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We present three approaches to designing testable
sequential machines. (Testability, inthe present context,
refers to the ability togenerate tests. Testable synthesis
guarantees high fault coverage byusing anautomatic test
generator.) Inthefirst approach, we develop apartial scan
method inwhich scan flip-flops are selected to break up
thecyclic structure ofthesequential circuit. Inthesecond
approach, we present a novel state assignment method
that results in reduced feedback or pipeline-like struc­
ture. The third approach, also applicable to finite state
machines, embeds a suitably designed test machine in
the given specification before synthesis.
Introduction

Mostdigital systemsoperatesequentially. This meansthe out­
put ofthe systemdependson the inputand on the state ofthe internal
memory elements. The difficulty ofcontrolling and observing the
memory elementscan be so great that, in one designmethod, all
memory elementsare madedirectly accessible for testing.' The hard­
wareneededhere can be large,and is not acceptable in somevery­
large-scale integration (VLSI) applications. In this paperweadvance
several alternative approaches aimed at synthesizing circuits for testa­
bility withminimal overhead.

The first methodintroduces a novel partial scan procedure­
where a subset offlip-flops is selectedto break up the cyclic structure
ofthe circuit. Thus, the present state ofa flip-flop maynot depend on
its own state at anyprevious time, making test generation forthe
cycle-free structure relatively simple. The partial scan technique is suit­
ablefor large sequential circuits that normally combine datapath and
control logic sections.

The secondmethodapplies to sequential machines normally
encountered in the control logic. Again, emphasizing a cycle-free
design, wedevelop a newstate assignment method that produces
highlytestabledesigns." And the third method presents a general
architecture oftestabledesign." The test function is added to the
requiredfunction and both functions are synthesized together.



Circuit

Table I. Test Generator for Two Sequential Circuits

memory elements and dependencies between memory
elements are represented in this graph.

Figure 1 illustrates a circuit with sixflip-flops.
Signal flow throughcombinational elements is repre­
sentedby dashedlines. The circuit is synchronous and
allflip-flops are controlled bya single clock signal that is
not shown. The graphofthis circuit is shown in Figure 2.

Wecanclassify the directed graphofa circuit
into three categories:
- Acyclic directed graph
- Directed graphwith only self-loops
- Directed graphwith cycles oftwo or morevertices.
The effect ofcycles on testing complexity wasrecog­
nized byearly workers." Ouranalysis may be an over­
simplification, but still shows someofthe complexity of
test generation. Amorerigorous testability analysis of
cycles may be found ina recentpaper.8

Wedefine the distance along a directed path
between two vertices as the numberofvertices on that
path. The sequential depth ofthe circuit is the distance
along the longestpath in its graph. Forexample, the
sequential depthofthe circuit in Figure 1is five. If the
graphis acyclic (i.e., there is nofeedback among sequen­
tialelements) then wecanlevelize the graph. Fora cir­
cuitwith depthD, anysingle fault canbe testedbyat
mostD test vectors." The size ofa complete test set also
is bounded byD·2n, wheren is the number ofprimary
inputs. Obviously, this type ofsequential circuit will be
easyto analyze with a sequential test generator.

TLC CHIP-A
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Panel 1. Terms and Acronyms In This Paper

CAD computer-aided design
CMOS complementary metal-oxide semiconductor
DS distinguishing sequence
FSM finite state machine
I/O input/output
VLSI very-large-scale integration

Partial Scan
It has longbeen recognized that the cyclic struc­

ture ofsequential machines is largely responsible fortest
generation complexity." (Forsynchronous circuits, a cycle
is defined as feedback among flip-flops.) TableI shows the
test generation resultsobtained from a sequential logic
test generation program STG3.6 The firstcircuit is a
traffic lightcontroller (TLC); the other (CHIP-A) is a com­
plementary metal-oxide semiconductor (CMOS) chip
designed fora graphicsterminal. Even thoughCHIP-A is
three timeslarger thanTLC, our test generatorprocessed
it in one-fifth the time, and produced a significantly
higherfault coverage.

The results inTableI showthat gate countis
nota keydeterminant oftest generation complexity: and
sequential depth, often citedas a circuit's measure of
sequentiality, does not explain the result. The sequential
depth, defined as the mostflip-flops on a pathbetween
inputs and outputs, is 14forboth circuits. However, if we
consider the cycles formed byflip-flops, CHIP-A contains
only 39cycles, and no cycles greater than lengthone. A
length-one cycle (orloop) is formed whena flip-flop's
outputfeedsback intoits own inputafterpassing only
throughcombinational logic. TLC, on the other hand,has
many morecycles (some ofthem long) that are responsi­
blefor the higher complexity oftest generation.

Test Length and Cycle.. Consider a directed graph
G= {V,E J ofa synchronous sequential circuit. Avertex
Vi in this graph representsa flip-flop (or statevariable) i.
Adirected edge from vertexv i to vertexv . implies a .
combinational pathfrom flip-flop i to flop-flop j. Only the
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Figure 1. A circuit
with six flip-flops.

Figure 2. Graph of the circuit In Figure 1.

Considerthe secondtype ofstructure, i.e., cir­
cuitswithonlyself-loops. Here, a flip-flop's outputmay
linkto its input through combinational logic. For these
flip-flops, wecan collect allcombinational logic between
the outputand inputofthe flip-flop to create a 2-state
finite state machine (FSM) , and use a singlevertex to rep­
resent this FSM by a reconstructedgraph.Thus, depend­
ing on whether the corresponding flip-flop has a self­
loop, in the newrepresentation a vertexcan either repre­
sent a generalized 2-state machine or a singleflip-flop.
The newdirectedgraph is acyclic again. However, two
patternsat the inputsofthe vertex maybe needed to jus­
tify a logic value at the outputofa vertex that represents
a generalized 2-state machine. Butonlyone pattern is
needed for a vertex that represents a singleflip-flop
without self-loop. This follows from the assumption that
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the 2-state machine is initializable to a given stateby one
pattern. If this initial state is different fromthe required
state, then one more patternwill be needed to move the
machine to the other state. Usingthe pipeline argument,
a test can be constructed withat most2·Dvectors.

For the third typeofgraph,withlongercycles,
weagainreconstructan acyclic graph.Avertexin this
newgraph is a finite-state machine that canhaveup to
2L states where L is the maximum length ofanycycle.
We assumethat a vertexcan be initialized to somestate
by a vector. To set the node in the desired state may
take at most2L -1 vectors. Ingeneral, the depth ofthe
reconstructed graph will be less than D. However, D is
stillan upperboundfor depth.Thus, the lengthofa test
sequencecan be D·2L . Mostfaults in the circuitcan be
tested by shorter sequences. We must rememberthat
our derivation assumes a specific initialization procedure.
Also, different test generators maypackvectorsdif­
ferently while creatingtest sequences. Therefore, this
sequence lengthformula shouldbe considered onlyan
average measureofthe test length.Our experience
showsthat in a few cases the length can be larger.A
theoretical upperboundwould be muchhigher.

