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Multichip modules, wafer-scale integration, and three­
dimensional connections are the latest solutions tobuild­
ing faster computers. Thesenew technologies will shor­
tenelectron travel distance, but they will compound an
existing problem: testing. Without a systematic approach,
testing even a single very large-scale integrated (VLSI)
chip could be impossible. Thispaper describes a supe­
riorbuilt-in self-test (BIST) design methodology that
solves theVLSI testing problem. Pseudo-exhaustive self­
test (PEST) is a design methodology thatprovides effec­
tive, lOo-percent fault coverage without the need for fault
simulation or deterministic testgeneration. We used
PEST, an existing software package based onthe algo­
rithms discussed here, to implement the PEST function in
threeVLSI designs atAT&T.
Introduction

VLSI technology has allowed us to integrate extremely complex
functions ontoa single chip. It has been predicted that in the next
decade the numberoftransistors that can be put ona chipwill increase
from about1million to closeto 100 million. This increase will give chip
designersmorefreedom to implement complex functions, but it will
alsomakethe structural verification ofthese chipsmoredifficult. This
paperpresents a test methodology forVLSI design that solves the
manufacturing test problem and alsosimplifies the system's testing
and diagnostic requirements.

During the manufacturing process, various types ofdefects can
appearin a chip. The defective part ofthe chipbehaves as thoughone
or more ofthe logic gates are "stuckat" onevalue, eithera oneor a
zero. Traditionally, designersattemptto generatea set oftestvectors,
or inputsto the chip, that will exercise allpossible stuck-at faults. After
the test vectorsare generated, fault simulation is implemented to deter­
mine the actual coverage ofallstuck-at faults usingthat particular set
ofvectors.
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Panel 1. Acronyms and Terms

Vectorgenerationand faultsimulation have
becomethe bottleneckin manufacturing VLSI chips.
Manymonths are added to a productcycleto obtain
good fault coverage. Becauseof the complexity ofthe
chip, in manycases we cannotobtain100-percent fault
coverage withoutspecial "designfor test" considerations.
Withthis in mind, designers must striveto guarantee the
testability oftheir designs.

One solution to the digital VLSI testing problem is
Built-In SelfTest (BIST) , a designphilosophy that advo­
cates the addition ofa customized test function intoeach
chip. (See Panell for definitions ofterms.) This paper
discusses one such customized test function, PEST, which
automatically generates the test vectorsneeded to
guarantee lOo-percent fault detection for each chip. With
this test function in place, a functionally verified chip
designcan be manufactured withoutthe delays caused
by test-vector generationand fault-coverage verification.

The PESTconceptwas first described in 1981 by
Mcf'Iuskey.! who stressed the need for a test strategy
that could be used in manufacturing, system,and field
tests. Today, within AT&T, wehave successfully incor­
porated the PEST function intothree application-specific
integratedcircuits (ASICS). To automatethe implementa­
tionofPEST, computer-aided test software was developed
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ATE
ASIC
BIST
BIT
CAD
CMOS

DMA
FIFO
IC
ISCAS

LFSR
MISR
NIC
NP
PEST
RAM
SWAP logic
VLSI

automatic test equipment
application-specific integratedcircuit
built-in self-test
built-in test
computer-aided design
complementary metal-oxide semicon-

ductor
direct memoryaccess
first-in, first-out
integratedcircuit
10benchmark circuitspublishedin the

International Symposium on Cir­
cuits and Systemsin 1985

linear-feedback shift register
multiple-input shift register
network-interface controller
nondeterministic polynomial
pseudo-exhaustive self-test
randomaccess memory
swapsdata
very large-scale integration

at the AT&T Engineering Research Center in Princeton,
New Jersey.

The remainderofthis paper presents:
- An overview ofthe newPEST scheme
- Acircuit-segmentation algorithm
- Test generationusing canonical vectors
- Results ofimplementing the PEST scheme in the

network-interface controller (NIC) chip.

Overview of the PEST Scheme
The idealtest for a chipwould incorporate an

exhaustive set of test vectors, that is, the test would
include vectors that would exercise every possible path
in the chip. Therefore, if a VLSI circuitpasses an exhaus­
tivetest, we would know it workscorrectly. An exhaus­
tive test for a VLSI chipwith 100 inputsand 500 internal
memory elementswould haveon the order of 2600 or
1018 vectors. It is impossible to conductan exhaustive
test on a VLSI chip that includes such an enormousnum­
ber ofvectorswithin a realistic time frame. PEST, how­
ever,can conductthe equivalent2 ofan exhaustive test
in an affordable testing timeframe withfewer than 1 mil­
liontest vectors.

