
A0 A082 329 GRUMMAN AEROSPACE CORP BETHPAGE NY FIG 9~ 1AN OBJECTIVE PRINTED CIRCUIT BOARD TESTABILITY DESIGN GUIDE AND ETC (U)
JAN 80 W M CONSOLLA. F S DANNER F30602—78—c—0198

UNCLASSIFIED RADC —T R—79—327 NI.

H 

_ _  __  _ __ _

_ _ _

El
_ _ _‘ PSLThAJ•

__ _ _ _ _  

I
!SI 

_ __ _ _ _ _ _



_ _  

2.2

ii ~
MII~u~ll 

I .25 1111 Ii~ ~HH~
M~ ROCOPY RESOLUTION TEST CHART

NAFIONAL BUREAU OF STA NDARDS- 1963-A



_ _ _ _ _ _ _ _  ~~~~~~~~~~~~~

RADC-TR.79 327
Final Technical deport
January 1980 

~~~Øc.

AN OBJECTIVE PRINTED CIRCUIT
BOARD TESTABILITY DESIGN GWIDE
AND RATiNG SYSTEM

• DTICGrumman Aerospace Corporation 
ELECTE

$

MAR26 19~O)
W. M. Consolla

~ J f F. G. Danner E
4

LAPPROVEO FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED]

ROME AIR DEVELOPMENT CENTER
Air Force Systems Command
Griffi ss Air Force Base, New York 13441

f k~

_ _  

80 3 24 184
- —



Is 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~—— A’: ,. ‘C ~~—
• by the Grumman Aerospace Corporation. The Project Engineer for Grumman• Aerospace Corporation was Mr. Walter Nonsen. The principal investiga

were Mr. Fred Danner for the development of the testability guide and Mr.

~~~~~~~~~~~~ This final ~~~~~~~~ report presents the results of a study conducted

Wayne Consolla for the development of the demonstration procedure.

This report has been reviewed by the RADC Public Affairs Office (PA)
and is releasable to the National Technical Information Service (NTIS) . AtNTIS it will be re1

~~~~~~~~
to the general public, including foreign: nations.

RADC— TR—79—3fl has been reviewed and is approved for publication.

L -

—

~Ij 
APPROVED : 

/7’.~
.. ~~~~~~ . ,,,*

(

II /JAMES SAPORITO 
- 

-

L 

Project Engineer —

____ 

APPROVED : 

~ 

0. ~~~~ ___________________________________

‘ 
DAVID C. LUKE , Lt Col, USAF
Chief, Reliability & Compatibility Division

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ iiT~~ 

coM ANDER
~~~~~

;

~~~~~

;

t
T)

#4~::~~

If your address has changed or if you wish to be removed from the RADC—— mailing list, or if the addressee is no longer employed by your organiza—
_______ 

tion, please notify RADC (RBET), Griffiss AYE NY 13441. This will assistus in maintaining a Current mailing list.—— 
Do not return this copy . Retain or destroy .

-~~~~~~

I

_ _ _ _ _  

_E

I
~~r



—

‘0 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

~4 .  
_• ~€-~,———— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ______
I -

__ —
~~~~~~~~• ;.~:4 — ~~~~t 

_ _  
MISSION W J~

_ _  

of
- 

Rome Air Development Center • 
-

• RAt)C P&Zflo and eXe2u.teA 1te~5ea ta h, d~veLopme~ii~,• a 
~~~~~~~~~~~~~ ~ ~Lea.ted acqwL4it~on ptog.tam6 ~n 4upp o~ t o~ Command, Contito~

~~~~~~~ 

~~~~~ CommwtA~o.t~cno and ln.te !2gvtce ~C~i J a~~~~~j ~~ .~~It and en~~neeitôtg 4appo4~t W4~~/un a&ea4 o~ wmpe..tena~~~~ ~ts p ’Lov~ded ~to ESV P/t o gitam O~~i.t~t6 (P 06 lUand ESVe1~emen.t4. The p 2twipa.e ttduu.ca.f m2a4sLon ~~~~ • •ao mnan.Lga~~of l4 , elec-t~omagne.c~c gui4a~w~ and con~ttoC, 4wt-ve.-ULance o~ gitoand and ae.&o4pa c~ obj~ats , ~n.teZF..igenge da~ta _____________C.oUec..t~on and hand Ung, Ln~o.kma.&on 4y6tem W~hnoI ogy,J .Lono4ph enj ~ p .’LOpago.t~on, 4ot~d 4 taJz 4c..~enceo , m c’Lo~~ve• p hy~~C4 and e2e.c.t,top vj~z ‘teLLabii2ty, ma.I nta.ôtab~W4r ~nd

I 

compat~tb4J4 ty I

-~~~~- -.-

— __ - . ~~~~~~~~~- --

‘-
~~ 

—



— ~~~~~~ • 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~L_. ~~~~~~~~~~~~~~~~~~~~ I 

~
‘ _ _ _~~~~~~~~~~~~~~ ‘F’~~”~~~~ 

— ---—--,‘
~~~~~~~~~~~~~~

—-,—

UNCLASSIFIED

• ( j ~~ REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM

‘0 ~~~~ SECURITY C L A S S I F I C A T I O N  OF THIS PAGE (B~ .n tala Entered) 
___________________________________

c~::i 
b o B ~~~~~~~~~~ e0

j/ — j GOVT ACCESSION NO ~~~~~~~~ t C E N T S CA TA L O G NUMBER

4 TIT L, ( a S bl I SS I .1_ fl & OFO VE RED

‘~A~ 1pBJECTIVE ~‘RINTED ~~IRCUIT ~.BOARD .TESTABILI TY) I Final /fechnical Z~~~~ t~)• DESIGN GUIDE AND RATI1~ SYST~H. ~~~~~__~~~~~ 
(, 21 Jun 78— 1 May 7~~~~~• -~ ,, ~~ . L PERFQ~~~t~~~ ~~~~~~ ~~~~~~~~ BER— N/A

• S. CONTRAC T OR GRANT NUM8ER(’)

• E~ _ _ _ _ _ _ _  

Q~ 
~~3 2-78-c~~~~~~~~~~~’~~~~

• 9. PERFORMING ORGANIZATION NAME AND AD7RESS 10. PROGRAM ELEMENT . TASK

Grununan Aerospace Corporation
• • Bethpage NY 11714 

~~~~~~~~~ 

~~~~~~~ ~~~~~II. CON~~NOLLIN G OFFICE N A M E  AND ADDRESS 
I2 ._flrPQ~~T ATE

Rome Aic Development Center (RBET) f (  _Jan~~~~ 8iJ
Griffiss  AFB NY 13441

r&. MONITOR ING AGENCY N A M E  & ADDRESS(II dIII . ren I Ir on, Con troIIIné Office) IS . SECU ~F6~ A&S. (., , orl)

Same UNCLASSIFIED

5.. D E C LA S S I F I C A’ IO N ’  D O W N G R A D I N G  —
SCHEDULE

• N/A
• 16. DISTRIBUTION STATEMENT (of ti t le  R.porl)

• 
Approved for public release; distribution unlimited .

• 17. DISTRIBUTION STA TEMENT (of the abetted •nIe,.d In Block 20, II dI(f~,en t from Reporl)
Same

It. SUPPLEMENTARY NOT ES
RADC Project Eng ineer : James Saporito (RBET)

It. KEY WORDS (ContInue on rerer.e aid. II n.c.aea,y and identify by block number)

Testabili ty

/ Figure of Merit
f Maintainability

• Design

~~~~~~~~~ Circuit Anglysis
20 ABSTRACT (Cont inua on r.oerae aId. If n.ceeeary and IdentIty by block numb..)

A methodology was developed during this study tha t a ~te1y evaluates thetestability merits of a printed circuit board (PCB). fhis is accomplished
• ‘ through a *Figure of Merit’ rating syst~ n that weighs the difficult to

test~ and ~easy to test aspects of a circuit deeign.

• The principal output of this study is an extensive Testability Design Guide
tha t describes how testability prob~eins associated with circuit structq~e~~~~

~L.ontd)

DD 1 J A N 73 1473 UNCLASSIFIED
SECURITY CLASSIF ICATION (IF THIS AG E (WSt.n beta EnIe,•d) 

-

~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



F” ‘W
~~~~~~~ 

— — ‘—

~~~~~~~~~~~~~~~~~

-,--.

~~

.•-•

~~~~~( - 
-.-.‘

~~~ 
• .

.•••.
~ 

~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

—~~~~ — -~ . . ~~~~~~~~~~ . . 
-.

UNCLASSIFIED
SECURITY CLASSIFICATION OF TIllS PAGE(ITh.n Data Snt•r.d) •

It~n 20 (Cont’d)

‘can be correc ted . The Design Guide wor ks hand~ in— hand with the rating
system, such tha t the rating system id entifies the nature and extent of the
current testabili ty problem and the guide provides the means to correc t the •

design def iciencies.

The developed guide and evaluation procedures wer e demonstrated on a number
of ~difficu1t to test’ PCBs whith resulted in much improved fault  isolation
and signif icantly reduced test times .

H

a

.1

I
L I

UNCLASSIFIED

SECU RItY CLASSIFICATION OF THIS PAOEI’WPI.n Data Bnt.r d)



• / i~~~~~~
11---- 

• 
•

‘ 

‘
~ ~~~ • • -

ABSTRACT

The prime purpose of the study was to develop a Testability Design Guide
showing how to correct PCB testability problems. Design considerations associa-
ted with circuit structure , initialization of sequential circuits , high ambiguity
groups , clock line problem , feedback loops , “buried logic, ” and compatibility
with Automatic Test Generators (ATG) are covered in the design guide. Once an
evaluation of the circuit testability is made, the guide can be used to correct poor
design features of the PCB.

Use of the PCB Testability Design Guid3 was demonstrated with a PCB design
from the B-i aircraft program. An initial testability evaluation rated this circuit
as the most difficult to test of 28 PCBS reviewed. After testability modifications by

• methods presented in the Guide , the circuit was re-evaluated as “medium easy” to
test. Laboratory results from tests on the AN/USM -429 Automatic Test Station
(see figure 1) confirmed this improvement . All faults inserted were detected by the
testable version of the PCB, and fault isolation was improved with reduced test
times.

• The second outpdt of this study was development of a PCB Testability
• Evaluation System which will determine how testable a PCB is prior to release of

the circuit to production , and which pinpoints the “bad design ” features of the PCB.
(~orr..ct1ons of these undesirable design features can then be accomplished using
tocnniques found in the Testability Design Guide.
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Figure 1 Typical Integration of a PCB on the AN/USM-429 Test Station

L 

- -. • • 
— . • .



r -

~~~~~• 
~~.-. .d 

• • 
• .• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ .- . • .- _ _

CONTENTS

• Section

• 1 INTRODUCTION i

2 SURVEY OF TESTABILITY DESIGN PRACTICES &
GU IDELINES 5
2.1 Literature Survey 5

• 2. 1.1 Significant MIL Standards 6
2. 1.2 Significant Literature 8

2.2 Related Field Trips 10
2.3 Interviews with Test Engineers 12

3 DEVELOPM ENT OF THE PCB TESTABILITY EVALUATI ON
SYSTEM 15

• 3.1 Development of the Initial Testability Evaluation
System 17

• 

• 

3.2 Development of the Revised Evaluation System . . .  - 17
3.3 Development of the Final Testabilit y Evaluation

System 23a 

3.4 PCB Correlation Studies 23
4 TESTABILITY DESIGN GUIDE FOR PRINTED CIRCUIT

BOARDS 29
4. 1 Design Correlations for Good Testability • 29

4. 1. 1 Circuit Structure Factors 29
4.1.2 Testability Documentation Requirements 43
4.1.3 Application of Power Loads 48
4.1 .4 Miscellaneous 50

4.2 System /Management/ATE Testability Factors 56
4.2 .  1 System Interface Factors Checklist 57
4.2.2  Management Factors Checklist 58
4.2 .3  System Hardware Checklist 59
4 .2 .4  System Power Checklist 60

‘a
, • 4.3 PCB Testability Evaluation System 60

4.3.1 Use of the PCB Testability EvaluationI System 61

• — • - • • •‘ • • • • • . .~ • • — —a--.-, ~_ . _ _ .  • •_ •_ , ,. — — _
~~ •. e-



• — •.‘-•- .--- -• —— .-•-‘- -•‘--‘••---— —
~~~

‘-. -a—. — — ——•.—----•~.,._ •--•- ••.- .-—•••.• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~ 

— -. 
~~~~~~~ •—,-•—.

~~

• 
• ‘r ____________

CONTENTS (contd)

Section 
• 

Page

4.3 .2  Relationship of PCB Rating to Actual
Test Difficulty 67

4.4 PCB Testability Evaluat ion Scoring System 67
4.4 .1  Basic Factors 67
4 .4 .2  Negative Factors 70

5 COST EFFECTIVENESS CONSIDERATIONS 79
5.1 lncremental Life Cycle Cost Tradeoffs 80
5.2 Design Cost Findings 80

6 TESTABILITY DEMONSTRATION 83
6.1 Selection of PCB Demonstration Circuit 83

• 
. 6.2 Evaluation of Unmodified PCB 83

6.3  Redesi gn for Testability 83
• • 6.4  Final Integration & Results 90

6.5 insertion of Faults 92

a BIBLIOGRAPHY 93 a

• APPEND ICES

Appendix A LIST OF PCBs ANALYZED 99

• Appendix B TESTABILITY EVALUATION DATA 103

GLOSSARY OF TERMS 109

F-. L

vi

~~~~ 

i-- — ~-:_ ___ i~~~~ -
~~



r ~~~,. ~~~~~~~~~~~~~~~~~~~~~~~~ - —~~~~ -- ~-

I I ‘a

~~~~~~

- •— — -a-— 

~~~~~ 

•—~~-

ILLUSTRAT IONS

Figure Page

1 Typical Integration of a PCB on the AN/USM-429 Test
Station iv

2-1 Complex Microprocessor 9

3-1 Early List of Possible Testability Circuit Factors 16
3-2 Factors Used for the Initial Testability Evaluation System .   18
3-3 Negative Factors for the Revised Evaluation System 22
3-4 Five of PCBs Evaluated 24

3-5 Results of Sample PCB Rating Study for Final PCB
Testability Evaluation System 26

.1

4- 1 Poor Design of Flip/Flop Reset Lines 30
4-2 Good Testability Reset Desi gn for Flip/Flop 31
4-3 Technique to Initialize a Flip/Flop 31
4-4 Uncontrolled Internal Flip/Flop Reset Line 32
4-5 Logic for Testable Flip/Flop Reset Line 32
4-6 Use of Primary Inputs to Reset Flip/Flop 33
4-7 Use of External Control of Flip/Flop as Pulse Generator

or “Test Clock” 33
4-8 High Ambi guity Reset Line 34
4-9 Design for Testability Break Up Hi gh Ambiguity Reset

Line 34
4-10 Use of Common IC Package for Related Gate Logic 35
4-11 Use of Common IC Package for Redundant Gate Logic 35
4- 12 Hi gh Ambi guity Fan-in Circuit 36
4-13 Testable Fan-in Circuit Design 37
4-14 High Ambi guity Fanout Circuit 37
4-15 Testable Fanout Circuit Desi gn 38
4-16 Unacceptable Desi gn 38
4-17 Design for Testability Oscillator Circuit 39
4-18 Use of Socket Aids Oscillator Testability 39

r

vii

L
• — a — .— -.•~ -a-— ‘a-.-- •. - • . • - - • 

a-• •~~- -- --
~~ ~~~~ - ~~~~~~~ -- - -  •~~~ --- . — ~~~ --- - —•— --- - • • -•“ •- • •- -



r - - - - 

-

I ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ • • •
.-. • .- • • •~~~~~ •

ILL USTRATIONS (contd)

Figure Page

4-19 Non-Testable Flip/Flop Feedback Loop 40

4-2 0 Externally Controlled Gate Breaks Feedback Loop 41
4-21 Feedback Loop Broken for PCB Test-Connected in System

Interconnect Harness 41
4-22 Logic to Break Sequential Feedback Loop 42
4-23 Ga te Added to Control Circuit “Bottleneck” 43
4-24 Buried Logic (Counters) 43
4-25 Use of Prope r Logic Symbols 44
4-26 Preferred or Acceptable Logic Symbols 45
4-- 27 Unacceptable Logic Symbols 46
4-28 Arrows Distinguish Inputs from Outputs 47
4-29 Use of Proper Page Connectives 48
4-30 Circui t Divider Insures Voltage Sequencing of Required

Supply Voltages 48
4-31 Output Switch Uses Pullup Resistor 49
4-32 Use of Diodes can Reduce Size of ID Test Loads 49
4-33 Common Type Digital Logic Race Condition - 50
4-34 Techniques to Eliminate Digital Race Problems 51
4-35 Race Condition Through Exclusive or Gate can False

Tri gger Latch Circuit 52
• 4-36 Divider Network Eliminates Adjustment 54

4-37 Resistors Provide Isolation for Probe Test Points 54
4-38 Orientation of IC Packages on PCB 54
4-39 Testability of Microprocessor PCB Circuit Improved by

Use of Socket 55
4-40 Node Accessibility Score Sheet 62
4-41 PCB Testability Evaluation Score Sheet 63

5— i Testability Cost Savings 82

4 - 6-1 Component View of Demonstration Circuit 84
6-2 Demonstration Circuit Schematic — Original 85/86
6-3 Demonstration Circuit Schematic - Revised  87/88

I ’

viii

J

- • -4— — --- - . — .— a- - I___ - . a-— - . — — -• - - - .~~~~~~ -‘ — — -

L 
~ ~~~

— .

~~~~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
• a - •  •• •~~ •



I — 

- 

~ !T1 1”~2i.

ILLUSTRATIONS (contd)

Figure Page

6-4 Revised PCB Testability Evaluation Score Sheet 89
6-5 Demonstration Card on AN IUSM -429 91
6-6 Results of Fault Insertion Tests 92

I I
1 . -

~~~

I ~~~

~~1
• 

~~~~~~~ -
r v -

ix 

~~~~~~~~~ 

.~~ T.~ -T~ . : : I .:;.1 • . . . :z-~ i’~~~~ ~



a- .--.-~-•‘~~~~~~ ,,——..w— ---- —‘a-. , —a--. 
__________________________________

~~~~~~~~~~~~~~~~~~~~~~~~~~~

EVAL UATION

1. The objective of this study was to develop a design trade-off

procedure that would enable log ic board designers to determi ne cost-

effective design considerations for printed circuit boards (PCBs) - •

and to provide test engineers and maintenance personnel with fast,

• efficient and lower cost methods for PCB testing, and improved

testability which should resul t in lower test programming and inter-

face design costs.