The above analysis showsthat test lengthand
cycle length are related (cycle length is defined as the
maximum number offlip-flops in a feedback cycle). Ifa
sequential circuittest generator employing the time
frame expansion techniqueis used, the numberof



processed timeframes is equalto the test length. The
longerthe test length,the longerthe test generation
time, and the higher the probability the fault will be
dropped becauseofa practical timelimit imposed on the
program.

To supportthis argument, weanalyzed the
structureofthe two circuits inTableI. CHIP-A's cycle
lengthis 1and the TLC's is 4.Also, the longesttest fora
single fault inTLC has 243 vectors. The sequential depth
forthis circuit is 14; it has cycles oflength4.Thus, our
formula givesa test lengthof224. The longest
sequence forCHIP-A has 102 vectors. Obviously, TLC
presentsa moredifficult test generation problem than
CHIP-A. The high fault coverage and low computation
time forCHIP-A alsoshowthat self-loop structurecanbe
handled successfully bya sequential test generator.

Scan Register Design. A scanflip-flop is assumed
to break the circuit fortest generation by making its
I/O signals observable and controllable likeprimary
outputs and inputs. This assumption is justified for a
partial scancircuit if a separatecontrol on the clock of
scanflip-flops is available. To reducethe test generation
complexity, weselecta minimal set offlip-flops to elim­
inate allcycles. Self-loops or cycles ofunit lengthare
notbrokento keep the scanoverhead lowbecause the
numberofself-loops in somecircuits canbe large.

A simple example ofthis design is shown in Fig­
ure 3.The original circuit (Figure 1)has only oneclock,
shown as CLOCKl. It is clearfrom Figure 2 that if flip-flops
2 and 5are scanned, then the circuit will nothave any
cycles other than the self-loop offlip-flop 4. In Figure 3,
flip-flops 2 and 5 havebeen replaced byscanflip-flops
(shown as largerblocks) andSCANIN, SCANOUT, andMODE
signals have been incorporated. 1 A newclock signal,
CLOCK2, controls the scanflip-flops. In the normal mode
ofthe circuit, CLOCKl andCLOCK2 will be identical signals.
However, in the scanmode CLOCK2 alone will be acti­
vated. Thus,while the statesofscanflip-flops are being
shifted in, allother flip-flops will retaintheir states.

Flip-Flop Selection Algorithm. Adirected graphis
firstconstructed from the circuit netlist. All self-loops are
removed. The remaining graphcontains eithernocycle
or cycles longerthan 1.A program called BreakLoop
is used to selecta small subsetofvertices to breakall
cycles. Because the problem offinding the vertex set
that will break allcycles (feedback vertexset problem)
is Nf-complete," heuristics mustbe used to bound the
computation time. In BreakLoop, the process offind­
ingcycles and selecting vertices is divided intoseveral
passes. In each pass, a timelimit is set forthe cycle­
finding process. Whenthe time limit is reached, the
searchfor morecycles is suspended forthe currentpass.
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Figure 3. Design with
flip-flops 2 and 5
scanned.
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The selection offlip-flops here is based on the listof
cycles found in the pass. Breaking a cycle will automati­
cally break allbigger cycleswhere this cycle is embed­
ded. Thus, the cycle list shouldonlycontain a set of
representative cycles, so no cycle is embeddedin any
other cycle. To generate such a cycle list,whena new
cycle is found, the current cycle list is first searched to
check whether anycycle in the list coversor is covered
by the newcycle. If anycycle in the list is embeddedin
the newcycle, the newone is discarded. If the newcycle
is embeddedin a cycle already in the list, the newone
replaces the existing cycle. If neither case is found, the
newcycle is added to the list.The algorithm for selecting
verticesto break allcycles is as follows:

repeat
for every vertex

count the frequency of appearance
in the cycle list.

select the most frequently used vertex.
remove all cycles containing the selected

vertex from the cycle list.
until (cycle list is empty)

The selectedverticesforma minimal set ofvertices
that break allcyclesin the cycle list. These verticesare
removed from the directedgraph, and the graph is
reconstructed. A newpass is then run.This processcon­
tinues untilthe reconstructedgraph becomesacyclic.
Withthis procedure,allcycles inTLC can be brokenby
scanningnine of21 flip-flops.

Consider a larger example ofCHIP-B, a VLSI chip
with5,294 gates and 318flip-flops. When the time limit
for a singlepass wasset to 2 minutes, allcycles were bro­
ken in three passes,with 14flip-flops selectedfor scan.
It requireda totalCPU time of5.5minutes.

Anotherprogram, BreakPath, selectsflip-flops
to reduce the sequential depth ofthe circuit. In Break­
Path, allpaths longer than a user-specified limit,
PathThreshold, are first recorded. Then the frequency
ofusage for each flip-flop in the path list is calculated.
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For a path oflengthD, if wescan the ith flip-flop, then
the path will be broken intotwo shorter paths oflength
i - 1 andD - i, respectively. Clearly, selecting the flip­
flop at the center ofa path is the best choice for reducing
the sequential depth ofthe circuit. Thus, in calculating
the usage frequency, the flip-flops closer to the center of
a path are weighted higher.The mostfrequentflip-flop is
selectedand the path list is updated. This procedure
repeatsuntilthe lengths ofallpaths in the list are
smallerthan PathThreshold.

Test Genel'lltlon. To effectively use the partial
scan register forgeneratingand applying tests, a
separatescan clockis used.When shifting bits in or out
ofthe scan register, the normal clock is held inactive to
keep the states ofthe non-scanned flip-flops unchanged.
Aneconomical designofa scanflip-flop that combines
the scan clockinputwithmodeinputis described later.
With this design, the scan clockoperation would not
require anyextra inputpinoverwhatis neededfor the
normal scan design.

After the scan flip-flops havebeen selected, the
netlistis modified to create a test generation model. In
this model, allscan flip-flops are removed, and their input
and outputsignals are added to the primary outputand
primary inputlists, respectively. Asequential circuittest
generator and fault simulator are used to generate tests
for faults in the modified netlistmodel. The test genera­
tor picksa fault fromthe fault list and produces a vector
sequencethat is run through the fault simulator to elim­
inateallother detectedfaults fromthe list. Next, the test
generatorpicksanother fault from the updated fault list,
and the process is repeateduntilthe listbecomesempty
or is suitably reduced.

The vectorsequences thus generatedare con­
verted intoscan sequencesby addingtwo typesofvec­
tors. First,scan register tests are added. These tests are
run beforeapplying anyvectorsequencesproduced by
the test generator.They run entirely in the scan mode
and are designed to coverallfaults in the scan register.
Oncethe correct operation ofthe scan register is ensured,
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Table II. Partial Scan for TLC (355 gates, 21 flip-flops)

Number of scan FFs
0 4 9 10 21

Maximum cycle length 4 2 1 1 0
Depth 14 10 5 3 0
CPU seconds
Test generation 1246 157 32 13 2
Faultsimulation 61 11 4 4 2

Faultcoverage (%) 89.01 95.90 99.20 100.00 100.00
Numberoftests 805 247 136 112 52
Totalvectors 805 988 1224 1120 1092

Table III. Partial Scan Design of CHIP-A(1112 gates, 39 flip-flops)

Number of scan FFs

Maximum cycle length
Depth
CPU seconds
Test generation
Faultsimulation

Faultcoverage (%)
Numberoftests
Totalvectors

o
1

14

269
274
98.80

868
868

8
1

10

85
56
99.60

529
4232

16
1
6

49
33
99.80

387
6192

70 other scan tests are applied. These scan tests are gen­
erated fromthe vector sequences producedby the test
generator. Eachvector is preceded by a scan-in sequence
to set the states ofscanned flip-flops, A scan-out sequence
is added at the end ofeach vector sequence.