From a logicdesigner's pointofview, a VLSI chip
is composed ofcombinational logic and flip-flops. Combi­
national logicis made up ofprimitive elements, such as
AND gates, ORgates, and inverters. Flip-flops are the
primitive single-bit memoryelements. Acollection ofthe
primitive combinational elementsthat combine to pro­
duce one output is known as a combinational logic cone.
The combinational logic ofa chip is a collection ofcombi­
national logic cones.

PESTtests the combinational logic and flip-flops
ofa circuitindependently. PEST conductsan exhaustive
test on each logiccone, thereby guaranteeing lOo-percent
stuck-at faultdetection. The flip-flops are tested witha
combination ofan initialization test and PEST test vectors.

Logic cones that occur naturally on the chipmay
be too large to test exhaustively. For example, for an n
input logic cone,2n test vectorsare needed to conduct
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Figure 1. The PEST user interface menu. During circuit pars­
ing, the logic design of the input circuit is read. The seg­
mentation algorithm then partitions the circuit and gen­
erates additional observable and controllable test points (to
reduce the size of logic cones), if needed. During vector
assignment, the assignment algorithm designates test vec­
tors to inputs of the logic cones. PEST then modifies the
logic design to insert the PEST function generated during
circuit partitioning and vector assignment. The output of the
PEST software is a modified chip.

an exhaustive test. If n is 30, then 1 billion test vectors
will be needed. To control the length of the test, large
logic cones must be divided intosmallerones.This is
accomplished by addingobservable and controllable test
pointsat strategic locations in the circuits. In PEST, a seg­
mentation algorithm, discussed later, is used to select
the test points.

The PEST software is a computer-aided design
(CAD) tool that analyzes the circuitry ofa chip and incor­
porates custom testing hardware into it. Figure 1 shows
the PEST user interface menu.

The outputof the PEST software is a modified chip.
The modifications appear in fourways. First,PEST adds a
test-vector generator to provide the exhaustive test vec­
tors to the inputsofeach logic cone. Second, the observ­
ableand controllable test pointsare implemented using
multiplexers. Third, allflip-flops in the chip are modified
to distribute the test vectors and to compactthe test
results. During test, the test responses are coded (com­
pacted) into a binarysequence ofa fixed length,called a
signature. The codingis accomplished in hardwareusing
the flip-flops ofthe chip.

Finally, a self-test controlleris added. SomeBIST
schemes test parts of the chip in sequence. Our PEST
scheme tests all logic cones simultaneously. This elim­
inates test scheduling, simplifies self-test control, and shor­
tens test time. Figure 2 showsa chipbeforeand afterPEST
insertion. The self-test controlleris not depicted here.

The PEST function is activated when the control

PE:T 1.1
Pseudo-Exhaustive Self Test

AT&T Bell Laboratories
Princeton, New Jersey

Copyright (c) AT&T 199B
All Rights Reserved

Circuit Name: 88~

[Quit)

Circuit Parsing
Replace with PEST f1 ip-f l ops aYes
Subnetworks not to be PESTed a No
Subnetworks that should not have Test Points aNo
Ci rcu it nets to be removed a No
Debug a No

~
Circuit Partitioning

Maximum Cone Si ze Allowed: 20.
Manua 1 Test Po i nt Se 1ect i on a No
Debug Leve 1 a 1

~
Vector Assignment

LFSR Size 20.
Manua 1 Constra i nt a No
AlB Ass i gnment Order a 1
Input orderi ng heuri st i c a 3
Debug a No
Allotted time(seconds): 300

~
Hardware Modification

I so 1ate Sub-networks a No
Externa 1 Clocks a No
Debug a No

~

lines to the PEST flip-flop are set to test-result-compaction
mode and the controlline to the test generator is set to
go. Atthe end ofthe testing session, the contentsof the
flip-flops, whichgivethe final signatureofthe chip,are
scannedout and compared withthe signature ofa good
chip to determine the condition ofthe chipunder test.