2. A methodology that provides a means to determine and improve

• the testability of a PCB design has been developed . This technique

is supported by a guide which describes various testability design

techniques , and how these techniques can be used to redesign circuit

areas that are difficult to test. Various weighting factors associated

with both negative and positive design techniques are descri bed in

•

- 

detail and methods by which a “figure of merit” of the testability

design of a PCB can be determined is included . Other considerations

of the study included the determination of the phases of system

devel opment in which testability design improvements should be

incorporated and the management and system factors that could induce

or encourage testability i nto a design.

3. The established guide and evaluation system was tested on 17 PCB

sampl es and the results were compared against experienced engineering

I,, ?~ 
judgement. The resul ts ind i cated that a high degree of correlation

,
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existed between the testability evaluation techni que and experienced

engineer ’s judgement . 
- -

-

4. Further studies are recommended in testability design areas that

incl ude the further validation of the techniques developed in the

study , and means to determine testability figures of merit from the

microprocessor level up through to the system level .

5. The results of this study will be used as part of the upcoming

“Testability Notebook” and to provide design engineers and program

managers with the design tools and considerations in determining an

t effective testability design that can enhance the effectiveness of

• built -in-test (BIT) and decrease the high costs of supporting test

systems .
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1 - INTRODUCTION

The subject of testability for electronic circuits has recently been receiving
major interest from industry and the DoD . Effective design for testability is es-a
sential in producing elect ronic systems maint ainable within reasonable economic
limits.

Effective design for testability can only be achieved if and when three fun- - 

-
damental conditions are met :

• Techniques must be employed to correct testability design problems at
the earliest possible stage of development

• A “figure—of-merit ” evaluation is needed to determine how much testability
redesi gn is necessary to reach specified fault detection and isolation
levels

• Program managements must be given financial incenth’es to achieve test-
ability goals and to prevent high pressure “sell it off any way you can”
deliveries which block implementation of meaningful design-for-test

• features .

This report emphasizes what should be done at the PCB circuit level to cor-
• rect a design and make it testable. A Testability Evaluation Rating System was

developed together with a comprehensive Testability Desi gn Guide showing how
to make specific design improvements .

Extensive reviews of literature , MIL-STDs and conference procedures led to
the conclusion that an overall method to implement good testability at the circuit

a level did not exist.

- With the need for a testability design methodology , three possible ap-
proaches to its implementation are :

• Complete testability evaluation and hardware changes prior to production
release of a circui t design

V~. 1
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• Discover the design weak points during test program integration ,
then incorporate production changes prior to field deployment

• Wait until a PCB is in the field and then perform statistical testability
evaluations . Corrections to the desi gn would depend on field test
problems. -

The first of the above approaches is the most desirable because corrections
are easier and less expensive to make . However , there is a problem in achieving
good testability earlier in the design phase since some of the more sophisticated
traps to testing are difficult to detect prior to any attempt at actual modeling and
software fault simulation. The Guide presented in this report is set up to pro-
vide maximum advance testability information about a circuit with the constraint
that the testability evaluation and correction process should not take longer than
8 to 10 manhours . The data from circui t testability evaluations performed during
the study show good correlation with actual “di fficulty-to-test” information for a
group of 17 sample PC Bs. In all cases , the evaluation and the actual di fficulty-

• to-test were withi n one grade of each other within the rating system .

initial efforts to establish which material should be inciuded as part of the

• 
Guide proved difficult because most published information used only a few obvious
cases to prove the need for testability redesi gn. During the course of the study ,
specific redesign examples were collected and significant new factors were dis-
covered .

Selection of the PC~ from the B-i aircraft program , as a testability demon-
stration circuit, caused considerable extra effort not originally anticipated. Anal-
ysis of this circuit showed that the PCB seemed to be deliberately designed to
prevent successful automatic test generation of digital patterns . This difficult

• circuit design was advantageous in pinpointing many subtle testability design
problems and contributed to a more comprehensive Guide .

The report is divided into the following major sections :

• Introduction - Section 1

• Survey of Testability Design Practices and Guidelines - Section 2

• Development of the PCB Testability Evaluation System - Section 3

2
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• Testability Design Guide for Printed Circuit Boards - Section 4

• Cost Effectiveness Consideration - Section 5

• Testability Demonstration - Section 6.
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2 - SURVEY OF TESTABILITY DESIGN PRACTICES & GUIDELINES

2.1 LITERATURE SURVEY

At the start of the study contract , a thorough review of available literature
relating to testability of PCB electronics was made with emphasis on what possible
factors really influenced how testable a circuit is , and , how will testability of PCBs
be affected in the near future by introduction of new complex parts such as micro—
processors , bubble memories , VLSI , etc.? Literature on the following subjects
was included in this survey :

• ATE Eq uipment Design

• Automatic Test Generation Dat a Processing

• BIT Tradeoffs

• Bubble and Ultraviolet Erasable Memories

• Cost Tradecff s  f or T~stabi]i ty

• Desi gn for Testability

• • Fault Diagnosi s and Isolation

• Initialization of Sequential Circuits

• LSI/VLSI Testing

• Maintainability Considerations

• Microprocessors

• Placement of Test Points

• System /Management Factors

• Testability Specifications.

A bibliography of the literature reviewed during the study is included on
pages 93 through 97 of thi s report .

While there are many documents and specifications with information on how to
-,-~ ~~~

~~ 
_ _ _  - -__ 
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make digital circuits more testable , no one single publication contained a

• realistic comprehensive method to accomplish this. Most literature described
cert ain individual test factors with descriptive material on why they were impor-
tant . Some reports showed mathematical approaches to guarantee PCB testability,
but developed control systems to implement corrections after the hardware was in
production. This would be cost and time prohibitive for most applications.

2.1.1 Significant MIL Standards

2.1.1.1 MIL-STD-4 i5D (USAF , 8 Oct. 1971): Desi gn Criteria for Test Provisions
for Electronic Systems & Associated Equipment - The principal aim of this speci-
fication is to req uire adequate test point s , BIT and self-check , and an external
receptacle to connect ATE equipment . Guidance meetings and dat a requirements
are employed to ensure compliance .

This spec only presents a fundamental cont rol ~o see that the parties in-
volved are conscious of the need for adequate test points , BIT , etc. It makes
no attempt to guide a designer with specific instructions for building in circuit
testability .

2 . 1.1.2 MIL-STD-i326 ( U . S .  Navy, 15 Jan. 1968): Test Points, Test Point Se-
lection & Interface Requirements for Equipments Monitored by Shipboard On-Line
Automatic Test Eq uipment - This standard establishes the requirements for pro-
viding ATE test points in prime equipments . It also provides criteria for optimum
test point selection . These criteria are too general and all-inclusive to aid in re-
solving the testability design problem . The prime concern of this document is to
place objective criteria on ATE signal interfade characteristics of the unit under
test (UUT) .

2 . 1. 1 .3  MIL-STD- 1519 (USAF , 17 Sept. 1971): Test Requirements Document,
Preparation of - This standard sets requirements for the preparation and control
of the Test Requirements Document (TRD) used to specify baseline data for elec-
tronic UUTs.

The document calls for the delivery of the schematics , logic diagrams , out-
line drawings , PCB connections , and other necessary data. It prescribes diag-
nosti c flow charts and input /output ( i/O) pin list information usefu l to a test-

- ~~. - ability analysis. The “Family Tree ” part number (P /N)  information permits quick
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access to required drawings , which overcomes a significant deficiency of related
prints , i . e . ,  failure to list next higher and lower assembly information.

This standard makes a valuable contribution to improved testability by forc-
ing the designer to deliver a good set of documentation to the test engineer , it
was written with the intention , however , of defining the PCB or module configu-
ration . Other standards are necessary to define how testable the PCB is and how
the design should be corrected for test purposes .

2.1.1.4 MIL-STD -2076 (AS) (1 Mar. 1978): Unit Under Test Compatibility With
Automatic Test Equipment , General Requirements for - This specification is a
later version of AR-8 , the standard originally used to make equipments compati-
ble with the VAST test station . It covers a large area of technology relative to
the interface of the UUT with an automatic test station . Appendix B of this
standard contains a check list for testability which gives considerable insight to-

wards what is required to correct a design .

This document was an excellent attempt to control desi gn of electronic mod-
ules and make them ATE compatible. It has tried to do too much however , and as
a result , doesn’t q uite resolve the testability design problem .

• The check list is not sufficiently objective ; using evaluation words like

• “ some” , many , most , etc. ” when scoring testability factors . Further , each factor
is wei ghed evenly and not relative to its importance . It is very expensive to fully
comply with the myriad of requirements of this document . In order to satisfy
many of the provisions , a designer’s knowled ge of the UUT or ATE is needed .
This kind of information is not readily available and expensive to compile. The
standard is important , and has led on this study to the concept of an improved
PCB testability evaluation system capable of accurate prediction . -

•

2.1.2.5 MIL-STD-2077 (AS) (9 Mar. 197 8): General Requirements for Test Pro-
gram Sets - This standard establishes requirements for development , test docu-
mentation , configuration management , quality control , and preparation for deliv-
ery of test program sets. It also shows certain testability information in a form
of “things not to do” when developing and integrating a test program set . These

• restrictive testability factors were useful to the study. 
—
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2.1.1.6 MIL-STD-2084 (AS) (Preliminary ): General Requirements for Maintain-
• ability of Avionics Equipment and Systems (will supersede AR -b )  a- This speci-

fication ties together all aspects of the maintainability process for avionic systems,
Although it does not specifically deal with testability, it defines testability as the
“characteristic of a design which allows the status (operable or inoperable ) of a
system or any of its subsystems to be confidently determined in a timely fashion.”
It calls for incorporating design features into the avionics to allow observability
and cont rollability in the interest of test and maintenance.

2. 1. 2 Significant Literature

An extensive literature search was conducted to locate the latest information
on both testability and on test techniques for microprocessors , bubble memories ,
VLSI , etc.

None of the literature presented a cohesive overall system for controlling
- 

. PCB testability. Few papers tried to cover the testability task from the user’s
point of view .

I n this phase of the study it became apparent that microprocessor manufac-
turers are not at present properly documenting internal logic design (see Figure
2-1) . Without this detailed information the test engineer cannot model micropro-

a’ cessor logic.

- One of our principal objectives during the survey was to extract potential
testability rating factors or methods of correcting a design to make it more test-
able. Over 50 such testability factors were compiled and examined to see if they
were significant enough for inclusion in the Evaluation System . Factors , which
at the start of the program were considered basic and essential , were later dis-
carded when found not to really affect the test development effort . The literature
was 

- 
valuable in suggesting ideas and stimulating thinking relative to new concepts

for testability. -

While many papers , reports and specifications containing information on test-
ability were reviewed , five of these references provided significant insight to key
aspects of the overall testability problem . These document s contributed in several
ways to the formation of the present PCB Testability Evaluation System .
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“Design for Testabilit y” by Phillip L. Writter (1975) provides the best con-
densed synopsis we have seen of good engineering practice for testability , com-
bining the functions of system design engineering and system management . It
examines specific issues and gives recommendations on how to improve PCB de-

signs.

“Digital Automatic Test Program Generators - (PMS 306)” by ManTech Cor-
poration of New Jersey (30 September 1978) gives a clear and comprehensive de-
scription of how ATG processing works , and reviews the various types of auto-
test software systems available citing advantages and disadvantages of the dif-
ferent approaches .

“Initialization -of Sequential Systems” by Dr. Fuh-lin Wang (1978) presents
an outstanding description of how to characterize the ATG problem in testing
buried sequential circuitry and counters . Basic principles of initialization are
covered with techniques to improve back-tracing of circuits and resolve prob-
lems with contradictory assignments of primary inputs. This led to the final
definition of our method for testability evaluation of buried sequential logic .

“A Framework for Designing Testability into Electroni c Systems” by William

• L. Keiner (NSWC/DL TR-3826 May 1978) does an excellent job of describing why
design for testability is needed . It outlines a method for developing a test-

ability specification but stops short of achieving specific testability design cri-

teria and goals .

“Compatibility Task Scoring Data” - Appendix B - (MIL-STD-2076 (AS ) 1
March 1978) develops a checklist approach to insure that LRUs and SRUs are
compatible with automati c test equipment . The present PCB Evaluation System

evolved from this checklist approach . The compatibility task checklist could not

be used as written because of the subjective nature of several questions. The

4 , 3, 2 , 1 point system did not give an accurat e determination of difficulty to
test a UUT.  In spite of its shortcomings , this document represents a very im-
portant attempt to improve the testability of circuit designs .

2 .2  RELATED FIELD TRIPS

Since the start of the Testability Study , Grumman ATE Engineers have been
active in several conferences , seminars and symposiums involving latest industry
developments of automatic testing

10
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At the AUTO TEST EXPOSITION - (Boston , Mass . - Sept. 1978) Grumman

presented a paper: “High-Performance Universal Switching System .” Other
papers of significance were presented on “Desi gn for Testability on Analog Cir-
cuit Boards” and “Autom atic Generation of Fault Isolation Testz~ for Analog Cir-

cuit “ The conference was held over a three-day period with technical
sessions each day .

The Semiconductor Test Symposium - ( Cherry Hill , N.J .  - Oct . 1978) was
more specialized with emphasis on Complex LSI Component and Board Design.

Testability factors were highlighted in two of the technical sessions ; one cover-
ing testability of components , and the other on testability at the board level.
The emphasis of the latter session was on how to partition designs and selective-

ly control fu nctions to permit testing.

At the AUTOTESTCON ‘78 (San Diego , Calif. - Nov . 1978) papers covered -

both the hardware and software aspects of automatic testing, and for t-he most
part were commercial and military status reports on major products. Grumman
presented a paper entitled : “Desi gn of a Functional Test Generator with a
Functional Simulator for Digital Systems” which described recent development of
the LOGOS III Automatic Diagnostic System . This paper was judged the out-
standing paper given in the area of techniques for ATE.

In connection with the Interr4ational Symposium on ATE - Brussels , Belgium ,
special technical sessions were conducted at Plessey Corp.,  London , England ,
in which Grumman presented details of the LOGOS III System development .

The ATE Seminar and Exhibit - (Los Angeles , Calif. - Jana 1979) presented
discussions on ATG vs. ITG (Automatic Test Generation vs. Interactive Test
Generation). The discussion incl uded the merits of processing all- test patterns
automatically versus using manual ATG patterns scored by machine. The topic
“Js Simulation Dead?” , covering new developments and the impact on simulation 

-

modeling was also covered .

Discussions with those attending these conferences and review of available
technical papers and proceedings have contributed to development of the PCB
T estability Evaluation System for this study .
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2.3 INTERVIEWS WITH TEST ENGINEERS

During the initial phase of the Study , interviews were conducted with
twelve engineers who are engaged in automatic test design and integration .
Their reactions and comments on the initial and revised PCB Testability E valu-
ation Systems were recorded. Some of the more significant comments are sum-
marized in the following paragraphs . Revisions and improvements to the eval-
uation system resulted from many of these interviews which led to the final PCB
Testability Evaluation System. 

-

Most of those interviewed felt that the percentages of nodes accessible and
the fan-out per wire-set factors were the most important of those listed . They
generally agreed with the concept of an objective evaluation system , although —

several engineers questioned the validity of using a complexity part count . The
complexity count factor was later modified because it was determined that there
was very little correlation of test difficulty with the number of combinational
circuits -- only with sequential portions of the PCB .

There was a consensus on the usefulness of factors which relate to
specific test stations (No. of I/O pins , No. of power supplies, etc .) ;  however ,
it was determined that there was no way to impose general ratings for these
factors without knowing what test station would be used . Therefore , only spe-
cific dat a representing information about the PCB can be used for the rating
evaluation. - 

-

Several of those interviewed expressed the need for better documentation.
They indicated that poor documentation cost significant additional time for them
to complete a test program set (TPS). Many examples of poor documentation
were discussed . One engineer suggested that the design engineer be req uired
to model t h e  developed circuit in the format used to automatically process the
test program . A tape should be delivered to eliminate translational errors when
listing I/ O pin designations , etc. Comments such as these led to the documen-
tation evaluation factors of the final scoring system .

• A clearer definition of how to assess the importance of proper initialization
of sequential circuits was obtained in one interview . The need to be able to set
a known logic state of a sequential circuit by both direct set and pattern input
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set was realized . This is required by the test program so that a stage can be
initialized when a test for a simulated fault is inserted . The PCB Testability
Evaluation System was modified to reflect this concept .

A discussion with Grumman ATG experts led to a realization that the ratio
of sequential to combinational circuits in a PCB was an extremely important con-
cept which later correlation studies were able to substantiate . Initial scaling of
this consideration was based on an 80% sequential circuit worst case (very hard )
limit . Later stud y found that the PCBs became very hard to test when 50% or
more of total circuit stages were sequential.

Some useful feedback was obtained from the interviews on where to find and
obtain practical cost saving information . Costs-to-develop factors for PCB test-
ing were detailed and areas for reduction of overall cost were highlighted. It
was found that no current industry system for financial accounting of project
expenses would give a breakdown of PCB cost-to-test factors. Use of a common
interface device (ID) helps to lower costs. Surprisingly high costs are experi-
enced in the areas of document ation and sell-off of PCB test program sets .

Need for the ability to remove a microprocessor (or VLSI) part easily from
• a PCB was stressed as a means of preventing excess testing costs. In digital

circuits, the presence of an inaccessible clock is considered intolerable and stiff
penalties are needed to force circuit redesigns , Similar penalties for use of
high power or high voltage in a PCB were recommended by the test engineers .

The general reaction to the objective testability evaluation concept was very
positive . Most people interviewed felt that the technical approach was sound and
would lead to a significant test program cost reduction .

I.
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3 - DEVELOPMENT OF THE PCB TESTABILITY EVALUATION SYSTEM

At the beginning of this stud y an attempt was made to collect a list of all
significant technical factors which might affect the testability of a PCB or
module . A p artial list of these factors is shown in Figure 3-1. Examination of
several circuits and discussions on the merits and importance of these factors
led to a preliminary method for classification.

Testability factors were separated into three (3) different classes :

• Basic Factors - Features which increased the complexity of testing in
proportion to an increase in their number and are common to most PCB
circuits

‘a 
- 

• • Positive Adjustment Factors - Factors which tend to make a PCB become

- 
a’ more testable

• Negative Adjustment Factors - Factors which reflect bad testability

design , and increase the overall difficulty of PCB testing.

