Circuit Resynthesis for Improved Testability

Dr. BORISLAV ROUSSEV

Computer Science Department, University of the Witwatersrand, Private Bag 3,

Wits 2050, South Africa borislav@cs.wits.ac.za

Abstract. This work proposes a modus operandi for testableresynthesis of combinational circuits.

Observational test-equivalencerelation is introduced as a generalization of thewell-known fault equivalencerelation. Circuit decomposition and composition aredefined using thegraph model of a combinational circuit. Theunderlying notion of thepaper is local transformations preserving testequivalencebased on observational test-equivalencerelation and circuit decomposition. Theapplication of transformations allows theinitial circuit to betransformed to a test-equivalent circuit, which is easier to test. We exemplify the feasibility of the proposed method.

1. Introduction

Thefabrication process for digital integrated circuits is proneto randomdefects, which may affect the functionality of a device. Testing of finished circuits is essential in weeding out defectiveparts to ensure that electronic systems built using thecircuits function correctly. Circuit complexity increases every year with theadvancing fabrication technology, but thenumber of input/output (I/O) connections on a chip decreases relativeto thenumber of transistors. Therefore, techniques for improving the controllability and observability of internal circuit nodes becomemoreimportant as timegoes on.

Methods for improving circuit testability haveadvanced fromthelevel of design for testability (DFT)

[1], in which additional logic is added to improvethetestability of an existing design, to synthesis for testability [2], in which testability improvements areadded beforea gate-level circuit description is actually synthesized. Thework that weareproposing falls between thesetwo extremes, in thesensethat it aims to improvethetestability of an existing design through resynthesis, rather than simply adding additional logic. Sequences of local transformations areused to modify a circuit into a simpler representation with improved testability. Only transformations which preservetheoriginal design functionality are used.

2. Previous Research

High test complexity results in high cost for thetest generation process. This cost includes expenditures for test generation, fault simulation, and useof test equipment. Thecost of testing a digital systemhas becomethemain determining factor in theoverall cost of a new design, over-shadowing thecosts of the other threedesign phases -- design specification, verification, and implementation. Therefore, techniques for synthesis of easily-testablecircuits arequitenecessary. Testability is an inherent property of a circuit’s structurewhich measures quantitatively thedifficulty of generating tests for thecircuit. The basic attributes of testability arecontrollability and observability. Controllability is theability to establish a specified signal valueat each nodein a circuit by setting values on external inputs.

Observability is theability to observeat an external output thesignal valueat any nodein a circuit by setting values on external inputs. DFT techniques aimto increasethetestability of a circuit to ensure that it is testable by enhancing the controllability and observability of internal circuit nodes.

Various approaches havebeen used in thepast to improvethetestability of combinational circuits without theadded overhead of control and observation points. Automatic test generators (ATGs) have been used to identify redundant faults so that thecorresponding redundant logic can beremoved [3, 4,

5]. Structural analysis was used to removemany of theredundancies in combinational circuits [6, 7, 5], and theapproach was extended to sequential circuits in [10]. Logic synthesis techniques havealso been used to reduceredundancies [8, 5]. Deand Banerjee[8] used probabilistic techniques to partition a circuit into several blocks such that resynthesis of theblocks results in a circuit implementation containing a near minimal number of redundancies. Pomeranz and Reddy [9] developed a resynthesis approach in which subcircuits arereplaced by comparison units, making theresulting circuits fully testable for both stuck-at faults and path delay faults.

3. Definitions and Notations

In thepaper weconsider multi-input multi-output combinational digital circuits composed of AND , OR ,

NOT , NAND , and NOR gates. For an n -input circuit C which realizes f i ( x ), i Î {1, 2, ..., m } and x =( x 1 , x 2 , ..., x n ), a fault a changes thefunction realized to f i a ( x ). U ={0,1} is theuniverseof input vectors. M is theset {1, 2, ..., m }. F ( C )={ a 1 , a 2 , a r } is theprescribed fault set of interest. Thetypeof fault model used hereis theclassical singlestuck-at-fault ( ssaf ) model, where l sa1 ( l sa0) denotes that line l is stuck at 1 (0). T ( x )={ x Î U | $ i Î M : f i ( x ) Å f i a ( x )=1} is called thetest set of a . Wesay that two circuits are behavior equivalent iff they realize one and the same set of logic functions.