In reality, testing always involves tradeoffs.
Ideally, we balance the various tradeoffs in hardware over­
head, testing time,and test datacompaction schemes to
maximize the overall fault coverage on the chip. Although
the PEST implementation assures lOa-percent fault detec­
tion, the actual fault coverage may not be that high,
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Figure 2. A sample
circuit (a) before and
(b) after PESTinser­
tion. The circuit's
combinational por­
tions are segmented
at the test point for
observation and con­
trol using multi­
plexers. A dedicated
test generator routes
exhaustive test vec­
tors to the inputs of
each logic cone.
PESTflip-flops distri­
bute test vectors and
compact the test
results.

Primary inputs
I

(a)

owing to the compaction scheme. The actual fault cover­
age is a function ofthe coding/compaction scheme.
Sometimes this schemegivesa chipwith faults the
samesignatureas a goodchip (aliasing). Onaverage,
three percentoffault coverage maybe lost.

With nearly lOo-percent fault coverage, PEST
does impose a hardware-overhead penalty, but it elim­
inatesthe need forcomplex automatic test equipment
(ATE), exteriortest generation, andfault simulation,
while it dramatically improves system-level testing.

Circuit Segmentation-Test Point Selection
To makePEST practical for largecombinational

circuits, wemust limit the numberofinputsdriving each
logic coneby partitioning the circuit," i.e., byadding
observable and controllable test points. Acomplication
involved in partitioning logic conesoccurswhencertain
inputs affect more than one output-the circuitfans out.
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(b)

Several logic conesmaytherefore share inputsand over­
lapin complex ways. For fan-out-free circuits, it is possi­
ble to give a simple formula forcalculating the smallest
numberoftest points neededforeach circuit.4 But, for
circuits with fan-outs, determining the smallest number
oftest points for the circuitbecomes Nl-cornplete," that
is, there is no computationally practical way to obtain the
smallest set oftest points.

Since an optimal solution is not possible, a num­
ber ofapproximation algorithms or solutions have been
proposed. Suchalgorithms are categorized as either par­
tition or segmentation algorithms. Partition algorithms
produce a circuitthat is a collection ofdisjoint subcir­
cuits. Segmentation algorithms produce a circuit consist­
ing ofoverlapping subcircuits. Although partitioning a
circuitresults in a shorter test, segmentation is less
expensive to implement andprovides higher fault cover­
age." In the interestofminimizing implementation cost,
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our newalgorithmis a segmentation algorithm.
Our segmentation algorithm analyzes both the

globaland local characteristicsof the circuit. Aglobal
evaluation ofallthe logiccones allows us to pinpoint
overlapping cones,whichthen can be used in selecting
test points. Becausea globalsearch is very computation­
ally intensive, no other segmentation algorithms have
attempted to use globalinformation. On some circuits,
a globalsearch for overlapping logiccones maynot be

Figure 3. (a) A sample combinational circuit represented as
(b) a graph. Another graph represents a slightly more com­
plex circuit with (c) two logical cones identified by outputs
13 and 14. Inserting a test point at node 11 of the circuit
creates (d) three logical cones Identified by outputs 13, 14
and 11 0 ,
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Figure 4. A graph showing weighted fan-out in a logic cone.
The weight of primary input pins A and B at node N Is 1,
because no fan-out of the input pins has occurred. The
weight of input pin C at node N is 1/2, because input pin C
has two outputs, only one of which drives node N.

fruitful. In that case, PEST examineseach logic cone
individually.

We present here the globalsearch algorithm
that evaluates allthe nodes in a circuitbased on fan-out
and reconvergent fan-in of the primaryinputs. Aswe will
showlater, our test-point-selection algorithm on the
International Symposium on Circuits and Systems
(ISCAS) 7 circuitsproduces results superior to those pre­
viously published.

