases will provide 

the knowledge of the test requirements and test station 

capabilities. 

2.4.1 Composition Tree 

An typical PCB is to be analyzed using an au

tomated generic procedure. A standardized data 

structure will be used to capture the circuit informa

tion. A composition tree with a modular hierarchical 

structure will represent the circuit. To realize the 

design, the PCB is partitioned into modules that repre

sent logical functions. Each module may be further de

composed into other subfunctions. This decomposition is 
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continued until only elementary circuit functions re

main. The purpose of this decomposition process is to 

segment the design into several smaller modules. The 

composition tree is then generated from this functional 

decomposition. From experience, this decomposition pro

cess is performed by the design staff at the time of 

product conception. 

Figure 2.2 represents the generic hierarchical 

PCB composition tree. The root node represents the PCB. 

Partitioning the PCB into functional blocks is repres

ented by the root node siblings. Further functional 

block decomposition is denoted by the children of each 

functional block node. The leaf nodes represent the 

circuit components. The structure of this composition 

tree is similar to that of a pruned system entity struc

ture [Rozenblit 1986]. 

Figure 2.3 represents the composition tree for 

a personal computer. The computer is partitioned into 

three major components. The monitor, input devices and 

the main box. Functions within the main box are the 

power supply, I/O, disk storage and the main PCB. 

Further decomposition of the main PCB yields three major 

partitions, computational unit (CU), memory and in

put/output (I/O) hardware. The computational unit 



PCB Name 
(Root Node) 

Sub-
Function 1 

Module 1 
(Root Silbling) 

Sub-
Function 2 

Module 2 
(Root Silbling) 

1 
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Module n 
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Component m.3 Leaf Nodes 
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Figure 2.2 - Composition Tree Structure N) 
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Figure 2.3 - Composition Tree Example: PC Computer 
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decomposes into components for the clock, processor, co

processor, resistors and capacitors. The next tree le

vel defines the specific components used. The processor 

in this example is an Intel 80287 and the coprocessor is 

an Intel 8087. 

Each major function of the PC computer will be 

represented in this manner. The composition tree for 

the power supply will be different from that of the disk 

storage unit(s). 

2.4.2 Component Data Base 

To simplify the composition tree, component 

data is contained within the component data base. In

formation such as parametric values, generic test proce

dures, reliability figures, complexity indexes and spe

cifications are held within the data base [Bao, 1989], 

[Healy, 1981]. A unique part number is entered to ac

cess the data base. This part number is contained wi

thin the leaf of the tree. Information within the data 

base is used as input parameters to the various func

tions. 

The information contained within this data 

base is the component specification limits and required 

test functions. The required test function list define 

the test function(s) which are essential for testing the 

device. The specification limits are included to assist 
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the selection of a test station equipment. 

For example, different types of ohmmeters may 

be selected based upon the expected resistance magni

tude. A milliohmmeter is selected when the resistance 

values are below one ohm. A standard ohmmeter is chosen 

when the resistance to be measured is equal or greater 

than one ohm and less than one megohm. The megohmmeter 

is used when the value of resistance are greater than 

one megohm. 

2.4.3 Test Station Data Base 

To build anything, one must know what basic 

material is available. This is the purpose of the test 

station data base. It serves as the repository of in

formation regarding available test stations. For each 

test station, the cost and the test functions are known. 

The information is then accessed through a unique symbol 

representing that test station. 
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CHAPTER 3 

SET COVERAGE ALGORITHMS 

3.1 PROBLEM INTRODUCTION 

The purpose of this chapter is to investigate 

historical algorithms for the purpose of selecting 

equipment for test cell. This problem is one of set 

coverage. The set that requires coverage is the 

required test functions. The test stations are 

logically grouped subsets of test functions. The test 

cell is the union of all of the test equipment' test 

functions. 

Initially the selection process will be con

strained to implementation of all of the required test 

functions. Later in the chapter, an additional 

selection criteria of total test cell equipment cost 

will be imposed. Since individual product design will 

vary, an algorithmic solution will be sought for the 

selection process. This will aid in the computerization 

of the algorithm. 

3.2 TEST CELL CRITERIA 

The selection process is one of set coverage. 

The required test functions set is comprised of indi

vidual test functions. Each test function must occur in 

one or more of the selected test stations. The comple
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tion criteria for the algorithm is that every element of 

the required test function set must be implemented on 

one or more of the test stations. In the manufacturing 

environment, cost of testing influences the end product 

cost. One aspect of the end product is the expense of 

testing the product. The testing expense is a summation 

of the test station capitol equipment cost, the test 

time, test station floor space requirements, station au

tomation level and product flow rate through the test 

cell. By minimizing the number of test stations in the 

cell, all expenditures except test time expenses may be 

reduced. Increasing the test station integration level 

may increase the total cost of the cell. By minimizing 

these expenses, the end product's cost will also be re

duced . 

3.3 SELECTION PROCESS ASSUMPTIONS 

The basic assumptions for this selection pro

cess is that each test station available will implement 

the test functions in the most time efficient manner. 

This translates into one test station of each variety 

being available. Whereas, in actuality, several test 

stations may be equivalent from a capitol expense and 

functionality aspect, but not in the test completion 

time factor. I am only considering one test station of 

each variety to simplify the analysis. Additional 
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selection criteria may be included to compensate for 

specification, performance, reliability and space dif

ferentials in the same manner as cost. 

3.4 QUINE-McCLUSKEY ALGORITHM 

A fundamental problem of switching circuit 

theory is expressing a Boolean function in a simpler 

form that the original canonical expansion. It is fre

quently possible to realize savings in hardware by sim

plifying the Boolean function through the work of E.J 

McCluskey Jr. [McCluskey, 1956] and W.V. Quine [Quine, 

1952]. Hill & Peterson [Hill & Peterson, 1974] has 

added additional refinements to the algorithm. The re

sulting Quine-McCluskey algorithm implements an exhaus

tive procedure to minimize Boolean logic functions to 

their simplest form. The procedure is described prima

rily through the use of examples in the following 

sections. 

3.4.1 Sum-of-Products Notation 

Each truth table row of Boolean variable com

binations may be expressed as equaling 'one' only when 

the variables have the values listed in the same row 

[McCluskey, 1956]. Each of the truth table terms are 

thusly called product terms. The variables within each 

term are logically AND together, hence the name 



f(a,b,c) = abc + abc + abc + abc 

(a) Boolean Canonical Expression 

a b c  Product Terms !(a,b,c) 

0 0 0 abc 0 

0 0 1 abc 1 

0 1 0 abc 1 

0 1 1 abc 0 

1 0 0 abc 1 

1 0 1 abc 0 

1 1 0 abc 1 

1 1 1 abc 0 

(b) Truth Table 

f(a,b,c) = abc + abc + abc + abc 

001 010 100 110 

1 2 4 6 

= ^ m(1,2,4,6) 

(c) Equivalent Minterm Expresion 

Figure 3.1 - Boolean Expresions 
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product. Any function of Boolean variables can always 

be expressed as a sum of these product terms in a format 

called sum-of-products [McCluskey, 1956]. 

As an example, the Boolean function f(a,b,c) 

is expressed in figure 3.1(a) in an canonical expres

sion. Table 3.1(b) is the associated truth table for 

this function. For each row in the truth table, the al

gebraic product term is listed along with the associated 

Boolean variable values. In figure 3.1(c), below each 

product term of the original Boolean function is an 

bracketed binary and decimal number. The binary number 

is the variable values which the corresponding term equ

als 'one'. The decimal equivalent of the binary number 

is shown directly below. A shorthand notation for a 

Boolean function is to list the decimal numbers of those 

truth table rows for which the function is to take on 

the value of 'one' [McCluskey, 1956]. An equivalent 

notation for the function of figure 3.1(a) is shown at 

the bottom of figure 3.1(c). This notation is called 

sum of minterms [Hill & Peterson, 1974]. 

3.4.2 Karnaugh Haps 

*A Karnaugh map may be regarded as a pictorial 

form of a truth table' [Hill & Peterson, 1974]. For two 

binary variables, there will be four possible combina

tions (00, 01, 10, 11). The Karnaugh map pictorially 
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represents functions of these two variables. For exam

ple, the Boolean function OR (a OR b), is represented as 

a truth table in figure 3.2(a). The Karnaugh map of fi

gure 3.2(b) is an equivalent representation. A '1' is 

placed in any Karnaugh map square that the Boolean func

tion evaluates to the value of 'one1. Conversely, O's 

are not necessary in the squares that the function eval

uates to a value of 'zero'. The absence of O's are for 

visual clarity. 

0 0 
0 1 
1 0 
1 1 

a OR b 
a 

0 1 

0 
1 
1 
1 

(a) Truth Table (b) Karnaugh Map 

Figure 3.2 - Equivalent Boolean Representations 

The disadvantage of the Karnaugh map occurs in 

determining the realization of the represented function. 

The best realization depends on an intuitive human 

pattern recognition ability. It is difficult to capture 

visual pattern recognition within an algorithm. The 

Quine-McCluskey algorithm captures this. Their 

algorithm guarantees the best second order realization 

(definition 3.1) of the represented function [Hill & 

Peterson, 1974]. 
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Definition 3.1: 'A second order sum-of-products ex

pression will be regarded as a minimal expression 

if there exists (1) no other equivalent expression 

involving fewer products, and (2) no other equival

ent expression involving the same number of pro

ducts, but the smaller number of variables. The 

minimal product-of-sums is the same with the word 

products replaced by the word sum, and vice-versa.' 

[Hill & Peterson 1974] 

The algorithm implements an exhaustive search 

for all possible combinations of minterms into groups of 

fewer variables and then selects the minimal sum-of-pro-

duct combination which implements the function. The al

gorithm will be illustrated by working through the fol

lowing example. 