In what follows we define the decomposition of a combinational circuit using graph theory.

Let G =( V , E ) bea directed graph and C a combinational circuit. Primary inputs, primary outputs, and gates of C each havea distinct representativenodein thegraph. Thelines of C arerepresented by edges oriented in thedirection of theinformation flow. Thefunction of an edgeis thefunction on its corresponding linein C . Thefunction of a nodeis thesameas thefunction on theoutgoing edgefrom the node.

Let G ¢ =( V ¢ , E ¢ ) bean induced subgraph of G and v Î V . Then inp ( v ) is theset of incoming edges incident on v , and out ( v ) is theset of outgoing edges incident on v . The entry and exit nodes of theinduced subgraph G ¢ are defined as entry ( G ¢ )={ v | inp ( v )=0} and exit ( G ¢ )={ v | out ( v )=0}, respectively.

Definition 1.

Let G ¢ bean induced subgraph of G . G

¢ is called E -component of G iff for every v Î V ¢ \ exit ( G ¢ ) theset

of outgoing edges of v , out ( v ), belongs to E ¢ and for every v Î V ¢ \ entry ( G ¢ ) theset of incoming edges of

v , inp ( v ), belongs to E ¢ . In other words if oneof theoutgoing (incoming) edges of a nodebelongs to E ¢

then therest of theoutgoing (incoming) edges of thenodealso belong to E ¢ except for theset of nodes

exit ( G ¢ ) È entry ( G ¢ ).

This means that one E -component is defined by its set of edges and has somenodes to sharewith other

E -components. E -composition of several E -components is done by fusing their common nodes.

Definition 2.

The E -decomposition of thedirected graph G =( V , E ) into two subgraphs is doneby partitioning theset

of edges E into two disjoint sets so that the induced subgraphs are proper E -components of G .

G = G 1 || G 2 denotes the E -decomposition ( E -composition) of G 1 and G 2 . E -composition is obviously

commutativeand associativeoperation. E -composition is doneby merging together thecommon nodes

of the corresponding E -components.

4. Methodology

Weproposeto improvethetestability of a circuit through sequences of local transformations which

modify a circuit into a simpler, moretestablerepresentation. Theapproach is similar to theone

developed by Pomeranz and Reddy [9]. The exampleon figure1 illustrates theunderlying idea. Thetest

set for all ssaf´s of circuit C 2 is also a test set for all detectablefaults of circuit C 1 except for l sa1.

Therefore, wecan say that C 2 is test-equivalent to C 1 w.r.t. F ( C 1 ) \ { l sa1}. It is clearly seen fromthe

examplethat thetest generation from C 2 is much faster than thetest generation from C 1 becausethe

number of lines and logic elements of C 2 is two times smaller than that of C 1 . Besides therearethree

undetectablefaults in C 1 which arenot present in C 2 . Thequestion arises how circuit C 1 can be

transformed into circuit C 2 .

x 1 x 1 G 2 G 2

G 1 x 2 x 2

x 3 x 3 l

t

@

�

( a ) C i r c u i t C 1 ( b ) C i r c u i t C 2

F i g u r e 1 . I n t r o d u c t o r y e x a m p l e .

To apply theresynthesis-for-testability approach weneed tools to verify theapplication of transformations. The observation test equivalence relation is defined in [11] as follows.

Definition 3.

Let C 1 and C 2 becombinational circuits with fault sets F ( C 1 )={ a 1 , a 2 , ..., a 3 } and F ( C 2 )={ b 1 , b 2 , ..., b m }, respectively. Circuits C 1 and C 2 areobservational test-equivalent, C 1 t » C 2 , w.r.t. F ( C 1 ) and F ( C 2 ) iff they are behavior equivalent and T ( F ( C 1 ))= T ( F ( C 2 )).