Modelling the Circuit for Segmentation. Whenwe
segment a circuit, we focus on the structure rather than
the functionality ofthe chip. Weare not interested in the
typeofeach logicelement (AND, OR, or invertergate).
Eachlogic element is simply a node in a graph.The con­
nections betweenthe logicelements are important; they
are arcs connectingthe nodes in the graph. Graph
theoretical modeling simplifies the presentation ofthe
algorithm by emphasizing the structualaspect of the cir­
cuit. Figure3a showsa combinational circuitthat has
been translated into a graph (Figure 3b). Figure3c
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A B c D
showsa circuitas twologiccones, identified by outputs
13and 14in graph theoretical representation. We say
that logic cones 13and 14overlap at inputs2,3, 4,and 5.
The size ofa logic cone is determinedby the number of
inputs that driveit. Insertinga test pointat a nodeN
splitsthe node into twonodes, No and N i- No is the pri­
maryoutputofthe newcone produced, and Ni is the
newprimary inputto the cones that contain N. For
instance, insertinga test pointat node 11ofthe circuitin
Figure 3c splitsnode 11into 11 i and 11o- This produces
three logic cones, identified by outputs 13, 14and 11 0 , as
shownin Figure 3d.

Wecanformally statethe test-point selection prob­
lem in graph theoretical language: Findthe smallestsub­
set ofnodes in a directed graph so that whentest points
are inserted at these nodes, each logic cone in the result­
ing circuitis smallerthan or equal in size to a given num­
ber ofinputs. To conducta short exhaustive test, we need
to partition the circuit. Since there is no theoretically opti­
malway to do this, wewill showhowto use the global­
search algorithm to obtain a "good" set of test points.

Global Search: Weighted Fan-out. To segment a
circuitinto logic cones ofrequired sizes,we iteratively
select test points.Those logic cones whose size is
greater than the user-determined logic-eone sizeare
called offending logic cones.Ateach iteration, we exam­
ine everynode to determinehowmanylogic cones
would be removed fromthe offending-logic-cone list if
that node were selected as a test point.

In evaluating a node as a potential test point,
wewantto knowthe number of inputs"blocked" bythis
node for each logic cone. If no input is blocked by a
node, then the node does not segment anylogic cone.
For example, the nodeN shownin Figure 4 completely
blocksboth inputsAand B fromthe primary output. It
does not blockinput C,however, since a path existsfrom
inputC to the primary outputwithout goingthrough N.
C is said to havea fan-out. WhenN is used as a test
point, the original outputwill have three inputs: N, C,
and D. BecauseN does not blockinputC, C is not seg-
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each iteration is the nodeN that blocked the largest
number of inputsfrom the largest numberofoffending
cones.

Results. Robertand Lala4 showthat for fan-out­
free circuitswitha fixed-partition factor, the numberof
test pointsincreases linearly as the numberofnodes in
the circuitincreases. In fan-out-free circuits, each node
resides in and, therefore,affects only one logic cone. But
in circuitswithfan-outs, such as the ISCAS circuits, a node
that resides in one logic cone may affect many logic
cones. Our global approach is to select (from amongall
the nodes in the circuit) the test point (ateach iteration)
that will eliminate the largest number ofoffending cones
at once.

The graph in Figure 5 showsthe numberof
offending logic cones versus the number oftest points

Figure 5. For some ISeAS circuits, the number of offending
logic cones decreases drastically as the number of test
points increases. An offending logic cone is a logic cone
with too many inputs.

mented out of the original logic cone.
DEFINITION 1:Blockedtbl.O) is the number ofinputs
blocked from the logic cone °by inserting a test point at N.

The example in Figure 4 showsus that when­
ever a fan-out occurs,we lose the ability to blocksome of
the inputs. Thus, tracking (usingweights) the occur­
rences offan-out and reconvergentfan-in would allow us
to calculate Blocked(N,O) efficiently. The weightofa
primary input is 1 at the input node.

Each time a fan-out occurs, the weightof the
inputat the next, or succeeding, node becomesa fraction
ofthe weightof its predecessor.The fraction is propor­
tional to the number offan-outs that occur.

For example, Figure 4 showsthat the weightof
primaryinputpinsAand B at nodeN is 1,because no
fan-out of those input pinshas yet occurred. However,
the weightof inputpin C at nodeN is 1/2, because input
pin C has twooutputs,onlyone ofwhich drivesnode N.

When the inputpins reconverge, the weights
fromthe same primaryinputsare added.The function
inpuLweight(Pin,N,O) is defined as follows:

1
1 if N is a primary input

inpuLweight(Pin,N,O) =
L inpuLweight(Pin,i,O)
i faLout(i,O)

In the precedingequation, i ranges over the immediate
predecessors of the node N, and fan_out(i, 0) is the
number ofnodes in output logiccone°that are immedi­
ate successors of node i. Wecan compute
inpuLweight(Pin,N,0) by propagating everyprimary
inputoflogic cone°to its successors, alongwiththe
value of input.weight,
THEOREM 1:A primary inputpin is blocked by a node N
relative to logic cone 0 ifandonly if
inpuLweight (Pin,N,0) = 1. If inpuLweight(Pin,N,0) is
a fractional value, there isa path from the Pin to 0 that
does notpass through N.