3.4.3 Example Application 

The minterm list of the function is required 

to begin the Quine-McCluskey procedure. The Boolean 

function for this example is given in figure 3.3(a). 

The equivalent minterm expression is in figure 3.3(b). 

Figure 3.3(c) is the Karnaugh map representation of the 

function-
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(a) f(A,B,C,D) = ABCD + ABCD + SBCD + SBCD + ABCD 

ABCD + SBCD + AlCD + ABCD + ABCD 

(b) f(A,B,C,D) = S m{0,2,3,4,5,6,7,10,11,13) 

C 0 0 1 1 
D 0 1 1 0 

A B 
0 0 

0 1 

1 1 

1 0 

Figure 3.3 - Equivalent Expressions for Example Function 

The first step is to find all possible com

binations of minterms that vary in only one variable. 

This is accomplished by converting the minterms to their 

binary equivalent and counting the number of l's in the 

binary format (figure 3.4). 

Minterm Binary Number 
Number Format of l's 

0 0000 0 
2 0010 1 
3 0011 2 
4 0100 1 
5 0101 2 
6 0110 2 
7 0111 3 
10 1010 2 
11 1011 3 
13 1101 3 

Figure 3.4 - Minterm Binary Format 

(c) 
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Sort the minterm list by ascending numbers of 

l's in the binary representation. Separate the minterm 

list into groups with the same number of l's, figure 

3.5. 

Number Minterm Binary 
of l's Format 

0 0 0000 V 

1 2 0010 V 
4 0100 V 

2 3 0011 V 
5 0101 V 
6 0110 V 
10 1010 V 

3 7 0111 V 
11 1011 V 
13 1101 V 

Figure 3.5 - Ascending Sort of Minterms 

Grouping the minterms in this manner will re

duce the number of comparisons required. If two min

terms are to combine, their binary representation must 

only vary in one binary position. For example 0 & 2 or 

0 & 4 will combine, but 2 & 4 will not. Compare each 

minterm in the top group with each minterm in the next 

lower group. If two minterms combine, place a checkmark 

next to the original minterms and enter this combination 

into the next table. Place an 'x' in the binary posi

tion the difference occurred. The 'x* represents an 

don't care, the position can either assume a value of 0 

or 1. For example, minterms 0 & 2 will combine. Also 
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does 0 & 4, 2 & 3, 2 & 6, 2 & 10. Figure 3.6 represents 

the first pass of these reductions. The comparison of 

adjacent groups is repeated until exhausted. In this 

case, all minterms have been checked. The uncheckmarked 

terms are then called prime implicants according to de

finition 3.2. 

Definition 3.2: 'A prime implicant is any minterm 

or group of minterms that is not covered in some 

larger minterm group.1 [Hill & Peterson 1974] 

first step, they would also be considered as prime im

plicants. The prime implicants for this example are the 

uncheckmarked minterms groups of (5,13), (0,2,4,6), 

(2,3,6,7), (2,3,10,11) and (4,5,6,7). 

If any minterms had failed to combine in the 

Minterm Binary 
Group Format 

Minterm Binary 
Group Format 

0,2 
0,4 

00x0 V 
0x00 V 

0,2,4,6 OxxO 

2,3 
2,6 
2,10 
4,6 
4,5 

001X V 
0X10 V 
X010 V 
01X0 V 
010X V 

2,3,6,7 
2,3,10,11 
4,5,6,7 

Oxlx 
xOlx 
Olxx 

3,7 
3,11 
5,7 
5,13 
6,7 

0X11 V 
X011 V 
01x1 V 
X101 

10,11 
011X V 
101X V 

Figure 3.6 - Minterm Combination Process 
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To further clarify the combination process, 

consider the following algebraic reduction for minterms 

2,3,6 & 7. 

2 m(2,3,6,7) = ABCD + ABCD + ABCD + ABCD 

= ACD ( B + B) + ACD ( B + B) 

= ACD + ACD 

= AC ( D + D) 

= AC 

3.4.4 Prime Implicant Table 

Construction of a prime implicant table will 

aid in determining the minimal sum for the function. 

The following theorem 3.1, enables the search for the 

minimal sum of the prime implicants. 

Theorem 3.1: Any sum-of-products realization that 

is minimal in the sense of definition 3.1 must 

consist of a stim-of-products representing prime im

plicants [Quine 1952], [Hill & Peterson, 1974]. 

The prime implicant table of figure 3.7 is 

constxructed with all the function minterms in columns 

across the top. At the left of each row each prime im

plicant is listed, by order of cost. Cost is defined as 

the number of variables in the product. Checkmarks are 

placed in the corresponding columns which minterms are 

contained within the prime implicant. An additional row 
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across the bottom of the table and leftmost column are 

added for bookkeeping. 

0 2 3 4 5 6 7 10 11 13 

2,3,6,7 V V V V 

0,2,4,6 V V V V 

2,3,10,11 V V V V 

4,5,6,7 V V V V 

5,13 V V 

Figure 3.7 - Prime Implicant Table 

The table is then inspected for single check 

marks in any column. In this example, minterm columns 

0,3,4,10 & 13 have only a single checkmark. This indi

cates that prime implicants in that respective row must 

be selected to implement the function. These prime im

plicants are then classified as essential prime impli

cants and marked with an single asterisk in the left 

most column. The bottom row contains check marks for 

the columns that the essential prime implicants cover. 

The columns in which check marks appear for the essen

tial prime implicants can then be deleted for visual 

clarity. The reduced prime implicant table appears in 

figure 3.9. 
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0 2 3 4 5 6 7 10 11 13 

2,3,6,7 V V V V 

* 0,2,4,6 V V V V 

* 2,3,10,11 V V , V V 

4,5,6,7 V V V V 

* 5,13 V V 

V V V V V V V V V 

Figure 3.8 - Essential Prime Implicants 

7 

2,3,6,7 V 

** 4,5,6,7 V 

V 

Figure 3.9 - Reduced Prime Implicant Table 

Iterating the process on the reduced table of 

figure 3.9, requires a second check of the columns. 

Minterm number 7 is the only uncovered term. A selec

tion must be made as to which prime implicant will be 

used. Applying the cost criteria to each prime impli

cant yield that both candidates are equivalent. Either 

selection will yield an a minimal sum-of-products solu

tion in accordance with definition 3.1. The solution is 

complete. All columns are covered. This can be veri

fied by reviewing the bottom row for checkmarks. Rows 
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marked with a double asterisk indicate secondary prime 

implicants. The remaining task is to express the selec

tion in terms of the original variables. 

f 1 (A, B, C, D) = BC + BCD + 5D + AB 

f2(A,B,C,D) = BC + BCD + AD + AC 

Figure 3.10 - Minimized Equivalent Functions 

If all minterms are not covered, a cost crit

eria must then be applied to the remaining prime impli

cants to determine a minimal cost implementation. Using 

definitions 3.3 & 3.4 and theorem 3.2, selection of the 

secondary prime implicants can be made in a logical man

ner. 

Definition 3.3: Two rows, a & b, of a prime impli-

cant table, which cover the same minterms, IE, have 

the checks in exactly the same columns, are said to 

be interchangeable [Hill & Peterson 1974]. 

Definition 3.4: Given two rows, a & b, in a reduced 

prime implicant table. Row a is said to dominate 

row b, if row a has checks in all the columns in 

which row b has checks and also has a check in at 

least one column in which row b does not have a 

check. [Hill & Peterson 1974]. 
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Theorem 3.2: Let a & b be rows of a reduced prime 

implicant table, such that the cost of a is less 

than or equal to the cost of b. Then if a domi

nates b or a & b are interchangeable, there exists 

a minimal sum-of-products which does not include b. 

[Hill & Peterson 1974]. 

3.5 ALGORITHM ANALYSIS: 

This algorithm performs an minimization based 

upon combining minterms into larger blocks (IE fewer va

riables) . For example the function f(A,B,C) = AB + ABC 

requires more inputs and gates when implemented in 

digital hardware than the equivalent minimized function 

of f(A,B,C) = AB. This algorithm also eliminates re

dundancy. By eliminating functions that are subset of 

other higher order functions. For example f(A,B,C,D) = 

ABCD + AB. One or both of the terms must be true to 

make the function true. Remembering that the identity 

(1 + CD) = 1, the function would require less hardware 

when implemented as f(A,B,C) = AB, the equivalent 

minimized expression. Fewer variables are used in this 

implementation. The goal of this algorithm is to 

combine minterms into as large as possible logical 

groups. 

3.6 APPLICATION OF THE QUINE-McCLUSKEY ALGORITHM 

The Quine-McCluskey algorithm partially solves 
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the original question of how to minimize the number of 

test stations. However, minimization of the number of 

test stations is not the only criteria. An additional 

criteria of total equipment expense was also imposed. 

The following example will illustrate the disadvantages 

of the Quine-McCluskey algorithm when applied to the 

test cell selection process. 

The Quine-McCluskey algorithm enable selection 

of the minimum representation of the function. The re

sulting sum-of-products is a combination of subsets, 

where their union is equivalent to the original set. 

These subsets are represented by the prime implicants. 

The prime implicant table provides an mechanism for 

selection of the minimum configuration of these minterm 

groups. 

For the moment, assume that the only criteria 

for the test cell is to minimize the number of test sta

tions. Substituting the required test functions for the 

sum of minterms in the above algorithm and using the 

test stations as the prime implicants, let's examine the 

parallelisms between the two problems. 

Each prime implicant is a subset of the func

tion minterms. This is analogous to the test stations. 

The test station is a logical collection of test func

tions. Here the logical connection is that the func

tions reside within a single test station. Let the in
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dividual test stations be substituted for the prime im-

plicants. 

Each test station will contribute one or more 

test functions to the test cell. This is analogous to 

each product in the function sum-of-products. The test 

cell is the sum of the individual test stations. Why 

have a test station that is redundant or not required? 

