P artial Scan Design Metho ds Based on In ternally Balanced Structure T omo y a T AKASAKI T omo o INOUE Hideo FUJIW ARA Graduate Sc ho ol of Information Science Nara Institute of Science and T ec hnology 8916-5 T ak a y ama-c ho, Ik oma-shi, Nara, 630-01 JAP AN T el: +81-743-72-5226, F ax: +81-743-72-5229 e-mail: f tomo y a-t, inoue, fujiw ara g @is.aist-nara.ac.jp Abstract| In this pap er, w e theoretically and ex- p erimen tally show the e�ectiv eness of partial scan de- sign based on in ternally balanced structure, which is a sequential circuit capable of generating tests with a com binational test generation algorithm. Moreo v er, w e in tro duce a metho d of extended partial scan de- sign, whic h transforms a sequential circuit into an eas- ily testable sequen tial circuit b y replacing part of not only ip- ops b y scan ip- ops but also wires by b y- pass ip- ops in the sequen tial circuit, and prop ose a metho d of extended partial scan design based on in- ternally balanced structure. W e presen t an algorithm for �nding a set of ip- ops and wires in order to min- imize the area o v erhead for the extended partial scan design. W e consider the test pro cedure for the k ernel circuit using the scan path and the additional circuit b y scan design with the partial scan design and the extended partial scan design based on in ternally bal- anced structure and demonstrate the e�ectiv eness of the test pro cedures. Exp erimental results for b enc h- mark circuits sho w that the prop osed partial scan de- sign and extended partial scan design can b e imple- men ted with lo w area o v erhead. Keyw ords: Sequential circuits, test generation, in- ternally balanced structure, b ypass ip- ops, ex- tended partial scan design I. Introduction T est generation for a sequen tial circuit is generally di�- cult and in tractable problem when the scale of the circuit is larger. T o solv e this problem, full scan design tech- nique, which replaces all the ip- ops b y scannable ip- ops (scan ip- ops) in a sequential circuit, ha v e b een prop osed [1][2]. In full scan design, the circuit which ex- cludes scan ip- ops ( kernel cir cuit ) is a combinational circuit so that it is capable of generating tests with a com binational test generation algorithm ( c ap able of c om- binational test gener ation ) and achiev es almost complete fault e�ciency . How ev er, the full scan design technique leads to an ov erhead in circuit area. P artial scan design, whic h replaces part of ip- ops b y scan ip- ops in a se- quen tial circuit, is one of tec hniques which implement an easily testable circuit with low area o v erhead. Partial scan design techniques which require sequential test gen- eration [3][4] for the sequen tial k ernel circuit, ho w ev er, are still di�cult to ac hiev e high fault e�ciency . On the other hand, partial scan design such that the k ernel circuit is a b alanc e d structur e , which is a sequential circuit capa- ble of combinational test generation, has b een prop osed [6]. W e ha v e prop osed a sequential circuit with internal ly b alanc e d structur e , which is a circuit extending balanced structure as a sequential circuit capable of combinational test generation, and its application to partial scan design [7]. In this pap er, to reduce further area o v erhead, we in- tro duce a metho d of extende d p artial sc an design , whic h replaces part of not only ip- ops by scan ip- ops but also wires b y byp ass ip- ops [2][8][10] in a sequential cir- cuit, and prop ose a metho d of extended partial scan de- sign suc h that the k ernel circuit is an internally balanced structure. W e presen t an algorithm for �nding a set of ip- ops and wires in order to minimize the area o v er- head for the extended partial scan design. W e consider the test pro cedure for the k ernel circuit using the scan path and the additional circuit by scan design with the partial scan design and the extended partial scan design based on in ternally balanced structure and demonstrate the ef- fectiv eness of the test pro cedures. Exp erimental results for ISCAS’89 b enchmark circuits sho w that the prop osed partial scan design and extended partial scan design can b e implemen ted with low area o v erhead. I I. Sequential Circuits Cap able of Combina tional Test Genera tion When a sequential circuit has some feedbac k lo ops, it is not capable of com binational test generation [3]. In this section, w e restrict the target circuit to a sequen tial circuit with acyclic structure (with no feebback lo ops). W e restrict ip- ops (FF’s for short) to DFF’s without loss of generalit y . In the next section, w e consider general sequen tial circuits with feedbac k lo ops. On a fanout p oin t in a circuit, the wire corresp onding to an input of the fanout p oin t is called the fanout stem , and the wires corresp onding to outputs of the fanout p oint are