If C 1 coincides with C 1 and thepower of both F ( C 1 ) and F ( C 2 ) is oneweobtain thewell-known faultequivalencerelation. Two faults a and b are equivalent iff f i a ( x )= f i b ( x ), i Î {1, 2, ..., m }. Wecan consider t » a generalization of the fault-equivalence relation.

Weshall provethat theobservational test-equivalencerelation is equivalencerelation over theset of combinational circuits. Let C 1 t » C 2 w.r.t. F ( C 1 ) and F ( C 2 ), and C 2 t » C 3 w.r.t. F ( C 2 ) and F ( C 3 ). C 1 t » C 2 implies that T ( F ( C 1 ))= T ( F ( C 2 )). C 2 t » C 3 implies that T ( F ( C 2 ))= T ( F ( C 3 )). Therefore, T ( F ( C 1 ))= T ( F ( C 3 )) and according to definition 3 C 1 t » C 3 w.r.t. F ( C 1 ) and = F ( C 3 ) since they are behavior equivalent.

Thecriterion for determining which of two observational test-equivalent circuits is easier to test is called circuit size.

Definition 4.

Circuit sizeof thecombinational circuit C is theordered quadruple size ( C )=( G , L , R , U ), where G is the number of gates, L is thenumber of line, R is thenumber of reconvergent fanouts, and U is thenumber of undetectablefaults of thecircuit C . Circuit sizes arecompared as vectors, e.g. ( a 0 , a 1 , a 2 , a 3 ) £ ( b 0 , b 1 , b 2 , b 3 ) iff a i £ b i , 1 £ i £ 4.

Thedefined circuit sizeis relativein thesensethat not every two behavior equivalent circuits can be compared. Furthermore, theinformation for undetectablefaults is completely missing. Thedefined circuit sizeis used to comparethetest generation cost of thecircuit beforeand after theapplication of a given transformation.

Example 1.

The circuit size of C 1 from figure 1 is size ( C 1 )=(2, 7, 1, 3) while that of C2 is size ( C 2 )=(1, 3, 0, 0).

All transformations introduced in thenext section aredefined over simplecircuits. They preservethe observation test equivalent relation between theinitial and themodified circuit; i.e., after theapplication of each transformation, theinitial and themodified circuits will beobservation test equivalent. Each transformation consists of a premisecircuit and a resultant one. Theresultant circuit is observation test equivalent to thepremisew.r.t. its completetest set and not viceversa. This requirement guarantees that new faults won’t beadded during theresynthesis process. A given transformation may beapplied only if thegraph of thecircuit can be E -decomposed into two E -components and oneof themis isomorphic to thegraph of thepremiseof thetransformation. Weusethegraph model only to defineformally the decomposition operation. In other words, thepremiseacts as a templatethat is compared to subcircuits of theresynthesized unit. When a match is found and if theapplication of thechosen transformation increases thetestability of thecurrent representation, thesubcircuit isomorphic to thepremiseof the transformation is substituted by theresultant circuit. Then thesubcircuits arecomposed to formthenew representation using E -composition. Sincetransformations must beused in conjunction with E - composition, observational test-equivalence must be congruent w.r.t. E -composition.

Theorem 1 Substitution theorem.

Let C bethe E -composition of C 1 and C 2 , C = C 1 || C 2 , and F 1 = F | C 1 ( F 2 = F | C 2 ) bethefault set of interest

F ( C ) restricted to thelines of thesubcircuit C 1 ( C 2 ). If C 2 ¢ is a combinational circuit such that C 2 ¢ t » C 2 w.r.t. F 2 ¢ and F 2 then thecircuit C ¢ = C 1 || C 2 ¢ is observational test-equivalent with C w.r.t. F and F ¢ ,

Ct » C ¢ , where F ¢ = F 1 È F 2 ¢ .

The proof of the Substitution theorem is given in [12].