Experimental Results. The TLCcircuithas a
sequentialdepth 14and containscyclesoflength up to 4.
BreakLoop selected 9 flip-flops to break allcycles
greater than length 1. When these flip-flops are scanned
the sequentialdepth of the circuitbecomes 5.This can
be reduced to 3 by scanning10flip-flops. Ofcourse, if all
21flip-flops are scanned, the circuitis likea combina­
tional circuitfor whichthe depth is O. The results of test
generationare showninTable II.The reductionin test
generationcomplexity withthe increase in the number
ofscan flip-flops is evidentfromthe "CPU seconds/Test
generation" and "Faultcoverage" table rows. The
reported CPUtimewas recorded on a VAX® 8650. (VAX
is a registered trademark ofthe Digital Equipment Cor­
poration.) Considering the fault coverageand scan over­
head as most important designcriteria,the best result is
obtainedby eliminating allcycles (exceptself-loops). An
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interestingillustration ofthe effectiveness ofthis method
offlip-flop selection is givenin Figure 4.The test length
here is the length ofa vector sequencegenerated for a
target fault. The number offaults correspondsto the
faults found detectable by the vectorsequence through
fault simulation.

Table III showsthe effect of reducingthe
sequentialdepth inCHIP-A. This circuitdoes not haveany
cyclesgreater than length 1.Though the circuitis larger
thanTLC, a reasonably high faultcoverage is obtained
evenwithoutscan.The test length statisticsfor the CHIP­
A circuitshowedthat the maximum test lengthwas
somewhatproportional to the sequentialdepth.

Next,considerthe circuitCHIP-B. Its sequential
depth is 43and it alsohas cycles. BreakLoop identified
14out of318 flip-flops, reducingthe sequential depth to
19. The faultcoverage obtained for the partial scan cir­
cuitwas97.9 percent. In comparison, the unscannedcir­
cuit had only82.6 percent coverage, and requires three
times as much CPUtime.Adding more scan flip-flops to
reduce the sequentialdepth somewhatlinearly reduced
the test generationtime. However, further increase in



Table IV. Test Generation for Sequential Benchmark Circuits With Partial Scan

Scan FFs Fault Coverage (percent) Tgen +
Circuit Total Number Number of Fsim Seconds
Name ofFFs Number percent test vectors Tested Redundant Total (VAX 8650)

8400 21 9 42.86 107 98.11 1.89 100.00 7
8713 19 7 36.84 83 90.71 9.29 100.00 18
85378 179 32 17.89 2612 93.38 6.32 99.70 1253
89234 228 53 23.25 3458 43.23 55.80 99.04 6208

fault coverage wasonly marginal.
Test lengthstatistics for this circuit showed that

forthe unscanned design, the test lengthwassmaller
than the sequential depthof43. The test generator,
becauseofits timelimit, wasnot ableto produce tests for
faults requiring longsequences, as shown by the 82.6
percentfault coverage. Eliminating cycles madethe test
generation manageable at a small costofscanning just 5
percentofflip-flops.

Westudiedthe cyclic structureofseveral bench­
markcircuits.P"!' Weselected fourcircuits with com­
plexcyclic structuresfor our partial scanexperiment.
The test generation results are listedinTableIV. The cir­
cuitname (first column) shows the sizeofthe circuit.
These circuits requirebetween 18percentto 43percent
scanflip-flops to achieve fault coverages higher than 99
percent. Interestingly, largercircuits need a smaller frac­
tionofflip-flops to be scanned. Detailed resultson other

benchmark circuits are reported ina recentpaper. 12
BESfMAP 13 is a high level synthesis system

that accepts circuit models written ina C-like behavior
modeling language. The behavior is described at the
registertransferlevel andmapped ontoa finite state
machine architecture. The design is optimized forhard­
wareminimality. However, testability is notguaranteed.
Weimplemented the cycle-breaking partial scandesign
on five circuits synthesized byBESfMAP. The numberof
flip-flops selected for scanis shown inTableV. The
active area overhead estimation and the performance
penalty estimated bya static timing analyzer'" are also
shown. The active area includes only the polycells and
routing channels. InTableV, the areaand performance
ofthe partial scandesignsare normalized with respect
to those ofthe corresponding non-scan circuits.

The average area increase is 1.14 percentand
three out ofthe five circuits have only a 0.6 percent
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Table V. Area and Performance Overheads of Partial Scan

Overhead normalized
with respect to non-scan design

Circuit Tran- Input! Flip-flops Active Maximum
name sistors Output scan/total area operating frequency
RXVLSI 2,208 15/15 2/36 1.0% 95.41%
MTSQN 2,250 21/28 7/32 2.9% 99.49%
TXMM 3,560 45/9 2/98 0.6% 95.61%
GEN 3,754 89/68 1/56 0.6% 100.00%
INTERP 6,460 98/94 5/61 0.6% 96.96%
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Table VI. Test Generation Results for the Partial Scan Circuits

Circuit Total Detected Redundant Fault CPU TIme
Name Faults Faults Faults Coverage (SUN4/260)

TXMM 1803 1754 15 98.09% 2h30m
RXVLSI 1382 1132 234 98.61% 1h20m
MTSQN 1512 1381 108 98.36% 46m
INTERP 4790 4280 510 100.00% 22m

GEN 2381 2230 146 99.78% 51m
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increase. The average performance degradation is 2.51
percent. The performance degradation canbe further
reduced byexcluding the flip-flops on critical pathsfrom
the scan register. This caneasily be donein our partial
scanmethod.

TableVI shows the resultoftest generation by
the STG3 program" for the partial scancircuits. Because
ofthe reducedtest complexity from the partial scan, STG3
wasable to identify many redundant faults. In computing
the fault coverage reportedinTableIII, the redundant
faults wereconsidered detected. This coverage exceeded
98percentinallfive cases.

Our experiment suggests that the partial scan
method that attempts to break cycles, coupled with the
sequential circuit test generator (STG3) program, offers
an attractive design-for-testability alternative for
BESTMAP users.

TableVII gives the resultsofpartial scandesign
on three realdesigns. The test vectors given are the num­
ber ofvectors produced bySTG3. If a single scanregister
is used in the final implementation, the test lengthafter
adding the scansequenceswill be equalto the number
oftest vectors timesthe numberofscanflip-flops.

