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## 4470307721 : MAJOR COMPUTER ENGINEERING
KEY WORD: BINARY DECISION DIAGRAM / DELAY FAULT TESTING /
ASYNCHRONOUS CIRCUIT / SCALABLE-DELAY-INSENSITIVE MODEL / PATH DELAY
FAULT TESTING
DANAI SUKJINDASATHIAN : DELAY FAULT TESTING FOR SCALABLE-DELAY-
INSENSITIVE ASYNCHRONOUS COMBINATIONAL CIRCUITS BY BINARY
DECISION DIAGRAM. THESIS ADVISOR: ARTHIT THONGTAK, D.Eng., 96 pp.
ISBN 974-17-4753-5.

Since asynchronous circuits do not use global clock which differ from
synchronous ones, so the circuits may not operate correctly without timing assumption.
Hence, delay testing in asynchronous circuits is necessary. In this thesis, two
approaches for delay testing of Scalable-Delay-Insensitive asynchronous combinational
circuits, using Reduced-Ordered-Binary Decision Diagram (ROBDD) by the vector pair
are proposed. One is a functional delay testing whose tested circuits based on timing
assumption of asynchronous combinational circuits. Another one is a path delay testing
based on circuit structure. The test generation for path delay testing generated can be
divided into two parts according to the type of the circuits -- Dual-rail circuits and
acknowledgement circuits. This thesis shows that the circuits implemented using
ROBDD; the test can be directly generated from ROBDD. Thus, circuit design and test
generation can be done simultaneously. Mareover, the thesis also proposes that the
results of path delay test can be used to reduce .the selected wires for constructing

acknowledgement circuits.
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0 nginsndttadinauansnn a8 ug N9 29as A ineLuAsaLNIYINaUILAY

nFaun1awlusaudaly

ANANBUZNIINNNIUAINET Y NTidAgunlasszAudy iy 1niaa9a9asdl
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nailasuseiudayainann 0 —> 1 Tududne Banananiifnen naslasusyaudoyao
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o
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dl o 1 dl 1 1 1 a [ ] v
gﬂ‘l’l 2.5 memmmmummiﬂqmmmumwumﬁmmmﬁmﬂm

Wanuua linalaeuuilasssAudtyoin 1 ifanew t2

dl =K o 1 all 1 | 1 a o
AN 2.5 | uanedaTLAaRIANTae Il asla AN in 1
WRdauld Wansnunen d1, d2 AeAIANTLNNTLdUnN1eh 1 way 2 luniseanuuuneas
nnsuaduAn nniadunaa s douinetnelug it duly a8 e danas
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1 Adl o [ % %’/ % 1@ ] = 1% |
Auviavaasniflasussdudyyrmduudsduduldiduuinsdoutaaatiu An
AN . . S, .
AHTUTLl AN UYTe A nagR NN T wanszAuN s A udtyayan 1 wilsduly

50% Antsiasuseaudynyind 22 anautsduldifuAiaunladld 50% 16 wuusananag
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A NN T FaA N Etinlfunndonldeanuuuntaldanla “AanuuLag

ganunronlsdulilvinlante waudsduldinealndAeeniy” Bu18AIN9T UNAMENLNTAY

a o o o a = % 1 dl
nalasusyaudynyins t1 wlsduldanniduunnineslausdianunidasaasnind aau

o o

sverudnununons 2 wilsulidanniin Taslsduiludmnandausu t1 naldpnaiuuwdsisqui

v o

o v o [ 7 o v %
A launsniudssiuladn asasineuldgnsias

N1728NWLLNNATINAN WLILAZ N7 L I Aa A N lal LN

dnulainisaanuuuasasaunigliannlelsau K augidi 2.5 Tnanilanmunli

D,, D,, A% ANANIUINAS AL WNGT 1 uaz 2 ANHANRU

D,., D, e ANAgamdnstlszannud miudunied 1 uas 2 AudAL
D,=D,/D,, (2.1)
De = Dye/ Dy (2.2)
R=D,/D, (2.3)
(1/K)<R<K (2.4)