A decision had to be made on how best to proceed with the study. The
alternatives were narrowL ~ down to two principal approaches : -

• Testability factors could be incorporated into an objective rating system
with weighted scoring to determine PCB testability

• Full technical efforts could be expended into developing a case study
type cook book as a guide in redesi gn for testability.

Motivation for pursuing the first approach came from review of Appendix B
of MIL-STD- 1276 . There was a real question as to whether a rating approach
could ever be made practical and objective . The feeling was that an objective
evaluation system was possible and practical if enough depth could be achieved
in the study. It would be necessary to determine the true conditions which
affect the ability to test , and the relative importance to be attached to each of
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1 — Unusual Discrete Components
- 2 — Use of Clocks: Inaccessible. Free Running, Override . Externally Disabled. Critical Frequency

3 — Keyed Pins on Connector (Defeatable)
4 — Number of Different Logic Families
5—Supply  Voltage (s): Sequencing Necessar s ,  Number of Different Voltages , Polarity , Floating Ground
6 — Non-Standard Parts or ICs (Impac t on Modeling)
7 — Test Points: Also Control Points , on Connector or ~ndividual
8 — Connector(s) — Number of Pin,
9 — Sps~cial High Power Needed

10 — High Frequency Needed
11 — Difficulty to Initialize Sequential Ckts — Direct , Indirect
12 — Memory on Card , Prgrammable
13 — Sockets for ICs , Discretes
14 — Adjustments ITrimpots . etc. )
15— Wired ‘ ands and a, .,

16— Large or High Fan-In , Fan.Out Lines
17 — L E D S
18 — Functional Partitioning of Ckts
19 — PCB Signature Resistor to Stop Wa’ong Test
20 — Throw-Away or Repairable
21 — Component Reference Designations (Clear)
22 — Pull Up Resistors Required in ID

) 23 — Quality of Schematic Layout
a 24 — Availability of Spare Gates

• - 25 — Reactive Exte rnel Loads in ID

• 
- 26 — a’~DOminO a a  or Multiple Induced Failure Probability

27 — Fiber Optics
28 — Monostables — Buried. Monitor • Control Externally
29 — Power-Up Reset
30 — Buried Logic
31 — Fail Safe Design

a’ 32 — High Accuracy Measurements , Tight Tolerances etc.
33 — Heat Sink Required. Cooling Air Required
34 — Non-Isolatable Gates in Parallel but Not in Same Package
35 — Warm-Up Time
36 — Power and Ground, Pins Standardized
37 — Self-Test Built-in
38 — Test Point Characteristics — Isolation , Protection
39 — Number of Total Circuit Nodes
40— Number of Total Input Leads
41 — Number of Total Output Leads
42 — Long Counters — Buried, Monitor , External Control

g 43 — Number of Internal (Individual) Test Points
44 — Clock Phaset Required — Total Number
45 — Uses Microprocessor , VLSI — Non-Removable
46 — Uses Memory Arrays — Multiple, Parallel Wired - Non-Removable
47 — Condition of Reset Line for Sequential Circuits a-

• 48 — Special External Loads Required
49 — Gate Per Package Isolation Factor
50 — Number ~f New Logic Block Models Needed
51 — Serial Strings of Logic Gates
52 — Total Complexity of PCB
53 — Opera or Action Required
54 a- Total Number of Packages/Parts
55 a- Probe Access to PCB Packages/Parts
56 — Number of Different Logic Voltages

0745-003P Figure 3a-1 Early List of Possible Testability Circuit Factors
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these . This task was truly a research effort because there was no precedent

a 
for such objectives.

The second approach appeared plausible until the actual attempt was made
to accomplish it. The literature contains numerous before and after illustrations
of how to make a circuit more testable . However • all of the many examples re-
duce down to six or seven obvious redesign fixes . The aut hors all choose
obvious cases to quickly convey ideas during technical presentations . Thus ,
there were only a few good examples which illustrated their points, leaving in-

sufficient data for a cook-book approach to produce a good testability guide
using known case studies .

I C

As a result , there appeared no other technical choice than to develop a

- representative evaluation system as a first step to understanding design for
testability. Once the evaluation scoring was proven accurate , it would be used
on actual circuits to produce before and after examples of testability redesign .

V -

) 3.1 DEVELOPMENT OF THE INITIAL TE STABILITY EVALUATION SYSTEM

As a first attempt to develop a testability evaluation system , 12 basic
factors , 3 positive factors , and 20 negative factors were selected . Scale factors

- 
- 

- (score differences) were assigned with respect to expected worse case limits.

Categories of the initial evaluation system are listed in Figure 3-2.

After evaluating several PCBs the scores were analyzed to determine if
each factor was discriminating properly with respect to the act ual degree of
test difficulty . This initial evaluation system did not stand up to a critjcal
review .

3.2 DEVELOPMENT OF THE REVI SED EVALUATION SYSTEM

Several changes were incorporated to develop a revised evaluation system .
The number of basic factors were reduced from 12 to 8. Additions to the pos-
itive and negative factors were made , and the scaling increments were revised
for closer correlation. Interviews with test experts resulted in further revisions
to the evaluation system .

a !
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BASIC FACTORS

1 — Number of Nodes
2 — Number of Parts
3 — Number of Nodes per Part
4 — Part Accessibility
5 — I/O Pins
6 — Nodes per 110 Pin
7 — Number of Logic Voltages
8 — Functional Modularity/Independence - - 

-

9 — Number of Power Supplies
10 — Total Number of Wire Sets
11 — Nrsra’~~’~~~J Weignied Number of l~a~t~ pet 5 V . j e  ~~a’ ia

12 — Percent of Wire Sets Accessible

POSITIVE FACTORS

V 
1 — Sockets

a 2 — Uniform Pins
3 — Labeling

- NEGATIVE TEST FACTORS

1 — Monostable
a’ 2 -~ Counters (Pkgs x Stages)

3 — Max . Number Parts per Wire Set
4 — Sequence Supply Voltages
5 — Non-Removable Memories
6 — Non-Removable Microprocessor

- 7 -a No Reset Line
8 — External Loading Required
9 — New Logic Blocks

10 — Burled Sequential Logic
11 — Warm-Up Time
12 — To)erancc~
13 — Non-Defeatable Keyed Pins

— 14—High Power
a’ 15 — Frequency Crit ica)

16 — No Signature Resittor
17—Cloc k Lines
18 — External Test Equipment
19 — Environmental

- - 
20 — Adjustments

- 
- 0745-004P FIgure 3-2 Factors Used for the Initial Testabi lity Evaluation Sy:tem
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Eight basic factors were selected :

• Complexity Count - The higher the complexity count , the more ATG
patterns and simulated fault s are required . Assignments were made
with limits and increments tailored to worse case values . Difficulty to -

test is directly proportional to the complexity of the circuit

• Number of Function Blocks - This factor began as a simple count of the
number of parts on a PCB . Problems arose with the accuracy of this
factor because earlier discrete part circuits were penalized unjustly
even though they were relatively easy to test . The part count approach
was changed to a count of logic blocks where functional groups of
discrete part s were counted as one ~ functional .“ IC chips were
still counted as one because breaking them into individual logic functions
was too time-consuming to the evaluator and did not give much added
refinement to the score . Non-functional parts such as pull-up resistors

- 
a - and filter capacitors are not counted

a~ • Part Count Per Function Block - The more complex the internal structure
of a part , the harder it is to test . This factor reflects how hard it is
to test an average PCB part

• Number of I/ O Pins - Originally , the increased number of I/ O pins on
a PCB was considered negatively . More tests would have to be gen-
erated and too many I/O pins mi ght be difficult for ATE to handle .
Extra switching would be necessary in the interface device (ID). After
reassessment of t ypical PCBs it was decided that more I/O pins make

-
- - it easier to test until a point is reached which exceeds the capability of

the test station . Scoring was changed to reflect this change in concept .

- - The question of whether to separate input and output pins in the
scoring was also considered. It was decided not to take this extra

-‘ step because it did not appear to change the scoring to any marked
degree , and defining each individual pin would be tbo time-consuming
for the evaluator