5. Transformations and Algorithm

In this section wepresent a new method for circuit resynthesis that increases thetestability of thecircuit under consideration making use of a set of local transformations.

Seventeen transformations preserving observational test-equivalenceareshown on figure2. Each transformation preserves observational test-equivalencew.r.t. all ssaf´s in thepremisecircuit except if not stated otherwise. LB denotes a logic block consisting of logic elements. All transformations can be generalized for an arbitrary number of inputs of thecomprising logic elements. Transformation TR 3 is based on theDeMorgan theorem. Transformation TR 7 corresponds to thetheorem x i f ( x )= x i f i (1) which follows fromtheExpansion theorem, wheretheterm f i (1) results fromsubstituting 1 for x i in f ( x ).

Transformations TR 7 ¢ to TR 9 ¢ inclusivecorrespond to theorems following directly fromtheExpansion theorem. Transformation TR 10 differs fromtherest in introducing extra logic elements. Line i in the premiseof this transformation is a stemof a reconvergent fanout. Let i beassigned a logic value v i , v i Î {0, 1}. Supposethat v i implies thelogic value v j at line j . Then the effect of thefault i ¢¢ stuck-at- v i ¢ , v ¢ = v i Å 1, cannot bepropagated through logic block LB j sinceits output is driven to a fixed logic value by thesignal necessary to excitethefault. On theother, hand nothing has been changed w.r.t. LB m . The latter justifies theintroduction of thenew logic block. As a result of theapplication of a given transformation a linecan beset to logic 1 or 0. In this case, three-valued logic simulation is carried out.

Thethreevalues used in thesimulation are0, 1, and X ; X is the unknown or don´t care . All lines except for thefixed onefromthetransformation lineareset to don´t care values. Each lineand logic element forced to logic value other than X by the simulation is cut. We shall call this procedure reduction.

Having introduced thetheoretical framework wecan present themethod for testableresynthesis of combinational circuits. Theflow diagramis shown on figure3. C I is thecircuit which should be resynthesized. F ( C I ) is thefault set of interest. Limit and Th areconstants and i is an index variable. C is current representation of theinitial circuit C I . In step 4, TR denotes thetransformation which must be applied to the current representation. It is chosen among the transformations shown above.

k

k k k

k ’ k " k

k k ’

k ’ k "

k "

k

k

k

j

j j

j

i

i i

i

k

k k

k

i

i i i i ’ i "

i i ’ i " i i

i

i i

i

i i

i

i

i

j

j j j j ’

j "

j j ’

j " j j

j

j j

j

k k

k

j j

j

j

j

F i g u r e 2 . T r a n s f o r m a t i o n s p r e s e r v i n g t e s t - e q u i v a l e n c e .

Þ

Þ

Þ

Þ

Þ

Þ

Þ

Þ

Þ

Þ

T R ’ 1

T R 1

T R 3

T R ’ 4

T R 4 C t C i i j j

F C

» ¢ w . r . t .

{ s a 0 , s a 1 , s a 0 , s a 1 } a n d ( ’ )

C t C i i j j

» ¢ w . r . t .

{ s a 0 , s a 1 , s a 0 , s a 1 } a n d ( ’ ) F C

C t C F C k

F C k

» ¢ w . r . t . ( ) \ { ’ s a 0 } o r w . r . t . ( ) \ { " s a 0 } a n d ( ’ ) F C

C t C F C k

F C k

» ¢ w . r . t . ( ) \ { ’ s a 1 } o r w . r . t . ( ) \ { " s a 1 } a n d ( ’ ) F C

C t C F C k

F C k

» ¢ w . r . t . ( ) \ { ’ / s a 1 } o r w . r . t . ( ) \ { " s a 1 } a n d ( ’ ) F C

T R 5

T R ’ 6

T R 6

T R ’ 2

T R 2 i

i i

i i

i i

i

i

i j

j i

i j

j

1

1

0

0

1

1

L B

L B

L B

L B

L B

L B

L B

L B

L U

L U

L B

L B

j

j j

j j

j j

j

Þ

Þ

Þ

Þ

Þ

Þ

T R ’ 7

T R 7

T R ’ 8

T R 8

T R ’ 9

T R 9 i i ’ i ’ ’ i ’ ’

i

v i v i

v j j j

ÞT R 1 0

L B k L B i

L B i’

L B j

L B m

L B k

L B j

C t C

F C i F C

» ¢ w . r . t .