ANANNASA 2.4 Beeniuuaas edszannidn D, IRAwNNGAn D,
atigtat K win axaxnsnduilsenudn D, wilsiunu D,, nels K winuda nsaeuuda
2 Aawds t1 Gansinuazgnies delunnseenuuuaasdaauuuLeanansi ldlase
A eilaUiusnasarnli aveenuuulag it dumsifaeuuaslusassag

wazler 2 Wunauldsulasaadrsasnandu
2.3 WHUANWAARY LALLUNIANIA [9] ~ [11]

LLNumwr?Tm’ﬁu%LL‘uuw%mmLﬂuimm%ﬁmgmLLuuﬂmwiﬂﬁwﬁizq%mq

(Direct Acyclic Graph: DAG) AthlszAnannlunsunuiaitunsnslnafidiulsznauniy
711 2.6 A

1. 17w (Node / Non-Terminal) WAA9DNARULT10INATUATINY TWLTNABILELAIN

o

paulazandnsn (Root)
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2. A4 (Branch) wamanamA1aa9siauils luwauninwdindulatuuniniail 2 faaue Aend
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ndAdaudalu 0 uay 1 TwnnstllFandn1ingn (Child node)
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oA

3. U (Leaf / Terminal) wamsnAmaLnasiaidunssny deanulillsae 0 viza 1

v
o
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aa A 9 A | =
4. ADUTRLALUNNG (Path) ﬂfrﬂLZQH‘V]’W\TV]Lmﬂmmﬂﬂu@qﬂ?qﬂﬂﬁﬁlu

5. 118 (Size) AD ANUIBLTNIINNAYDILHUAINF ARV IALLLUNINA

p» 14:Branch
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1. findmluiigamiu (Remove duplicate terminals) Lﬂumiqﬂuﬁ%ﬁuﬁlﬁmﬁ@Lﬁﬂ\ﬂ,u

= a0 a a o4 Lo ~ = e P
LG]EI"JLL@%L‘IJ@EI‘LW]ﬁ‘l’]’Nﬁl‘ﬂ\‘]ﬂﬂVILﬁﬂNﬁl‘ﬂﬂUeL‘]JV]Qﬂﬁlq‘leLﬂL‘H‘ﬂ&lﬁ]ﬂﬂ‘]_ll‘i_l‘l’]L‘Vl@‘ﬂLL‘V]M

v 1Y
o o o o/ [

dl . . o ao o D |
14miwndIfW (Remove duplicate non-terminals) \lunaseudwndiulivae

N
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S o A = S A4y o o A D STV
ientwReqLazildaunAnsresnsn@enAeiuinngneuld e nse fuinivae

u Q

1 [ 1 1
o o ! = v o =

v
3. m@mmuwm%ﬁ@u(Remove redundant tests) Wunnsdntindne 0 waz 1 [@ansah

°

1
o o a

WwenriueanuazilaauiAnsreaneme et uiniiuingnaeninignasney

a

RN

AINAIRENNWINTU F = AB + AB'C + A'BC &5149m19749A2 8439 (Truth

Table) A9AN3199 2.2 TANNITNAFIURUN AR AW ALLUNINATERNNGLN 2.7(0) waz
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AANAUAIUNT TS NN WAR AU A LLLNANATRARNNTaANaUsUAL Tnen13n1aa lUf

%

fiuanglin 2.7(n) arnnsnaananlaiilugiln 2.7(1) dexnvinnsindatiniigiuanngil

D

=b.

2.7(1) uan9AIUN 2.7(A) wazangli 2.7(p) arnnsanndndaundidauuanifagii 2.7(q)

FUTULNUA NP AU A LLLNANATRAR NI AN ALA LG

AN 2.2 AN INAINNATNIAINIATY F = AB + AB'C + A'BC

BuNm LBNYINR
A B C F
0 0 0 0
0 0 1 0
0 1 0 0
0 1 1 1
1 0 0 0
1 0 1 1
1 1 0 1
1 1 1 1

% 1

77 2.7 FivatenisaFeunun ndndulanuuninipaiainisaanendususeaiaridy

F=AB+ AB'C+ABC
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LN InARdulauuunInIATiainsaanausuA LR INesgULLULREY
windudmiugnsuvile g nnavesuLun AL auLLYAM AT uegfuAELEawsun g
a9 frdrasaulsiildlunseenuuyiingdnusiAE a1 sununnFn AL lauLy
ninalagmatansEauiAuliFndulaDecision Tree Leaming: DTL) [12] AV Fu