- b. 5, -
-

— - ,

19

‘a -___ 
- a-_~~~~~~~~~ -— - ‘  - — -

_ _______  — - - a  ~~~~~~~~~~~~~~~ a~~~~ a~~~ -a a~~~~



_ _ _- - -

~~~~~~~~~~~~~

-

~~~~~~~~~~~~~~~~~~~~~~~

—-

~~~ 

_ _

_

• I/O Pins per Function Block - This factor represents the internal

F accessibility of the test station to the parts on the PCB . It can easily
be obtained from the number of I/O pins and functional blocks

• Total Number of Nodes - This factor reflects the fact that the greater
the number of nodes the harder a PCB is to test

• Normalized Weighted Number of Function Blocks per Node - This factor
represents the average fanout of internal and external node points of a
circuit . The hi gher the average internal fanout , the more difficult fault
isolation becomes

• Percent of Nodes Accessible - This was judged the most important in-
dividual factor in the evaluation system . Automatic test systems can
logic8lly deduce states of PCB gates to a high level when most of the
nodes are brought out to I/O pins. In cases where a large number of

V - 
nodes are inaccessible , the circuit becomes almost impossible to test .

Inaccessible nodes which connect two points on the same package , or
connect two different packages with one wire , are considered acceptable
(no penalty to score) since they are in the simplest form possible .
Three or more leads to the same IC package are counted as one and
would not cause a penalty for inaccessibility unless the adjusted count
is still greater than two.

Positive factors were those which would make the testing easier if they
were present . Factors of this nature concern the physical qualities/of the PCB
packaging: /

• Use of Sockets (if microprocessors, VLSI , etc.)

• Uniform Power Pins

• Proper Labeling

• Physical Access to PCB Parts

• Lack of Conformal Coating.

Credit was given for the presence of any of these factors including lack
of conformal coating, which makes the PCB more testable.
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Twenty-five negative factors which represent bad testability design prac-
tice were defined . T~hese factors (shown in Figure 3- 3) were selected to reveal
bad desig~s features and point directly at the area of the PCB where corrective
measures should be taken .

Heavy penalties were given for such bad practices as failure to properly
initialize sequential circuits and the presence of an uncontrollable , inaccessible
clock circuit . This was intended to force correction of these critical PCB prob-
lems .

Many of the negative factors are set up to penalize the circuit for the num-
ber of times a bad design practice is used . Such penalties give a more realistic
appraisal of how bad the design is.

The revised testability evaluation factors were much more closely aligned
to the actual difficulty of test .

V Following correlation testing using the revised system , each testability
factor was carefully reviewed and rejustified . Surprisingly, after all the steps
to define the basic factors , only two of the eight basic factors were judged
very significant : 

-

• Percent of Nodes Accessible

• Complexity Count .

The revised complexity count factor was misleading because combinational
logic adds little to the overall difficult y to test . Automatic test generators will
process large amounts of combinational logic with no problem and 100% of fault
detection . This is possible because all logic states are known at all times . The
complexity count factor was changed to count only sequential logic and to count
combinational logic only when it was an internal part of a sequential IC chip .

Two new basic testability factors evolved from the revised evaluations.
First , the percent of sequential circuits in the total mix of logic is directly pro-
portlonal to test complexity . Second , proper documentation is of significan t
importance. The problems encountered with the documents supplied for the
typical test job are monumental . Bad documentation causes a significant part
of the overall test problem .

a ~~a 5,
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1 MONOSTABLE CKT — A one-shot which uses AC time constant for its pulse width ,

2 COUNTERS — Count number of packages x number of internal stages. Penalty for each instance,

3 MAX NUMBER FUNCTION BLOCKS PER NODE (NO ACCESS) — Count number of different function blocks connected to same wiring
junction,

4 MAX NUMBER FUNCTION BLOCKS PER NODE (ACCESSIBLE) — Count number of different function blocks connected to same wiring
junction (node ) where Iced from this node reaches an I/O pin.

5 SEQUENCE SUPPLY VOLTAGE — Two or more supply voltages which require a turn-on or turn-off sequence.

6 NON-REMOVABLE MEMORIES — Any type of memory which is permanently wired or soldered to the PCB .

7 NON-REMOVABLE MICROPROCE SSOR. VLS I — An’1 microprocessor , VLSI which is permanently wired or soldered to the PCB,

B INITIALIZATION OF SEQUENTIAL CKTS — Flip-flops and other sequential Ckts should be resetable from an external connector pin
(either set or reset) and by applying a digital stimulus of less than 16 patterns to the PCB, Penalties are assessed if either type of reset is
absent , and severe penalty for no reset capability.

C
9 EXTERNAL LOADING REQUIRED — Components which must be added to the ID to perform test.

10 NUMBER OF DIFFERENT LOGIC TYPES — A logic type represents a logic block which must be modeled for ATG processing. Excess
numbers of different types receive a penalty due to increased effort f,,r the test enginee r .

11 BURIED SEQUENTIAL LOGIC — Number of seitally connected sequentiel logic stages isolated from I/O pins.

V - 12 MAX NUMBER OF SERIAL GATES — (NO ACCESS) — Excessively long strings of serial gates without feeds to the I/O pins cause
difficulty with ATG fault isolation definition . Penalties are rated for each instance.

13 EXCESS WARM-UP TIME — Time required to stabilize card should not exceed 3 minutes .

14 TOLERANCE — Analog measurement tolerances tighter than those achievable with available test equipment .

15 NON-DEFEATA BLE KEYED PINS — Keyed pins requiring a separate connector for each PCB.

a’ 6 H I G H  POWER — Hi gh voltage lover 300V) or high current complicating the ID,

17 FREQUENCY CRITICAL — Frequency measurement more critical than those achievable with available instrumention ,

18 CLOCK LINES — Any inaccessible clock in PCB circui t should be redesigned prior to test .

19 EXTERNAL TEST EQUIPMENT — Test equipment other than that contained in the automatic test equipment.

20 ENVIRONMENTAL — Special chambers or areas required to perform test, a

21 ADJUSTMENTS — Trimpots , variable caps , etc.

22 COMPLEX SIGNAL INPUTS/OUTPUTS — Signals where interp retatioit by the test operator is required or where complex or non-periodic
waveshepo~ are used,

23 REDUNDANT LOGIC — Logic which because of being in parallel prevents fault isolation (Fl) of individual logic functions, No penalty if
built-in-test pennlts Fl of redundant elements .

24 NUMBER OF LOGIC VOLTA GES — Number of drlve logic voltages which must be supplied by the teste r .

25 NUMBER OF POWER SUPPLIES — Number of separate power supplies which must be supplied by the test station .

0745-OOS P Figure 3.3 Negative Factors for the Revised Evaluation Syste m
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3.3 DEVELOPMENT OF THE FINAL TESTABILITY EVALUATION SYSTEM

In the final system the positive factors were eliminated or transformed to
equivalent negative factors .

Revisions to the negative factors were made for increased accuracy and
to add five specific documentation factors . An analysis was performed to im-
prove the assessment process for buried sequential logic. The technique used

• in the revised evaluation system was too difficult . It was replaced by a rating
process where scores are based on clusters of buried sequentials which are
connected through the signal leads or by a signal to clock lead combination.
The new rating approach can be tabulated in a few minutes and gives reasonable

- C representation of the extent to which buried circuitry will impact testing.

3.4 PCB CORRELATION STUDIES

The principal problem with previous approaches to the determination of
PCB testability appears to be failure of the researchers to follow through and
check to see if their concepts were workable . Proof of any evaluation scheme
must demonstrate that the evaluation process is accurate and that the design
corrective action is obvious and f orced by the nature of the process being im-
plemented .

Each time PCBs were scored to assess their relative testability , new and
different discontinuities emerged and pointed to shortcomings in the evaluation
factors . These apparent discrepancies were the key to an understanding of
what makes a PCB really testable . Three revisions of the rating approach were
made before the evaluation results tracked favorably wit h actual test experience .
Objective PCB evaluations revealed difficulties with microprocessors , compilation
of node counts , large memory chips , assessment of internal circuit accessibility,

and complexity part colint . The density of part s on a PCB was found to be
constant for a wide range of hardware examined , so it was replaced by other
mechanical/packaging accessibility considerations . A group of’ ten PCBs were
then evaluated to establish whether the system did an effective job of predicting
testability and whether the system would point out specific places where redesi gn
was necessary . Figure 3-4 shows five of the PCBs. As this work was pro-
gressing, careful attention was given to the overall test philosophy of the

23
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evaluation system , and to ‘~hether each individual factor was weighted correctly .
Results showed that the penalty for increased I/O pins should actually be re-
versed since more access makes testing easier as long as the ATE limit is not ex-
ceeded . The idea of rating the functional modularity of a PCB was judged too
subjective to be practical and consequently was abandoned . The percent of
leads accessible factor was modified so as not to penalize the designer for m ac-
cessible leads connecting less than three parts. More confidence was gained in
the use of the testability evaluation system . The negative factor scores clearly
indicated design features which had to be corrected , and the resulting quanti-
tative testability gains. - - -

C A second group of 17 PCBs was selected for evaluation of the improved
factors . Test engineers classified the real difficulty of testing each PCB and
explained detailed problems they experienced which justif y the ratings . One
group of cards in the test sample had a range of difficulty from very easy to

V - 

- 
very hard which aided in confirming the accuracy of the rating.

As the study progressed it became obvious that poor documentation caused
a severe cost penalty to test set development and field testing. Other not so —

obvious test factors were uncovered. The importance of PCB compatibility with
automatic test generation (ATG) became more significant than expected and will

• 
— become even more significant in future years.

It was fu rther determined that positive factors , where bonus points were
given for good testability features , were not significant enough to be retained
because they did not show relative test difficulty . Another ATG related change
was to consider only sequential circuits in rating complexity , and to add the
ratio of sequential to combinational circuits as an important testability factor .
Once automatic test generation is used as the standard method for developing
test program sets , all logic states of combinational circuits can be easily tested .
Only sequential circuits add to overall complexity.

Results of evaluating the 17 PCBs led to the final revision of the Testabil-
ity Evaluation System using only basic and negative factors . The same 17 PCBs
were used to see if close tracking of the ratings and the actual test englrieert s
evaluation would occur. Figure 3-5 shows detail result s of the evaluation .
There are only minor differences when comparing the scores derived from the Test-
ability Evaluation System to the actua l difficulty-to—test defined by the test engineers.
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TOTAL RATING TESTABIL ITY EVALUATION
CARD P/N SYSTEM SCORE (Xi ENGINEER S RATING SYSTEM RAT ING

8354291-50 1 56 Med-Easy Med-Easy

8354321-504 75.8 Easy Easy

A51524156 29,2 Hard Hard

C 
A51S24162 35.1 Herd Medium

60004 66.2 Med-Easy Easy

60112 59.6 Med-Easy Med-Easy

6000 t 5.8 Very Hard Very Herd
V .  - -

A32S4010-l -10.6 Very Hard Very Hard

- 755-1405 46.6 Med 
- - 

- - 
Med-Easy

20380 2 1.6 Easy - . 
- 

Med-Easy

20510 40. 7 Easy - - Ea~~

20500 33.7 Easy Med-Easy

20064 6.7 Very Hard a. 
- 

Medium

- 20030 18.3 Medium Med-Eesy

~~ 20320 4.4 Very Hard Medium

61 7454 -22 9 Very Hard Very Hard

20310 7.2 Hard Medium

Poor documentation was not reflected In evaluation by test engineers but did cause a large in~reese in a’.ost to test,
Documentation factor was removed to make a valid comparison, (Poor documentation factors lowered testability rat n~ by

‘ 30%) -

- -
- 0745-0o7p Figure 3-5 Results of Sample PCB Rating Study for Final PCB Testabih ty Evaluation System
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A high degree of confidence has been established En the validity of this testability
rating approach because the engineers who performed the evaluation were the same
engineers who actually prepared and integrated test programs for t ie PCBs.
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4 - TESTABILITY DESIGN GUIDE FOR PRIN TED CIRCUIT BOARDS

This testability design guide for printed circuit boards (PCBs) is written
to assist the design engineer in properly designing a PCB for testing.

Subsection 4.1 of the guide presents examples of testability corrective
methods and techniques which can be used to eliminate PCB test deficiencies.

Subsection 4.2 presents a checklist of system /management factors which

are applicable to a gr&up of PCBs or a system , and which may be related to
C specific ATE equipment .

Subsection 4. 3 of the guide provides a PCB testability evaluation system

which develops the “Figure-of-Merit ” and identifies areas where design correc-

V - 
tions are needed . - A step-by-step description of how to perform a PCB evalua-

tion is also provided .

4.1 DESIGN CORRECTIONS FOR GOOD TESTABILI TY -

This part of the guide presents specific methods and techniques for cor-

recting hard-to-test designs When maximum advantage is taken of these cor-

rective measures , PCB testability will be improved to a point near its generic

testable limit . In many digital circuits this may mean that al~ single point

failures stuck at “1” or “0” can be detçcted and isolated to an ambiguity group

of 4 or less replaceable parts. In some cases this ideal solution will not be

possible , but in every case the circuit testability will be greatly enhanced a

4.1.1 Circuit Structure Factors -

4. 1. 1.1 Initialization - Almost half of the design problems - associated with use
of sequential circuit stages on a PCB are caused by a failure to provide for

proper circuit initialization .

The ability to set the logic state of a flip/flop to a known position is also

required when simulating faults in one or more lines leading into the stage . it

is therefore important to design the circuit so the sequential stage can be set

_ _ _ _ _ _ _ _ _ _-
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to a known state by both the set /reset inputs and by clocking. This permits

the known logic state to be set when the simulated fault prevents the reset

from occuring on the normal reset path. Leads should be connected to primary

inputs and outputs when possible ; the more this can be done , the better . —

Typically , when there is no functional need for the set (S) and reset (R)

inputs , good circuit design practice calls for the return of these leads to
( see Figure 4-1) .

:
5

a...J cp 
I

V _ _ _ _  

HK R~
J_

I_ _ _ _ _ _ _ _ _ _ _ _ _ _

tVcc
0745-OOSP

Figure 4-1 Poor Design of Flip/Flop Reset Lines

This is a poor design for testability because it denies the test engineer the
use of the alternate reset approach for the JK flip / flop . A correct technique
for proper return of the S and R input leads is shown in Figure 4-2. S could
also have been brought out , or both S and R can be brought out .

By returning the R inputs to an external pin , the stages can be reset
while the C~, fault is being simulated leading to a detection and isolation of this
simulated fault . When the circuit is in the system , +V~~~ voltage can be applied
to this external pin to fulfill the design functional requirement . Connecting more
than four of the above stages together is not recommended , . since this would
create a high fan-out with ambiguity during the fault isolation portion of the test
program .
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Sequential stages can be initialized when power is first applied by using -

the network shown in Figure 4-3.
- 

As +V~~~ is applied , the initial voltage across C is 0. After four constants
(T = 4RC) voltage V1 reaches +V~~~ which effectively removes the initialization
network from affecting the flip/flop .

For cases where flip /flops are reset from an uncontrolled internal circuit
point such as shown in Figure 4-4 , the logic should be redesigned to permit
the circuit confi guration of Figure 4-5. This assumes the logic is designed to
permit a state change from the primary input to reset the flip/flop .

C

Vt/~r O+Vcc

• 

~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~ 

:~~~~~ 

_____

~~ TO CON NECTOR
PIN

~745-OO9P

• Figure 4.2 Good Testability Reset Design for Flip/Flop
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o 
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L j ~i

- 
0745-O~~OP 
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-.  
Figure 4-3 Technique to Initialize a Flip/Flop
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Figure 4.4 Uncontrolled Internal Flip/Flop Reset Line

C

S

a

V

a

074 5 - 0 12P

Figure 4-5 Logic for Testable Flip/Flop Reset Line

Another approach to reset flip/flops is to use common set connections and
common reset connections , with both groups brought separately to the UUT ex-
ternal connector ( see Figure 4-6) .

4. 1. 1.2 Use of a Sequential Circuit as a Pulse Generator - When a large group
of sequential stages are connected together , care must be taken when making

a 

provisions to initialize the circuits. Most of these situations will use some form
of automatic test generation to form the test patterns used to stimulate the

32
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$ pI/O PIN 1

D Q D 0
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R 

Q I/O PIN 2

0745 -013P

Figure 4-6 Use of Primary Inputs to Reset Flip/Flop

circuit . It is useful to set up a sequential stage in critical parts of the circuit
as a pulse generator or “test clock” . This is accomplished by returning the
direct set and direct reset stage inputs to independently controlled leads which

V - are primary circuit inputs (see Figure 4-7) . The “test clock” stage can now be

a used to propagate a series of 10101010 logic states to the output .

- 
1

- 

:~~~~~~~~~~~~~~~~~~~~~~~~~~~~ D O  D Q  D (  >6

- 
>_____:i i

~

—•- 
Fl R Fl

5
- 

0145 -014P

Figure 4-7 Usa of External Control of Flip/Flo p as Pulse Generator or “Tut Clock”
I.
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Another good testability technique is to tie set and reset inputs of alter-
nate counter stages together so that when the overall circuit is initialized , the
counter stages will be in alternate 101010 logic states and ready to propagate
signals and detect simulated faults with the fewest number of patterns .

4.1.1.3 Breaking U p High Ambiguity Groups - When a reset can be accom-
plished using only the “R” input , there is a natural tendency to tie the one
reset line to all flip /flop resets ( see Figure 4-8) a.

This design practice presents a high ambi guity problem to the test
engineer . Reset lines of this type should be broken into groups , with the re-
set line buffered by logic into each group ( see Figure 4-9) .

- -

RESET LINE -

0745 -O1SP 
-

Figure 4-8 High Ambiguity Reset Line

- a  

_  
_  _

:
~~:T~~~~~~~~~

_

- 
<TP

0745 -016P

Figure 4-9 Design for Testability Break Up High Amb iguity Reset Line
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Amuiguity of each node in the reset line is reduced by using this tech-
nique . - 

If R 1, R 2 , R 3 stages are all in different packages , a test point access
lead should be added to improve the node testability. When possible , stages

and R 2, or other pairs connected to the same reset branch , should be from
the same IC package . This reduces ambi guity still further .

Groups of combinational gates should be from the same IC package (see
Figure 4-10) whenever possible .

For redundant gates used to lower the drive impedance , all legs of the
redundant circuit should be from the same circuit package (see Figure 4-11) .
If a redundant logic group is modeled for ATG processin g and all parallel gates
are from the same logic package the ATG model should show only a single gate
instead of two or three. This eliminates race or non-detect problems with the
data processing.

V
POOR TESTABIL ITY GOOD TESTABILITY

0745-017P

Figure 4-10 Use of Common IC Package for Related Gate Logic

—c;-

U8B
—0

074 5-OSIP

FIgure 4.11 Use of Common IC Package for Redundant Gate Logic
a~~ . a 
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When using wired NAND circuits break up high fan-in of outputs (Figure

1 4-12) by splitting into two or more branches with a maximum of three packages
(inaccessible case) joined to a node or four packages if the node is connected

- to an external lead (see Figure 4-13) .

Correspondingly , high fanouts require use of extra output stages (see
- 

Figure 4-14 and 4-15) to reduce fault ambi guity .

The impact of adding test leads to gain access to high ambiguity points in
the circuit has a limited value . While it does improve testability somewhat ,
there is no substitute for dividing down fan-in and fan-out points to uniquely
fault isolate the circuit nodes to an acceptable level.

4.1.1.4 Clock Line & Oscillator - Problems - Circuits which contain continuously
running oscillators , clocks , or pulse generators without access to external PCB

f a 
inputs or outputs present an unacceptable design ( see Figure 4-16) . This kind

- of bad design makes it all but impossible to synchronize the ATE with the UUT.

>~~~~~~~~~

H

I
Fi~ j re 4-12 High Ambiguity Fan-in Circuit
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- Figure 4-13 Testable Fan~in Circuit Design
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Figure 414 High Ambiguity Fanout Circuit
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Figure 4-15 Testable Fanou t Circuit Design
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- Figure 4.16 Unacceptable Design
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There are several good testability corrections which can overcome this
difficulty. One approach is to bring the oscillator output directly to a primary
output pin. This will permit a direct check of whether the oscillator is func-
tioning. Another approach is to add gates between the clock and its destina-
tion . This will allow the ATE to disable the clock and supply its own test clock
(see Figure 4- 17). An alternative would be to use a socket for the oscillator
so it can be removed durin g test , and an alternate signal supplied from the
ATE (see Figure 4-18) .

C

GOOD DESIGN FOR TEST (CLOCK CIRCUITS)
E X T E R N A L  TEST MONITOR

- 

‘a

~~ 

>
EX T E R N A L  DISABLE 

- 
[

~~~IRCUIT 1
>

TEST CLOCK INPUT

074 5-024P

-; . Figure 4-17 DesIgn for Testability Oscillator Circuit

ACCEPTABLE ALTERNATIVE (CLOCK CIRCUITS)

PRIMARY INPUT LEAD

‘a 0745 -025P

I Figure 4-18 Use of Socket Aids Oscillator Testability
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When using poly-phase clocks the same basic principles apply . Each clock

phase should be monitored. Each phase should permit disabling by use of a

test signal input , and each phase should have a clock override which permits

substitution of an external clock from the ATE .

4.1.1.5 Handling of Feedback Loops - Feedback loops can make testing almost

impossible . Certain circuit configurations usin g feedback should be avoided.

Figure 4-19 shows a sequential stage with the “Q” output tied back to the “D”

input .

C 

- 
• 

~~~~~~~~~~~~~~~~

0 74 5-026 P

Figure 4-19 Non-Testable Flip/Flop Feedback Loop

Once the state of Q is superimposed on D , the stage is locked up and can ’t
be used to check signal propagation . This same basic effect can occur if the Q
output is fed back to the D input through any odd number of sequential stages.
Designers should resolve these problems by inserting a combinational logic
stage into the feedback loop (Fi gure 4-20) . This allows the ATE to open the
feedback loop and /or insert its own test signals .

Other types of feedback loops can also be handled by inserting a logic
stage , or by breaking the feedback lead and returning it through external
input /output leads to its intended termination points (Fi gure 4-21) . This per-
mits identical logic desig-n at the UUT operating level , but eliminates the feed-
back test problem .
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Figure 4-20 Externally Controlled Gate Breaks Feedback Loop
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Figure 4-21 Feedback Loop Broken for PCB Test — Connected in System Interconnect Harness

4.1.1.6 Resolving “Buried Logic” Clusters and “Bottlenecks” - The logic cir-
cuits of a PCB become “buried” when several sequential stages are intercon-
nected with no access to primary inputs or outputs. When the outputs of many
logic stages (either sequential or combinational type) all reduce to pass through
a single circuit internal lead , that lead or gate represents a “bottleneck” to
proper test and fault simulation . Once either of these two conditions are present
in a PCB , steps must be taken to improve testability.
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The key to dealing with a case of buried sequential logic is to break up
the group of sequential stages and provide leads into the cluster. These leads
monitor internal stages and inject external signal inputs. In some cases it is
desirable to place combinational logic gates between sequential stages to freeze
an input (under ATE control) , thereby permitting signals to propagate from a
known starting condition . An example of this approach is shown in Figure 4-22 .
A test monitor lead may also be added to improve test visability . When feedback
loops are also present in buried logic clusters , corrective action previously
shown should be combined with the buried logic redesign approach previously
discussed .

• 

C 

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0745-029P

Figure 4-22 Logic to Break Sequential Feedback Loop

Logic bottlenecks such as shown in Figure 4-23 require. good monitoring.
Test points should be added on either the inputs or the outputs of the bottle-
neck , or in severe cases , an extra gate generator with external control lead
should be used .

4.1.1.7 Testing Counters - When there is a buried counter , and no way to in-
ject a clock pulse from the inputs (Figure 4-24) , provision should be made for
a test clock generator , either by modifying the clock circuit (Figure 4-17) or
by converting the first stage of the counter to a test clock (Figure 4-~’). It is
good testability practice to provide a counter monitor point evely three to four
stages of the counter .

1 
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Figure 4-23 Gate Added t~ Control Circu it “Bottleneck”
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Fi.gure 4-24 Buried Logic (Counters)

Counters which can be loaded and read by parallel signal lines are easier
to exercise than those which must be accessed serially . It is recommended that -

-
: all counters in the circuit have pthrallel access • - -~:

4. 1. 2 Testability Documentation Requirements - 

- 
- - -

j When the designer prepares documentation which will be used in test
development work , the quality of this documentation becomes a significant test-

- ability consideration . Part of the difficulty commonly experienced by the test
design engineer Is that he is supplied with production drawings instead of the

-~ ‘a 
- 

actual engineering drawings used to Initially develop the design . Much infor-
- mation is lost in formatting to MIL-STD procedures . Important descriptive
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information is normally omitted from the released prints . The use of comput-
a erized drafting processes , redrawing of circuit configurations without regard

to keeping inputs to the left and outputs to the right , or direction of current
flow from top to bottom on the page , etc. further obscure the vital engineering
data required for good testing.

Some current restrictions on proper transfer of information prevail because
most standards by thei r nature lag the state-of-the-art . The current require-
ments call for expensive supplemental data packages such as English-language
test programs , elaborate program flow charts , etc. which do not provide the
test engineer with as much information as an engineering schematic , a mechani-

C 

cal drawing, and an acceptance test procedure .
-: This guide cannot hope to correct the problems caused by current indus-

try/Government documentation practices , but will attempt to indicate what the
- minimum standards are for transfer of information to the test engineer .

Criteria have been established for the documentation factors appearing in
the following paragraphs .

- 
4.1.2.1 Assigning Proper Logic Symbols - Current documentation , in many
cases , does not Fhow proper logic symbol notation . When logic symbols are

- - - used , each part should be represented only by one logic symbol . For example
(Figure 4-25) when representing a two input NAND gate there is only one
proper symbol as shown.

IMPROPER LOGIC SYMBOL PROPER LOGIC SYMBOL

- 
- 0745- 032 P

• Figure 4-25 Use of Proper Logic Symbols
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When this approach is not followed and software-oriented people control
a design , it forces the test engineer to reverify circuit parts to see if parts
drawn differently are really identical . This is time-consuming and unneces-
sary . By always using the same symbol for a logic function it is possible to
avoid confusion and shorten the amount of time to debug a test program .

A second aspect of the “Proper Symbol” problem is the need to represent
and correctly orient the leads into and out of a logic stage . If correct logic

— symbols are drawn inside the package outline (as per Figure 4-26) , and pin
desi gnations are shown with proper logical names for each lead , there is nothing
left to question . When the Figure 4-26(b) approach is used , device type
number and equivalent internal circuit logic should be identified at least once
on the schematic . The Figure 4-26(a) approach is preferred . One type of
notation which is totally unacceptable is illustrated by Figure 4-27 which shows

V - 
the same IC in a way totally misleading to the test engineer and devoid of any

a. logic information .

The referenced ABC 1234- 1 is not a standard industry commercial part
an d t he pin designation shown , look like Pin 4 is an output when it is actually
a gate input of U7B ( see Figure 4-26 ( a) ) .  No function designations such as

PREFERRED LOGIC SYMBOLS ACCEPTABLE LOGIC SYMBOLS