Theorem 1 enables us to calculate Blocked(N,O)
from the input-weight function. The test pointselected at
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Table I. Test Points Needed to Segment a Circuit

ISCAS Number oftest points (cone size = 20)
circuits

DC '* DC GL '* GL RL '* RLPEST o PEST o PEST o PEST

c432 19 20 105 21 105 44 231
c499 8 9 112 9 112 32 400
c880 10 14 140 14 140 48 480
c1355 8 9 112 9 112 32 400
c1908 15 18 120 17 113 53 353
c2670 30 37 123 29 97 77 256
c5315 30 42 140 46 153 82 273
c7552 75 79 105 85 113 75 100

PEST: algorithm presentedin this paper.
DC, GL: local andglobal algorithms published byHellebrand andWunderlich. 5

RL: algorithm ofRoberts and Lala implemented by Reference 5.
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insertedfor three ISCAS circuits. Wedrastically reduce
the numberofoffending logic conesforcircuits c499 and
c1908 as weincreasethe numberoftest points. How­
ever,wesee no such drasticreduction forcircuits such
as c880, which is dense with fan-outs and reconvergent
fan-ins. For such circuits, weneed to workon each logic
conesindividually.

Table I presents the numberoftest points
neededto segmentor partition each ofthe ISCAS circuits
according to fourdifferent algorithms. To compare the
PEST resultswith the other algorithms, we include a per­
centage that represents the published results divided by
the PEST results.The results ofthe algorithms DC, ~L,
and RL are published by Hellebrand andWunderlich. 5

The DCalgorithm performs 5 to 40percent
below that ofthe PEST algorithm. Withone exception, the
GL algorithm performed 5 to 53 percentworsethan the
PEST algorithm.

Pseudo-Exhaustive Test Generation
In PESTweseek the mostinexpensive way ofsup­

plying the smallest set ofvectorsto exhaustively test all
the logic cones at once. For a singlen-input cone, the
shortest exhaustive test has length2n• Wecangenerate
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an exhaustive test easily by running a binary counterof
length n from 0 to 2n, as shown in Figures6aandb.

Generating the shortest exhaustive test for two
overlapping logic conesis a little moredifficult (Figure
6c). Logic cones 1 and 2 overlap at oneinputpin. To pro­
videan exhaustive test set for logic cone 1,we assignthe
vectors 81, 82, 83, and84 ofFigure 6cto the inputs, as
shown. The reader canverify that the column vectors
81, 82, 83, and84-reordered, forexample, as
82, 84, 83, and81-will still presentexhaustive row
vectors. Thus, the inputsoflogic cone2 canhaveassign­
mentsas shown in Figure6c.

To summarize, there are two parts to the test­
generation problem. First, weneed a generator that pro­
ducesvectorswhich, together, contain an exhaustive test
(vectors 81, 82, 83, and84, forexample). Second, we
need a methodofassigning the outputsofthe test gen­
erator to the inputsofthe logic conesso that each logic
conewill receive an exhaustive set oftest patterns.

In circuits that wehaveexamined, the overlap­
pingamong logic conescanbe verycomplicated. An
inputpinmaybelongto as many as 60different logic
cones. In general, it is not possible to generatea pseudo­
exhaustive test usingthe binary-eounting sequence



Figure 6. (a) A binary
82 84 83 81 82 83 84 counting sequence81 82 83 84
a a a a a a a from 0 to 2 n is (b) ana a a a a a a a a 1 a a a a 1 exhaustive test for ana a a 1 a a a 1 a a 1 a a 1 aa a 1 a a a 1 a a 1 1 a a 1 1 n-input logic cone.a a 1 1 a a 1 1 1 a a a 1 a a (c) A shortesta 1 a a 1 a a a 1 1 a a 1 a 1