203N LN NFARUlALLILTANA NsaFeununnssdulauuunanialaawmaiianisizend

Se

wldindwdunisldmatianisFauifulddadulamamaidusoulsiEusuaasununin

= o

indulauuuvania wazldisn1aimunazdu (Gradual Improvement Method) MRt AN

'
] o A

dl @ ad dl o [ % o d; o a ' v a
failudsnisuanilasuansuaessanlsnalilgarduncnd  Tasununindadulawuy
a a = o o dl v adzd dl [~3 1 vaa o = i’/ =
ninATiANN1IaANeuaUAUTIAAINIERRIUIATILANNIIN1T BN 1R N A T UL e
2819AEN TIANAFULBILNUNINGNHIRNaF LU NA A AR lauL LN ATEARNS

o/ o/ dl
ARNABAUALN M MINITNABD

o

arnuaesfaLlsdnasaauInaIuiun WA nAulaLuunanIaTdaiinig
AANBUDUALINN ﬁﬂugﬂﬁ 2.8 LansiaruATuANss T e AL AL AnA
STARNNTRANEUEUTLITETTIT F = XY, + XY, + X.Y, [9] Teluunun1nann3easn fus
ulssiad] X XXX, Y,Y, wagluununawdnaFeanan sumandadu X, Y, X,Y,X,Y, a1unmnaiig
LLmumwﬁmauimmumﬁmmﬁmﬁmmmmmmﬂu@"’]ﬁummgﬂﬁ 2.8 It Aveawandu F =
XY, + ...+ XY, 1WIAT8SHHUN TWARRUIALLILNANATHANN1TAANBUAUALTEINNS
FERAIALNLL X, < Y, < <X <Y aunuNunanily 2n tazaunnaedununndndula
WULNANATHANNNIAANAUAUALIBINITELNAIALLLLAS X, < ... <X <Y, < .. <Y iflu

2(2" 1)

3107 2.8 ununmERAUlaLILNINIA TEEUW F = XY, + XY, + X.Y,



14

2.4 nisaanuuulNassalagldununwardulatuunImMATiaiinisannau
AUAL [4]

N172ANLLLA9A7919A AN TN LuAINA AR Ul LULUNI N ATHAR NS
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o

= e o v R .y R o ™ A
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a a
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LAUNNAPAWIALUUNANIATHARNITAANAUTUAL (F8NT “LEUNIINITFDITANINA LA

wagldinmeas (OR Gate) sauldunissiamanvanaLauAaanndainuils uazgli 2.10
LARNDNANDENNTBINIFETNINIIAIINAANAITTU F = AB + AB'C + ABC UATLAAINT
° o |2 o el o o @ ~ '
ANABINIINNIULINATINATIUTEN A LA ALAUANANTA A BT U Un 1A LLYN

IKumaN LU UN T NARRR AL LN N ATRANNITAA NBLALEL

X1..Xn
X X158 0% Xn
A A A A
X ‘
o1 —> 0 1—>
Y Z Y 25 Z Y
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\
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2.5 NMsaankuuNAsAausuntsalnsalalatdiusussasidnanuuuagnansntaila
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a9rNgn tnEIABNANYLNDATINNATABLSLIATNNANAIL
1. ldiRenganelensna8499999749g Wesanganasananasafluaunmaesaiinsnl
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WV ~ & . d i . :
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. .
EUN PR ANINALR LA
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3. RAnInNsINaneaT
a. WANUNANTRIINAT %'qLﬂumwﬁﬂmmmiﬁi@ﬁaummﬁﬁﬁmﬁwmﬁmm
b. denantludunisedeninaueusidaanumismnndnasiaesdne
NANT89NAT / K

4. fudenmasnfnnIednaaasual linena et unnrasnnens

o

WalRenana Aty I UN AR NUA NG 1NAUNINITRANLLLATAA LS
Y,

o

Tasgauynansdeynynausaninneas 4

oA

UaunndleNinmaninmesspedeysuneu il Inanng

dpanfLvesTadnAeasaInANMENLszuAgallgeannug U 2.11 uansdanisaing

wagmauiu tae SO, $1,'S2, .., Sn lunguansluasassegngniaanunainaneassauiy

EAREERM

sSo| | st }S2-...... Sn

,.-.j >—t1—ACK
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el - g9
ANAINAUII