These test stations will be eliminated, just like the 

redundant minterm groups the original example. An exam

ple will demonstrate these points. 

3.6.1 Test Cell Equipment Selection 

Substitute the minterms with the set of re

quired test functions. The individual test stations 

would be substituted for the prime implicants. With 

these substitutions (figure 3.11), follow the same prime 

implicant table procedure as previously outlined. Apply 

all definitions and theorems as previously stated. 

Set of Required Test Functions 

Test Station 1 V V V V 

• V V V 

Test Station N V V 

Figure 3.11 - Test Cell Prime Implicant Table 
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Consider the following example. The required 

test stations for the test cell are a voltmeter (V), am

meter (A), ohmmeter (R), current source (CS), timing 

analyzer (TA), voltage source (VS), continuity checker 

(CN) and switching matrix (SM). Using the test stations 

definitions supplied in figure 3.12, determine the prime 

implicants. 

Station 
Number 

Station Name Implemented 
Functions 

0 Manufacturing Defects {CN, SM} 
1 Voltmeter {V} 
2 Ohmmeter {R} 
3 Ammeter {A} 
4 Capacitance Meter {C} 
5 Inductance Meter {L} 
6 Logic Data Analyzer {LDA} 
7 Word Generator {WG} 
8 Power Supply {CS,VS} 
9 Function Generator {CG,SLS} 
10 DVM {A,R,V} 
11 LCR Meter {C,L,R} 
12 Digital Scope {LTA,TA,V} 

13 ATE System {A,C,CG,CN,CS 
LDA, LS, LTA, R 
SM,V,V,S} 

A s Ammeter 
C = Capacitance Meter 
CG = Clock Generator 
CN s continuity Checker 
CS Current Source 
L s Inductance Meter 
LDA s Logic Data Analyzer 
LS s= Logic Stimulus 

. Key 

LTA = Logic Timing Analyzer 
R = Ohmmeter 
SLS = simple Logic Stimulus 
SM = Switching Matrix 
TA s Tining Analyzer 
V = Voltmeter 
VS = Voltage Source 
WG b word Generator 

Figure 3.12 - Test Station Definitions 
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To determine the prime implicants, a 

modification of the Quine-McCluskey procedure of section 

3.4 is required. Combination of two stations will be 

defined as station a having the same test function as 

station b and station a having at least one more 

additional test function. This is an extension of 

definition 3.4. If satisfied, station b will be 

dominated by station a and not be an prime implicant. 

The prime implicant table of 3.13 is as a result of this 

process. 

Notice that test station 13 always dominates 

station numbers 0,1,2,3,4,6,8 & 10. Station number 11 

(LCR meter) will dominate number 5 (Inductance meter). 

Which reduces the list of test stations to figure 3.13. 

These are the only test station that need to be 

considered in the prime implicate table because they 

implement all test functions. Notice that since the 

prime implicants are limited to those listed in figure 

3.13, the test cell that could be constructed are also 

limited to a combination of those test stations. 
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Station 
Number 

Station Name Implemented 
Functions 

7 Word Generator {WG} 
9 Function Generator {CG, SLS} 
11 LCR Meter {C, L, R} 
12 Digital Scope {LTA, TA, V} 

13 ATE System {A,C,CG,CN,CS 
LDA, LS, LTA, R 
SM,V,V,S} 

Figure 3.13 - Test Station Prime Implicants 

Assembling the prime implicant table from the 

test station definitions (figure 3.12) and using the 

substitutions previously discussed, the resulting table 

of figure 3.14 is generated. In figure 3.14 it can be 

seen that test stations numbers 7 & 9 do not implement 

any of the required test functions. This is reflected 

by no check marks in any of the associated columns. 

These test station rows may be deleted from the prime 

implicant table. The columns that have only one check

mark are the ammeter (A), current source (CS), voltage 

source (VS), continuity checker (CN), switching matrix 

(SM) and timing analyzer (TA). Station numbers 12 & 13 

are the only test station to implement this set of func

tions. By previous definitions, station numbers 12 & 13 

are essential prime implicants or in this case an essen

tial test stations. The reduced prime implicant table 

of figure 3.15 reflects these selections. The result is 
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that the test cell consists of test stations number 12 & 

13. 

V A R cs VS TA CN SM 

Station 7 

Station 9 

Station 11 Y 

Station 12 V V 

Station 13 V V V V V V V 

Figure 3.14 - Prime Implicant Table for Text Example 

V A R CS VS TA CN SM 

Station 11 V 

* Station 12 V V 

* Station 13 V V V V V V V 

V V V V V V V V 

Figure 3.15 - Reduced Prime Implicant Table 

3.6.2 opportunities for Algorithm Improvement 

In the previous section (3.6.1), application 

of a problem domain modified Quine-McCluskey algorithm 

was presented. The advantages of this technique is that 

the minimum number of test stations were selected. If 

the additional constraint of minimum monetary cost for 
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the test cell is imposed the selection would be incor

rect. Using the monetary figures of figure 3.16, it is 

easily seen that this solution would range among one of 

the most expensive. Chapter four presents a procedure 

to satisfy both criteria simultaneously. 

Station 
Number 

Station Name Monetary Cost 
(Dollars) 

0 Manufacturing Defects $2000 
1 Voltmeter $100 
2 Ohmmeter $100 
3 Ammeter $100 
4 Capacitance Meter $250 
5 Inductance Meter $300 
6 Logic Data Analyzer $300 
7 Word Generator $300 
8 Power Supply $50 
9 Function Generator $150 
10 DVM $125 
11 LCR Meter $450 
12 Digital Scope $2000 
13 ATE System $200,000 

3.16 - Test Station Monetary Impact 
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CHAPTER 4 

TEST EQUIPMENT SELECTION 

This system will use as inputs the material 

list and knowledge about test station capabilities and 

components. Additionally, heuristics will be employed 

to guide the configuration process (figure 4.1). 

The goal of the system is to: 

1. Select the appropriate test equipment 

(station(s)) to evaluate functionally the 

product. 

2. Minimize the number of test stations and total 

test cell cost. 

3. Isolate both manufacturing and component related 

failures. 

4.1 MATERIAL LIST FORMATION 

The input to this module is the composition 

tree. The material list is constructed by collecting 

the leaves of the tree. The leaves contain the part 

number necessary to access the component data base. The 

number of occurrences of unique symbols are also tallied 

and reported. The output of this module is a list that 

represents all the components of the PCB. 
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Material 
Ust 

Component 
„ Data Base 

Incomplete Complete 

Test Station 
Data Base , 

Generate Required 
Test Function List 

Stage 1 

Arrangement Expert 
System 

Stage 0 

Consolidation 
Expert System 

Stage 2 

Test Function(s) 
Missing 

Update Test Station 
Data Base w/Function 

Iterate Process 

Optimized 
Test Cell 

Figure 4.1 - Configuration Expert System Flowchart 
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4.2 TEST STATION SELECTION EXPERT SYSTEM 

Depending on the composition of the product, 

different test functions will be required. This expert 

system along with the component and test station data 

bases and material list will configure a test cell. 

4.3 FAULT ISOLATION CATEGORIES 

Faults will occur in two major categories, 

manufacturing and component related. Component faults 

will require specific test functions. These test func

tions are carried out in the test stations. For every 

component, there will be an associated group of test 

functions and test stations. 

A major component of the finished product is 

the loaded PCB. To isolate manufacturing defects that 

may result in PCB trace opens and shorts, additional 

test functions will be required. This is only necessary 

if, when testing a faulty module none of it's components 

are defective. The conclusion drawn is the existence of 

a fault in the PCB's interconnections. A switching ma

trix and a continuity checker are the required test 

functions for verifying these interconnections. Test 

station number zero implements these functions. Since 

this scenario may occur on any PCB tested, these func

tions must be included in all test cell configurations. 
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4.4 PROBLEM PARTITIONING 

The test station expert system is divided into 

three stages. Stage 0 analyzes the test station data 

base for input to the other stages. Stage 1 determines 

the required test functions from the material list. 

Stage 2 takes the output from the previous stages to 

generate the test station needed for the test cell. 

4.4.1 Stage o 

The test station data base is analyzed with 

respect to individual test functions. For each test 

function, a list is generated that details which test 

station(s) contain that function. Some functions are 

only implemented in one test station. If that function 

is required for product testing, there is no option but 

to select that test station. When a test function is 

contained within several test stations, then a decision 

must be made regarding which test station will be se

lected. A description regarding this process is con

tained within Stage 2 operations. 

The result of the Arrangement Expert System is 

to generate a list in ascending order of number of test 

stations that implements a particular test function. 

Referring to figure 4.2, the input to the system is an 

array sorted in ascending order of test station expense. 

The system analyzes the data base and produces a 'scan' 
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'est Station 
Data Base 

Ascending Order 
Sort by Station Cost 

Determine Which 
Station Implements 

Each Function 

Assending Order 
Sort by Number of 
Stations/Function 

Create 'Scan 
Order List 

Figure 4.2 - Stage 0 Flowchart: Arrangement Expert System 
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order list. This 'scan' order is the order in which the 

test functions will be sought. This list will be in as

cending order by sum total of test stations that the 

test function is implemented on. The reason for calling 

this Stage 0, is that this process may be performed 

whenever the test station data base information stabi

lizes. 

This arrangement is to prioritize the test 

functions. If there is only one test station that a 

required function is available on, then that station 

must be included in the final test cell. Examination of 

appendix A, table 1 finds the word generator (WG) func

tion is only implemented on station number 7. The ohm-

meter (R) function is contained within four test sta

tions (#2, 10, 11, and 13). In selecting this test sta

tion, other required test function(s) may also be satis

fied. 

A minimum system is required for detecting 

manufacturing induced defects and is labeled test sta

tion #0. This information is not assimilated into this 

process. Every test cell must have this test station or 

a station that implements these functions. 