FlI~ops for Partial &can Design. Two types offlip­
flops have been used in scandesign. In one type, known
as the level-sensitive design.l" two non-overlapping clock
signals are used in normal mode operation ofthe master
and slave latches. Athirdclock signal, the scan clock, and
the normal modeslave clock are used together in the
scanoperation. In a partial scandesign, only a select
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subsetofflip-flops will receive the scanclock signal. The
scanoperation, therefore, will not disturb the stateofun­
scanned flip-flops, Compared to a complete scandesign,
the overhead in partial scandesign is thus reduced in
directproportion to the fraction ofscanned flip-flops.

An alternative design practice, however, uses a
single clock signal. Amaster-slave operation is achieved
eitherby usingtwo latchesthat are sensitive to different
levels ofthe clock signal, or by using edge-triggered
latches. For scandesign, flip-flops are preceded bymulti­
plexers to switch between the normal andscansignals. 1

All multiplexers are controlled bya mode control signal
addedto the circuit. In this design, the sameclock signal
is used forboth normal andscanfunctions. In a partial
scancircuit, the unscanned latches mustholdtheir nor­
malstateswhile dataare beingscanned in.Oneway to
accomplish this is to use an additional clock pinthat
feedsonly the scanned flip-flops. In the normal mode,
bothclock pinswill carrythe samesignal. In the scan

Table VII. Partial Scan Results for Three Real Designs

Circuit

DEVICE CMUWEM* SSBC

Gatecount 5546 3754 7771
Flip-flops scan/total 50/256 50/229 178/482
Test vectors 7,366 6.521 4,865
Faultcoverage (%) 98.52 97.14 99.45
CPU hours (SUN4/260) 4.8 9.0 3.8

• CMULDEM has 2 systemclocks



mode, the clock signal is applied only to the second clock
pin. Thus,besides the othersignals needed fora complete
scandesign, the partial scandesign may need oneextra
clock pin. The extraclock pincanbe eliminated if the scan
flip-flop, shown in Figure5, is used.The two signals,
MODE andCLOCK, are routedto allscanned flip-flops. The
sameCLOCK signal is routedto allunscanned flip-flops.

Signal waveforms forthe two modesare easily
derived. Assume the latchesin Figure 5 are active when
their clock inputis high,and that the multiplexer selects
DATA whenits control signal is low; otherwise it selects
SCANIN. In the normal mode, MODE is held low andCLOCK
carriesa periodic high (masteractive) and low(slave
active) signal. Thus DATA inputsare clocked in allflip­
flops. In the scan mode, CLOCK is held low. Thus, all
unscanned flip-flops not receiving MODE are unaffected.
For scanned flip-flops, MODE now carriesa clock-like
(periodic high and low) signal that activates their master
and slave latches. Also, whenthe masterlatchis active,
that is,MODE is high,SCANIN is selected bythe multi­
plexer. In this design, the needforadditional clock pins
is eliminated. 16

Flnlt.state Machine. With Reduced Feedback
Afinite state machine (FSM) canbe classified

as afinite-memory or infinite-memory machine. 17 For a
finite-memory machine with memory m, the response
andthe state dependon a finite numberm ofprevious
inputs. Suchmachines are alsoknown as definite
machines.' Theycanbe implemented without cycles and
thus are easier to test.The machines whose response
and the state mightdepend on an infinite numberofpre­
vious inputsare called the infinite-memory machines.

Implementing a finite state machine is strongly
influenced by the stateassignment. In our experience,
evena finite-memory machine with an improper state
assignment may be implemented with feedbacks, making
test generation difficult. 5 Mostprevious workon state
assignment is targetedat reducing hardware (i.e., the
numberofgates or the chiparea). In this section, we

Data

Scanin

Mode 4-.....&~----....

Clock -t---t._-""

Figure 5. Scan flip-flops for single clock design.

describe a newmethod forstateassignment aimed at
reducing feedbacks in the implemented circuit. Ideally,
fora finite-memory machine, a pipeline structureis pro­
duced. Forother machines, our stateassignment will still
try to reducefeedbacks. Suchreduced feedback design
has advantages. For example, in our partial scanmethod,
wherethe scanflip-flops are used only to breakcycles,2

only a few flip-flops will need scanmodification.
The impact ofour state assignment procedure on

the amount ofhardware is notobvious. However, several
examples showno significant increase whencompared
to other state assignment methods. The examples show
a significant effect on test generation throughreduced
run timeandhigherfault coverage.

Synthesis translates a given state table into a hard­
ware implementation. In this process, the stateassign­
mentnotonly determines the complexity ofcombinational
components but also is responsible forthe sequential
structure'scomplexity. After state assignment, the inter­
dependency ofstate variables remains fixed through
implementation. Therefore, test generation complexity
often is also determined bythe stateassignment.

Example. Consider the finite 24-state machine
donfilex from a recentsynthesis benchmark collection. 18
Weused a state assignment program, MUSTANG,19 that
incorporates a heuristic to produce an economical multi-
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Figure 6. Circuit
graphs of two realiza­
tions of donfl/ex. fig­
ure 6a shows state
assignment by MUS­
TANG. Figure 6b
shows state assign­
ment by SACRED.

(a)

level implementation. MIS,20 a multilevel logic minimiza­
tionprogram, wasused to minimize combinational logic.
And DAGON,21 a technology mapping program, wasused
to translate the gate-level netlistintoa standard cell
implementation. Memory elements werefinally addedto
complete the design ofthe state machine.

Asexplained before, the sequential complexity
ofthis implementation canbe analyzed usinga circuit
graphwherevertices are the memory elements and the
edgesare the combinational signal dependencies. The
graphfor our example is shown in Figure6a. To differen­
tiate the state transition graph wherethe nodes (states)
are normally shown as circles, wehave used squarever­
ticesto representstatevariables. It is a complete 5-vertex
directed graph, i.e., everystatevariable dependson all
five statevariables. Notice that such a circuit graph is
completely determined by the state assignment program.
Logic minimization and technology mapping can only
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affect the combinational logic but not the sequential
structure. Analternative stateencoding devised to sim­
plify the circuit graph (theencoding procedure will be
described later) produced the muchsimpler (threeself­
loop) graph shown in Figure 6b. State variables 1and2
are completely controllable by primary inputsanddo not
depend on anyother statevariable.

Table VIII. Test Generator Results for Donfllex (24 States)

method

MUSTANG SACRED

Gridcount 437 293
Test generation CPU seconds

(SUN4/260) 1394 17
Test length 171 195
Faultcoverage (%) 84.95 100.00
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Figure 7. Step-by-step
assignment for
reduced feedback.

WeusedSfG36 to generate test vectors forboth
implementations. The resultsappearinTableVIII, where
our newstateassignment is shown as SACRED (State
Assignment forCycle REDuction). The test generator
spent23minutes ofCPU timefor the MUSfANG imple­
mentation andyet obtained less than 85percentfault cov­
erage. It tookonly 17secondsto achieve 100 percent
coverage for the SACRED implementation.

InTableVIII, wealsogive the grid countfor
both realizations. Grid count is an approximate measure
ofthe circuit sizeina standard celldesign, and is closely
related to the numberofgates or transistors. While the
newstateassignment improved testability, it also used
less hardware.