77 2.11 MadniFaanneaslugasnauiy

2.6 NFASNLASDDNBUUINATAANINS LA bdLaNNaLa [6]

MN3RANLULNATEANINTIne ldlan AL BHAINA9AANLLLNNAT919A IRt
WFuaunrwindaulanuundniaaiainisannausususanlanantldresiu wazlu
e IRNUE HA19930aARAR-(VHDL) [TUaTUINASNIUIBIE9WINAE9094 LAd1N 1]
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Abstract

According to the timing assumption based global
clock; the approach of delay testing for
asynchronous combinational circuits in data-path
differs from the delay testing for synchronous
one. Moreover, it is necessary on delay testing for
designed circuits with delay estimation. This
paper proposes the delay testing method for
asynchronous circuits using acknowledgement
signal in acknowledgement network. We show
that two-pattern testing for synchronous circuits
can be applied for delay testing on the
asynchronous combinational circuits, which are
implemented to 2-rail 2-phase operation. In
particularly, the circuits designed by Reduced-
Ordered-Binary Decision Diagrams (ROBDDs)
are fully delay testable based on circuits’
function. Test patterns so can be generated
directly without circuits analysis. However, we
have to use path delay testing for the circuits to
analysis delay constraint for other issues, such as
fault location and design aid. The experiments
show that the test patterns for functional delay
testing depend on the number of path in
ROBDDs. The test patterns for path delay testing
for dual-rail network -depends on the
characteristic of ROBDDs. The path delay test
pattern for acknowledgement network depends-on
the selection of wires in the dual-rail network to
construct the acknowledgement network.

1. Introduction

Asynchronous circuits have been proven as an
efficient implementation since  wire-delay
becomes the dominant term in the layout design.
The dominant wire-delay causes many functional
restrictions on synchronous design such as global
synchronization and clock timing control.
Eliminating of global clock, asynchronous design
can offer the solution on these problems. In
addition, we can achieve ease of modular
composition, potentially fast operation with
average-case delay, and low power consumption.
However, asynchronous circuits are hard to

design due to their sensitivity to all signal
changes.

There are delay faults in synchronous circuits if
they have any paths with a total delay exceeding
the global clock interval. In contrasts,
asynchronous circuits do not use global clock, so
delay fault vary occurring in asynchronous
circuits if there delays in circuit miss timing
assumption. (Figure 1, acknowledgement signal
change while dual-rail network is stable)

Delay model [1] plays an essential role in
asynchronous circuit design as a layout
abstraction. In the unbounded delay model, Delay
Insensitive (DI) and Quasi-Delay Insensitive
(QDI)[2] does not have any delay estimation. All
unlikely transitions of the logic design must be
carefully wvalidated. This makes the -circuit
tolerate on a harsh environment but it’s suffered
from much hardware cost. On the other hand,
circuits designed by Scalable- Delay-Insensitive
(SDI) [3][4], that is the novel delay model based
on timing reliability, are smaller and faster, but
possibly have an error operation. In particular, a
SDI - model is constructed to increase
performance. Some delay faults may have an
effect on the correctness; hence, the circuits are
necessary to be testable.

In this paper, we propose a test strategy based on
the functional analysis of dual-rail network for
the hazard-free SDI. combinational circuits by
Reduced-Ordered-Binary Decision Diagrams
(ROBDDs) implementation. Our work uses an
acknowledgement network approach from [9].
This paper is organized as follows. Section 2
gives a brief overview of asynchronous
combinational circuit, dual-rail code, SDI model,
acknowledgement network and path delay fault
(PDF). Section 3 present a strategy for test SDI
model by ROBDDs implementation. Section 4
provides experimental results. Finally, Section 5
gives conclusions.