4.4.2 Stage 1 

The input material list is converted into the 

required test functions. This is accomplished by acces
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sing the component data base with the part symbol and 

obtaining the listed required test functions. Refer to 

figure 4.3 and appendix A, table 2. These functions are 

then added to the list of required product test 

functions. Duplicate test functions are then deleted 

from this list. Upon completing the material list, a 

unique required test function list has been generated. 

This list represents the test functions required for the 

PCB to be functionally evaluated by the proposed test 

cell. 

If an unknown component is encountered during 

this process, the user is notified. The component data 

base must be updated with the new component's test re

quirements or the material list corrected prior to con

tinuation of the configuration process. 

4.4.3 Stage 2 

Inputs to this stage are the required test 

function list, test station data base and the 'scan' 

order list. This expert system implements resource al

location based on minimum number of test stations and 

total test cell expense. Refer to figure 4.4. The ord

er of configuration is guided by the 'scan' order list. 

The order of this list determines the search order for 

the particular test functions. It also provides avail

able test station options for the searched for test 
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Figure 4.3 - Stage 1 Flowchart: 
Required Test Function Expert System 
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Consolidation Expert System 
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function. 

If the selected test function in the 'scan' 

list does not exist within the required test function 

list then the next test function in the 'scan' list is 

searched for. If membership does exist, then each 

listed test station option is evaluated with an heuris

tic function. The test station with the maximum result 

is then selected. However, if only one test station op

tion exists, then the above heuristic function process 

is bypassed. This process continues until the required 

test function list is exhausted. 

4.4.3.1 Heuristic Functions 

The history behind which led to using a heur

istic ratio was born out of a frustration with MODSYM 

[Huang, 1987]. MODSYM is an expert system shell that 

takes the user's rules and evaluates them based upon 

user variable inputs. The problem that I had was that I 

was working on a design selection problem, and based 

upon the entered data, two equal alternatives were poss

ible. MODSYM always selects one conclusion. So I had 

to add additional selection criteria to narrow the 

selection. I thought then why couldn't the rules be re

placed with set intersections. If one were to think of 

applying a rule it is similar to taking the intersection 

of the two sets. 
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For example, some expert systems are what I 

call classification systems. Depending on the user in

put, the conclusion is narrowed to a particular solu

tion. This assumes that all combinations of variables 

are defined. If not, then the system may not yield a 

conclusion. [Zeigler, 1989] 

A typical classification system is displayed 

in figure 4.5. Four system variables are used for sim

plicity (A,B,C and D). Depending on the user response 

to these variables, different conclusions are drawn. 

The conclusions are labeled CI through C5. I submit for 

your consideration that figure 4.6 is an equivalent re

presentation. Consider conclusion C2. It requires both 

A and B to be false. In the Venn diagram, figure 4.6, 

conclusion C2 lies outside the intersection of set A and 

set B. 

4.4.3.2 Implemented Heuristic Function 

The ratio shown in figure 4.7, evaluates the 

required test functions against each test station. This 

is performed by using a heuristic function or ratio. 

This heuristic ratio is equal to the number of tests 

that are in common between the two sets, squared, di

vided by the number of test functions contained within 

the test station multiplied by the number of functions 

in the required test function set. The range of this 
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False True 

False True False True 

C3 C2 

False True 

C4 C5 

Legend: 

A,B,C,D Variables 
C1 - C5 Conclusions 

Figure 4.5 - Expert System Classification Tree 
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(Set D) 

C4 

C5 

^Set B) 
03 (Set C) C2 

(Set A) 

Venn Diagram 

CI = Intersection (B, not A) Key: 

C2 = Intersection (not A, not B) A - E Object Sets 

C3 = Intersection (A, not C) CI - C5 Conclusions 

C4 = Intersection (A, C, D) 
C5 = Intersection (A, C, not D) 

Figure 4.6 - Classification Using Set Functions 
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heuristic ratio is from zero to one. Zero represents no 

test functions are in common. A ratio equal to one re

presents all test functions in the required test func

tion list are contained within the test station. 

Referring to figure 4.7, three possibilities 

exist. Either none, some or all test functions are in 

common. If no common test functions exist between the 

required test function list and the test station, then 

that test station will be dropped from further consid

eration. This station does not contain any test func

tion capabilities that are required. The total cost of 

the test cell is increased while satisfying no required 

test functions. 

The selection of the test station with the 

greatest ratio (nearest to one) is performed after eva

luation of each test station option. The selected test 

station is then disabled from further evaluation for 

this configuration. The test function(s) that the sta

tion performs is subtracted from the list of required 

test functions. The lowest cost test station is se

lected when equal ratios for multiple test stations 

occur. 

This process continues until the 'scan1 list 

is exhausted or the required test function list is 

empty. Upon such completion, a valid test cell confi

guration has been selected according to the above 
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Required 

Functions 
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All Functions in Common 

Figure 4.7 - Consolidation Expert System 
Heuristic Ratio Calculation 
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' Power J 

Test Station Time 
Functions 

Ratio = .40 
Test Station Functions Are 
A Subset of the Required 
Test Functions 

Test Station Functions 

VoltsX 

Volts y Ohms \ 

Ohms ] Current ] 
Power J 

Required^ Time s' 
Functions —— 

Ratio = .40 
Required Test Functions 
Are a Subset of the Test 
Station Functions 

Figure 4.8 - Heuristic Ratio Examples 
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rules. Exhaustion of the 'scan' list before the re

quired test function list being empty results in an in

complete configuration. One or more missing test func

tions are not contained within the test station data 

base. The test function must be added and the process 

be iterated to generate a valid test cell. 

4.5 EXPECTED RESULTS 

The results from this system is to accurately 

configure the test cell based upon the material list. 

All the required test functions must be available to 

functionally evaluate the PCB. To complete this process 

accurately, the data bases must be complete and accu

rate. This requires an investment of time and organiza

tion. Examples are contained with appendixes A and C. 

Instead of using separate data bases, the information 

will be included into the program code. This will sim

plify "the task so that the important configuration ideas 

may be demonstrated. 

4.6 PROGRAM IMPLEMENTATION 

4.6.1 stage 1 

Including the component data base within the 

program, results in a case statement. This statement 

will scan for valid components and append the required 

test functions to the required test list. The set 
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functions will be then individually checked for member

ship in the product required test function list, which 

initially begins empty. If the test function already 

exists, then the test function will not be appended. 

But, if the test function is not a member of the list, 

then it will be added. The user will be notified of any 

unknown component(s). 

4.6.2 Stage 2 

The output of Stage 1 with the test station 

data base and 'scan' order will serve as inputs to Stage 

2. The heuristic ratio for each test station will be 

calculated. If the ratio is zero for any test station, 

that station or stations will be disabled from the test 

station availability list for this configuration series. 

The station with the largest ratio will be selected. 

When the required test function list is empty, 

the configuration process ends normally with a complete 

test cell. The consolidation process will result in an 

incomplete configuration if the required test function 

list is not empty. The test function(s) must be implem

ented on at least one test station. The required user 

action will be the addition of test stations that imple

ment the missing test function(s) to the test station 

data base. The configuration expert system must be ex

ecuted again after updating the data base. 
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4.7 ACTUAL RESULTS 

Experimentation with several heuristic func

tions (ratios) were performed until the desired test 

cell configuration was achieved. The optimum cell is 

one with stations that carries out the required func

tions with the lowest total cost. For example, if the 

required functions were resistance, voltage and current, 

the correct station would be a DVM. Other possible con

figurations are all individual stations for each func

tion or an ATE system. Both alternatives would have a 

combined cost greater than the optimum choice. 

To balance these requirements, the heuristic 

ratio function is a combination of two functions. The 

first heuristic (labeled A') usually biases the selec

tion toward the test station that has the minimum number 

of functions. This results in maximum number of test 

stations in the configured cell. Instead of combining 

test functions, heuristic A1 results in test cells that 

are comprised of many individual test stations, many 

with single functions. 

The second heuristic (labeled B') results in 

configurations that contain the larger test station(s). 

The selected stations contain many more functions above 

the required test functions. This results in test cells 

having additional capabilities. The additional test 
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functions add unneeded expense to the test cell. This 

heuristic function acts very much like the Quine-McClus-

key algorithm. 

Observation of results from the two above 

heuristic functions resulted in the generation of the C1 

heuristic. By multiplying the two heuristic functions 

together, the most favorable test cell was generated. 

The selection process obtains the same results as either 

function when there exist no other options for confi

guration. The combination balances the number of test 

functions into stations of maximum utilization. 

Heuristic A' = A -f B 

Heuristic B1 = A -f c 

Heuristic C' = A'* B'= Ratio = (A * A) * (B * C) 

Where: 

A = Number of intersected test function(s) 
B = Number of functions in the test station 
C = Number of functions in the required list 

In the above example, this heuristic selects a 

DVM which is the optimum selection. Several examples 

demonstrate the capabilities of this heuristic. Appen

dix D displays the results from the configuration system 

for each test case and the results if the other two 

heuristic functions were used. 

4.7.1 Expert System Sample Executions 
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For test case 1, the material list consists of 

resistors, fuses, diodes and transistors. These compon

ents result in the following test functions being 

required: resistance, voltage, current, voltage and 

current sources and a timing analyzer. This conglomera

tion of components evaluates the configuration expert 

system to select medium scale test stations. The re

sulting test cell configurations from each heuristic 

follow. 

For this example, heuristic A1 yields a test 

cell consisting of an ohmmeter, ammeter, power supply, 

digital scope and the manufacturing defect system. This 

heuristic tends to bias the selection process toward in

dividual function test stations. The ohmmeter and amme

ter are examples of this. The heuristic ratio maximizes 

the usage of test stations. In this example resistance 

measurement is needed, the ohmmeter implements one func

tion, measuring resistance. The ratio would be equal to 

one. Therefore the selection. 