pseudo-exhaustivea 1 a 1 1 a a 1 1 a 1 a 1 1 aa 1 1 a 1 a 1 a 1 1 1 a 1 1 1 test for two overlap-a 1 1 1 1 a 1 1 a a a 1 a a a ping logic cones Is1 a a a a 1 a a a 1 a 1 a a 11 a a 1 a 1 a 1 a a 1 1 a 1 a more difficult to gen-1 a 1 a a 1 1 a a 1 1 1 a 1 1 erate. Logic cones 11 a 1 1 a 1 1 1 1 a a 1 1 a a1 1 a a 1 1 a a 1 1 a 1 1 a 1 and 2 overlap at one
1 1 a 1 1 1 a 1 1 a 1 1 1 1 a input pin, allowing1 1 1 a 1 1 1 a 1 1 1 1 1 1 11 1 1 1 1 1 1 1 vectors a1• a2. a3'

Binary counting and a4 to be assigned
sequence to the inputs shown.

Reordered, vectors
a2' a4. a3• and a1 of

(c) logic cone 2 still 95(a) (b)
present exhaustive
row vectors.

82 81 83 84 84 82 83 81 (d) Overlapping of

a a a a a a a a logic cones, In gen-
a a a 1 1 a a a eral, eliminates thea a 1 a a a 1 a possibility of using aa a 1 1 1 a 1 a
1 a a a a 1 a a binary counting
1 a a 1 1 1 a a sequence exclusively1 a 1 a a 1 1 a

to generate a• 1 a 1 1 ? 1 1 1 a • • •• • a a a a a 1 pseudo-exhaustivea 1
a 1 a 1 1 a a 1

test.a 1 1 a a a 1 1
a 1 1 1 1 a 1 1
1 1 a a a 1 a 1
1 1 a 1 1 1 a 1
1 1 1 a a 1 1 1
1 1 1 1 1 1 1 1

(d)
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Figure 7. A scheme
used to generate the
set A for the case
w=3.

exclusively (Figure6d).
Researchin this area can be grouped into three

categories, dependingon whether the relative emphasis
is on the test generator or on the assignmentprocess. In
the first category, the emphasis is on the test genera­
tor.8.9 In these cases, the test time is longer than neces­
sary and the assignmentprocess is not considered.

In the second category, whichassumes an
assignmentprocedure,10 each set oflogiccones needs a
customized solution. Unfortunately, a solution cannot
always be found.

In the third category, whichis the approach used
in our PEST scheme, we develop the assignmentpro­
cedure and the test generator concurrently.

The New Method. Becausethe column vectors
froma counter cannotby themselvessolve the test­
generation problem, we need to choose froma larger set
ofvectors. We callthe vectors in this larger set the
canonical vectors. The set ofcanonical vectors should
havethe following characteristics:
- It shouldbe easy to tellwhether a set ofcanonical vec­

tors provides an exhaustive test for a logiccone,
thereby makingthe assignmentprocess easy.

- The canonical vectors selected shouldbe the "best"

AT&T TECHNICAL JOliRNAL • JANliARY/FERRl;ARY 19\11

Conventional LFSR

set, in that almosteverysubset ofcanonical vectors
shouldforman exhaustive test.

DEFINITION 2: We say a setofx column vectors ofheight
2W forms an exhaustive setif, when viewed asa 2W by x
matrix, the rows within the matrix contain an exhaustive
test. In subsequent sectionswe describe:
- How the canonical vectors are selected
- Whichcollection ofthe canonical vectorsproduces

exhaustive test sets
- The typeofhardwarenecessaryto generate the

canonical vectors.
Selecting Canonical Vectors. The binarycounting

sequence from0 to 2W is an exhaustive test for a logic
cone of sizew. All other exhaustive tests for logic cones
ofsize ware rowpermutations ofthe binarycounting
sequence.We thereforeuse the counting sequence as a
reference point.

The first canonical vectorsofset Aare the w
columnsofthe binarycountingsequence. We callthese
wvectors the referencecanonical vectors,
aI, a 2, ... , a w. Figure6a showsthe referencevec­
tors for the case w= 4.

The remaining canonical vectorsare generated
fromthe referencecanonical vectors. Lethi be the
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Figure 8. This
diagram shows the
three major 81ST
schemes used In the
NIC. PEST tests the
random sequential
logic (see lightly
shaded portions), reg­
ular structure 81ST
tests the RAM (see
darkly shaded por­
tions), and boundary
scan tests the Inter­
connections between
NIC and other chips
on the circuit board.