~~~~~EA
3

~~~~~~~~~~~~~~~~~~~

~~~~~~7c 8

12J

~~~~~~~~~

(A ) (B)
0745-033P

‘a - Figure 4-26 Preferred or Acceptable Logic Symbols
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Figure 4-27 Unacceptable Logic Symbols
C

“Input 1 Gate A , ” “Input 2 Gate A ,” etc. are given . In certai n cases , the as—

- 
‘ sumed throughput of a function will lead to the wrong output pin. When no

- a. other information is available , this type error can make an entire test circuit

‘a model worthless. Proper use of logic symbols is most important for good

testability.

4. 1.2.2 Cross Referencing of Drawings - Efficient and effective design of a test

‘a program set depends on how well the various applicable documents are indexed

and cross-referenced . As a minimum , each subassembly drawing should show a
complete family tree of related documents including the schematic , PCB drawing,
test specification , any non-standard part drawings , any change orders not in-
corporated , and the overall parts list. For LRU-size units , the list of subasse!n-
bly part numbers should also be shown.

- 

Testability costs can only be minimized when all drawing numbers needed
for test are shown on the top drawing. Once the top print is know n and ob-
tam ed , only one more request for drawings will be req uired .

If the military/aerospace industry would make the electrical schematic the
top drawing as is now done in areas of commercial industry , the long delay in
receiving information would be shortened . This would eliminate the case where
a schematic is received but no real test work can begin until th3 other docu-
ments are available.

‘a
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4. 1.2.3 Non-Standard Parts - Many companies use non-standard parts as a
means to prevent competition from being able to do legitimate test work. When
documentation is forwarded without non-standard parts data , test work is im-
peded. In the preferred approach , the internal logic diagrams with package pin
designations and proper logic symbols are shown either as part of the circuit
schematic or shown once at the edge of the schematic as a referenced figure .

4. 1.2.4 I/O Pin Designations - Inputs and outputs should be brought to the
edges of the schematic so that requirements for test interfaces can be quickly
established . It is preferable to bring inputs out to the left and outputs to the
right . In any case , inputs should be clearly distinguished from outputs by a

C method similar to Figure 4-28 , with directional arrows on the leads.

No input or output should be contained in the inner portions of the detailed 
—

schematic. Each lead should be labeled with a unique name to facilitate identifi-

V - 
cation of connections between assemblies.

(INPUTS) (OUTPUTS)

21> 
LOGIC 1 IN TVER OUT 7

>22

23 )—$- 
CLOC K OUTPUT DRIVE

_1>18
CIRCUIT

I DETAILS

LOG IC 2 IN TVER
>~

CLEAR AMTC OUT
~>43

0745-035P

Figure 4-28 Arrows Distinguish Inputs from Outputs

4.1.2.5 Proper Page Connectives - Without properly written page connectives ,
for multipage complex schematics , it becomes an almost impossible job for the test
engineer to tabulate interconnecting signal paths . This condition will lead to days
of extra and unnecessary engineering effort .
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The circuit/designer should properly annotate all such leads to show to-from

information. S,, ctor of page and page number should be given for each intercon—
nection (see IJ~Igure 4-29) . In addition , the point 4 shown on page 3 of the figure

PAGE 1 PAGE 2 PA GE 3
- 7

’ (ZONE A3) (ZONE B6) (ZONE A2)

/ 
r~~~ r~~~- 

C L i  
COMMON CIRCUIT POINT

MESSAGE AT PAGE 1 MESSAGE AT PAGE 2 MESSAGE AT PAGE 3
TO P2 (B 6) ; P3 (A2 ) ‘aT OP1 (A3) .P3 (A2r a -.laO Pl (A3 ) ;P2 (86) ’a.

0745 -036P

V Figure 4-29 Use of Proper Page Connectives

should not be used . Only one point on each schematic page should transfer to

other pages . Multi ple points on a page should be shown with a page internal con-
nection symbol or joined by a soli d line , for maximum clarity.

4. 1.3 Application of Power Load s

4. 1.3. 1 Sequence of Supply Voltages - Care should be taken in the desi gn of
power distribution circuits for testability. It  is always a bad practice to require

- speci fi c sequencing of applied supply voltages . Figure 4- 30 shows a technique

BAD DESIGN

+ iov +1DV

- 
UUT 

a

~~

.

UUT

L -

‘ 
SUPPLY VOLTAGE +5V MUST UUT INDEPENDENT OF
NOT TURN ON BEFORE +1OV VOLTAGE SEQUENCING

‘a 0745-037 P

Fi gure 4-30 Circuit Divider Insures Voltage Sequencing of Required Supply Voltages
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to eliminate sequencing of supply voltages . This approach can be extended to
use shunt or series regulators internal to the UUT .

When an excessive number of supply voltages is required to test a circuit

- 
a similar redesign could be used to reduce their number.

For circuits such as lam p drivers which require relatively high current out-
put stages , good design for testability is to use low power pull up collector load
resistors on the output stages as part of the circuit . This permits correct logic
operation (Figure 4-31) without the use of external loads . When the use of extra
loads for multiple outputs is required , thei r size can be reduced by use of di-
odes with a common resistor (Figure 4-32). Power ratings of the reduced design

C 

must be calculated to stay within component power limits for short circuit cases .

CORRECT DESIGN

- BAD DESIGN ~ cc

DRIVE STA GE
—

~~~~~~~~~~~~~~~~ LAMP OUTPUT

• 
- 

E X T E R N A L  LA MP LOAD MUST
BE ATTACI-IED TO TEST

0745 -038P CIRCUIT LOGICAL FUNCTION.

Figu re 4.31 Output Switch Uses Pullup Resistor

Q VccV ,~ V ,~ ~~~ 
V~,

0745-039P

- ‘ a  I.

-
‘ - - Figure 4a32 Use of Diodes Can Reduce Size of ID Test Loads
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4. 1.3.2 Uni form Power Pins - When more than one subassembly is associated with
a the circuit to be tested , power voltages and returns should be wired to the sam e

corresponding pin of each subassembly . Thi s reduces the complexity of ATE

in terface devices .

4.1 .4  Miscellaneous 
-

4. 1. 4. 1 Clock Race Problems - Latent clock race problems can easily present

themselves w hen digital test patterns are generated by autc’amated computer pro-
cessing. The circuit design should be reviewed to locate latent race conditions
and design corrections should be made. Three types of design changes are cur-

- C 
rently used to correct races during test :

• The use of additional test patterns inserted at the race point of the

test program to ensure that  logic state changes proceed in the desired

sequence

V - 

• A change to the preceding test pattern to disable one of the race signal
‘a paths

• The addition of serial delay hardware in one of the coincident race paths
to destroy race timing.

It is much more cost-effective to eliminate races during PCB design than to
force the test engineer to fix them after the fact . Figure 4-33 shows a common
type race condition . The edge-triggered “D” fli p-flop will change its input state
before the clock pulse edge reaches the flip/flop . This causes an improper output

- 

INPUT l~~—.~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

F/F 

)OUTPUT

0745 -040P

Figure 4-33 Common Type Digital Logic Race CondItion
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-

when the flip/flop is triggered . The race problem can be overcome by holding
- Input 2 low until the next test pattern which will maintain a logic “1” on the

D input .

While a buffered test pattern using input 2 will solve the race problem for
one test pattern , & basic hardware solution would solve the problem every time.
Figure 4-34 shows two such solutions .

In the first of these two approaches , the circuit is modified to split input 1
into two inputs. The circuit will function identically in the system since the

separated inputs are rejoined in the interconnection harness. During testing the
automatic pattern generator controls each of the two leads independently and is
unaware that they are related . A complete test can now be made without a race.

In the second case (Figure 4-34), input 1 can remai n the same but two
extra invertors are serially added in the D input path. Thus , the data will always

‘a 
- change after the desired input is clocked to the output .

- Basic circuit desi gns should eliminate situations where the clock and data
input for one sequential circuit is derived from a common input , or where two
clock lines from a common source go through different delays to trigger inter-

‘a related sequential circuits.

FIRST APPROACH SECOND APPROACH

I ‘ INPUT i

L I

- I 0745-041P 

I

~ Figure 4-34 Techniques to Eliminate Digital Race Problems
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Another possible race condition can occur in the network of Figure 4- 35.
The exclusive OR gate will remain at a “0” output for either two “0” inputs or two

a “1” inputs . As F/Fl  triggers F/F2 there is a possibility of unlike inputs to the
exclusive OR gate during the transient instant (“0” to “1” or “1” to “0” ) even
though like inputs are present before and after the clock . There is some pos-
sibility that the transient trigger pulse will activate the latch to a false state .
This is another form of a race condition.

There are many similar types of digital races which can occur in complex
circuits . Ability to change the hardware prior to a rummitment to production
is of paramount importance in solving race problems . This takes a large burden
aw ay from the test development engineer who otherwise is limited to work-arounds

C 

and to solving race conditions by extensive software manipulation.

4 .1 .4 .2  Monostable Multivibrators - Buried monostable circuits present a formid-
able problem when using Automati c Test Generation. Good testability practice

- V can reduce the test di fficulty by bringing the input trigger lead and the output

- lead to external pins . In addition , a dual gate structure should be used (simi-
lar to Figure 4-17) when the monstable circuit drives other sections of the PCB .

C~ ~ ~J__lCP 
~~

J—1

- 

- - 

XOR

I LATCH
LATCH

OUT

074 5-042P

‘a ‘a ‘a Figure 4-35 Race Condition Through Exclusive or Gate Can False Trigger Latch Circuit
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The extra gates permit the monostable output to be inhibited and allow insertion
of an external test signal to drive the circuitry in place of the monostable. ‘a

If these testability modifications are not used , the testing of built-in mono-
stables becomes a nearly impossible task requiring extensive manual testing to

achieve any degree of fault detection . -

4. 1 .4 .3  High Frequencies - Use of high frequency signals on a PCB complicates

t esting. Hi gh frequency signals in excess of 10 MH z must be supplied on direct

coaxial lines with proper termination .

When system requirements make use of high frequency signals unavoidable
the testability engineer may be limited in what can be done to ease the test

C

problem .

ln some cases he can design around high frequency signals . When serial
data must be loaded at a 10 MHz rate , the circuit can be redesigned to permit

a 
- 

acq uisition of data by parallel input lines. None of these solutions are very
satisfying and normally the test engineer must live with the high frequency
problem .

4. 1. 4. 4 Use of Potentiometers - Adjustments performed during a test program

• make the testing much more complex . The objective of a design for testability

• 
must be to eliminate potentiometers wherever possible.

If the purpose of an adjustment is to set a precise voltage which is not sub-
sequently readjusted , it is preferable to use a 3-resistor voltage divider (see
Figure 4- 36) , where Rs is a selected precision resistor custom-tailored to each
circuit.

4. 1. 4. 5 ~ ç~t Point Isolation - Test points should be properly terminated by a
resistor when space on the PCB permits . Thi s prevents (Figure 4-37) possible

- 

~, shorting du~~pg probing.
a 4. 1.4. 6 Orientation of IC Packages on PCB - For ease of testing it is preferable

to ali gn the IC packages on a PCB in one direction (Figure 4-38) . Also , each IC
packa ge when aligned should have identical orientation of power pins to mini mize
probing of incorrect circuit points .

IC packages should be numbered in a logical order by rows and the designa-
tions clearly labeled on each side of the PCB .
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Figure 4-36 Divider Network Eliminates Adjustment
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Figure 4-37 Resistors Provide Isolation for Probe Test Points
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- a — Figure 4.38 Orientation of IC Packages on PCB
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4. 1. 4.7 Testing of Microprocessors, Memories and Other Complex Parts - Several
design guidelines apply to the use of microprocessors , memories and complex
parts. When the internal logic configuration of a complex part is unknow n , the
part cannot be modeled for automatic test generation and the test work must take
place around the part . Use of a socket for this type of part becomes almost man-
datory (Figure 4-39) . The test procedure is to remove the part from the circuit
and test the remaining circuit parts with it removed using (if necessary) a plug-
in head as a test connector in the socket . After any faults are repaired and a

C

- ( ‘ a 
-

-
. 

a 

—

I t.

fl / 4 5 04 6 P

Figure 4-39 Testability of Microp rocessor PCB Circuit Improved by Use of Socket
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good end to end test passes , remove the test socket connector and plug the
complex part back in. Then perform a functional test on the overall circuit. If
the functional test fails , replace the microprocessor. In general , it is good

design practice to bring out all the pins of a microprocessor or memory chip to
external I/O connectors . For cases where a microprocessor has tri-state logic
outputs , test patterns can switch all these points to the open or quiescent logic
state . The non-microprocessor tests can then be performed without forcing a
part removal and this procedure can be follow ed with overall functional tests .

Memory chips can cause extreme test difficulty for even small arrays . It is
- important -to separate I/O leads of circuits with more than one memory chip so

- 
C that independent fault isolation can be accomplished . Use of high quality

sockets for all memory arrays is strongly preferred . In cases where a complete
ring-through- of all possible test patterns for a complex memory becomes imprac-
tical , the best technical approach is to require the designer to deliver functional
test patterns representative of memory usage . Cases where a m~emory chip is

‘a - buried in *he middle of PCB logic without direct test access to its read , write
data and address lines are- to be absolutely avoided . 

-

The dat a contents of all ROMs must be provided as documentation.

When lC users ultimately force the manufacturers of complex parts to ac-
— ‘ curately disclose internal logic configuration , these parts will then become

testable .

4.2 SYSTEM /MANAGEMENT/ATE TESTABILITY FACTORS

System-level testability design considerations for groups of PCBs for which
information will not be found in the documentation for an individual printed cir-

cult board , must be placed in a different category when recommending corrective
action. These factors depend on how a system is configured , how management
is structured , or upon the specific ATE used to test the PCBs. The variations
in syst em desi gn are so numerous that it would be impractical to attempt a
wei ghted testability evaluation system. The same holds true when evaluating
the my riad of management approaches , and /or the proliferation of di fferent test
equipmen t.
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The above cannot be ignored , however , since the cost of PCB testing can
be greatly reduced by good testability design practices and management . One

• major way to simplify the testing problem at the system-level is to make all sys-
tem power , grounding, board connectors , etc. common and identical so that a
maximum number of PCBs can be tested on a common ID. The fewer IDs required
for an overall system , the lower the cost to test. M aximum use of circuits which
can be tested by automatic test generators is recommended .

The best approach to presenting system factors is to show them as a check
list with an explanation of each factor relative to its impact on testing. These
factors are grouped into four general categories :

• System Interface

• Management
— 

• System Hardware

- 
• • System Power.

4 .2 .  1 System I nt erface Factors Checklist

Limi t the Number of Different Part Types Used - An extremely significant
factor which can greatly aid in reducing spare parts inventory as well as hand-

‘ books and prints.

Limit Types of Logic Families - This system factor reduces test complexity
by reducing the number of logic voltage levels .

Fail Safe Design - UUT I /O Lines - Careful attention to this detail reduces 
I 

-

chances for damage while testing.

System Clock - External Disable - This desi gn feature permits the tester to
control internal ti ming operations from outside the unit under test.

F’unctional Packaging - This factor is di fficult to define with any precise
criteria. Clever desi gn can , however , produce a system which virtually eli miaa-
nates all but functional I/ O leads between LRU modules . This makes isolation of
a fault to the module level easy and keeps use of auxiliary test equipment to a
mirumum .
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Proper BIT App lication - Well-designed BIT lowers the cost of testing by 
- 

-

limiting test work to modules which actually are defective . It also assists in
fault isolation .

Feedback Loops Open for Test - Good system design will build in leads to a
test connector which will permit breaking loops for test purposes . This greatly
simplifies locating of a faulty internal subassembly when several are involved in
a feedback loop -

Well Chosen Test Detect /Isolate Levels - Good system design makes provi-
sion for fault detection and fault isolation to the lowest possible level economi-
cally approachable.

C

No R econvergent Fanout Bet ween LRUs - For di gital units, care must be
taken not to form parallel paths of logic from a single source point which con-
verge at a second single point .

- . Design For ATG Compatibility - Sections of independently testable digit al
‘a logic should be limited to a complexity compatible with the capabilities of the

intended automatic test generation system .

4.2 .2  Management Factors Checklist

System Confi guration Control - A first prerequisite for good management of
test program development is to establish a simple and clearly underst andable - -

method for defining system confi guration . The documentation must show each
LRU;  interrelate each removable unit (RU ) with all possible confi gurations of
the LRU; relate circuit board , assembly , and schematic to an RU for each con- —

fi guration ; tie in test program and ID nomenclatures for each version of each
LRU ; and document all support-of-support testable assemblies for each confi g-
uration.

A second part of good system configuration control is to maintain accurate
records of test equipment and spares 1~t all field sites , so when a problem occurs
in a remote location , corrective action can be taken immediately .

I . Use a Test System with Real Time Compiler - Many test development projects
use test systems which do not have a capability to change a test program while
on the test station . Use of an offline compiler which is not part of the on-station

- 
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operation places an added burden on the test engineer which could more than
double test program development time. Good management will mandate real time
inline compilation with file security provisions which limit this capability to
authorized personnel.

Use of Proper Test Diagrams - The overall cost to test can be reduced by
putting as much of the hardware test diagrams as possible on one print . When
necessary , more than one sheet can be used , in which case a functional sector
division of the test diagrams should be defined which can “stand alone” without
large dependence between sheets.

C For selected key tests , the test diagram can be modi fied by accenting leads
to stand out while retaining the rest of the test information in the background .

Use of this approach reduces the di fficulty of identifying “sneak” paths or
of finding sources of cross coupling signals in the overall test wiring. Such
problems can cause delay and tie up test stations . Good test diagrams reduce
the risk of such problems by providing test visibility.

Proper System Labeling - Good management will give careful attention to
the formulation of a simple , clear system of labels . Proper part marking on the
PCI3 helps to quickly identify components . Marking polarity of capacitors , ter- ‘a

minals of batteries , diode directions , etc. helps ensure proper manufacture of
the assembly. The use of matching arrows to show proper di rection of PCI3
insertion is recommended .

Wherever possible , the PCB should be marked with actual pin numbers ,
and not force the user to employ a mental translation process because of the
desi gners attempts to mak e a socket general .

4. 2 . 3 System Hardware Checklist

Use a Common PCB Connector - Good testability practice is to use the same

- 

- basic connector for as many PCBs as possible. If the connector is keyed , the
keying should be “defeatable” to allow for ease of testing.

Use a Common ID for the Maximum Number of PCBs - The fewer the number
of separate IDs required , the lower the overall test cost . Care should be taken
to group similar PCBs with a common ID .

t
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4.2. 4 System Power Checklist

Power Supply Sequencing - The need to sequence the application of power
supplies is very undesi rable. The system design should require circuitry such
that any sequence of applied voltages is acceptable .

Common Pins for Power/Ground Leads - Good system design simplifies test
work by keeping power and ground pin assignment consistent for each module
or PCB in the system . Pins should be selected such that power and ground do
not occur on adjacent pins .

Standard Grounding Philosophy — Use of a common or standard grounding
technique for all modules and circuit designs further simplifies the testing
problem .

4.3 PCB TESTABILITY EVALUATION SYSTEM

The Testability Evaluation system rates PCBs in terms of four basic test
‘a factors and 30 negative testability factors. Basic test factors define a score

on a positive scale of 0 to 100%. This represents how closely the generic design
of the PCB approaches optimum testability. The negative testability factors
are penalties for bad desi gn practices . The total negative score is subtracted 

‘a

from the total positive score to produce a net total score . The net total score is
the measure of PCB testability .

Negative factors can usually be red uced by the desi gner using the testabi l-
ity design methods recommended in thi s guide. The process used to identi fy and
correct testabi lity problems is based on obj ective mathematical standards. The
rating process is designed to req uire less than eight working hours per PCB
evaluated . The evaluation system takes into account known factors relating to
the cost of testing. Automatic testing considerations and proper documentation
are also key inputs to the evaluation process .

E xamples of remedial testability desi gn methods are divided into five mai n
areas ; circuit s tructure (with  sequential circuit and ATG factors), special parts
(microprocessors . memories , VLS I , e tc .) ,  documentation , power application , and

“ a‘ miscella neous (tolerance , adjustments , hi gh frequency , fail safe , mechanical ,

~~ et c . ) .  In each area , specific desi gn corrections are recommended to reduce the
diff icul ty of testing.