State Assignment Algorithm. The stateassignment
problem may be viewed as either an encoding or parti­
tioning problem.22- 23 Fromthe encoding viewpoint, a
distinct codeis assigned to each state in the state table.
In the partitioning method used inSACRED, foreach state
variable Y j , the statesare partitioned intotwo sets.All
states in one set are assigned 1for Y j while those in the
other set are assigned O. Our algorithm uses the

minimum numberofstatevariables, i.e., Dog nl state
variables forencoding n states. Wecansummarize the
keyideasofthe algorithm as:
- Usea multiple passprocessassigning, ineachpass,

variables that depend only on primary inputsand
other statevariables assigned in previous passes. Ifno
suchvariable canbe found, then selectthose state
variables forassignment that depend onthe smallest
numberofother unassigned variables. Ourstate
assignment ideadiffers from the reported work of
Hartmanis andSteams. However, westill use their
algebraic theoryofstate partitioning.24

- After each pass, the state table is modified througha
state merging technique wherecertain statesare
mergedinto a single state.This reducesthe size ofthe
state table forthe nextpass.

If m statevariables are assigned in a passandthe state
tablehas I inputs, 0 outputs, S states,andneedsk bits to
encode these states, i.e., k = Dog S]. then the reduced
state tableforthe nextpasswill have1+ m inputs, 0 +m
outputs, andless than or equalto 2k - m states.

If the machine is realizable as a feedback-free
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Figure 8. Reduction of
state diagram: (a)
before merging, and
(b) after merging.
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(a)

structure under the minimum code length restriction,
such a realization must be obtainedthrough our algo­
rithm. Here, the first-level state variables that depend
only on primary inputsare assigned in the first pass.The
second-level state variables that depend onlyon primary
inputsand the first-level state variables are then assigned
in the second pass. Subsequentpasses are similar. The
process is illustrated in Figure 7.PI and PO are primary
inputsand outputs, respectively; and SI andsoare state
inputsand outputs. In each pass, the newly assigned
state variable onlydependson PIand previously deter­
minedstate variables.

When a feedback-free realization is not possible,
a realization withminimum number offeedbacks (i.e.,
cycles) maybe desired.Although our algorithmmaynot
producean optimal realization, the heuristicsadopted
usually producea pipeline-like structure such that the
number ofcyclesis minimized.

Example. Assumethat one state variable Y1 is
assigned in a state table.This subdivides the states into
twogroups: the l-set (ON-set) of Y1 and the Oset (OFF­
set). Each state Si in l-set will be merged with some
state Sj in the Oset to producea newstate Sij in the
reduced state table.Thus, in the newstate table, the
number ofstates is reduced by a factorof two. Suppose
S, is encodedas 1·b i2 ·b i3 ... b ik, where b, is a sym-
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bolically represented unassignedbit.Similarly, the code
for S· can be writtenas O·b '2·b '3 ••. b 'k The state S ,.J J J J • IJ
in the reduced state table is then assignedthe code
bij2 . b ij3 . . . bijk where allbit positions are symbolic.

The construction oftransition edges in the new
graph is illustrated in Figure8. Before merging, sup­
pose the graph containssevenedges associated with
the states S, and Sj. Each edge has a labelconsisting of
a binaryinputvectorI and a binaryoutputvectorO.All
sevenedges appearin the reduced graph. Since one
state variable is assigned, the widthofinputand output
vectors is increasedby one bit while the widthofthe
state code is reduced by one bit. For an outgoing edge,
the assigned state variable ofthe source state is added
to the inputvector. Thus, the edge labelII /0 1
becomes1·I 1 / _. 0 1, A 1 is appended to II because the
assignedstate variable was 1 in St-The ":" appended to
0 1 showsthis value shouldbe determinedfromthe
destination state ofthis edge not included in Figure8.
The state assignmentofthe destination state shouldbe
appended to the outputvectorin the label. For example,
the label13 /0 3 becomes_.13 /1· 0 3, Again, the ":" in
the inputvectorwill dependon the source state ofthis
edge. SinceSj belongsto the OFF-set of the assigned
state variable, the edge14 /0 4 transforms into
0.14 /_.0 4 and Is /0 5 transformsto _'15 /0.0 5, The



State_Assignment_for_Reduced_Feedback()
I

while(state_table->total_states > 2)

partition. dependency. predecessor_partition
= minimum_dependency_2_block_partition(state_table);

i fCdependency < Dog(state_table-ttotaI_states)l)
(

assign_new_state_variables(dependency. partition. predecessor partition);
reduced_state_table - merge_state_variables();
state_table = reduced_state_table;

else
(

MUSTANG(state_table) ;
break;

Figure 9. The SACRED

(State Assignment for
Cycle REDuction)
algorithm.
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edges16 /06 and17 /07 that are between S, and S,
appear as self-loops ofSij.

The above illustration shows that forpartially
encoded states,the reducedstategraphcontains fewer
statesand longeredge labels. Also, the states in the
reducedgraph are completely uncoded. Forfurther
assignment ofstatevariables, steps ofvariable assign­
mentand state merging are repeated. This process will
stopon two conditions: either only two statesare leftin
the reducedstate table, or each statevariable in the
reducedstate tabledependson allunassigned statevari­
ables. For the firstcase,either ofthe states is assigned 1
forthe last statevariable, and the remaining state is
assigned O. For the secondcasewhereno reduced feed­
backdecision is possible, weuse somealternative pro­
cedure,e.g., MUSTANG,19 to find the encoding forthe par­
tially encoded table.

Whena feedback-free realization is notpossible,

the following heuristics usually produce a pipeline-like
structure:
- In each pass,selectthat statevariable forassignment

that depends on the smallest number ofother unas­
signedvariables.

- The statevariables that have beenassigned in the pre­
vious passesare usually morecontrollable. Thus, they
may be treatedas primary inputs forthe following
passes.

The detailed procedure forselecting the mostcontroll­
ablestatevariables andstate mergings is discussed ina
detailed presentation basedon our research.'

Figure 9 shows a simplified pseudo-code ofthe
SACRED algorithm. The term dependency is usedhere in
an iterative sense.Atanypoint in the procedure, a state
variable is assigned to reduceits dependence onother
unassigned statevariables. Subroutine minimum.siepen­
dency-.2_block-partition returns a leastdependent 2-block
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partition (partition). It alsoreturns the numberofthe
statevariable it dependson (dependency) and the
corresponding predecessorpartition ofthis 2-block parti­
tion (predecessor.partition). According to these
returnedvalues, if reduceddependency is possible, i.e.,
dependency is smaller than the numberofunassigned
statevariables, a set ofstatevariables is determined; thus
codesare partially assigned. Statesare then merged
according to the merging rules. The total numberof
states is now reduced. This processrepeatswith the
reduced state table. The program stopseitherwhenonly
two statesare leftor whenno reduceddependency is
possible. Asnoted, in the lattercasewe may switch to an
alternative state assignment procedure (e.g., MUSTANG)
purely forlogic minimization.