2. Preliminaries
2.1 Asynchronous Combinational Circuit

Dual-rail code technique [5] is generally used for
asynchronous combinational circuits design. The



logic data 0 and 1 are represented as 2-rail
codeword (0,1) and (1,0) in each pair wire (x,x’),
respectively. The non-codeword (0,0) (spacer) is
used to separate the operational cycle because
there is no clock in the system. Each operational
cycle is composed of working phase and idle
phase alternately performed that is called 2-rail 2-
phase (return-to zero) operation [5]. The
asynchronous combinational circuit is illustrated
by figure 1 and figure 2 shows its operation.

f
Dual-rail M C—0

(IPn,IPn') ] Network —H(C o

(IP1,IF1")

v v

{ITL,IT1Y

(1T, [ Tn')
_:' Acknowledgement
: Network Ack

Figure 1. Asynchronous combinational circuit

(IPLIF17)

WIPrIPR') , |
(&) v avw db
Ack iy &
(0,00 | F

Working Idle

Phase Phase

Figure 2. 2-rail 2-phase(return-to-zero)
operation

In working phase, dual-rail network computes the
codeword output function (f, f*) as the output of
Boolean function corresponding to the applied
input pattern. In idle phase, all wires must be
reset to spacer. The circuits that works in this
operation has only rising transition (0[I1) in
working phase and falling transition (110) in idle
phase. This is called monotonic change property,
which is hazard-free equivalence. In figure 1, the
dual-rail network is a ROBDDs Implementation
[2] (see in figure 3) of Boolean function. The
acknowledgement  network  generates, an
acknowledgement signal (ACK) to indicate the
completion of dual-rail network. In working or
idle phase, the rising or. falling transition of
acknowledgement signal is used to propagate the
codeword output function (ff’) to the output
circuit (0,0”) through C-Elements.

X1..Xn
X X1...... Xn
A A AA
X
o—\1 — 0 1—>
Y z Y ZY z Y z
Figure 3. Dual-rail network implementation by
ROBDDs
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2.2 Scalable-Delay-Insensitive Model

SDI is an unbounded delay model with the
bounded relative variation ratio (R). R is the ratio
of Actual Relative Delay (Da) and Estimated
Relative Delay (De). Da denotes the realized
delay through system lifetime. De denotes the
estimate delay at design phase. R represents the
estimation error that, in the circuits
implementation, is bounded to Maximum
Variation Ratio (K) as 1 / K <R <K. It makes the
circuit design easier.

ki d1
8y — e S .
A =dia fd2a - s < 42
Do = dial d2e if K'dle < d2e
R = Da 0s . -
1K =R<k T > 2
———
d2

Figure 4. SDI circuit implementation

In the specification of a circuit, two transitions
have to occur in sequence. The circuit is
implemented as two paths operate sequentially as
shown in figure. 4 based on SDI. Although tl is
K times slower, the result circuit still operate
correctly. Hence, the essential K value can be
used to obtain timing reliability.
Acknowledgement network from [9] can be
implemented by only OR gates.
Acknowledgement network implemented by
selected wires. All of selected wires are input of
OR gates that ordered by delay approximate
values. The output of OR gates is
acknowledgement signal as shown in figure 5.

Manirmum Ddary
N

y-Dual Rl Noteork
T )
50| 181 &2 18n

ey

Acknowledgemenl Network
_!
Mindmum Delay
Figure 5. Synthesized acknowledgement
network [9]

2.3 Path Delay Fault

The path delay fault model was. first proposed by
Smith [6]. This model has received greater
attention than the gate delay and transition fault
models, and has been quite extensively studied
[7]. A considerable amount of research has
already been reported on various aspects of test
generation and fault simulation of path delay
faults. In path delay fault model, any path with a
total delay exceeding the global clock interval is
said to have a path delay fault. These models
distributed defects that affect an entire path.
There are two corresponding delay paths in each
physical path P that connects a primary input to a
primary output of the circuits. The rising path
(falling path) is the path traversed by a transition



that is initiated as a rising (falling) transition at
the input of path P and changes the direction of
transition whenever it passes through an inverting
gate. They present the following definitions that
are frequently used in path delay fault testing [8].
Definition 1: Let G be a gate on path P in a logic
circuit, and let r be an input to gate G; r is called
an off-path sensitizing input if r is not on path P.
Definition 2: A two-pattern test < VI, V2 > is
called a robust test for a delay fault on path P if
the test detects that fault independently of all
other delays in the circuit.

Definition 3: A two-pattern test < VI, V2 > is
called a non-robust test for a delay fault on path P
if it detects the fault under the assumption that no
other path in the circuit involving the off-path
inputs of gates on P has a delay fault [7].

Many logic systems have been proposed for
generating robust tests. This paper use the
following logic value [8].