Fig. 1 . Separation of primary inputs Fig. 2 . Deletion of Flip-Flops called the fanout br anches . The se quential depth of a path is the n um ber of ip- ops along the path. The se quential depth of a se quential cir cuit is the maximum sequential depth among the paths from primary inputs to primary outputs in the sequen tial circuit. Let x b e a primary input and let x i and x j b e its tw o fanout branches. If there are no paths with the same sequen tial depth form x i and x j to a primary output z k then x i and x j are said to b e sep ar able . Combinational tr ansformation (C-tr ansformation) [7] : The transformation consisting of the tw o following op er- ations for an acyclic sequen tial circuit S are called the Combinational tr ansformation ( C-tr ansformation ), and the com binational circuit after the transformation is ex- pressed as C ( S ). (1) F or a primary input ha ving some fanout branches, let X b e a set of fanout branc hes of the primary input. Find the minimal partition � for X which satis�es : If fanout branc h x i and x j b elong to di�erent blo c ks X ( i ) and X ( j ), resp ectiv ely by partition � (i.e., x i 2 X ( i ), x j 2 X ( j ); X ( i ) 6 = X ( j )), x i and x j are separable. Create new inputs for ev ery partitioned blo c ks and separate the original primary inputs. (See Figure 1.) (Note: When separating a primary input, a fault in its fanout stem is considered as multiple faults exsiting in all the fanout branches sim ultaneously .) (2) Replace each FF in S b y a wire. (When the negative output of a FF is used, add an in v erter. See Figure 2.) 2 Cap ability of c ombinational test gener ation [7] : Let S b e an acyclic sequen tial circuit and let C ( S ) b e the C-transformed com binational circuit. The sequen tial circuit S is said to b e c ap able of c ombinational test gen- er ation when it satis�es : a fault f in S is testable in S if and only if the corresp onding fault f c in C ( S ) is testable in C ( S ). Sequen tial circuits capable of combinational test gener- ation are the follo wing : Balanc e d structur e [6] : If all paths for any input-output pairs in a sequen tial circuit S hav e the same sequential depth then S is said to b e a b alanc e d structur e . (See Figure 3.) Internal ly b alanc e d structur e [7] : If the circuit S 0 Fig. 3 . Example of balanced structure Fig. 4 . Example of internally balanced structure transformed from S b y using only the rule (1) of C- transformation is a balanced structure, then S is said to b e an internal ly b alanc e d structur e . (See Figure 4.) Since balanced sequen tial circuits ha v e no separable pri- mary inputs, only the rule (2) of C-transformation is car- ried out. F rom the ab ov e de�nition, it is clear that in- ternally balanced structures b elong to a larger class of sequen tial circuits than balanced structures. I I I. Internall y Balanced P ar tial Scan Design Next we consider a general sequen tial circuit with feed- bac k lo ops. P artial scan design such that the rest cir- cuit excluding scan FF’s (the kernel circuit) is an in- ternally balanced structure is called internal ly b alanc e d p artial sc an design . Internally balanced partial scan de- sign enables test generation using only a com binational test generation algorithm. This issue is discussed further in Section VI I. In Section VI I I, exp erimen tal results for b enchmark circuits sho w that in ternally balanced partial scan design can b e implemented with lo w area o v erhead. IV. Extended P ar tial Scan Design W e de�ne r emoving of an elment e (FF or wire) in S for a sequen tial circuit S as replacing the input to e b y a primary output of S and the output from e by a pri- mary input of S and separating the element e from S . The replaced primary input and primary output are called pseudo input and pseudo output , resp ectiv ely . The op er- ation is expressed as op erator � . F or a set of elements E in S , S � E de�nes the circuit removing all elemen ts in E from S . Let F and L b e a set of ip- ops and a set of wires in a sequen tial circuit S , resp ectively . Giv en a set of the ele- men ts E = f F F 1 ; . . . ; F F n ; l 1 ; . . . ; l m g (provided F F i 2 F ( i = 1 ; . . . ; n ), l j 2 L ( j = 1 ; . . . ; m )) in S , S � E is called the kernel cir cuit with r esp e ct to E , and FF’s and wires in E are called external FF’s and external wir es , resp ec- tiv ely . (See Figure 5.) 2