The heuristic ratio B' is driven by implement

ing the greatest number of required test functions wi

thin one test station. This heuristic ignores the cost 

of test station. Using this heuristic, the configura

tion process is biased toward the large multifunction 

test stations. The configuration for this test example 

yielded the digital scope and ATE system to be utilized. 
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The manufacturing defect system is included with the ATE 

system. 

The disadvantage of the above two heuristic 

ratios is that the configurations produced are not opti

mized for cost. Cost can be incurred through having 

multiple test stations, not only in equipment expense, 

but in having separate test stations and the additional 

personnel required. Heuristic C* takes these issues 

into account through maximizing the utilization of each 

test station and minimizing the number of stations. The 

number of required test functions and test station usage 

are variables in the ratio. The resulting configuration 

for this test case was a power supply, DVM, digital 

scope and the manufacturing defect system. The resis

tance, current and voltage measurements implemented with 

the DVM. This reduces the number of individual test 

stations required. 

4.7.2 Sample Program Execution 

Below is a sample configuration expert system 

execution using heuristic ratio C* on test case number 

one. 
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[PCS-DEBUG-MODE is OFF] 
[1] (load "stageall") 
OK 
[2] (set! material_list test_casel) 
(R F D Q) 
[3] (ces) 

Test Cell Configuration Expert System 

Arrangement Expert System - Arranging Test Sta
tion DB 

Material List Expert System - Stage 1 
Material List = (R F D Q) 
Required Test Functions: (R V VS A CS TA) 

Consolidation Expert System - Stage 2 
Required Test Station(s): 
Test station # 10 : (A R V) 
Test station # 8 : (CS VS) 
Test station # 12 : (LTA TA V) 
Test station # 0 : (CN SM) 

4.8 SYSTEM IMPLEMENTATION 

The system is written in PC Scheme. The spe

cific information used within the component and test 

station data bases are listed in appendix A. The pro

gram code is contained within appendix B. The sample 

program execution may be found in appendix C. An compa

rison of results obtained with each heuristic is con

tained in appendix D. 

4.9 SUMMARY 

Specific problem knowledge is used to assemble 

the test cell. The test station data base is analyzed 

according to test functions. The result of this process 

guides the test station selection process. The sparse 
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test functions are satisfied first. This reflects the 

method that I would use. By updating the test station 

and component data bases, new components and test sta

tion (and their respective functions) may be simply 

added. 
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CHAPTER 5 

TEST STATION ARRANGEMENT 

If multiple test stations have been selected 

for the test cell, the PCB testing path through the test 

cell must be resolved. The purpose of this organization 

is to uncover PCB faults at the earliest testing stage. 

If the fault can be isolated at the beginning of the 

testing process instead of at the end, the cost of test

ing for that board is minimized. If the reverse is 

true, the total cost of the board is increased. Since 

cost is a sensitive customer issue today, the expense of 

the testing process must be minimized. 

Consider the testing order for three test sta

tions, A, B and C. There are six possible permutations 

(ABC, ACB, BAC, BCA, CBA and CAB) for the test cell ar

rangement [Dolciani, 1963]. The question is which one 

or ones are optimum? To help in answering this ques

tion, additional information beyond the minimum input 

set (composition tree, component and test station data 

bases) are required. Information that is required for 

this arrangement process is related to the components, 

manufacturing and design processes for the PCB. To what 

degree this information is known or exists will influ

ence the success of the arrangement process. 

If the only PCB information that is available 
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is the minimum input set, then the arrangement process 

must be guided by the test station knowledge. This will 

define one end of the knowledge spectrum. The complex

ity index knowledge lies between these extremes. This 

index is an estimate of the reliability and requires 

additional component knowledge. At the other end of the 

spectrum, the reliability of the component's are known 

of the particular PCB in question. Each following stra

tegy outlines the required knowledge. 

5.1 KNOWLEDGE SPECTRUM 

5.1.1 Equal Test Station Fault Coverage 

If each test station has an equal test program 

coverage or component count, the probability of finding 

a fault at any station will be uniformly distributed. 

This assumes that the component reliabilities are equal. 

Since the component reliabilities are unknown, this is a 

may be a good assumption. Combining this with a uniform 

distribution of component failures, any path through the 

test cell will be equivalent over the long term. This 

results in a random arrangement process. 

Approximately 50% of all PCB failures are re

lated to PCB shorts [Pynn, 1986]. The test cell ar

rangement process should be biased to place the manufac

turing defect test station first. 
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5.1.2 Unequal Test Station Fault Coverage 

Since the distribution of the test program 

coverage is non-uniform, the test path should be ordered 

by the test program coverage percentage. This can be 

verified by assuming for the moment a uniform component 

failure distribution. This results in the all component 

reliabilities being equal. The station that will have 

the highest probability of finding failures will be the 

test station with the largest test program coverage. 

The next station should be the second largest coverage 

percentage. And so on until all stations are accounted 

for. This ranking is called a Pareto diagram. Thus 

knowledge about the test stations will bias the arrange

ment process. 

5.1.3 Complexity Index 

One method of estimating how to partition the 

PCB for fault isolation is to evaluate the complexity of 

the devices contained within each module [Bunza, 1983]. 

With any new technology, density or feature compression, 

the reliability of the device will be less than other 

mature technologies [DOD 1986]. To estimate the proba

bility of failure of a device, the density (number of 

gates), the technology risk, number of input/output con

nections and the power dissipation are primary vari

ables. An reliability estimate may be calculated based 
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upon these variables. The complexity index is only an 

estimation of the reliability in the absence of actual 

data. This is a heuristic function. 

With knowledge a little is good, but more is 

even better. The assumption of a uniform failure dis

tribution of the component was a first pass. In prac

tice, some components will fail more than others. 

To estimate this distribution, the complexity index for 

the component may be used in the absence of reliability 

information. Use the complexity index to rank the com

ponents. Traditionally, a component that has a high 

complexity factor will fail more often than a simpler 

component. By factoring in this information, the test 

path will be minimized. 

5.1.4 Predicted Component Reliability 

To better estimate the component reliability, 

standardized prediction models may be consulted. These 

models are based on the evaluation of the component 

reliability empirically. The models' factor in environ

mental stresses that will influence the baseline reli

ability. Substituting this knowledge for the complexity 

index, the arrangement selection may be modified. The 

Military Handbooks number 217E standardize this analysis 

process fDOD, 1986]. 
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5.1.5 Experienced Component Reliability 

The accuracy of the reliability prediction mo

dels is not 100%. Because of this, the subsequent ex

perienced component reliability will not match the pre

dicted. To overcome these model inaccuracies, exper

ienced fault information should be collected and feed 

back into the process. This data represents actual fai

lures. After a significant amount of data is collected, 

the parts are ranked by the number of failure occur

rences. When a fault is detected, the components with 

the highest failure occurrences are verified first. 

This will result in a unique failure distribution for 

each product. 

The resultant Pareto diagram will show, based 

upon historical information, what the arrangement order 

should have been. Since this information was not avail

able when the initial arrangement process occurred, it 

should be used to modify the system. If necessary, the 

arrangement of the test stations should be modified. 

This process is known as Total Quality Control (TQC) 

[Demming, 1982] [Feigenbaum, 1983]. The TQC process is 

used to make improvements on existing processes. 
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CHAPTER 6 

FAULT ISOLATION HEURISTIC SELECTION 

6.1 SEARCH ALGORITHMS 

The composition tree is an AND tree. All mo

dules and components must function for the PCB to func

tion. Using a top down search, all paths must be 

exhaustively searched until all modules have be covered. 

To find a product fault, the composition tree is 

traversed. Starting at the root node, each node is 

tested and a result determined. If no fault is found, 

the next sibling node is evaluated. Upon finding a fai

lure, the children of the failed node are explored. If 

no faulty components are uncovered, the connections bet

ween the components must be verified. This is the pur

pose of the minimum test station to detect manufacturing 

faults. 

To improve the efficiency of this search, a 

best first methodology is employed [Rich, 1983]. A 

heuristic will indicate which sibling node should be 

tested next. If this sibling node does not produce a 

fault, then the second best node (indicated by the heur

istic) will be tested. In this manner, an irregular 

path of testing may be generated through the tree. 

The composition tree is partitioned downward 

from the PCB level to the individual components. 
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To reduce the test time, the tree is searched from the 

top downward. If the entire PCB can be tested in 

entirety and it is functional, no further testing is 

required. Since complexities of PCB's are increasing, a 

more realistic approach is recommended. Follow the 

composition tree down to a level or levels of modules 

that can be successfully evaluated. If all the modules 

are verified correctly and the remaining interconnec

tions are correct, then the PCB will be functional. 

€.2 RELIABILITY DEFINITION 

The reliability ratio is a conditional, time 

dependent probability. It is a conditional probability 

since all units must meet performance criteria(s) prior 

to entrance into the population at time zero. Unit time 

zero is delivery to the customer. The ratio is the num

ber of units that properly function divided by the total 

number of units in the population as a function of unit 

time. 

Entrance into the population is through board 

or unit level testing and accelerated stress screens. 

The board or unit level test is a go, no go test. Does 

the unit function properly when stimulus is applied? 

The accelerated stress screens involve exposing the 

equipment under test (EUT) to high stress environments 

for short periods of time to accelerate the latent 
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failures. Unit operation is verified upon conclusion of 

this stress screen. The accelerated stress screen ages 

the units past the infant mortality life region. This 

regime will reduce the number of units failing in the 

field and thus increase the unit reliability. 

6.2.1 Background History 

Plotting the product failure rate versus time, 

the resulting curve is called the 'bath tub' curve due 

to it's shape (figure 6.1). The idealized reliability 

'bath-tub' curve has three major regions during product 

life. These are infant mortality, chance and wearout 

regions. Characterization of each region is the change 

in the failure rate slope. 