~-1 InputFlFO(RA~J.1-SWAP Network
logic interface-I. Output·flFO(RAM) ~ logic

DMA
logic - ~ Timer logic I
Bus - ~I Interrupt logic I

address ~
I

logic r- f----.... Interface r--
BIT control f----

controller logic r--
~ f----

Boundary scan

vectorgeneratedbytakingthe linearsum (modulo 2) of
allbut the ith reference canonical vectors. For 1 ::;; i,j s w

bi = ffi j*i aj (1)

DEFINITION 3: If wis the maximum logic cone size, the set
ofcanonical vectors Afor wis

aI, a2, ... ,aw , bj , h 2 , ... ,hw'

Exhaustiveness and Unear Independence. Akers 11
showed that to find out which subset ofAforms an
exhaustive set, weonly need to determine whetherthe
given subset is linearly independent.
THEOREM 2:w distinct vectors ofA are linearly indepen­
dent ifandonly if the set ofw vectors forms an exhaustive
set. With the aidoflinearalgebra andTheorem2,weare
ableto deduce exactly which subsets ofAform an
exhaustive set.

Theorem3,given below, summarizes the results
with the aidofDefinition 4.

DEFINITION 4:A subset ofA contains an i-pair if, for some
i, both a, andhi are in that subset ofA. For example,
aj , a2, h2 , a3 isa subset ofA that contains a 2-pair.

Theorem3 provides easyrulesfor recognizing
which subset ofthe canonical vectors forms an exhaus­
tive set.These rulesconstitute the basisforthe assign­
mentalgorithm between the setAandthe input pins.
THEOREM 3:A vector assignment from the set A to the
input pins ofa combinational circuit produces a pseudo­
exhaustive self-test ifandonly if, for every logic cone, one of
the following is true:
1. It contains exactly one i-pair
2. It contains no i-pair andthe number ofbs is even
3. If the cone size isless than w, it contains no more than

one i-pair.
Te.toGenerator Implementation. Figure 7 shows a

schemeused to generatethe set Afor the casew = 3.
Because the linear-feedback shiftregister (LFSR) has a
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Figure 9. PEST iso­
lates the combina­
tional logic from the
sequential circuit by
observing every flip­
flop input and control­
ling every flip-flop out­
put. The PEST flip-flop
shown can be
reconfigured using
mode lines MOO
through M02 to per­
form the normal,
MISR, scan, clear,
and hold modes.

MD2

Data in

MOl

Scan in

MOO

Clock

Data
out

Scan
out
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primitive feedback polynomial, all2w - 1patterns are
generated (excluding the all-zero pattern,which can be
produced usinga "reset" operation). Because the
sequenceof test vectorsis ofno importance in exhaus­
tive testingofcombinational circuits, we use an LFSR.

The LFSR outputsare the reference vectorsa.s,
The column vectorsb.s are derived from the a.s, as indi­
catedearlier in Equation 1.

PEST in the Hie Chip
The NIC chip is an ASIC developed byAT&T Bell

Laboratories. It provides an asynchronous, micropro­
cessor-like interface to the data-flow network inAT&T's
digital signal processor. The NIC is fabricated using
AT&T's 1.25-llm (micrometer) CMOS process. It contains
about200,000 transistorson a die that measures 502
millimeters per side.The device is packaged in a 256-pin
ceramic-chip carrier. Figure8 showsthe three major BIST
schemesused in the NIC:
- PEST for the randomsequential logic
- Special RAM BIST
- Boundary scan,which is used to test interconnections

between chipson a circuitboard.
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The logic that contains PEST comprises 112,000 transis­
tors (nearly 60percentofthe totalchip), including 1400
flip-flops.

PEST can be implemented in a circuitby follow­
ing these steps:
1. Replace allflip-flops in the circuitwith PEST flip-flops.
2. Add test points as needed.
3. Add a test generator and distribute the test vectors.
4. Add BIST control logic to conduct concurrenttesting.
These steps are described here in detail.

Step 1. OurPEST schemeisolates the combina­
tionallogic from the sequential circuitbyobserving
every flip-flop inputand controlling every flip-flop output.
We reconfigure the registers (i.e., groupsofflip-flops)
intoMISRs so wecan compact test results in the flip-flops.
To control the flip-flop output, the outputsofthe regis­
ters are multiplexed withthe test datageneratedby the
source LFSR.