S1(S0): signal initial and final values as
1(0),such that signal is static hazard-free.
U1(U0): signal with final value of 1(0),there is
also be hazard in time interval.

The condition of off-path input to robust test
propagate is shown in Table 1.

Table 1. Off-path sensitizing input for robust test
propagate

On-path Gate Type

Signal AND/NAND | OR/NOR
Rising Transition | Ul SO
Falling Transition | S1 uo

3. Test Strategy

Delay test for asynchronous circuits can be tested
correctly by functional delay testing and path
delay fault testing. Functional delay testing is a
testing method based on circuit operation.
However, some timing assumptions (for example,
assumption of SDI model) can’t be tested by
circuit operation that can use path delay fault for
testing. The information about delay in circuits
must be tested to ensure correct operation. This
paper presents the path delay test generation-for
all circuits paths.

3.1 Functional delay test generation
Asynchronous circuits don’t operate according to
timing assumption that is delay fault. The delay
fault of asynchronous combinational circuits is
defined as follow;

Tack > Tmax(dual-rail network) 1)
Tack : occurs when acknowledgement signal has
a transition.

Tmax(dual-rail network) : occurs when the last
signal in dual-rail network has a transition.

If acknowledgement signal senses its transition
after the transition of every signal in dual-rail
network is stable, the circuits can work correctly.
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Dual-rail network implemented by ROBDDs is
only one circuit design of function for one
variable order of ROBDDs. The circuits work
with monotonic change property and only one
path group of AND gate propagate to output as
same as path in ROBDDs. The circuits operate
with 2-rail 2-phase operation work alternately in
working phase and idle phase. If all input patterns
work correctly, the circuits are satisfied.
However, inputs that are not found in ROBDDs
path will not affect to signal transition in dual-rail
networks. For the reason, other input pattern
covered by input pattern that has the same value
as path in ROBDDs that have the same operation
in dual-rail network. Accordingly, unnecessary
test case can be reduced by testing only input
pattern on path in ROBDDs. In acknowledgement
network, transition have monotonic change
likewise dual-rail network. Wires in circuits are
selected to implement acknowledgement network
affect to acknowledgement signal transition.

3.1.1 Testing for delay fault in rising transition
In rising transition, circuit will be satisfied if
output from dual-rail network is slower than
acknowledgement signal because every wire in
dual-rail network is stable when output complete.
Thus, it can guarantee that circuits operate
correctly for rising transition, if all of possible
operations are satisfied.

Test pattern can be generated by setting test
pattern in following assign for every path in
ROBDDs and assigning test pattern with dual-rail
codeword.

V1: assign all variables logic value to be Spacer
(0,0).

V2: assign variables value to be the value in
path of ROBDDs. If value is absent, set it to
invalid (1,1).

Don’t care inputs value (inputs aren’t present in
test path) are set to invalid value (1,1) because the
wires affectto-acknowledgement signal if this
wires are selected for acknowledgement network.
The acknowledgement network is implemented
by only OR gate, so the fastest path delay in
acknowledgement network is delayed for the
operation. For that reason, inputs are set to
invalid for fastest acknowledgement signal
transition to cover all possible input in this case.
3.1.2 Testing for delay fault in falling
transition

Falling transition will be satisfied if
acknowledgement signal is slower than maximum
delay in every wire because it confirms that every
part of paths is clear.

Test pattern can be generated by setting test
pattern in following assign for every path in
ROBDDs.



V1: Assign variables value to the value in path
of ROBDDs. If input value is don’t care set to
(0,0).

V2: Assign all variables to (0,0).

Don’t care inputs values are set to (0,0) because
the wire affects to acknowledgement signal if
these wires are selected for acknowledgement
network. If selected wire of don’t care input
affect to delay, it causes more delay. Therefore,
the fastest path delay in acknowledgement
network is delayed for the operation. Hence,
inputs are set to (0,0) for fastest
acknowledgement signal transition to cover all
possible input in this case.

Slowest delay to compare delay of
acknowledgement signal transition is considered.
However, we will estimate delay by test path
delay if it can not to observe internal signal.

Path delay fault generation for falling transition
for consider path in dual-rail network is discussed
in 3.2.1. Nevertheless slowest can’t to observe so
it is estimate by assumption delay vary entire
path.