( ) \ { " s a 0 } a n d ( ’ )

C t C

F C i

» ¢ w . r . t .

( ) \ { " s a 0 } a n d ( ’ ) F C

C t C

F C i

» ¢ w . r . t .

( ) \ { " s a 1 } a n d ( ’ ) F C

C t C

F C i

» ¢ w . r . t .

( ) \ { " s a 1 } a n d ( ’ ) F C

C t C

F C i

» ¢ w . r . t .

( ) \ { " s a 0 } a n d ( ’ ) F C

C t C

F C i

» ¢ w . r . t .

( ) \ { " s a 0 } a n d ( ’ ) F C

C t C

F C

» ¢ w . r . t .

( ) a n d ( ’) F C

F i g u r e 2 . T r a n s f o r m a t i o n s p r e s e r v i n g t e s t - e q u i v a l e n c e .

In step 5, C is decomposed to C 1 and C 2 using theoperation E -decomposition in such a way that the graph model of C 1 is isomorphic with that of thepremiseof thechosen transformation. Thechosen transformation is applied to C 1 in step 6 which results in C 1 being transformed to C 1 ¢ . Reduction is carried out in step 7. In thenext step C 1 ¢ is composed with its environment C 2 and circuit C ¢ is obtained.

C ¢ is observational test-equivalent with thecircuit representation beforetheapplication of the transformation TR . Thedescribed process continues iteratively until theintegral testability measuregoes beyond thepredefined threshold Th or thenumber of iterations becomes greater than or equal to Limit .

Th depends on themethod for evaluation of thetestability of thecircuit. Theconstant Limit is a function of thenumber of lines in theinitial circuit C I . Thefunction is to beidentified experimentally. At present thegathered experimental data is not sufficient to solvethis problem. Our estimateis that Limit should not be greater than the number of lines in the initial circuit.

step 1. initialize ( C 1 , F ( C 1 ), Th , Limit );

step 2. i = 0 , C = C 1 ;

repeat begin step 3. i = i +1;

step 4. TR = chose_transformation ( );

step 5 C = C 1 || C 2 ;

step 6 C 1 ¢ = transform ( C 1 );

step 7 reduce( );

step 8 C ¢ = C 1 ¢ || C 2 ;

end until ( ( TM ( C ) < Th ) or ( i £ Limit ) )

Figure 3.

Next we exemplify the proposed method.

Example 2.

Figure4 shows theinitial circuit C I and theresynthesized circuits C R . Thegraph model of C I is shown on figure5a. Thecircuit C 1 on figure6a is a subcircuit of C I . Thegraph model of C 1 shown on figure

5b is an E -component of thegraph model of C I . First, C 1 is transformed into C 2 using transformation

TR 3 (figure6b). Then, C 2 is modified to C 3 by fusing gates G 3 and G 4 (figure6c). Figure6d shows the result of thecomposition of C 3 with its environment. Next, transformation TR 8 is applied for lines b and e . As a result, line e is driven to logic 0. In thesubsequent reduction line e is removed, then G 0 is replaced with an invertor and C 4 is obtained (figure6e). Finally, after theapplication of TR 7 and the merging of G 0 and G 2 ( G 2 has only one input) we obtain circuit C 2 from figure 4.

x 0 x 1 x 2 x 3

a b c d

h l

g

e

k

G 0 G 0

G 1

G 1

G 2

G 2

G 3

G 4

m o n

f

x 0 x 2 x 3

a x 1

b

k c d

l

f

C i r c u i t , s i z e ( ) = ( 5 , 1 3 , 2 , 2 )

( ) = { s a 1 , s a 0 , s a 1 , s a 0 , s a 0 , s a 0 , s a 1 , s a 1 }

C C

F C a a d d e f g h

1 1

1

F i g u r e 4 . ( a ) I n i t i a l c i r c u i t . ( b ) R e s y n t h e s i z e d c i r c u i t o b t a i n e d f r o m b y a s e q u e n c e o f l o c a l t r a n s f o r m a t i o n s p r e s e r v i n g t e s t - e q u i v a l e n c e .