~
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4.3. 1 Use of the PCB Testability Evaluation System

When initiating a testability evaluation , the following is mandatory:

• Schematic/logic diagram

• Parts list

• Specifications and internal logic of all PCB part s

• All documents must be legible

• Configuration of the PCB and its documents must be clearly stated and
identical.

- 

C 
Do not proceed with the evaluation unless all of the above items are present

‘a and accounted for .

The following provides a step-by-step procedure to conduct a PCB testabil-
ity evaluation . The evaluator will require the following:

• A Node Accessibility Score Sheet (Figure 4-40)

- • The PCB Testability Evaluation Score Sheet (Figure 4-41)

• The PCB Testability Evaluation System (Subsection 4.4 ) .
‘a The procedure wil1 refer to the above as needed in the evaluation.

COMPILATION OF BASIC (POSITIVE ) FACTORS

STEP 1
- 

Use the Node Accessibility Score Sheet (Fi gure 4-40) and the schematic!
logic diagram , to trace each primary input lead to all its termination points in the

- 
circuit.  Place a mark in the score sheet box for each case which corresponds to
the number of components tied to that lead under the appropriate column in the
top half (Access) part of the form . When five or more parts are connected to e -

- single input , circle that input lead on the schematic with a red pencil . Put a
pencil - check on each termination point so the same path will not be retraced

- later. Group the marks made in the numbered boxes by multiples of five or ten
• to make counting up the total easy a

I- ~~~~ ~.

- a-
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N U M B E R  OF CONNECTED PARTS (PKGS)

1 2 3 4 5 6 7 8 9 10

A
C

C -

E
S TOTAL NOUES _

C S (ACCESS IBLE)

1 11 12 13 14 15 16 17 18 19 20

‘F 
- 

•

1 2 3 4 5 6 7 8 9 10

N TOTAL NODES_
0 (NO ACCESS )

A
C
C

-

~ 

11 13 ~~ 18 20

% LEADS
- ~CCESSIBLE

‘ 0145 -047P

Figure 4-40 Node Accessibility Score Sheet
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POSSIBLE ACTUAL
FACTOR DESCRIPTION SCORE RATING RATING COMMENTS

81 Percent Nodes Accessible 30%
82 Proper Documentat Ion 25%
83 % of Sequential Ckts 25%
B4 PCB Complexity Count 20%

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ 00:
===

Ni Monostable Ckt -%/ln,t
N2 Counters (Pkgs x Stgs) -%/l nst
N3 Max . No. Function Blocks / -%/ln t

(‘a Node (No Access)

N4 Max. No. Function Biocks / -%/lnst
C Node (Accessible)

N5 Seq. Supply Voltages -10%
N6 Non-Remov. Memories -%/Inst

N7 Non-Rem. Buried Memory -%/lnst
NB Removable Complex Part -%/Inst
N9 Non-Rem. U-Proc, VLSI -10%/Inst

N10 m it. of Seq. CKTS -%/l nst
Nil Ext. Loading Req ’ad -5%
Ni2 Different Logic Types -%/lnst

Ni3 Buried Seq. Logic -%/lnst
N14 I/O Pint Distinguished -3%
N15 Excess Warm-u pTime -3%

N 16 Tolerance -%f lnst
Nil High Power -%/Inst
NIB Critical Frequency -5%

N19 Clock Lines -20%
N20 Ext. Test Equipment -%/inst
N21 Environmental -10%

N22 Adjustments -%/lnst
N23 Complex Signal input s -%/lnst
N24 Redundant Logic -%/lnst

N25 No. of Log ic Voltages -1%/L.V .
N28 No. of Power Supplies -1%/P.S.
N27 Schematic Connecti ves -20%

N28 I/O Pin — SchematIc -5%
N29 Dual Pin Designations -3%/Inst
N30 Symbols on SchematIc -5%

= == 

~~~~~~~ ~~~~~~~~~~~~~~~~~~ 

== ======= = = = ========— = = =

Net Total Score

0745.048P
Figure 4-41 PCB Testabil Ity Evaluation Score Sheet

‘a -
~
•
~~~~~~ 

63

‘a
- - a- 

~~~~ -- a-

- - 

- 
- 

~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~‘a a - a~~~.a-a-



~~
a- . - - - 

______________________
- - - --

STEP 2

Repeat STEP 1 for each output lead .

STEP 3

Count the number of parts connected to each internal node (wiring junction
point) and place a mark in the score sheet box which represents the number of
parts connected to each node . (Since the internal nodes are inaccessible , these
marks are made on the lower half of the form) . When four or more parts are
connected to the same node , circle the node at a convenient point with a red
pencil. Place a pencil check on each termination point to prevent retracing the

C 
line later.

STEP 4

Total up the number of “Accessible” nodes and record their number in the
Nodes Accessible blank of the Score Sheet .

Total up the number of “No Access” nodes excluding those which connect
only one or two parts. Record thi s total in the Node Inaccessible blank on the
Score Sheet .

STE P 6

Calculate the percent of nodes accessible :

Total Count - Step 4 —

% nodes accessible = Total Count - Step 5 IC 100%

Record this result on the Score Sheet . Also , enter this result on the PCB
Testability Evaluation Score Sheet (Fi gure 4-41) as the score for the first rating
factor . Convert this score to an actual rating by using the PCB testability

‘a 
evaluation system (Subsection 4. 4) which converts the raw score to a weighted
percentage . Enter the weighted percentage in the rating column of the PCB
Testability Evaluation Score Sheet .

I . STEP 7

Proceed to Factor B2 of the PCB Testability Evaluation System (Subsection

- ‘a - 4. 4) and total up the percentage points for documentation items (a) through (f) .

‘a L 64
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- Points are awarded if requirements are met or exceeded. Enter total percentage
in actual rating column 3f PCB Testability Evaluation Score Sheet .

— STEP 8

Proceed to Factor B3 of the PCB Testability Evaluation System (Subsection
- -

- 
4.4 ) . Using the PCB parts list , add up the total number of sequential IC pack-
ages . Divide the number of sequential packages by the total of all IC packages .

- (If  discrete parts are used on the PCB , only count functional groups of discretes
as equivalent to one IC) .  Score Sequential Groups and Combinational Group3 in

‘a appropriate areas . Enter the percent of sequential circuits in the “Score” col-

C 
umn of the Score Sheet and convert this value using Subsection 4. 4 scale factors

- to get the actual percentage rating. Enter actual percentage on the Score Sheet .

-
- ‘a 

- 

STEP 9

- 
Using the B4 instructions of Subsection 4. 4 , add up the total counts of all

- 
- sequential circuit parts . Convert this total count to an actual rating percentage

using the table in Subsection 4. 4. Enter this actual percentage on the Score
— Sheet .

STEP 10

— Add the actual ratings for Basic Factors Bi through B4 to arrive at the
“Total Basic” score and enter this on the Score Sheet .

COMPILATION OF NEGATIVE FACTORS

STEP 11

Check PCB to see if there are any monostable circuits. Assess how these
must be tested , and assign approp riate penalties as per the Ni  section of the

- PCB Testability Evaluation System (Subsection 4.4 ) .

STEP 12

Using the N2 factors of the PCB Testability Evaluation System , evaluate

I 
possible penalties and make the appropriate entries on the Score Sheet . Counters
are considered accessible if a signal can be directly input . The count of stages
starts from each direct input and continues until the final stage of the counter
is reached , or unti l a point where another input can be injected is reached . If
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there are test points within the counter , the penalty is reduced ( see N2 (a)

and (c) factors) .

STEP 13 - 
-

Using the filled out Node Accessibility Score Sheet , add up the total in-
stances of inaccessible (bottom half of chart ) nodes for groups of 4 , 5 , 6 , ---N
packages separately by group. Using the PCB Testability Evaluation System
assign penalties shown for each group and add the total negative points. Re-
cord this total on the Score Sheet under N3.

STEP 14 -

C

Repeat the STEP 13 procedure for all accessible nodes with 5 or more
packages tied together. Record this result on the Score Sheet for N4 .

STEP 15

For factors N5 through N9 , assign penalties if undesirable design factors
are present and enter these in the appropriate places on the Score Sheet . Show
0% if a factor is not a problem to indicate that each factor was considered .

ST EP 16

Check each sequential circuit to see if it can be initialized in two ways ;
using the direct set /reset inputs , and using signal input patterns with a clock —

line. Penalize (per the Evaluation System) in each case where initialization can-
not be accomplished in two ways , and enter these under N b .

STEP 17

For factors N i l  and N 12 assign possible penalties and enter results on
Score Sheet .

STEP 18

For N i3 start with any sequential circuit (count of 1) and count each
sequential stage directly connected to one of its inputs or to one of its outputs
If an output lead from an otherwise unconnected sequential circuit is connected
to the clock input of a sequential circuit in the above cluster , it should also be
counted. Expand the count in all directions unti l all signal leads from all cir-

‘a - cuits in the cluster reach combinational circuits or a PCB input /output lead . L

- ‘a.. a 
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Assess penalties for each cluster of three or more sequenti al circuits as shown
in the Evaluation System . Continue thi s process unti l all sequential circuits
have been checked . Total up and record the penalty in the Score Sheet .

STEP 19

For factors N i4  through N30 assign possible penalties as per the Evaluation
System and record the results on the Score Sheet .

STEP 20

Total up all negative percentage points and record the total negative score .
Subtract the total negative score from total basic score to obtai n the final PCB

C 

rating.
- 4. 3. 2 Rela tionship of PCB Rating to Actual Test Di fficulty

In order to determine how the final PCB Testability Rating correlates with
a actual di fficulty-to-test , the average rating limits for typical PCBs are pre-

sented below :

PCB Rating Circuit Test Difficulty

+81% to +100% Very easy

— 
+66% to 4 80% Easy

- 

+46% to +65% Medium /Easy
+31% to +45% Medium
+11% to +30% Hard
+1% to +10% Very Hard
-100% to 0% Impossible to test without extreme

cost penalties

4.4 PCB TESTABILITY EVALUATION SCORING SYSTEM

4.4.1 Basic Factors

B 1 - Percent of Nodes Accessible

An accessible wiring node is one which is connected to an external connect-
• or pin.
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Actual
Percent Accessible Nodes Rating (%)

(a) 91 to 100 ( 30)
(b) 81 to 90 (27)
(c) 71 to 80 (24) 

- 

-
-

.(d) 61 to 70 (21) - 

- 
-

( e) 51 to 60 (18)
(f) 41 to 50 (15)
( g) 31 to 40 - (12)
(h) 21 to 30 ( 8)
(i) l i t o 20 ( 4)

- C 
(j) O t o  10 ( 0)

B2 - Proper Documentation

(1) Mandatory Requirements

(a) Schematic/Logic Diagram provided
(b) Parts List provided

(c) Equivalent logic diagrams of all integrated circuit parts
(d) All documents must be legible

F (e) Confi guration of the Schematic/Assembly Group h-lust be clearly
• stated .

Actual
(2) Basic Items Rating (%)

(a) Logic dia grams or schematics (of all detailed
parts) provided either on overall print or as
individual part specs 4

(b) Detailed performance spec with signal I /O
tolerances provided 8

(c) Truth table for each di gital IC circuit type
show n on schematic or on detailed part
drawing provided 3

(d) Functional desi gnations should be shown next
to each pin number of all logic packages on
the schematic 5

‘ ‘a
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Actual a
Rating (%)

a (e) Power circuits shown in a single location on
the schematic and with voltages labeled 3

- (f) Schematic shows reference to corresponding

- 
assembly print and part number of next

— 
higher assembly 2

B3 - Percent of Sequential Circuits

Each integrated circuit package on the schematic is counted as a single
sequential or combinational circuit regardless of its individual complexity . ‘a

- 
C 

- Actual
Percent of Sequenti al Circuits Rating (%)

- 
(a) < 15% 25
(b) � 15 but <2 5  20

V . - (c) � 25 but < 4 0  10
(a) ? 40 but < 50 5
(e) ? 50 0

B4 - Complexity Count
a 

The complexity count is made for sequential circuits only . Combinational
ICs are ignored . Use the following list to determine the total count for each
type of circuit confi guration . ‘a

— 
- 

~

- - Total Counts

(a) Flip Flop 7

‘a (b) La tch 7
(c) 4-BIT Shift Register 35
(d) Memory Chip 2~’ (n = number of inputs)
(e) Microprocessor 1000
(f) VLSI Chip 1000
(g) All other sequenti al ICs See Notes 1 and

L
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Actual
PCB Complexity Count Rating (%)

(a) Less than 300 20
(b) 301 to 500 16
(c) 501 to 800 12
(d) 801 to 1200 8
(e) 1201 to 1800 4
(f)  1801 and higher 0

- : 
- 

Note 1:

- C - For complex IC circuits with sequential sections , add the count of
internal combinational gates and inverters to the total based on:

• Gate = number of input leads plus one

• Inverter = 3
V F

Note 2:

Total count for other sequential ICs is determined by summing the
counts of each internal gate with the counts of logic types (a) through

, (e) above

. 4 .4 .2  Negative Factors

- ‘a Ni - Monostable Circuits

- — - 

Classify each monostable into one of the three categories listed below and
- 

- 

assess the appropriate scoring penalties .
- Actual

Scoring Factors Rating (%)

- (a) Is tested by analog techniques not requiring (-1) per
digital ATG processing instance

- 
- 

(b) Accessible monostable output driving sequential ( - 2)  per
- circuits instance

(c) Inaccessible monostable output driving sequen- (-5) per
L tial circuits - instance

I ,
F ’ a  ~.
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1

N2 - 2~ Sequenti al Counters

Multiply the number of IC packages by the number of internal sequential
stages . The scoring factor is equal to the product . Stop count when a combi-
national circuit is reached . -

Scoring Factors Actual Rating (%)

(a) 5 to 10 with monitor lead onl y (-2) per instance
(b) 5 to 10 not accessible (-3) per instance

‘a (c) 10 or more with monitor lead (—4 plus (_ 0 .0 5 (N- 10) )  per
only instance

(d) 10 or more not accessible (-5 plus (-0. 1 x (N - 10) ) per
- C instance

N3 - Maximum Number of Function Blocks per Inaccessible Node

Count the number of different function blocks (circuit packages) connected
to the same wiring junction ( node). Thi s procedure pinpoints areas of the dr-a
cul t design where high internal fanouts make fault isolation difficult.

Inaccessible Nodes Actual Rating (%)
a) 4 (-0. 1) per instance
b) 5 (— 0.2)  per instance

‘a c) 6 (-0.5) per instance
d) 7 - (-1.0) per instance
e) 8 (-1.3) per instance
f) 9 (—1.7)  per instance
g) 10 and higher (-2.0) per instance

N4 - Maximum Number of Function Blocks per Accessible Node

Same procedure as N3 but with smaller penalties for high fanout .

Accessible Nodes Actual Rating (%)
- 
I a) 5 (-0. 1) per instance

b) 6 (-0.2) per instance
c) 7 (-0.5) per instance
d) 8 (-0.6) per instance
e) 9 (-0. 8) per Instance

/ - f) 10 and higher (-1. 0) per instance
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N5 - Supply Voltage Sequencing Requirements

Two or more supply voltages which require a turn-on and /or turn-off se-a

quence . Assess a -10~ penalty for any PCB with this requirement .

N6 - Non-removable Memories (I /O leads accessible)

Any type of memory permanently wired to the PCB with all I/O leads acces-
ible.

Memory Size (BITS) Actual R ating (%)
a) lOOK and over (-10) per instance

C b) 32K to 99K ( — 6) per instance -:

c) 8K to 31K ( -4) per instance —

d) 1K to 7K - ( -2) per instance

N 7 - Non-removable Buried Memory
V -

Any memory permanently wired to the PCB with one or more of its leads not
connected to I/O pins.

Memory Size (BITS ) Actual R ating (%)

a a) Under 1K ( -5) per instance
b) � 1K (-10) pe r instance

N 8 - Removable Complex Part

If the part is m ounted in a socket or the equivalent and must be extracted
prior to test access a -1% penalty per instance .

N9 - Non-removable Microprocessor, VLSI Chips or Other Complex Par t s

Scoring Factors Actual Rating (%)
a) All leads accessible to I/O pins (-3) per instance 

- -

b) One or more leads not accessible to
1/0 pins (-10) per instance

N 10 - Initialization of Sequential Circuits

Sequential circuits should be resetable from an external connector pin (ei-
ther set or reset ) and by applying a digital stimulus of less than 16 patterns to
the PCB . Penalties are as~essed if either type of reset is absent , and a severe

‘a

penalty is given for no reset capability.
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Scoring Factors Actual Rating (%)
a) Direct set and <16 pattern reset No penalty
b) Direct set but no pattern reset (-0. 05) per instance
c) No direct set but (16 pattern reset (-0. 1) per instance
d) No direct set and �16 pattern reset (-2) per instance

N i l  - External Loading Required

Components which must be added to the ID to perform test (e.g. , pullup
resistors).

Scoring Factors Actual Rating (%)
C a) 10 resistive loads (—2)

b) 50 and over resistive load (—3)
C)  > S Reactive Loads (—5)

N 12 - Diversity of IC Type Numbers

Scoring Factors Actual Rating (%)
a) 7 types No Penalty
b) 10 types (-1)
c) > 10 types (-1) for each additional 3 types

N 13 - Buried Sequential Logic
‘a Do not count buried counters under thi s step .

Scoring Factors Actual Rating (%)
a) Cluster of 3 or 4 sequential circuits (-0. 1)
b) Cluster~~ 5 -0 .2 [1+ (N-5)] per instance

N 14 - Input - Output Pins Distinguished on Schematic

Thi s makes tracing of signal paths easier.

Scoring Factor Actual Rating (%)
a) Direction arrows not different for (-3)

‘a input pins versus output pins

N 15 - Excess Warm—up Time

Time required to stabilize card should not exceed 3 minutes.
‘ a ’ a  JF
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Scoring Factor Actual Rating (%)
- 

a a) Over 3 minutes (-3)

N16 - Tolerance (Perform if information on test equipment is known)

Scoring Factors Actual Rating (%)
a) Measuremen t capability at least - No penalty

10 times more accurate than PCB
req uirement

b) Mea surement capability (-2) per instance ‘a

3 times more accurate than PCB
C requirement

c) Mea surement capability less than (-5) per instance
3 times more accurate than PCB
requi remen t

N 17 - High Power

Scorin g Factor Actual Rating (%)
a) More than 5 amps of current required (— 5) per instance
b) Hi gh voltage >300Vpp (-2) per instance
c) Multiple parallel pins for high current (-1) per instance 

‘a

Nl8 - Frequency Critical

Scoring Factor Actual Rating (%)
a) Requires co-ax in ID (-5)
b) Over 10 MHz (-3)
c) Over 4 MHz (-2)
d) Over 1 MHz (-1)

N19 - Clock Lines

Scoring Factor Actual Rating (%)
a) One , externally controlled (-1)

b) Mult ip hase , externally controlled (-2)
• - c) Single clock , monitor only (-3)

d) Multi ple clocks , monitor onl y ( -5)

- ~ . 
e) I naccessible free-running clock (-20)
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N20 - External Test Equipment

Test equipment other than that contained in the automatic test equipment . -

Scoring Factor Actual Rating (%)
a) 2 Power supplies or more ( - 2 )
b) Oscillosope (-2)
C) Function Generator (-4)

N2 1 - Environmental
Special chambers or areas required to perform test .

Scoring Factors Actual Rating (%)
C 

a) Forced air , ambient or chilled (-2)
b) Heat ,  altitude , EMI (chamber) (-10)

N22 - Adjustmen t s
- 

. - Trimpots , variable caps , etc.

Scoring Factor Actual Rating (%)
a) per ins tance (—2)
b) per in teractive adjustment (-4)

N23 - Complex Signal Inputs /Outputs

Signals where interpretation by the test operator is required where complex
or non-periodic waveshapes are used .

Scoring Factor Actual Rating (%) -
‘a

a) 2 coincident unusual wave forms (-5 per instance) 
—

‘a

b) 1 unusual wave form (-2 per instance)

N24 - Redundant Logic

Logic which because of being in parallel prevents fault isolation and /or de-
tection of individual logic failures . No penalty if built-in-test permits fault iso-
lation of redundant elements.

L - Scoring Factor Actual Rating (%)
a) 2 parallel logic functions - inseparable (-2) per instance
b) 3 and over parallel logic functions -

• ,‘a inseparable (-3) per instance
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N25 - Number of Logic Voltages

Scoring Factor Actual Rating (%)
a) 4 No Pen alty
b) > 4 (-1 per logic voltage )

N26 - Number of Power Supplies

Number of separate power supplies which must be supplied by the test sta-
tion .

Scoring Factors Actual Rating (%)
a) 3 No penal ty

C b) > 3 (—1 each additional supply)

N27 - Connectives for Schematic Diagram

The aim of this factor is to guarantee that the schematic/logic dia gra ms do
not impose hardship on the test desi gn engineer.

‘a Scoring Factors Actual Rating (%)
a) Schema tic on single page No penalty
b) If schematic on multiple pages with No penalty

connect ing leads between pages - then
all interpage connectives are numbered
showing other page numbers and zones

c) if nei ther a) or b) conditions are met (-20)

N28 - I /O Pins on Schematic

I /O pins located in the center of prin ts cause extra work for test designer .

Scorin g Factor Actual Rating (%)
a) All I /O pins not brought to edges of (-5)

schema tic diagram or to a common
dott ed line

N2 9 - Dual 1/0 Pin Designation
t • _ _ _ 

-

- ‘a
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Scoring Factor Actual Rating (%)
a a) If dual designation of an I/ O pin is (-3) per instance

in different areas of print with no
- - 

cross reference
- N3 0 - Logic Symbols on Schematic

Only a single symbol should be used to describe a specific hardware part .
Multi ple symbols for identical parts make it difficult to check ATG bit propagation
and to design key manual patterns to supplement tests.

Scoring Factor Actual Rating (%)
a) I C Logic Symbols used are not (-5)

- identical to detail part drawing symbols

V -
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a 5 - COST EFFECTIVENESS CONSIDERATIONS

A variety of cost factors were analyzed to determine how to limit test design

costs by proper testability design. When a PCB is designed with testability in

mind , this will lower overall life cycle costs . Examination of many PCBs during

this study has shown that less than 5% were designed for testability . Over half
of the PCBs examined showed obvious deficiencies serious enough to cause large
and unnecessary expenses for test development

The results of testability analysis can be productive only if corrective de- 
—

- 

C 
sign practices are implemented at the right time ; not after equipments have been
committed to production or delivered to field sites . Costs can be saved when
design corrections precede test program set development . However , testability
design requirements should not prematurely c. ntrol the PCB designer while he is

a- in the process of getting a circuit to function for the first time .

The use of a testability desi gn review checklist and guide showing how to
correct specific defects in a PCB is the most economical way to produce testable ‘a

‘a circuits. When good testability is built into a design it leads to several cost re-
ductions . First , planning estimates for developing test program sets will be far

- more accurate than was previously possible . These estimates will be lower than
before since the hidden roadblocks to successful test integration will have either
been eliminated or at least properly identified .

Next , production test costs will be lowered . Product sell-off testing can
become very expensive when the equipment is designed without testability. The
testability design correction procedure identifies areas of the design which are
difficult to access , have high ambiguity factors , or which lack test points.

Once the equipment is deployed , cost savings are realized at field repair - 
-

sites . Fewer part replacements are made for each repair , less time is required to
— isolate a fault , and test time is reduced .

• A true assessment of the magnitude of cost savings resulting from PCB test-
ability is difficult because existing dat a does not specifically recognize testability.
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Interviews with experienced engineering group leaders led to an apportion-
ment of test design costs . For units integrated on AN/USM -429 test stations ,
the desi gn and integration portions of test set development normally represented
about 70% of the total effort .

In theory , the application of testability design principles prior to test devel-
opment will make a hard-to-test circuit into a medium-easy circuit with corres-
ponding reduction of test design hours. For a typical PCB test design on the
AN /USM -429 requiring 1000 total manhours , about 700 woul’ai be expended on de-
sign and integration. Application of design-for-testability requirements to such ‘a

a PCB would probably reduce design and integration time to about 400 manhours 
) 

-

with a saving of 300 manhours .

5.1 INCREMENTAL LIFE CYCLE COST TRADEOFFS

Use of an incremental change model for testability life cycle cost tradeoffs
was investigated to see if it would lead to mea~ilngful cost comparisons.- It was

F 
determined that little , if any , real dat a existed either in government or industry
files to substantiate a legitimate cost tradeoff . Too many grouped or extraneous
cost factors were present which obscured detailed cost data on individual PCBs.

‘a In order to perform life cycle cost studies on PCBs , it is first necessary to have
applied a testability redesign process to a large sample of boards dispersed to
field sites . Since this has not occurred to dat e , no feedback data from the field
is possible .

5.2 DESIGN COST FINDINGS

The study proved conclusively that redesign for testability prior to PCB
production can reduce test engineering effort . It will reduce test program in-
tegration time and fault ambiguity .

For a testable PCB fewer test patterns are required and less time is used to
develop the fault signature . For example , our demonstration PCB initially re-
quired 4 , 580 test patterns and 78 seconds to detect 92. 92% of all possible faults.
After redesign for testability , the same PCB required only 1449 test patterns and

‘a’ 28 seconds to detect 100% of all possible faults.
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a- 
“
a

80

C.
— ‘a _ l i  

. — a-a- F   
- -

- “ —- - 
- a- -



- - 
~:FT~

;t_ - - - ‘a’ a- . ’ a  _ __a -‘a~- a-’a--~’a-. ’aa~~-’a~~a--. ~-‘a~ - -a--—— -- 
~~~~~~~~~~~~~~~~ ~~ a_ - — ,a-’a-_ a- -.-w— -,- — -’ -a--’a- ’a -._~~--,~