3.2 Path delay test generation

Path delay test is used for test some timing
assumption. Moreover, fault location and
acknowledgement network design aid are the
additional usage of the path delay fault. Circuits
are implemented by ROBDDs can be generated
path delay test by ROBDDs too. This paper
proposes generation test vector in two parts, First
part is test vector generating for dual-rail
network, and second part is acknowledgement
network.

3.2.1 Test generation for dual-rail network

Dual-rail network are implemented by every
nodes in ROBDDs. Node variable used to
implement circuits is an input of AND gate, and
wire to node is another output of AND gate.
Output of AND gate of this node is input-for
AND gate of child node. Path-in. circuits from
input of node to output is the same path from this
node to leaf of ROBDDs. Test generation for
every path in dual-rail network is test vector for
every path from every node in ROBDDs. Path
from node to leaf is likes group of AND gate of
all input of node on path in ROBDDs. For robust
test, condition for AND gate off-input is Ul, Sl
for rising transition and falling transition. All off-
path input is 1 if we set variable input to same
value in path of ROBDDs with dual-rail
codeword. Also, ROBBDs can generate test
patterns.

- Rising Transition:

V1: Assign variables value to value in path of
ROBDDs, on-input set to 0.

V2: Assigning is likely V1, but change on-input
to 1.
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- Falling Transition

V1: Assign variables value to value in path of
ROBDDs.

V2: Assigning is likely V1, but change on-input
to 0.
Combinational circuit with many outputs can test
several paths simultaneously. Absent Inputs on
target path of ROBDDs do not affect to delay
transition. Consequently, this path can be tested
by same vectors that value is as same as value
path and have value of absent inputs.
For second level below of variable order in
ROBDDs, input of AND gate from above circuit
may have more than one path. For propagate
transition, if only one above logic path to node is
1, it can propagate transition with robust test.
This paper proposes to select above path that
mostly found in other ROBDDs because it is
possible to reduce test sets.
3.2.2 Test generation for acknowledgement
network
Acknowledgement network is a group of OR gate
of every selected wires from dual-rail network.
Acknowledgement signal changes when only one
selected wire changes. As a result, the transition
propagates acknowledgement signal when it
reaches selected wire. Path delay test in
Acknowledgement network is generated by
propagating transition from input to selected
wires that propagate acknowledgement signal
transition. Path in circuits from considerate input
to selected wire is the same path in ROBDDs
from node of considerate input to node of
selected wire.
Selected wires can be one of these; output of
AND gate of node, output of OR gate and input.
If selected wires are input, input can propagate
transition to test path delay directly by setting
only input that is selected. If selected wires, are
output-of AND gate and output of OR gate, input
value is-assigned to-the same value of path in
ROBDDs to reach this node that propagate
transition to selected wire. Every paths that
reached selected wires is all path delay test for
acknowledgement signal -output of this selected
wire and.-its value same as-every paths that reach
consider node, that is output of AND gate
implemented circuit selected. Output of OR gates
are all output of AND gates of all nodes that
connects it. All path delay tests is all paths in
ROBDDs that reach all nodes.
However, selected wires that have above selected
wires can not be tested because above selected
wire affect to acknowledgement signal. In rising
transition, selected wires can not be changed if
logic input of this AND gate from above path is
0. If logic input from above path is 1, every logic
wires in above path is 1 because circuit works



like group of AND gate. It set acknowledgement
signal to 1; thus, the transition can not be
propagated. It is conflict to test path delay for
this selected wire. This paper proposes to
generate test pattern by assigning input of
selected wire and selected input wire to 0.

- Rising Transition:

V1: Assign variables value to value in path of
ROBDDs, on-input, input of selected wire and
selected input wire set to 0.

V2: Assigning is likely V1, but change on-

input, input of selected wire and selected input
wire to 1.
In falling transition, selected signals that have
above selected wire can not be tested because
above selected wires affect to acknowledgement
signal. Acknowledgement signal can not be
changed if all off-input of OR gate in
acknowledgement network is not 0. Selected wire
can not be 1 when off-input from above select
wires is 0. It is conflict to test path delay for this
selected wire. Hence, Test pattern is assign as
follow by:

- Falling Transition

V1: Assign variables value to the value in path
of ROBDDs to reach this node.