The first region, beginning at product time 

zero, is the infant mortality region. This region is 

characterized by a decreasing failure rate. These 

failures are because of operating the product for the 

first time. Failure modes that may be experienced are 

due to variations in the manufacturing processes and 

components. Manufacturers will 'burn-in' or age the 

products until the units are outside of this life region 

to lower the field failure rate prior to customer ship

ment. 

The next region is the chance failure region. 

This region immediately follows the infant mortality 
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Wear Out 
Region 

infant 
Mortality 
Region 

Chance 
Region 

Product Age (Time) 

Figure 6.1 - Reliability Bathtub Curve 
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region. Essentially a constant failure rate with time 

characterizes this region. Chance failures occur at 

random time intervals. Collectively, their failure rate 

observed over long time periods are essentially con

stant. Several different failure modes may contribute 

to the complete system failure rate. 

-rt 
(a) Exponential Reliability Function: R(t) = e 

(b) Failure Rate Function: T(t) = - dTR(t)1 * 1 
dt R(t) 

combining a & b 

-rt 
(c) r(t) = r e = r 

-rt 
e 

Where: 

r s Failure rate (failures/unit time) 

Figure 6.2 - Chance Failure Region 

The wearout life region has an characteristic 

increasing failure rate slope. Failure modes in this 

region are caused by mechanical, electrical or chemical 

deterioration. 

6.2.2 Reliability-wise in Series or Parallel 

A system that is classified as being 

reliability-wise in series is one where the system func

tionality is dependent on all components in the system 

functioning correctly. This is in contrast to a paral-
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lei system where circuits or modules may be duplicated 

in case of failure. If a module or circuit fails, the 

system automatically switches the failed module out and 

replaces it with a good one. The reliability calcula

tions for a parallel system would be altered. Refer to 

Kececioglu notes [Kececioglu, 1988]. 

Rsys = R1 * R2 * R3 . . . Rn 

-n*t -r2*t -r3*t 
= (e ) * (e ) * (e ) . . . 

-t*(S rn) 
Rsys = e 

Figure 6.3 - Reliability Calculation for a series System 

€.2.3 Prediction Models Limitations: 

The failure rate prediction models assume that 

the components contained within the product operate in 

the chance life region. In this region, the assumed 

failure rate is constant. These prediction models typi

cally do not account for the infant mortality or wearout 

life regions. The primary reason that the wearout re

gion is not considered is due to the typical life of 

most electrical components. The useful life of electri

cal components is between ten to twenty years. Commer

cial products have a five year product life, due prima

rily to technology turnover. 

The infant mortality life region is not 

included into the prediction models due to the assump
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tion that the manufacturer has implemented effective 

product aging processes. These processes age the units 

to cause the variations in the manufacturing processes 

and defective components to fail prior to customer ship

ment. 

The prediction models account for the compon

ent failures, not failures due to the design and man

ufacturing processes. These omissions will lead to dis

crepancies between the predicted and experienced field 

failure rates. 

6.2.4 Reliability Calculations 

For the system to function properly, this re

quires that all components must operate correctly. 

Another assumption is that all of the components are in 

the chance failure region. In this life region, the 

failure rate is constant. The system's reliability may 

then be calculated as the product of the individual com

ponents reliabilities. [Kececioglu, 1988], [Loranger, 

1983] 

R(system) = rl * r2 * r3 . . . rn 
{for n = all components} 

Where: 

rl, r2 . . . rn, within [0,1] 

The component reliability is defined between 

the values of 0 and 1. The definition of reliability is 
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the number of devices that did not fail divided by the 

number of devices evaluated. If there were no failures, 

the number of devices equal the number of devices that 

did not fail. The result would be a reliability of 1. 

Typical component reliabilities range from .9 to 

.999999. As the reliability values approach unity, this 

indicates the probability of that component failing is 

approaching zero. Since the assumption that the compon

ent failure rate is constant, this calculation is inde

pendent of time [Kececioglu, 1988], 

To calculate the PCB reliability, the composi

tion tree would be evaluated prior to the test cell gen

eration. The precondition for this evaluation is that 

the component reliabilities are available in the compon

ent data base. If this data is available then the pro

cess would begin at the tree leaves. Recall that the 

components are represented by these leaves. The compon

ent data base would then be accessed to fill a slot on 

the leaf node with the reliability figure. Sub-module 

reliability would then be calculated. When all of the 

sub-modules of a particular module have been calculated, 

then the module reliability can be calculated. The pro

cess would end with the root node calculation. The fi

nal result would be a composition tree containing reli

ability figures at each node of the tree. 
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6.3 HEURISTICS 

Several heuristics to aid the fault isolation 

process are presented. Heuristic functions may be gen

erated based upon the module reliability, component 

count, module complexity index and experienced component 

reliability. The techniques will be presented in order 

of ascending knowledge required. The heuristic is se

lected depending upon the level of knowledge available 

to the system at any particular time. The heuristic 

will guide the search according to the information 

given. 

6.3.1 Maximum components 

If no component information is available, 

other than the composition tree, a first order approx

imation to the search heuristic is to test the modules 

with the largest number of components. If one were to 

assume equal component reliabilities, the higher the 

component count, the higher the probability of failure. 

This can be verified by evaluating the following equa

tion for increasing number of components. As the number 

of components increase, the reliability of the system 

deceases. 
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R(system) = rl * r2 * r3 . . . rn 

Where: 

rl = r2 = r3 = . . . rn = R 

0 < R < 1 

R(system) = (R) ** n 

6.3.2 Complexity Index 

The complexity index is a function of the 

technology maturity, density, interconnection number, 

and power dissipation of the component. Typically, in

creasing the complexity will lower the reliability. 

This index should only be used in the absence of real 

component reliability data. 

CI = f(TMD,IN,PD) 

Where: 

TfJD s Technology Maturity and Density 
IN 3= Number of interconnections 
PD s Power Dissipation 

In a comparable calculation manner for the PCB 

reliability, the complexity index is computed. Instead 

of multiplying the individual reliabilities, the com

plexity indexes are additive. 

CI(system) = CI1 + CI2 + CI3 . . . CIn 

Where: 

n = number of components 
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6.3.3 Predicted Component Reliability 

Data that is calculated from prediction models 

may be used as input to the heuristic algorithms. The 

selection process would select the module or component 

with the lowest reliability. Recall that as the reli

ability approaches zero, the probability of failure 

increases. In experience, this data does not always 

track what actually occurs in manufacturing. This data 

for these models are based upon generic failure 

mechanisms that occur in these components. Additional 

failure mechanisms such as manufacturing process devi

ations and design flaws are not accounted in this 

generic data. 

6.3.4 Experienced Component Reliability 

Individual component reliability figures may 

be obtained from several data base sources. The 

military performs extensive testing of components to 

determine reliability performance. Such data is pub

lished in the Military Handbook 217E [DOD 1986]. Cal

culation methods are presented to compensate for 

environmental stresses that degrade component 

performance. Example stresses are temperature and power 

dissipation. 

The disadvantage of this data base is that new 

technologies are not typically presented. Data is em
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pirically determined from component failures. The test

ing process may lag a couple of years after the intro

duction of the component. For those components not in 

the data base, an approximation can be given by compar

ing the component function and technology to that of 

parts within the data base. 

€.4 SYSTEM LEARNING 

To improve the search algorithms with heuris

tics, observation of how a technician searches for 

faults is studied [Arington, 1983]. A human technician 

will learn failure patterns through experience. After 

trouble shooting several PCB's of the same type, failure 

patterns will appear. The technician learns which com

ponents commonly fail and will examine these first. 

To improve the fault search, additional pro

duct failure data is collected and organized [Dey 

et.al., 1987], [Mosley 1989]. Retaining prior fault in

formation will improve the fault isolation algorithms. 

To isolate the faulty component, the system draws upon 

previous failure information to improve the probability 

of selecting the faulty component first. By feeding 

back this failure Jcnowledge, the efficiency of the 

search heuristics may be increased. 

"Just a few items account for 80% of the de

fects and many, many items account for just a few de
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fects" [Juran, 1979] [Owen, 1989]. Collection and orga

nization of historical fault information is very impor

tant. Pareto diagrams are used to guide the fault 

isolation process. From past experience, each PCB will 

have a unique component fault distributions. It is im

portant to keep the fault information for each PCB sepa

rately. 

6.4.1 Manufacturing Data - With Unlimited Queue 

The simplest method is to collect and store 

all the fault information for that particular PCB. Data 

is kept from the beginning of the testing process to the 

obsolescence of the product. The collected information 

would be put into a Pareto diagram. The Pareto diagram 

is a histogram that is ranked by occurrence [Edosomwan, 

1988]. The first component would be the one with the 

highest number of failures. The second would be the se

cond most failing component, etc. The heuristic would 

consult this data base and would guide the search by the 

resulting data. 

This method has the disadvantages of 

information storage & retrieval and no provision for 

eliminating fault classes. If improvement processes 

eliminate systematic faults, the fault isolation 

algorithm will be biased for a period of time. For ex

ample, the problem for a fault class 'a' that had two 
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hundred accumulated occurrences and was resolved. The 

next fault class in the Pareto chart was 'b1. It had 

fifty failures. The system would still check for fault 

class 'a' until the number of failures from fault class 

'b' overruns that of fault class 'a'. The system as

sumes that no action has been taken to remedy any fault 

class. 

Another disadvantage of this method is that of 

data storage requirements. With an high volume product 

and a low quality product, the data storage and retrie

val demands are extensive. The next method resolves 

these issues. 

6.4.2 Manufacturing Data - With Circular Queue 

As previously discussed, if improvements are 

made to the PCB, then using all the historic fault in

formation in the fault isolation heuristic will bias the 

search process. Implementation of a limited size circu

lar queue will enable the system to react to product im

provements or degradations to the design, components and 

manufacturing processes. 