Experimental Results. InTableIX shows results
forexamples obtained from the MCNC 1987 Logic Syn­
thesisWorkshop18, and someindustrial examples. Our
newalgorithm, SACRED, wascompared with two other
algorithms, MUSTANG andMUSTANG. 19 After state encod­
ing, MIS20 wasusedfor logic minimization andDAGON21

wasused to mapthe netlistonto a standard celllibrary.
Memory elements wereaddedto complete the design.
Weused a circuit structureanalyzer program to calculate
the totalcycle lengthofthe given circuit graph.The length
ofa cycle in the circuit graph is the numberofvertices
(i.e., flip-flops) contained in the cycle' The total cycle
lengthis calculated by totaling the lengthofallcycles in
the circuit graph; it reflects the complexity ofthe circuit's
cyclic structure. Finally, wegeneratedtests usingSTG3.6

The third column inTableIX gives the grid
count (notincluding the routing area) as a measureof
the size ofimplementation. The test generation time
shown is in CPU secondson a SUN4/26QTM workstation.
(SUN4/260 is a trademark ofSunMicrosystems, Inc.) The
reported fault coverage includes the identified redundant
faults. For mostmachines synthesized bySACRED, test
generation is sped up tenfold. Surprisingly, most imple­
mentations synthesized bySACRED requiredless logic
than those synthesized byMUSTANG.
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A Testable Architecture For Synthesis
Finite state machine testingwasaddressed by

Hennie.P who devised the checking experiment. In a
checking experiment, an inputsequence is applied to the
machine so the outputdistinguishes the machine from
allother machines with the samenumberofinputs and
outputs, and the sameor fewer states. Hennie's pro­
cedureofconstructing an inputsequence forthe check­
ingexperiment is practical only whena distinguishing
sequence (DS) exists. Fora n-state machine, its distin­
guishing sequencewill produce n different outputs
depending on the initial state.Kohavi and Lavallee'"
identified a distinguishing sequence ofbounded length
as the requirement for diagnosability. Their design for tes­
tability addedan extraoutputto makethe DS shorter.
Fujiwara et al. 31 furtherdefined an easily testable n-state
machine as onewith synchronizing andtransfer
sequencesoflengthlog2 n.Asynchronizing sequence is
defined as an inputsequence whose application is
guaranteed to leave the FSM ina known final state regard­
less ofits initial state. A transfer sequence is an input
sequence that changesthe statefrom a given initial state
to a given final state.

For many FSMs with nodistinguishing sequence,
it is alsopossible to find simple I/O sequences as defined
byHsieh.32 Asimple I/O sequence distinguishes one
specific statefrom allother machine states.Hsieh dev­
iseda reduced checking experiment bysuitably ordering
the simple I/O sequencesofvarious states.

For mostpractical FSMs, these procedures pro­
ducelongsequences. Thoughuseful in simulation-based
design verification, such tests are notcommonly usedin
production testing. The testingproblem, then, relates to
finding a set oftests formodeled (usually stuck-type)
faults. Acommonly used design fortestability is the scan
method that converts the FSM testingproblem to that of
combinational logic testing. 1 In the scanmethod, andin
many other methods, the circuit is modified afterthe
design is completed. With tool-based synthesis, the
advantage oflogic optimization may be lost insuch post-



Table IX. Experimental Results for SACRED

Total Test generation Fault
Grid count cycle length CPU seconds coverage (%)

149 12 4 100
163 63 67 100
164 64 37 100

Circuit Method

train11 SACRED
11states MUSTANG-n
4 variables MUSTANG-p

Hon9 SACRED
9 states.4 variables MUSTANG-p

ex4 SACRED
14states MUSTANG-n
4 variables MUSTANG-p

shift4 SACRED
16states MUSTANG-n
4 variables MUSTANG-p

donfilex SACRED
24 states MUSTANG-n
5 variables MUSTANG-p

red SACRED
9 states MUSTANG-n
4 variables MUSTANG-p

malati SACRED
24states MUSTANG-n
5 variables MUSTANG-p

118 4
125 21

221 38
237 94
228 94

72 0
132 59
182 94

293 3
437 625
486 625

172 30
191 94
170 64

338 469
462 625
462 625

0.7 100
4.5 100

15 100
79 99.51
26 100

0.1 100
7.8 100

53.0 100

17 100
1394 84.95
1924 85.82

3.7 100
19 100
16 100

32 100
137 99.03
131 98.71
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designmodification.
Pradhan-' and Bhattacharyya" proposed aug­

menting state tablesto implement specific scan-like
design. Reddy and Dandapani-" described a procedure
wherethe outputand state equations ofFSM are modified
to incorporate the scanfunction in a programmable logic
array. The main ideain our method is to economize on
testability augmentation by reusing-wherever
possible-the given function for testing. Thoughour
methodology is general, the implemented test structure
is customized for specific designs.

Figure10showsa high-level view ofour pro­
posedarchitecture.' It is recognized that the FSM M1 to
be synthesized maynot be testable. Wewill call Ml the
object machine. Testability refershere to the ability to
generatetests.The machine is realized withmemory ele­
mentsand combinational logic. For the given object
machine, we specify a test machine, M2, that has the
same numberofmemory elementsas the object

machine. The physical memory elements, shown as flip­
flops in Figure10, are shared between the two machines.
In an implementation ofthis concept, the logic, inputs,
and outputsofthese machines mayalsobe eitherpar­
tially or fully shared.The test machine performs only two
functions:
- It canbe set to allits states by short predetermined

sequences.
- Its state can be observed at the outputby applying a

short inputsequence.
Asthe next subsection shows, these functions can easily
be specified through a state diagram.

The first step in synthesisis merging the state
diagrams ofM1 and M2 to minimize the number of tran­
sitions addedto Ml. If M1 is fully or almost fully
specified, such merging maynotbe possible anda test
inputcan be addedto the machine. Adding oneinput
doubles the numberofpossible edges.The combined
state diagram is then used for state assignment, logic
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M1
(Object machine)

Figure 10. A testable design for finite state machines.

minimization, etc., to implement the function.
The implemented FSM cannow perform both

object and test functions. For testing, the test function is
firstexecuted to verify that allstatevariables (flip-flops)
canbe set and observed. The execution ofthis function
will detectmostfaults in the flip-flops and somefaults in
the combinational logic that are common to both
machines. For the remaining faults, a combinational cir­
cuittest generatordetermines the requiredinputsand
states. Also, a fault may be detected either at a primary
outputor a statevariable. These combinational tests are
applied to the machine in muchthe sameway as in a
scancircuit. In place ofscan-in and scan-out, M2's
predetermined sequencesare used.

Note that scanis a special caseofour architec­
ture whereM2 is a shiftregisterand the test modeinput
is the extrainputaddedformerging the two state dia­
grams. Suchpresynthesis implementation ofthe test
logic will allow usingthe functional logic for the test
function wherepossible. The use offunctional logic to
provide the scanfunction has been shown by Reddy and
Dandapani.P Asa rule,fora given object function, a shift
registermaynotbe the best choice.