DuringPEST sessions, the built-in test (BIT) con­
trollersets the multiplexer to apply the test data to the
subsequentcombinational logic. Figure 9 shows a PEST
flip-flop designthat performs these functions. This flip­
flop can be reconfigured usingmodecontrol lines MDO



through MD2 to perform the normal, MISR, scan,clear,
and hold modes. The clear modeis used to set the initial
MISR values, and the hold modeis used to freeze the
resultingsignaturewhenPEST is complete. The flip-flops
are connectedin a single-scan chain to provide access to
the signaturesat the end ofthe self-test.

Step 2. The maximum logic cone sizechosen
was20, thereby limiting the test timeto aboutone mil­
lion cycles. PEST software determines the test-point loca­
tionsbut permits the user to restrict them from time­
critical paths. Duringthe self-test mode, the multiplexers
select the test data from the source LFSR that are to be
presented to the logic. At the same time, an MISR
observesthe inputsofthe test points (i.e., the outputs
from the previous logic cones).

Step 3. We used a circuitsimilar to the one
describedin Figure 7 to generate the test vectorsthat
stimulate the circuitduring self-test. The NIC stimulus
comesfrom the existingboundary-scan flip-flops, recon­
figured as multiple 2o-bit LFSRs. Each controllable point
in the circuit (i.e., everyprimary circuitinput, flip-flop
output, and test point) is assignedby the PEST tool to one
ofthe LFSR outputs in such a way as to present each logic
cone with an exhaustive vectorset. To simplify vector
routingand reduce routingoverhead, PEST permitsthe
user to restrictvectorassignment.

Step 4. The NIC was designedto perform concur­
rent self-test. Using a test-bus interface, a maintenance
processor located external to NIC sends self-test instruc­
tions to the NIC chip. The BIT-controller logic interprets
these instructions and then configures the chipto per­
form the desired pseudo-exhaustive, FIFO RAM, and
boundary-scan tests.

The NIC BIT controller alsocontains logic to con­
trol the clocks. The NIC normally operatesusingseveral
asynchronous clocks. But,to assure stableand predict­
ableBIST operation, the multiple clockinputsare
replaced witha singletest clock. Aclock-switching cir­
cuitwasdeveloped to perform this clock multiplexing in
a stablefashion.

Aprogrammable vectorcounterwasaddedto the
BIT controller to signalthe end ofthe self-test sessions.
The counter decrements everycycle duringself-test.
When the counterequalszero, the BIT controller places
the PEST flip-flops in the holdmode, and an interruptis
issued to the externalmaintenance processor. The flip­
flop contents, which contain the final signatures, are then
scannedout for comparison with their expected values.

Testing the Test Circuitry. BIST schemescannot
always test the test circuitry effectively. PEST solves this
problem by runninga short test routine before it per­
forms the BIST session. This prescribed initialization test
detects the faults in the PEST flip-flops, scan chain, and
control lines in the flip-flop mode.

NIC Implementation Ovemead. The designofthe
PEST flip-flops involved a tradeoff between low area over­
head and short path delay. Because the NIC chipmust
run at high clockrates, short path delay tookprecedence
overimplementation size. WhenPEST flip-flops are used,
the totalpath delay between flip-flops increasesby no
more than 1.3 ns (nanoseconds).

The PEST overhead consistsof26,712 transistors,
which is 24percentofthe randomsequential logic, but
only14percentofthe totalchip. This overhead consistsof:
- Logic needed to convert original flip-flops to PEST flip-

flops
- Test points (29 were added)
- MISR logic
- Control-line buffers
- Boundary-scan cellmodifications forLFSR andMISR

operation while PEST is beingrun.
Fault-5imulation Results. The bottom lineofa BIST

methodology is the totalfault coverage. The fault cover­
age is 98percent (after only 10,000 BIST vectors plusthe
initialization test).

Conclusions
PEST is a designconceptthat embodies an ideal

test strategy. It provides effective, 10o-percent stuck-at
fault coverage for the integrated circuitwithout requiring
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expensive ATE, labor-intensive test generation, or fault
simulation. It alsogives the systemeasyaccessto this
self-test capability on the chip.

Wehavediscussed one way ofincorporating this
ideal into realcircuit designs. Our experience shows that
PEST lives up to the highestdesign expectations.
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