A quantity of data is kept in the queue to di

rect the heuristic- The size of the queue must be tai

lored to the product and associated processes. If a 

failure trend is observed, corrective action should be 

instituted. By successful elimination of the problem, 
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this failure no longer occurs. Therefore very little 

can be gained by having this feedback failure informa

tion in the queue. Why search for a fault that no long

er occurs? By optimizing the queue length, the most 

recent information maybe used to diagnose component fai

lures efficiently. 
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CHAPTER 7 

PROSPECTUS AND CONCLUSIONS 

7.1 PROSPECTUS 

This thesis presents one design methodology 

for the test cell. While others may exist, I have se

lected this configuration based upon my experience with 

similar complex systems. 

-The.design task was broken into several inde

pendent modules. Using this design philosophy 

allows future refinements to modules without affecting 

the entire system. It is my opinion, that independent 

partitioning of a problem must be used wherever poss

ible. 

The configuration expert system was implem

ented in Scheme. A new approach was used to 

find the optimal test cell configuration. Using set 

translation, from requirements to conclusions, allowed 

the system to be independent of specific knowledge re

garding both incoming sets. This would be the same me

thodology that I would use if faced with the same task 

as an manufacturing engineer. 
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7.2 CONCLUSIONS 

Every problem will have unique knowledge that 

may be used to solve the problem. A complete, unbiased 

review of the problem variables and common practices 

must be made before any attempt can be made to solve the 

problem with AI methods. When the problem knowledge is 

extensive, the answer will approach the optimum solu

tion. One must exploit this information and tailor it 

to help solve the problem at hand. 

Problem/data relationships must be exploited. 

An example of this relationship is of fault isolation 

and PCB reliability. If the PCB's reliability is very 

high, then there will be little need for fault isola

tion. Since we live in an imperfect world, then the 

reliability knowledge helps to improve the isolation 

process and increases the test cell efficiency. If one 

was not aware of this relationship, the test cell would 

be negatively affected. 

With any new design task, there is certain in

formation that is known and a lot unknown. Presented 

here are several options, with varying degrees of data 

required, to help in designing the test cell. Depending 

on the level of knowledge, several equivalent designs 

for the test cell could be generated. To select the op

timal configuration, simulation is required to evaluate 

performance over the expected problem domain. 
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Cross fertilization of various areas of engi

neering are often required to solve the simplest of de

sign problems. 
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APPENDIX A 

CONFIGURATION EXPERT SYSTEM DETAILS 

Test Station Data Base Contents 

Information regarding the available test sta
tions and their respective capabilities are contained 
within the test station data base. A variety of equip
ment is available. Some stations perform only one test 
function, while others perform several test functions. 
This information is arranged in ascending order of sta
tion cost. 

Station 
Number 

Station Name Implemented 
Functions 

0 Manufacturing Defects CN, SM 
1 Voltmeter V 
2 Ohmmeter R 
3 Ammeter A 
4 Capacitance Meter C 
5 Inductance Meter L 
6 Logic Data Analyzer LDA 
7 Word Generator WG 
8 Power Supply CS, VS 
9 Function Generator CG, SLS 
10 DVM A, R, V 
11 LCR Meter C, L, R 
12 Digital Scope LTA, TA, V 

13 ATE System A,C,CG,CN,CS 
LDA,LS,LTA,R 
SM,V,V,S 

Symbol Key 

A 3 Ammeter 
C s capacitance Meter 
CG ss clock Generator 
CN 3 Continuity Checker 
CS s Current Source 
L 3 Inductance Meter 
LDA s Logic Data Analyzer 
LS s Logic Stimulus 

LTA s Logic Timing Analyzer 
R s Ohmmeter 
SLS s Simple Logic Stimulus 
SM = Switching Matrix 
TA s Timing Analyzer 
V 3 Voltmeter 
VS s Voltage Source 
WG 3 Word Generator 

Table 1 - Test Station Data Base Contents 
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Component Data Base Contents 

This knowledge enables the expert system to 
convert component symbols into the list of required test 
functions. Each component will be represented by a uni
que symbol. To add new components, a new symbol is 
created and the required test function(s) symbols are 
added to the data base. 

Component Required Test Functions 

Name Symbol Name Symbol 

Fuses 
Switches 
Resistors 
Capacitors 
Coils 

F 
SW 
R 
C 
L 

Ohmmeter 
Ohmmeter 
Ohmmeter 
Capacitance meter 
Inductance meter 

R 
R 
R 
C 
L 

Diodes D Voltmeter 
Ohmmeter 
Voltage Source 

V 
R 
VS 

Transistors Q Voltmeter 
Ammeter 
Timing Analyzer 
Voltage Source 
Current Source 

V 
A 
TA 
VS 
CS 

Combinational 
Logic 

CL Voltage Source 
Logic Stimulus 
Logic Data Analyzer 
Logic Timing Analyzer 

VS 
LS 
LDA 
LTA 

Sequential 
Logic 

SL Voltage Source 
Clock Generator 
Logic Stimulus 
Logic Timing Analyzer 
Logic Data Analyzer 

VS 
CG 
LS 
LTA 
LDA 

Analog IC's AL Voltage Source 
Current Source 
Voltmeter 
Ammeter 
Timing Analyzer 
Logic Data Analyzer 
Logic Stimulus 

VS 
CS 
V 
A 
TA 
LDA 
LS 

Table 2 - Component Data Base Contents 
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Material List 

The components that comprise the product are 
detailed in the material list. They are listed by uni
que part symbols. This list will serve as the input to 
the configuration system. For example, a product with 
resistors, capacitors and transistors would have a mat
erial list with the following symbols, R, C and Q. 
Table 2 contains the component symbols. 
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APPENDIX B 

CONFIGURATION EXPERT SYSTEM 
PROGRAM CODE 

CES - Configuration Expert System 

Charles E. Schinner 
December 20, 1989 

(define test easel (list 'R »F 'D fQ)) 
(define test case2 (list 'D *Q 'L *R)> 
(define test case3 (list 'R 'C 'F 'SW 'CL)) 
(define test case4 (list 'F 'SW 'R 'C 'L 'D 'Q 'CL 'SL 
•AL)) 
(define test case5 (list 'R 'C *L)) 
(define test_case6 (list 'SW 'C 'L)) 
(define material_list test_casel) 

(define n_testers 14) ; Number of test stations 
(define test_station (make-vector n_testers 0)) 

; Continuity/Sw Matrix 
(vector-set! test_station 0 (list 'CN 'SM)) 

; Voltmeter 
(vector-set! test_station 1 (list 'V)) 

; Ohmmeter 
(vector-set! test_station 2 (list 'R)) 

; Ammeter 
(vector-set! test_station 3 (list 'A)) 

; Capacitance Meter 
(vector-set! test_station 4 (list 'C)) 

; Inductance Meter 
(vector-set! test_station 5 (list 'L)) 

; Logic Data Analyzer 
(vector-seti test_station 6 (list 'LDA)) 

; Word Generator 
(vector-set! test station 7 (list 'WG)) 
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; Power Supply 
(vector-set! test_station 8 (list 'CS 'VS)) 

; Function Generator (vector-set! test_station 9 
(list 'CG 1SLS)) 

; DVM 
(vector-set! test_station 10 (list *A 'R 'V)) 

* XjCR 
(vector-set! test_station 11 (list 'C *L 'R)) 

; Digital Scope 
(vector-set! test_station 12 (list 'LTA 'TA 'V)) 

; ATE System 
(vector-set! test station 13 

(list 'A 'C tCG 'CN 'CS ' LDA 'LS 'LTA «R 'SM 
'V 'VS)) 

(define ate 13) 
(define functions (make-vector n_testers 0)) 
(define result (make-vector n_testers '())) 
(define pick 1()) 
(define uncovered •()) 
(define scan '()) 
(define required_test '()) 
(define valid components 

(list «F 'R 'SW 'C 'L 'D «Q 'CL 'SL 'AL)) 
(define n_functions 20) 
(define temp (make-vector n_functions '())) 

(define (reorder max numb) 
(define rank (make-vector (-1+ max) 0)) 
(define final (make-vector numb '())) 
(define k 0) 
(set! max (- max 2)) 

; Setups index table (rank) by number of test 
; stations in each group 

(do (<j 0 (1+ j))) ((>= j numb)) 
(do ((i (-1+ (length (vector-ref temp j))) 

(1+ i))) ((> i max)) 
(vector-set! rank i 
(1+ (vector-ref rank i))))) 
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Ranks functions by number of test stations 

(do ((j 0 (1+ j))) ((>= j numb)) 
(set! k (- (length (vector-ref temp j)) 2)) 
(vector-set! final (vector-ref rank k) 
(vector-ref temp j)) 
(vector-set! rank k (1+ (vector-ref rank k)) 

)) 

Creates list scan from final array 

(set! scan 1()) 
(do ((j 0 (1+ j))) ((>= j numb)) 

(set! scan (append scan (list 
(vector-ref final j)))))) 

;; ?;;;;;; Test Station Arrangement Expert System ;;;; 

; Processes test station data to arrange in the order 
; required by the Configuration Expert System. The 
; data is arranged by the number of test stations 
; that have each test function. Some functions are 
; only implemented on one test station, others are 
; implemented on several stations. The Configuration 
; Expert System requires that the functions that are 
; implemented on one station are evaluated first, 
; then the functions on two stations and so on to 
; cover all of the test functions. 
i J i l t i i v i i i r r i r i i i i i i i t i i i i i i i i i i i i i i t r r f r r r } / ! / ! ! / / }  

(define (aes number) 
(define scr 1()) 
(define dummy '()) 
(define 1st •()) 
(define max -1) 
(define numb 0) 

; Add ranking of stations by number of functions 

(do ((i 1 (+ 1 i))) ((>= i number)) 
(set! 1st (vector-ref test station i)) 
(do ((j 1)) ((null? 1st)) 

(if (not (member (car 1st) scr)) 
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; Add new function to array; 'numb' points to next 
; available location 