Designing a 'est Machine. Thoughwehavedis­
cussed the test function only in the classical sense of
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testability (distinguishing sequence, checking experi­
ments, etc.),the concept in Figure 10offers several pos­
sibilities. The test machine function canbe specified to
suit anypractical test methodology. Forexample, M2
may provide a built-in self-test'" or a sclf-checking-"
capability to Ml. Thus, the following discussion should
only be considered as oneapplication ofthe concept.

Suppose the object machine has n states.Then
the test machine mustuse m = ilog2 nl statevariables.
Thus,wespecify the function ofthe test machine with
N = 2m states,denoted as T1, T2, . . . , TN. We
requirethat, startinginanyarbitrary state, the machine
be broughtto anygiven statebyan inputsequence of
lengthlogk N. Also, such an inputsequence should pro­
ducean outputsequence that depends only on the initial
state.It may be necessary to selectthe design parameter
k such that logk N is an integer. Weselectk distinctly dif­
ferentinputs, pI, P2, . . . , pk, anddivide the N statesof
the test machine intok equal groups, G1, G2, ... , Gk.
The state transitions are specified as follows:
- Eachstate has k outgoing edgeslabeled PI, P2,etc.,

such that the edge labeled pi terminates on a state
belonging to the groupGi. Between anypairofstates,
only one edge is permitted in either direction. Thus,
there canbe at mosttwo edges provided theyare in
opposite directions. Self-loops are permitted in the
statediagram.

- Each statehas exactly k incident edges.Clearly, all
edges incident on state Tj will be labeled pi ifTj
belongs to groupGi.

These conditions, while necessary, may notbe enough. 38
The following procedure, however, will always resultina
complete specification ofthe test machine.

Specifying State Transitions of Test Machines. Wewill
illustrate the procedure with an example of16states, T1
through T16. Fourinputs (k = 4),P1, p2, P3, andp4,
are used.AsFigure 11 shows, statesare arranged in two
rows; each row contains allstates.The top row shows
the present stateand the bottom rowcontains the next
states.Atransition is represented by a directed edge
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Figure 11. State transi­
tions for test machine,
N=16, k=4.
11a shows state
transfers for input p1;
11b shows state
transfers for inputs p1
and p2 (dashed);
11c shows all state
transfers.
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from a state in the top row to some state in the bottom
row. The edge label (not shown in Figure 11 for clarity)
shows the input and output.This diagram contains the
same information as a conventional state diagram. In our
case, however, any number of transitions can be repre­
sented by stacking up copies of the diagram.

Figure 11ashows alledges with labelp1. We
draw edges fromthe first k states in the top row to the
first state in the bottom row. Next, the states numbered
from k + 1 to 2k are connected to the second state in the
bottom row. Bythe time this process is carried out for all
states in the top row, all transitions to the first k states of
the bottom row have been specified. These k states form
the group G1 that is the target group for the inputp1.

A similarprocedure is carried out for the transi­
tions ofp2 and other inputs. The target states forp2 are

the states numbered k +1 to 2k in the bottomrow. These
form the group G2. In Figure 11b, p2 transitionsare
shown by dashed lines to distinguishthem fromthe p1
transitions. By the time this procedure is completed for
all inputs up to Pk, all target groups have been covered
and the state diagram is complete. The result for the
16-state examplewithk = 4 is shownin Figure 11c.
Arrows and edge labels in this diagramhavebeen sup­
pressed for clarity.

With the state diagram specified above, an input
sequence of length logkN will take the machine to a
specific state. For k inputs used in the state diagram,
there are N such sequences, each carryingthe machine
to one distinct state.

We can nowspecify the outputs for the test
machine. Each of the k edges incidenton a state must
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Figure 12. Test
machine sequences
for a 4-state machine.

Initial state

State after
first input

State after
second input
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havedifferent outputlabels. It can be verified in this case
that ifthe machine is in someinitial state,and anyinput
sequenceoflengthlogk N is applied, then there are N
possible outputsequences, each associated with a dif­
ferent initial state.Thus, the observed outputsequence
will identify the initial state. In general, however, more
than k outputpatternscan be used as longas they satisfy
certainconstraints. Wegive an example below.

Notice that the value ofk can be anywhere
between 2 and N. However, the maximum value is
boundedby the totalnumberofpossible inputvectors. A,
largervalue ofk will require shorter sequencesforset­
ting and observing states. Onthe other hand, it will
requirea larger numberofedges to be specified in the
state diagram ofthe machine. Withthe addition ofthese
edges to the objectmachine, the resultingdesignmay
need morehardware. Thus, a smallervalue ofk should
be preferred. In the following example, weuse k = 2.

Figure 12showsan example ofa four-state test
machine. Because wehavechosenk = 2,a series oftwo
transitions will illustrate the complete operation. States
Tl and T2 form the group G1. T3 and T4 belongto
group G2.The two inputpatternsare p1andp2.Suppose
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we use outputsq1 throughq8 that satisfy the following
constraints:

q1 ::t:- q2,q3::t:-q4,q5::t:-q6,andq7::t:-q8 (*)

Figure 12verifies that no two initial stateswill produce
the sameoutputsequencewhena sequenceoftwo input
patternsis applied. For example, ifweapply the
sequencep2p2 to reach the state T4, an initial state Tl
will causeq5q7output, while the initial state T2 will
causethe outputto be q6q7. Since q5 ::t:- q6, these two
outputsequenceswill be different. All fourinequalities
in (*) canbe simultaneously satisfied bychoosing
q1 = q3 = q5 = q7, q2 = q4 = q6 = q8andq1 ::t:- q2.
However, the greater flexibility allowed by eightpatterns
is desirable whenthe test machine is superimposed on
the object machine.

The operation ofthis machine is displayed in
TableX. The state Tl has the synchronizing sequence
p1p 1. An application ofthis inputsequencesets the
machine in the state Tl, regardlessofthe initial state.And
becausethe outputresponse identifies the initial state,all
foursynchronizing sequencesare alsodistinguishing
sequences. This is becauseofthe outputconstraints (*).



Figure 13. Four-state test machine.

Figure 13is the state diagram ofthe 4-state test
machine. All states, inputs, and outputsare shown sym­
bolically. Their specific binarycodes are determined only
after the test and objectmachines havebeen merged.
Interestingly, for specific encoding only, this machine
can be implemented as a shiftregister. One such encod­
ing is T1 = 00, T2 = 01, T3 = 10, and T4 = 11, for
which the graph ofFigure 13 is called a de Bruijn dia­
gram-" or Good diagram.f For other encodings, it may
produce different structures. In allexamples here, the
state diagrams ofthe test and objectmachines were
manually merged.

Graphembedding is a complex problem whose
solution requires heuristics. For a good implementation,
weseek a solution that adds the smallest number of
edges to the objectmachine. If the two machines must
haveconflicting labelson the same edge, an inputline is
added. Findinggood algorithms is a problem for further
research.