.a.- ~
.

The cost savings investigations made during the study produced limited
success in defining specific cost saving areas . What was determined , however ,
was that true cost savings related to testability are interrelated to many other
factors . Accounting practices , types of Automatic Test Equipment (ATE ) used ,
system configurations , spares , and most other integrated logistic support factors
dramatically affect cost savings resultant from testability redesign .

A better understanding of how good testability design can help is shown in
Figure 5-1. This figure represents the cost to develop a test program set versus
the percent of faults detectable for a typical PCB . Consider three different
situations represented by the curves .

In the first case , if only 90% of faults are required to be detected , the cost
saving of redesigning a PCB for testability would be negligible. In the second
case , if 94% of all possible faults must be detected there is a large cost saving.
In the third case , where 96 to 100% fault detection is required , the PCB cannot

V - 
a- meet the specification without testability redesi gn. The testable version can

achieve 100% fault detection without a significant cost penalty.

The curves plotted in the figure are characteristic for circuits where the
technology is close to the state-of-the-art . For older , simpler PCBs , using the
most advanced ATE and ATGs , fault detection will approach 98 to 100% without
extensive PCB testability redesign. Most new electronic systems use the latest
IC technology available which makes good testability desi gn extremely important .
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6 - TESTABILITY DEMONSTRATION

6.1 SELECTION - OF PCB DEMONSTRATION CIRCUIT

Several considerations influenced the choice of a PCB for use in demonstrat-
ing testability. First, the PCB had to provide an opportunity for testability re-
design. Second , the circuit had to be representative of current IC technology.
Third , the PCB had to physically be available and able to be extensively modi-
fied . Finally , the PCB had to be capable of being tested on commercially avail-

- C 
able ATE . The chosen circuit contained 30 integrated circuits with a high per-
centage of sequential logic. These stages were connected into three and four
stage-buried feedback loops , a shift register which shifted data bits into in-
verted stages and summed all the Q and ~ outputs in a common AND gate , a
flip/flop which would only pulse for a logic input combination which left it in anF 
unknown logic state , built-in digital hardware race conditions for two phases of
a clock derived from a common input pin , and a digital race into an exclusive OR
gate driving a latch . These problems made the chosen circuit the most difficult
of those surveyed , and made it a real challenge for testability redesign. This
circuit is shown in Figures 6-1, 6-2 and 6-3.

6.2 EVALUATION OF UNMODIFIED PCB

An evaluation of the unmodified PCB using the Testability Evaluation System
was performed with the results shown in Figure 6-4. The overall score of -27.9%
was the lowest for any of the PCBs rated . A key factor in the low score was
that none of the 30 sequential circuits could be properly reset .

6.3 REDESIGN FOR TESTABILITY

Using the data from Figure 6-4 , a redesign was accomplished which reduced
the negative score factors from -76. 9% to only -0. 1%. The same redesign also
raised the basic score from +47% to +58% which made the new overall testability
score +59 .9% (medium to easy) . The number of I/ O pins were increased , the
percent of nodes accessible was greatly improved , access to interim stages of the
shift register section was improved , and all sequential circuit s were given means
for initialization .
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POSSIBLE ACTUAL
FACTOR DESCRIPTION SCORE RATING(S) RATING(S) COMMENTS

Al PCB Complexity Count 400 10 8
A,? No. Fur.:Fion Blocks 30 10 10
A3 No. Counts/Func. Block 13.3 10 4 

- - - - — --- - -~ .-------  - 

A4 I/O Pins 19 tO 2 Total Basic Score
A5 I/O Pins per Funct . 0.633 10 2

Block
A6 Total NodeS 98 10 10

Al Normalized Weighted No. 2.24 10 6
Function Block per Node

• A8 % Nodes AccessIble 40% 30 5
C -—

Bi Sockets No 0 Total ~o~itive Score
B2 Uniform Pins N/A 0 42%

Labeling No 0

84 Part Access . OK +1
B5 Conformal CoatIng No +1

Cl MonostablE Ckt 0 0
C2 Counters (Pkgs x Stgs) 91 -13.1 5% + 8.1%
C3 Max . No. Function Blocks /

Node (No Access) 2 -0.7 2 + 0.5

C4 Max. No. Function Blocks,
Nope (AccessIble ) 1 -0.1 0.1

C5 Seq. Supply Voltages No 0
C6 Non-Remov . Memories No 0

• Cl Non-Remov . I) Piocessor No 0
C8 Init. of Seq. CKTS All (d’s) .60 30 Flip/Flops

• C9 Ext. Loading Read. No 0

ClO Di~ferent L ~gic Types 7 0
Cli Buried Seq. Lo- -’- ~‘Jone 0 Same asC 2
C12 Max. No. Serial Gates

(No Access) None 0

C13 Excess War m-ut. Time No Total Negative Score
C14 Tolerance Ia) 0 769%
C15 Non-Detestable Key Pins N/A 0

• C16 High Power No 0
Cu Critical Frerluency No 0
C18 Cloc k Lines OK 0

cig T Ext. Test Equipment No 0 Final Evaluation Score
C20 Environmental No 0 

~~ 9%C21 L Adjustments No 0
• C22 T CUmplex Signal lnpu~s No 0

C23 Redundant Logic Yes .3
• C24 L No. of Logic Voltages 

- 2 L 0
I’ C25 No. of Power Si~pplies (a) F 0

0745-0531’ 
-

I. 

• Figure 6-4 Revised PCB Testability Evaluation Score Sheet
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A new ATG circuit model of the redesigned PCB was generated . This model

- 
greatly reduced the number of test patterns , but did not produce the expected

• 100% fault detection .

An analysis led to two new conclus~ions. First , the set-reset leads into
several of the sequential circuits were tied in parallel which prevented indepen-

• dent control of the logic states of key flip-flops . This condition made it impos-
sible to propagate desired test patterns into the èhift register portion of the
PCB . There was a definite need to provide testability redesign features which
did more than simply initialize the sequential stages. A change to the leads of
the shift legister was made to allow patterns to be shifted through the register ,

a and an independently controlled flip/flop stage was set up as a pulse generator ;
controlled from the inputs to its direct set/reset leads.

• Test points were brought out to external pins for the six input summing
NAND gates connected to the shift register outputs. Spare gates were used to
control two “bottlenecks ” in the circwt where signals would be otherwise blocked

‘ during fault simulation procecsing.

A reconver gent fanout condition was discovered which kept the fault detec-
tion process in one sector of the circuit from propagating signals to an external
output point - A gate was added to gail4 control of this network and to be able
to inject external stimuli . One hundred percent fault detection was achieved
using the above redesign strategies.

The Testability Evaluation System and the Test Guide recommendations for
redesign were revised to inclvde the above ATG considerations. Most future
PCB test programs will be developed by means of automatic test generation. The
ability to reach high testability levels will depend heavily on how well the circuit
designer can integrate meaningful ATG testability features into the PCB hard-
ware.

6.4 FINAL INTEGRATION & RESULTS

The demonstration PCB , in its original configuration , was tested good on
the AN /USM -429 test station (Figure ~-5) . This confirmed agreement between

— the PCB software model and the actual hardware logic. The PCB was then modi-
fled to the new “testable” configuration , and was retest-ed good on the samc
station .

90
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6.5 INS ERTION OF FAULTS

A variety of  faults were inserted to determine how well the origirsal and the
testable program s would detect ani isolate problem areas . Data from the fault
insertion testing is shL-wn in Figure ~—6. The number of tests were considerably
reduced for the testable PCB (1449 versus 4580 test patterns), and test time was
reduced from 78 to 28 seconds . For every fault inserted isolation to the faulty

• chip was obtained . This contrasted with fault isolation of the original confi gura—
tion where , in some ~ases , incorrect results were obtained , while in other cases , - -

fault isolation included ambiguous groups of several parts.

In summary , the additional ~3% fault detection (100% vs. 92%) for the testable
PCB was accompanied by a much better fault resolution . l’ault isolation was ac-
complished faster and more accurately , and the added resolution , greatly re-
duced the fault ambiguity.

FAULT CONFIGURATION RUN TIME (MINI PRIMARY FAULT SECONDARY FAULT

No OrigInal 1:18 Passed “Good”
Fault Testable 0:28 Passed “Good”

010-3 OrIginal 1:18 Passed “Good”
Open Testable 3:30 010 f’ te

U17.5 OrigInal 1:18 Feseed “Good”
Open Testable 0:35 U17 None

023-4 Original 30:00 No Answer
Open Testable t~~0O 06 012 U23

05.11 OrIginal 1:30 115 lJ2O,U 1O,U9

(“pen Testable 1:05 05 None

U15-4 OrigInal 1:18 Passed “Good”
Open Testable 1:40 013, U20 Non,

013-4 OrigInal 15:15 020 013
God Testable 6:00 013 020

020-11 Open OrIgInal 15:30 Ui U2 ,U3,U4 ,U3 1

015-13 Grid Testable 2:30 015 U1’ ,020, ‘J7

015-13 OrIginal 5:00 U2~) 09, tJiQ, 018
Open Testable 4:40 015 020

0743-0551’ FIgure 6-6 Results of Fault Insert ion Tests
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a.*, a a *a ***a *a ***a ** I*ae.*a *a *a *aa**aa*******a ** ,**aa*aaa ***a
a a
— *
* L IST (i i’ ~‘1~ INT E0 C I H C U I T  CA k t J5 A N U  I4OUULES *
a *

• * UStI)  10 A N a LY Z E  1LSTA l~IL lTY PACT URS a

* *
a i-’~~ .4 11’ ~‘0i~CE ST u DY CO l IT HA CT *
a a

- - a l A N d —  .~4 ,I~~79
* a
* a
• a * *  C * C C C  C * Ca ea *a CC CCC ***~~Ø~~a~~~~~

1P1~ ILI- ’ ’ t -.. P k I r . I t u  LII~CuIT CARDS A NLI nO(~ij l.E5 aEW E USED OUKIi ’,lG THE DESIGN
11
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a* * **  ****** ****C CC************* *a********a** A*************C**
a *
a *
* TYPICAL TEST A OI L ITY EV A LU A TION DATA FOR *
* a
* PCB USiNG THE FINAL REVISIO N SCO RING SYSTEM a
* a
a a

CCC AC CCC * 0*0 ****a****a****a**aa*******a*0000*a**0 00a******aa*

1NE ~ L~LLIJ1’ NG D ATA W A S  DEV ELOPED DURI N G THE DESIGN FOR TES TA OIL. IT Y STUDY TO

C hE C~ A t _ C L j 1 ’ A C Y  (iF THE PC6 T E S T A b I L I T Y  EVALUATIO N SYSTEM , bASIC SCOR iN G FACTOR S

81 1M.4~~ ;Dh 04 A WE 5MUaN T UGE T H EW HIT H N E G A T I V E  SCORI NG FACTORS NI THROUGH H30

FI)N ~ A C’I PC8 , A C T U A L tEST ENG iNEE R ING EVALUATIONS A RE LISTED IN THE FINAL DATA

5~~1 A L~~~’, ~. 1 T i  1UTA I.  SC O W LS FUN ALL CA RDS EV~ LUAT EO. THIS DATA W AS DEVELO PED

S ).JSI~~L, T n t  S I E P  OY STEP PNU C E DU WE OE SCRIB ED IN THE PC8 TESTA b ILITY GUIDE .