(begin 
(set! scr (append scr 
(list (car 1st)))) 

(vector-set! temp numb 
(append (list (car 1st) i))) 

(set! numb (1+ numb))) 

; Update Existing Function with new test 
; station number 

(begin 
(do ((k 0 (1+ k))) 
((>= k numb)) 
(set! dummy 
(vector-ref temp k)) 

(if (equal? (car dummy) (car 1st)) 
(begin 
(set! dummy 
(append dummy (list i))) 
(if (> (length dummy) max) 

(set! max (length dummy))) 
(vector-set! temp k dummy) 

(set! k (1+ numb))))))) 

; Get next function in test station 

(set! 1st (cdr 1st)))) 

; Reorder list by number of test station per function 

(reorder max numb)) 

; Translates Material List Into Required Test 
; Function List 

(define (translate component) 
(case component 

'R (list 'R)) 
'F (list 'R)) 
'SW (list 1R)) 
'C (list 'C)) 
•L (list 1L)) 
'D (list 'R 'V 'VS)) 
'Q (list 'A 'CS 'TA 'V 'VS)) 
•CL (list 'LDA 'LS 1LTA 'VS) ) 
'SL (list 1CG 'LDA 'LS 'LTA 'VS)) 
'AL (list »A 'CS 'LDA 'LS 'TA 'V 'VS)) 



(else 
(writeln "No test specifications for: " 

component)))) 

; Eliminates Duplicate Test Function From 
; Required Test List 

(define (unique 1st) 
(if (not (null? 1st)) 

(becfin 
(if (not (member (car 1st) required test)) 

(set! required test (append required test 
(list (car Tst))))) (unique (cdr Tst))) 

)) 

; Stage 1 - Converts Material List Into Required 
; Test Functions 

(define (stagel material) 
(define component) 
(if (not (null? material)) 
(begin 
(set! component (car material)) 
(if (member component valid_components) 
(unique (translate component)) 
(writeln "Component symbol " component 

" is not defined")) 
(set! material (cdr material)) 

(stagel material)))) 

(define (initialize) 
(set! uncovered '()) 
(set! pick (list 0)) ; Minimum System 
(do ((1 1 (1+ i))) ((= i n testers)) 
(vector-set! functions i Jlength 
(vector-ref test_station i))))) 

(define (show 1st) 
(do ((j 0)) ((null? 1st)) 
(writeln " Test station # " (car 1st) " : 

(vector-ref test station (car 1st))) 
(set! 1st (cdr lst)7)) 



Heuristic Selection Ratio 

(define (ratio x) 
(define z 0) 
(set! z (length (intersect required_test 
(vector-ref test_station x))))(/(* z z) 
(* (vector-ref functions x) (length required_test)))) 

Stage 2 - Selection of Test Stations for Cell 

(define (stage2) 
(define max 0) 
(define select 0} 
(define 1st •()) 
(define ans 0) 
(initialize) 
(do ((j 0)) ((null? scan)) 
(set! 1st (car scan)) 
(set! max -1) 
(if (member (car 1st) required_test) 
(begin 
(set! 1st (cdr 1st)) 
(do ((i 0)) ((null? 1st)) ; calculate ratios 
(if (> (vector-ref functions (car 1st)) 0) 
(begin 
(set! ans (ratio (car 1st))) 
(if (< max ans) 
(begin 
(set! max ans) 
(set! select (car 1st)))))) 

(set! 1st (cdr 1st))) 
(if (> max 0) 
(begin 
(set! pick (append (list select) pick)) 
(set! required_test 
(difference required test 
(vector-ref test_station select))) 

(vector-set! functions select 0))))) 
(set! scan (cdr scan))) 
(set! uncovered required_test)) 
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;;;;;;; CES - Configuration Expert System Main Program 

(define (ces) 
(newline) 
(•writeln "Test Cell Configuration Expert System") 
(newline) 
(writeln " Arrangement Expert System -

Arranging Test Station DB") 
(aes n_testers) 
(newline) 
(writeln " Material List Expert System - Stage 1") 
(writeln " Material List = 11 material_list) 
(set! required_test •()) 
(stagel material list) 
(writeln " Required Test Functions: 11 

required_test) 
(newline) 
(writeln " Consolidation Expert System - Stage 2") 
(stage2) 
(writeln " Required Test Station(s):") 
(if (member ate pick) 

(delete! '0 pick)) 
(if (null? uncovered) 
(show pick) 
(begin 
(newline) 
(writeln " Incomplete configuration") 
(show pick) 
(writeln " Missing Functions: " uncovered)))) 
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APPENDIX C 

CONFIGURATION EXPERT SYSTEM TEST CASE EXAMPLES 

To test the validity of the expert system 
several test cases will be used. These will start with 
simplistic combinations and progress to configuration 
using multiple test stations. The simple combinations 
will show the systems' ability to combine several 
independent test functions into a simple encompassing 
test station. The other examples will require the 
system to evaluate more complex solutions to select the 
best one. 

TEST CASE #1 

Material List Configured Test Cell 
Resistors DVM 
Fuses Power Supply 
Diodes Digital Scope 
Transistors Manufacturing Defect System 

Program Output 

[PCS-DEBUG-MODE is OFF] 
[1] (load "stageall") 
OK 
[2] (set! material_list test_casel) 
(R F D Q) 
[3] (ces) 

Test Cell Configuration Expert System 

Arrangement Expert System - Arranging Test 
Station DB 

Material List Expert System - Stage 1 
Material List = (R F D Q) 
Required Test Functions: (R V VS A CS TA) 

Consolidation Expert System - Stage 2 
Required Test Station(s): 
Test station # 10 : (A R V) 
Test station # 8 : (CS VS) 
Test station # 12 : (LTA TA V) 
Test station # 0 : (CN SM) 

#T 
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TEST CASE #2 

Material List 
Transistors 

Configured Test Cell 
Ammeter 
Power Supply 
LCR Meter 
Digital Scope 
Manufacturing Defect System 

Resistors 
Inductors 
Diodes 

Program Output 

[4] (set! material_list test_case2) 
(D Q L R) 
[5] (ces) 

Test Cell Configuration Expert System 

Arrangement Expert System - Arranging Test 
Station DB 

Material List Expert System - Stage 1 
Material List = (D Q L R) 
Required Test Functions: (R V VS A CS TA L) 

Consolidation Expert System - Stage 2 
Required Test Station(s): 
Test station # 3 : (A) 
Test station # 8 : (CS VS) 
Test station # 11 : (C L R) 
Test station # 12 : (LTA TA V) 
Test station # 0 : (CN SM) 

#T 

TEST CASE #3 

Material List Configured Test Cell 

Capacitors 
Fuses 
Switches 
Combinational Logic 

Program output 

[6] (set! material_list test_case3) 
(R C F SW CL) 
[7] (ces) 

Resistors ATE System 
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Test Cell Configuration Expert System 
Arrangement Expert System - Arranging Test 
Station DB 

Material List Expert System - Stage 1 
Material List = (R C F SW CL) 
Required Test Functions: (R C LDA LS LTA VS) 

Consolidation Expert System - Stage 2 
Required Test Station(s): 
Test station # 13 : (A C CG CN CS LDA LS LTA R 

SM V VS) 
#T 

TEST CASE #4 

Material List Configured Test Cell 
Fuses Inductance Meter 
Resistors ATE System 
Capacitors Digital Scope 
Inductors 
Diodes 
Transistors 
Combinational Logic 
Sequential Logic 
Analog IC's 
Switches 

Program Output 

[8] (set! material_list test_case4) 
(F SW R C L D Q CL SL AL) 
[9] (ces) 

Test Cell Configuration Expert System 

Arrangement Expert System - Arranging Test 
Station DB 

Material List Expert System - Stage 1 
Material List = (F SW R C L D Q CL SL AL) 
Required Test Functions: (R C L V VS A CS 

TA LDA LS LTA CG) 

Consolidation Expert System - Stage 2 
Required Test Station(s): 
Test station # 5 : (L) 
Test station # 13 : (A C CG CN CS LDA LS 

LTA R SM V VS) 
Test station # 12 : (LTA TA V) 

#T 
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TEST CASE #5 

Material List 
Resistors 
Capacitors 

Configured Test Cell 
LCR Meter 
Manufacturing Defect System 

Inductors 

Program Output 

[10] (set! material_list test_case5) 
(R C L) 
[11] (ces) 

Test Cell Configuration Expert System 

Arrangement Expert System - Arranging Test 
Station DB 

Material List Expert System - Stage 1 
Material List = (R C L) 
Required Test Functions: (R C L) 

Consolidation Expert System - Stage 2 
Required Test Station(s): 
Test station #11 : (C L R) 
Test station # 0 : (CN SM) 

#T 
[14] (exit) 
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APPENDIX D 

HEURISTIC RATIO COMPARISONS 

# Heuristic A' Heuristic B' Heuristic C' 

1 Manuf. Defect 
Ohmmeter 
Ammeter 
Power Supply 
Digital Scope 

Digital Scope 
ATE System 

Manuf. Defect 
Power Supply 
DVM 
Digital Scope 

2 Manuf. Defect 
Ohiraneter 
Ammeter 
Inductance Meter 
Power Supply 
Digital Scope 

LCR Meter 
Digital Scope 
ATE System 

Manuf. Defect 
Ammeter 
Power Supply 
LCR Meter 
Digital Scope 

3 ATE System ATE System ATE System 

4 Inductance Meter 
Digital Scope 
ATE System 

Inductance Meter 
Digital Scope 
ATE System 

Inductance Meter 
Digital Scope 
ATE System 

5 Manuf. Defect 
Ohiraneter 
Capacitance 
Inductance Meter 

Manuf. Defect 
LCR Meter 

Manuf. Defect 
LCR Meter 

Table 1 - Summary comparison of Heuristic Functions 
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