V2: Assigning is likely V1, but change on-

input, input of selected wire and selected input
wire to 0.
Don’t care inputs are assigned to (0,0) because
they do not affect to acknowledgement signal.
However, some test pattern are untestable delay
fault because off-path input propagation arrives
after on-path input propagation arrives. Some test
patterns are same value so they affect more then
one path concurrently, therefore it is only one
path is testable.

4. Experiments and Results

The experimental results present the amount-of
the functional test patterns and path delay test
patterns for several example circuits that we
chose from the MCNC benchmark set [12]. The
example circuits is implemented to ROBDDs that
minimization based on decision tree learning
technique [11]. This experiment design on FPGA
and acknowledgement network design approach
from [9,10]. For different design model of
acknowledgement network has different amount
of path delay test patterns for acknowledgement
network. Table 2 shows the test generation for
functional delay testing and path delay fault
testing for dual-rail network experimental result.
Column 1 describes circuit name. Column 2 and
3 show input and output of circuit. Column 4
describes the number of nodes in ROBDDs that
inform the size of the circuits. Column 5 shows
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the number of paths in ROBDDs. Column 6 and 7
give amount of test patterns from our propose
strategy. Test patterns so can be generated
directly from ROBDDs without any circuits
analysis. The number of function delay tests only
depends on the number of paths in ROBDDs that
don’t depend on the number of nodes (circuits
size). And the number of path delay testing
depends on the characteristic of ROBDDs that is
number of nodes, number of path and shape of
ROBDDs. Table 3 presents the result of path
delay test generation for acknowledgement
network. Column 2 gives the number of wire that
selected to implement acknowledgement
network. Column 3 shows the number of physical
circuits paths in acknowledgement network.
Column 4 give amount of path delay test patterns
from our propose strategy. ROBDDs can generate
path delay test in acknowledgement network.
However, the number of path delay fault is
depended on position of selected wires in
ROBDDs that is the position of selected wires on
circuits. Some test patterns are same so only one
path can be tested so some circuits paths are
untestable. Untestable path delay tests are
depended on actual delay.

Table 2. Test generation in dual-rail network
(ROBDD analysis)

NO.
NO.
Circuit 1 O | Node BDD Function Path
Paths Delay
Tests
Tests
9sym 9 1 33 220 440 1808
alu4 14 8 692 2521 3146 29156
b12 15 9 60 121 134 598
clip 9 5 93 428 476 2420
conl 7 2 15 23 38 130
misex 1 8 7 36 99 68 264
duke2 22 | 29 336 1595 1216 10908
rd53 5 3 23 71 64 212
rd84 8 4 59 587 512 1836
t481 16 1 32 1681 3362 12536
xor5 5 1 9 32 64 184




Table 3. Test generation in cknowledgement
network (Circuit analysis)

Circuit NO. Splected No. Circuit NO. path Delay
Wires Paths Tests
9sym 55 1770 882
bl12 102 793 284
clip 179 4323 936
conl 31 100 76
misex1 84 505 162
rd53 37 258 108
rd84 94 3400 792
t481 73 11731 6172
xor5 16 82 76

Functional delay test result of experiment circuit
is false in many rising transitions because
acknowledgement network on FPGA can not
design fully same in [9]. Design on FPGA can not
set delay directly, so it can not set delay
according estimate to delay. In rising transition,
asynchronous circuit use C-clement to check
output that protect fault rising signal, but some
handshake (for example, bundle data handshake)
signal use acknowledgement signal directly that
maybe cause of missing operation.

5. Conclusions

This paper presents a test strategy for test
generation of delay faults and path delay for SDI
asynchronous combinational circuits that are
implemented by ROBDDs. Test generation use
ROBDDs to generate test vector for test delay in
ROBDDs path. In the further work, we try to
reduce the test sets to increase its performance.
Dual-rail network implemented by ROBDDs; is
fully robust path delay testable. All robust test for
every path can be assigned according to path in
ROBDDs. Nevertheless, some path delay faults in
acknowledgement - network are  untestable.
Therefore, the testability is reduced, so we can
conclude that the design of acknowledgement
network [9] ‘may make the circuits untestable.
Test result from our proposed strategy can
identify  the  selected wires of  the
acknowledgement network, which can be
redesigned due to the correctness of circuits and
can cause the better performance.
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