C C C

1 2 1

C i r c u i t , s i z e ( ) = ( 3 , 7 , 0 , 0 )

( ) = { s a 1 , s a 0 , s a 0 , s a 1 , s a 0 , s a 1 }

C C

F C a a b c c d

2 2

2

( a ) ( b )

Example 3.

Circuit C 1 shown on figure7 is a subcircuit of theISCAS benchmark circuit c432.ckt, a circuit with 36 inputs and 432 lines. Notethat v i =1 implies G m =0. First, weapply transformation TR 10 and add a copy of thelogic element G i labeled G i ¢ . Finally, as a result of thesubsequent reduction gate G k and line i 1 are removed and circuit C 2 is obtained.

Example3 clearly illustrates theadvantages of theproposed approach. First, wehavefound out that thereareno sensitized paths through gate G k for anyonefault of either theanalysed subcircuit or its environment. Second, wehavediscovered that the effect of anyonefault reaching gate G j cannot be propagated through G m . Theremoval of gate G k together with its inputs and theoutput lineof gate G j feedinginto G m is equivalent to pruning the search space before the beginning of the test generation.

I 0

G 2 I 1

G 3

G 0

F i g u r e 5 . ( a ) G r a p h m o d e l o f f r o m f i g u r e 4 . ( b ) a n d ( c ) P r o p e r - c o m p o n e n t s o f t h e g r a p h m o d e l o f .

C E C 1 1

G 0

G 4

G 1 G 1 G 3

G 2 G 2

G 4 O 0 I 2

I 2

I 3

I 3

( a ) ( b ) ( c ) x 0

x 0 x 1

x 1 x 2 x 2 x 3 x 3

a a b b c c d d

h h l l

f g g e k k

G 2

G 2 G 2 G 0 G 0

G 1 G 1

G 2 G 2

G 3 G 3

G 4

G 4 G 4

G 4 G 4

m m m m m

o o o o o

n n f f

f l l

l

( a )

( e )

( b ) ( c )

( d )

C 1

F i g u r e 6 . E x a m p l e t r a c i n g t h e r e s y n t h e s i s o f c i r c u i t f r o m f i g u r e 4 . C 1

C 2 C 3

C 5 C 4

6. Experimental Results

Experimental results obtained for thecircuit 74F181--a 4-bit ALU and an ISCAS benchmark circuit are shown on figure8. Wehaveimplemented a version of PODEM[13] in C++ making useof SCOAP testability measures[14] for guiding thesearch. Only faults that might bedetected at primary output number 17 areconsidered. Sincethetransformations areapplied manually their cost is not included in thepresented results. Thecost of applying transformations grows proportionally to thenumber of lines in the circuit, i.e. the procedure of transformation application has linear complexity.

S u b c i r c u i t C 1

F i g u r e 7 . E x a m p l e f o r t h e a p p l i c a t i o n o f t r a n s f o r m a t i o n .T R 1 0

S u b c i r c u i t C 2

G j G i’

G k G j

G i G i

G h G h

G l G l

G m G m

G n G n

i 1 i v i

i 2

i 2 i ’ 2

i ’ 1

i n i n i ’ n j n j n

j 1 j 1

j 2 j 2

Thetest set consists of 72 saf´s including 14 undetectableones. Test generation run timefor theinitial circuit is 29.8% greater than thetest generation run timefor theresynthesized circuit. For all faults the tests for the resynthesized circuit are generated faster than the tests for the initial one.

sa mp le

0

5

10

15

20

25

Figure 8. Experimental results for 74F181;

� - initial circuit;