PA~~1 r., - - ’ IE .  d i P C T , 82 PCI , 83 PCT , 84 PCT , TOTAL bASIC CODE A

77 ~~4% — 25% 58 5% 434 16% 70* 0802 A
• 8 a 32 1 —~~~.- d  18il 38* • 2S2 27 .2 1 0% 217 282 85* 0883 A

48 ,8 IS2 — 172 42 5* 952 8% 45% 0805 A
A 5 1 S 241~~ 33 ,9 122 — 11% 36 182 217 202 53% 8086 A

75 ,2 242 — 122 11 25% 84 20% 81% 0818 A
6i 11 2 66 ,7 21 % — 12% 9 25% jIiS 28% 78% 8811 A
bi l L  1 45 .5 15% — 12% 38 182 3146 02 372 0012 A
A~~2S4~~j — 1  94 ,7 314* • 92 28 182 1964 8* 49* 0813 A

4b ,~ 15% — 14% 16 ,8 202 476 16% 652 0814 A
2’3$~ 6N ,i 2 12 — 14% ,86 252 548 12% 72% 0015 A
2i~~~i- 62 21% — 16% 0 25% 8 20* 82% 0816 A

66 ,6 212 — 82 1,3 25% 388 28% 74 % 0817 A
• 2V~~c.4 62 ,5 2 1% • 8% 35,7 12% 1214 4% 45% 0018 A

66 ,5 2 1 2 • 82 20 ,2 20% 1914 88 57% 0019 *
bio ,2 27* — 8% 28 .9 18% 1818 82 53% 0828 A

61 74~~4 441 122 — 14% 50 5% 2114 20* 51% 0825 A
2 V3 U  I5M .A ~~ 72 — 84 29 ,5 18% 2418 8% 45% 0826 A

P *i’,l t.IJ P1~~P( NI PCI . 412 PCT , (*3 PCI , N4 PCT , P45 PCT , CODE 8

• 8 354291 —D .’l MU .41% £10 —8% NO — 82 NO “8% YES .3* 8802 8
‘~iONI W% NONE .8% NONE —8% 2 /5  .O .2%YE$ .32 0083 8

A5 152 4 1 ’s,, i.O — *2 YES —2 % 2/,6 •2~ 62.2 ..d ,2%NO .8% 0885 8
A 5 1 S 2 a i ~~ MD ~ 8% NO .8% 1, PE C— 3 ,2%,2 .5— 8 ,?% NO .0% 0806 8

MU —82 ND “ 82 3PL .3 .521 —0 ,1% NO .82 0818 8
6 1 1 12  ~4i) ‘142 NO .0% SPL —7 ,2% 1PL —8 ,j %N O .0% 8811 0
6 i w ~L 1  NO —148 MD —8 % NANI’ .19% RPL •8 ,2%(* O .0% 8912 8

au —i4 2 Lilt •0% 1 .0 .l*2IPL .28 .5% ND .0% 0013 0
MO —w t 2PL — 10 ,4% 2PL .4 .722PL .8 ,82110 .0% 1814 8
NONE .14% NONE —8* 9PL — .19 ,7% 2P “ 8 ,72ND .8% 0015 8
r./A —11% N / A  — 8% 68 .9,443P •1,9%NO .8* 0016 8
‘ I/ A  —8% N/A •0% SP .7. ’~%3P .I.7%NO .0% 8817 8L. - - - 

2t-~~’s1 NU .ie% .IP .1.2168 .12 ,02 18 .8,22ND .0* 0818 8
24ii ,3~- PaI1PIE .0% mc •o* 4P .5,621/6 •0,2%NO “8% 0019 8
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617dS 4 ND — 8% 91 “13 ,1* 2P .8,7*18 ‘8.*%NO .8* 9823 8
2 1-3114 ul) —14 % • ‘O .11% 2/4 .0,2814 8 .1.32ND .8% o026 8

P4PE 7 MoldER Nb PCT ~ N? PCI , 1*8 PCI, NO PCI, P410 PCI, CODE C

8354291”SI” l (‘10 “81 410 .8* NO .0% NO .142 OK .01 0082 C
8 3 b 4 3 2 i — 5 v ~4 RU ‘.14* P40 “ 82 NO .14% NO .14% A .8% 3803 C
A51S2.. 1~~b NO —lo X (‘40 .14% P40 .14% NO .0* NO .14% 0005 C
A5 1s 84162 ‘ID —8% NO —8 % NO .8* I-JO ‘ ( 4 % ~ .8,28 0806 C

• 6 0 4 1 44  NO .14* P40 — 0% NO — 08 ND .142 YES “1.2% 881 0 C
61’212 NI) —14 * NO .0% NO “8% NO .14% IIC .1.11 0011 C
6014i- 1 NO .14% NO — 141 NO —Il l NO .142 OK .0% 0012 C
A 32b d81.’-—l NO .81 N /A .14% N/A —0% REM .14% OK •142 - $013 C
755 ’ 14* 5 MD .14% NO .102 NO .14% (*0 — 8% 8 —0,5* 9014 C
2ic3b 4 NO .14% (*0 — 135 NO —14% (*0 .10* ‘40 .02 0815 C• I 2V5 i ’ NO .14% NQ .01~ NO .1,8 (*0 —0* NO “0* 9016 C

• 2 v5 ~- .’ NO “8, P40 .0* (*0 .148 NC) .0* NO .14% 0017 C
PlO “142 ND — 131 (‘40 —82 PlO “(08 YES .10% 0018 C

21’*i3v l P40 ‘.142 (‘*0 —8, NO .14% PlO .08 OC —8,9% 0019 C
2V 3~~’ (*0 “81 NC) .0% NO —8% (*0 .10% YES .1,21 8820 C
617454 ND —01 (‘40 .14% NO 8% 140 .0% 300 .691 8025 C

M O ‘02 NO .14* NO ‘.08 140 ‘.0* YES .2,3* 0026 C

PAN I NU -Il P I’ N i l  PCI , 4112 PCI . (*13 PCI , ‘414 PCI , (*15 PCI, CODE 0

8.3Sa291.5~- -1 YES —31 6 .14% NO ‘.14* OK —0 * NO .8% 0802 0
8,354321—th 4 MU —8% 10 .1* (*0 —(0% YES .14% OK .02 ~8’~3 0
Abjb 2 4l~~*’ 410 — 02 13 —2 % (*0 .10% UK .9~ NO .8% 0005 0
A51 b 2 4 1b 2 MD .142 17 — 3* YES .3% NO .3% NO iO% 9006 0
6~ p t’- 4 I-ID .102 22 — 7% (*0 0% P46 .3% (40 ~0% 0010 0
D1’112 r~O —0 * 24 —7 % (‘*0 .14* 446 .3* NO ‘-0* 0811 0

NO .
~4* 11 — 2 *  liD “10% (‘46 .3* (*0 .0% 0012 0

A3254141-- —l NIl —Ill 28 .4% NC) — 10% P46 .3% NC —9% 9813 0
P4( 1 .14% 14 —2* NO —0% UK (0% NO “08 0014 0

21 .lb* NO —14% 7 — 0 % (*0 .14% UK .0% P40 ‘(01 41015 0
2V b 1 ~ PlO .141 7 .16% NO .14% OIl .14* $11 .01 0016 0
2i45-~4 NO .0% 8 —1, o%N () — 0% OK —02 NO —0* 0017 0

— 2v ’ - . r a NO —14% 15 —2% ‘40 “8% OIl .8% (‘40 8% 0018 0
#10 —8* iS —2* (*0 ‘.0* UK ‘.14* (*0 0X 8019 0

2k- .3i#’ MO —0 % 14 —2% YES —48 OK .14% NO .0% 0028 0• 6 1 7 4 5 4  410 — 88 7 —148 NONE .141 OIl —0% NO .0* 0025 1)
2031 14 NO .13% ;3 .2% liD “ci% UK .0% £iO — 162 0026 0

P A C T PaU ’nE’~ MIS PCI . P417 PCI , N 18 PCI . (*19 PCI, P428 PCT , CODE E

6354291 .~~~1 0* •14* N O 1,X No .0% DII “ 10* (‘40 •8*
-

• 8354,121 .5-4 OK .142 YES .1% (*0 — (4% NC) “0% NO — 08 81403 £
- 

- 
4S 1S24l~~o NI) —14 % NO — 8% YES —1t C “3% NO .02 0005 £
A51s 24)62 * — P2 P40 — 8% NO .9% P.~UNE .0* ND .8* 0806 £
6014. 4 ~*0 .142 (*0 •14% NO .0% ~4Q .88 NO .08 0018 E

- 
) 6~~i 12 i-lU •14* M O .8% P40 — 148 NO .14% NO .0% 9011 £

1 (‘40 — 01 P40 .88 (*0 .0% OIl .0% NO — 0* 01412 E
* 3251141 . — I  (‘40 .0* ‘*0 — 9* YES — * 1  C .3* NO .9* 8813 £
7 b 5 —i 4 . - r~ MU .14* (‘iD .9% (‘40 .9% OK .0% NO- —OX $014 I
2b-3b.

~ 
QI~ .8* 1* 1) .81 (*0 .0% P40 .0% NO .0% 01615 1

2 151o Dl. —10 % UK .14% NO .0% NO .02 NO .14% d u G  £
2051- 14 mc .14% Ni) —0~ Nt) .148 NO .8* NO .0% 0817 1
21* 164 NO — 8 %  ‘40 .14% NO .82 DII .0% NO .0% 0010 1
2lv - ~~14 OIl .141 (‘*0 .14% P40 ‘14% NO .8% NO ‘~0Z 0C19 £
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0* —l’% 011 —14% OIl .0% 0 ‘2% NO “ 88 41028 0
617454 011 .0% DII .14% UK .08 OK .08 OK .10% 13825 0

• 203114 UP. — 14% OIl —10 % OIl .0% 8 —2* 1*0 .14* 0026 0

pA le r N t I -~~~ tN N21 PCI , ~.22 PCI , N23 PCI . 1*24 PCT , P425 PCI , CODE ~

035 4291 .5rl A jO —2% (“0 “16% (‘40 .13% (‘40 .14% 4 “ 0% 0802 F
8354321— 5*14 AIR —9% NON E ‘.168 YES .28 NO .14* 4 ‘.148 0083 F
A5 162415b NO —0% NO -i.14% NO —08 NO —0% 2 —~~ 0005 P
A 51S9 41b 2 NO .148 SPoT .6% YES .2% NO .14% 2 .0% 0006 P

64:0* 4 (*0 .10% NC) “88 NO ‘11% NC “13% 2 .9% 00*14 P
61112 NO —14% .‘i O —0% NO .0% NONE .0% 2 .14% OOU F

(‘40 .0% N O -  •16% NO —0 2~ 1*0 —0 8 2 .138 0012 F
A3 2S44;1 —1 440 ~ 1i% ‘40 —11 % laO — 14% NO —14 % 2 —8% 001-i F

P 755 — *4 . - ~’ 440 .16 % MD .138 NO —10 2 NO .14 % 4 .14% ~~~, 
p

I - 21036* NO .0* NONE .148 NO, “13% NO —8 % 2 .14* 0815 P
- 2~~51’* NO — 88 i-JO .8~ NO ‘0% NO .0% 2 —8% 0016 F

2I~5,’v- 4 *0 .0% NO .0* NO — 88 NO .148 9 —0% 0017 F
2 14864 I-~Ct .101 (‘40 —161 NO, —8% - (‘.0 —0% 9 -‘(0% 00*8 F
2 14143 * ND “$2 r’iO — Il  1*0 .14% NO — 0% 4 —16% 411419 F

~iD .08 NU — 16 * ND —11% NO .14% 2 .14% 002 10 F
6 174 54 tilt .131 OIl .0% OK — 0 % OK “(4 % 2 —0% 41025 F

• 214J~~ NC? .10% NO .14% (‘40 .08 NO .0% 2 .10% 0026 F

F :  • PA R)  £1~~-~~~0 14 P426 PCT . 4*97 PCI . (‘*28 PCI , (‘429 PCI , (*341 PCI , CODE 6

• d3542 91— ~ *l1 4 -.1% OIl — 8% OK —0% NO .0% (*6 — 5% 01402 6
- 
. 835 4 3 2j . 5v *  s .u DII .o* OK .u NO —lo X OK —0 % 01403 6

A 5 1 S 2 4 1~~ 1 — 14% YES .5% OK .08 ‘40 .14% OK —168 0085 Ii
A~~*S241”2 1 — 148 UK .14% OK — 10% NO —0* tilt —0 * 0096 6
614 81-4 2 ‘lO t DII .li ~ OK —10% NO — 0 % OK .08 0010 6
6o112 2 ‘14% 011 — 148 OK — lit NO .16% OK ‘.102 0 1611 6
P.01,1,11 2 —14 % 0* .11% OK .13% 4*0 .16% OK —0 % 0012 6
A 32S4141. -1 1 —* 1% 446 — 2 41% DII .10% OK .10% OK “(4 % 4(013 6
755— 14 ’ ~‘ .3 —14 % UK —14% IlK —iO Z (‘40 .o , 38 .0% 814 * 4  6
2~~3~~ - 1 —10 % MG .2131 ‘46 —5% OK .13% NO .5% 0815 6
2 1451 k -  I —4~t faG —2 10% P46 .5% NO .13% (*6 —5% 01316 6

• 2* 5*- v 1 — 10% C —20% YES —5 % NO ‘.11% p05 •5* 01417 6
1 —14% i-.G .202 NG ‘5% UK .138 laG .5% 0018 6

2 * *~3v- 2 *Z N (  — 2 14% 446 .58 OK “ 0* (‘46 “5* 411319 6
1 — 14% MG .211% NG — 5, 35 .~ % laG —5% 00210 6

617454 1 .148 Oi~ —14 % DII .10% NO .41% QK — 13 % 0o25 6

- 

2*’31.~ I —lo X MG —20% P46 —88 UK — 14~ NO —5% 0026 6

PAN) .i~ - ’ i~~s ~ N6W .E V A L  T LJ !A L . 8A S I C  TOTA t. P406 , TOTAL SCO RE CODE (‘I

• • . 8354 214)—5oi M 0D .EASY loX “ 14% +56% 91302 N
- 

8S5a321’.5~~4 EAS’~ 858 ‘9,27 +75.8% 41160 3 (‘I
A 5 I S 2 4 1~~b 44 *80 4 5% — 15 ,8% +29 ,28 013415 N

(* 4441) 8.3% ‘17 ,9% +35 ,1% 0806 II
b13*104 Ip~U .EA SY 81% —1 4.8% .66.2% 01410 H

( 2 ( “ E D — E A S Y  714* 18 ,48 +50 ,6% 0011 N
• 6 * * * 1 l~* ,P,* P4D 37% “31,9% +5,82 0012 N

A32S4v’ 1~~— 1 V ,P*AN () 49% —59,6% — 1 0.88 41013 II
• 

- 
7 5 5 — i 4 ~-~’ #1 01) ~5% —1 8 ,4% +46,61 01414 N

E A S Y — d A D  I)UC 72% .50 ,48* +21,6% 001~ H
2 1 4 5 1 1 4  E A S Y — d A D  OUC 82* .41,32* .40 .7% 4 1 1 4* b  II

I, E*S Y .’dAD — DU C 748 .413 ,32* +33,78 .4017 P1
- 2l*— I~4 w01 51 1401( 1 45% .38,31* +6,7% 0018 II

21143v  *100.14*0 001. 57% — 38 ,7*. + 18 ,32 0919 N
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21032o V , M AI*L. DCC OA O 53* .40,68* +4,4% 002w H
6 17454  wU NSI 51% .73,9% .22,9% 01425 H
2031 0 14A 80—B AD OUC 451 .37,01* .7,22 0026 H

* BAD DOCUME N TATION ~A S NOT REFLECTED IN EVA LUAT ION ~~‘

1314 THE TEST t i-IGINEER S OUT D ID CONTRIBUT E TO A
LA NGE IN CRE ASE IN COST TO TEST , TH*â PENALTY 14*3
W E M UVED ~H0(* MAK i NG COMPAR ISO NS TO THE STUDY
PC16 E VA L UA T I O .  TEST SCOR ES ,
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GLOSSARY

• Ambiguity Group : The number of possible parts of IC packages which could con-
tain a test fault

ATE : Automatic Test Equipment

ATG: Automatic Test Generation

BIT : Built—in Test

Buried Seq~iential Logic ; Sequential circuits which have no signal leads to a
primary I/O .

Fan-in : The number of outputs to which a logic gate is wired

ian-out : The number of inputs to which a logic output is wired

Feedback Loop : A part of a circuit whose input is dependent on its output

Functional Block : A group of discrete components which act as an equivalent CJ

a logic gate

ID: The interconrLecting device used to mate the UUT to the ATE

I/ O Pin : Input or Output Pin

Interactive Test Generation : Test engineer uses software terminal to make
changes or correction to automatically generated digital test patterns .

LASAR : Logic Automated Stimulus and Response

LOGOS: Automatic test generation system developed by Grumman Aeorspace
Corporation

LRU : Line Replaceable Unit

LSI : Large Scale Integration (usually the equivalent of 100 or more gates)
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4.

Model : A characterization or mapping ot a circuit describing the precise func-
tional relation which is used by an automatic test generator to simulate stimulus-
response patterns and fault isolation information .

N de : A point common to one or more logic gates or discrete circuit components

• Percent Detect : The total nodes in a circuit which cax be found to be stuck at
1” or “0” compared to all possible nodes in a circuit .

— PCB : Printed Circui t P 3ard •

P/O Primary Output (u~-ually accessibk~ from edge connector)

Race : A ease where a sequence of events cannot be predicted reliably due to
variable delays in nardware

RU: Removable Unit

SRU : Shop Replaceable Urit

Stuck at “1” (SAl) : A logic state which is permanently held at a logic high

Stuck at “0” (SAO): A logic state which ~s permanently held at a logic “low ”

Testability~ A measure of a circuit’s capability to be checked for faults which
may exist

Test Point : A monitor point on a circuit which can be used for test but not 
—

necessarily needed for functional use.

TRD . Test Requirement Document • -

UUT : Unit Under Test

VAST : Versatil3 Avionic Shop rest (AN/USM -247)

VLSI: Very Large Scale Integration

ZIF Socket : Zero Insertion Force Socket
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