A Simple Example. To illustrate our method, we
considera four-state machine. The function ofour object
machine is shown in Figure 14by solid edges.The states
are 51, 52, 53, and 54. We merge the 4-state test
machine ofFigure 13withthe objectmachine, usinga
mergingcriterion ofaddinga minimum number ofedges

Table X. Sequences for Four-state Test Machine

Output sequence for initial state

Input sequence Final state Tl 1'2 1'3 T4

pl pl Tl ql ql q2 ql q3q2 q4q2
p2 pl 1'2 q5q3 q6q3 q7 q4 q8q4
pl p2 1'3 ql q5 q2 q5 q3 q6 q4q6
p2p2 T4 q5q7 q6q7 q7 q8 q8q8

to the objectmachine. Ifweassign T1 to 52, T2 to 54,
T3to51,and T4to 53,and set.pl = 00,p2 = 01,
q1 = 0010, etc.,we need to add only two edges as shown
by dashed lines in Figure 14. Labels corresponding to
the test machine are identified in bold-face.

The composite machine ofFigure14wassyn­
thesized by a state assignmentprogram, MUSTANG,19 two
logic minimization programs, ESPRESS040 andMIS,20 and
a standardcelllibrarymapping program, DAGON. 21 The
state assignment used was51 = 00, 52 = 10, 53 = 01,
and 54 = 11. The synthesized circuitcontains 29gates
and two flip-flops. The standardcelldesignwassizedat
93grids.

Ideally, operation ofthe test machine should be
verified by its complete checking experiment. For
machines ofanyappreciable size, such an experiment
will be too longto be practical. Therefore, weuse a sim­
pleheuristic to test the test function by running a write
and read test for the 0 and 1 states ofeach memory ele­
ment. Indeed,such a test will not completely verify the
test function, and coverage ofthe test sequencemustbe
evaluated by a fault simulator. This heuristic is similar to
that used for testingthe scan register. 1

For the present example, an inputsequence, 00,
01, 01, 00, 01, 01, will set each flip-flop to 0 and 1,and
observetheir states at the primary outputs. The first two
patterns set the machine to the 00state, settingboth flip­
flops to O. The next two patternsobserve the state offlip­
flops while alsosettingthem to the 11 state.The last two
patternsobservethe 11 state.The gate-level coverage of
singlestuck faults for this sequencewas55percent. The
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Figure 14. Object machine with embedded test machine.

combinational part ofthe circuitwas isolated, and tests
forthe remaining faults weregenerated by a combina­
tional circuittest generator.The test generator produced
ninevectorsspecifying inputsI1, I2 and statevariables
V1, V2. Eachtest wasprecededby two inputvectorsto
set the required state and simultaneously distinguish the
state ofthe previous test at the output. Thus, a set of35
vectorsdetectedallfaults.

For comparison, the objectmachine wasalso
synthesized without the dashed edges in Figure 14. This
circuitcontains 33gates and two flip-flops. Anadditional
CLEAR inputand fourgates for synchronous initialization
wereincluded. The standardcelldesignoccupied 97
grids. Now, the tests must be generated either manually
or by a sequential circuittest generator. Bothmethods
requireexcessive effort. Aconversion to scan design,
however, takes at least 10extra grids and extra inputs
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11/1010

01/1110
(p2/q5)

11/1110

00/1010
(p1/q4)

00/0001
(pl/q2)

and outputs, although the CLEAR signal and the fourasso­
ciatedgates can be eliminated. The test generation is
then similar to the testabledesignjust described.

FSM Benchmarks. InTableXI, we summarize the
designofsixFSMs. The synthesisprocedure wassimilar
to that describedin the previous section. In allinstances,
one inputsignalwasadded to maketest function embed­
dingpossible. Testability overhead, computed from the
transistorcount, ranges from 5 to 22percent. However,
on an average, we see lower overheads for larger circuits.

The observed loweroverhead is not surprising,
becausewith large circuits the synthesis maybe ableto
reuse parts ofthe object function logic for the test func­
tion. In both cases (i.e., for M1 implemented alone, and
for M1+M2) the tests weregenerated on aSUN4/260
workstation using an automatic test generator. 6

Tests for M1+M2 consistoftwo parts. In the first
part, to test the operation ofM2, each flip-flop is succes­
sively set to 1 and 0, and its states are observed. These
vectorsare directly obtained from the test machine transi­
tions in state diagram. The vectorsare then run through a
fault simulation ofthe entirecircuit. For example, the 12
vectorsfor testingflip-flops ofbbara covered 24.2 percent
faults in the entire circuit. For the remaining faults, combi­
national tests weregenerated in 1.4 secondson a SUN4/260
workstation. Whenthese tests wereconverted into
sequencesand the 12 M2vectorswereadded, the total
vectorcountfor this circuitbecame156. Mostcircuits, in
M1+M2 implementation, required muchshorter timefor
test generation, as is typical ofcombinational circuits.

Anothertrend is clearfrom TableXI, i.e., that the
achieved fault coverage for M1 starts dropping as the cir­
cuitsbecomelarger.This is typical ofsequential circuits.
Similar to scan design, M1+M2 require more test vectors.

Sometimes, as with the sand circuit, the M1+M2
designmaytum out to be a scan register. The particular
test function we haveused can be implemented as oneor
more scan registers, and it shouldbe synthesized that
way if it is mosteconomical. Therefore, we maynot
require more hardware than the scan design. In one
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Table XI. Testable Synthesis of Some Benchmark FSMs

Tests for Ml+M2
Circuit size

(grids/transistors) Tests for Ml M2 tests Ml+M2 tests

Number Over- Fault CPU Test Test Fault Fault CPU Test
Circuit ofFF Ml Ml +M2 head coverage seconds length length coverage coverage seconds length

bbara 4 193/270 225/328 22% 100.0% 46 133 12 24.2% 100% 1.4 156
dk14 3 293/398 329/452 14% 99.6% 13 64 9 31.5% 100% 2.0 132
cse 4 473/662 512/722 9% 98.1% 672 270 12 22.2% 100% 4.7 316
dk16 5 573/818 622/892 9% 98.7% 4570 276 15 25.4% 100% 9.9 445
tap 5 895/1290 937/1356 5% 98.1% 1652 329 15 29.1% icos 13.2 510
sand 5 1062/1506 1195/1636 9% 96.4% 1848 316 15 10.2% 100% 23.3 735

example (i.e., bbara circuit), however, wefound the over­
head (22 percent) to be higher than scan.This could be
because ofthe specific heuristicsused in state assign­
ment and in logic minimization. Other heuristicsare
worthinvestigating.

Conclusion
We havepresented three methodsofdesigning

sequential circuitsthat considertestability before, dur­
ing, and afterlogicsynthesis. Our synthesisand post­
synthesisapproaches assume using a sequential circuit
test generator.We haveidentified the cycles offlip-flops
as the source oftest generationdifficulty. Our methods
produceimplementations either without cycles or with
minimized cycles. In general, the state tablespecification
ofa typical FSM maycontain unspecified ("don't care")
transitions and inputs. Such incompleteness provides
flexibility commonly used for optimization in logic syn­
thesis. Our pre-synthesis approach ofdesigning testable
machines makes use ofthis flexibility.
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