Fig. 5 . Kernel circuit T ABLE I Mode of opera tion and control line S-FF B-FF S B 1 B 2 Normal mo de 0 X 0 Load mo de 0 0 1 Shift mo de 1 1 1 Most partial scan design tec hniques replace only FF’s b y scan FF’s and generate test patterns for the k ernel circuit whic h excludes scan FF’s. How ev er, some partial scan design metho ds ha v e also b een prop osed, which re- place not only FF’s b y scan FF’s but also wires by byp ass FF’s (which work lik e scan FF’s). As shown in Figure 6, the partial scan design whic h replaces external FF’s b y scan FF’s and external wires b y bypass FF’s is said to b e extende d p artial sc an design . F or the circuit with extended partial scan design, scan FF’s and b ypass FF’s are called extende d sc an FF’s gener- ically . The structures of eac h scan FF and b ypass FF (S-FF and B-FF for short, resp ectiv ely) are considered as in Fig- ure 7 and Figure 8, resp ectively . Eac h S-FF and B-FF ha v e three op eration mo des; the normal mo de , the lo ad mo de , and the shift mo de , according to the v alues of the con trol lines of the m ultiplexers in eac h FF as sho wn in T able I. In the normal mo de , eac h S-FF works as a DFF and eac h B-FF w orks as a wire as in Figure 6 (a). In the lo ad mo de , data are read from the data input of eac h FF during ev ery clo ck cycle. In the shift mo de , test patterns are scanned in each FF and the v alue of each FF is scanned out sim ultaneously through the scan path Hold of FF’s means the op eration in which they retain their v alue across consecutiv e clo ck cycles. This op eration mo de is called the hold mo de . Each extended scan FF in extended partial scan design is assumed to hav e the hold mo de. Fig. 6 . Extended partial scan design Fig. 7 . Structure of scan ip- op Fig. 8 . Structure of bypass ip- op Let k 1 b e the area ov erhead due to replacing a FF b y a S-FF and let k 2 b e the area o v erhead due to replacing a wire b y a B-FF. Then, the total ar e a overhe ad with extended partial scan design is expressed b y the following exression : The total ar e a overhe ad = k 1 � (the num b er of external FF’s) + k 2 � (the num b er of external wires) The ratio of k 1 to k 2 is, for example, 3 : 12 pro vided the hardware amount of a m ultiplexer and a FF are 3 and 6 gates, resp ectivelt y , as the reference[9]. Compared to partial scan design scanning only FF’s, extended partial scan design has more freedom to select scan elements and hence lo w area o v erhead is exp ected for its implemetation. V. Internall y Balanced Extended P ar tial Scan Design F or general sequen tial circuits, extended partial scan design suc h that the kernel circuit is an in ternally bal- 3

Fig. 9 . Extended scan FF selection problem anced structure enables test generation using only a com- binational test generation algorithm like internally bal- anced partial scan design. This issue is discussed further in Section VI I. Extended partial scan design such that the kernel cir- cuit is an internally balanced structure is called internal ly b alanc e d extende d p artial sc an design . In Section VI, W e presen t an algorithm for �nding a set of external FF’s and external wires in order to minimize the area o v erhead for in ternally balanced extended partial scan design. VI. Extended Scan FF’s Selection Problem The problem to �nd a set of external FF’s and exter- nal wires in order to minimize the area o v erhead when the k ernel circuit is an internally balanced structure for a given sequential circuit is called extende d sc an FF’s se- le ction pr oblem . (See Figure 9.) W e consider a metho d to solve the extended scan FF’s selection problem by dividing into the t w o follo wing steps. Ho w ev er optimal solutions for the individual steps do not imply an optimal ov erall solution. Dividing the problem has the adv an tage of b eing able to transform the problem in to the easy one and to use existing algorithms b y simple mo di�cation. 1. A cyclic structur e Select a set of external FF’s and external wires to min- imize the area ov erhead such that the k ernel circuit is an acyclic structure. 2. Internal ly b alanc e d structur e F or the acyclic kernel circuit obtained b y Step 1, (2-1) Separate primary inputs whose fanout branches are separable. (except pseudo inputs in the k ernel circuit) (2-2) Select a set of external FF’s and external wires to minimize the area ov erhead such that the k ernel circuit is a balanced structure. W e construct the follo wing graph mo del for analyzing a sequen tial circuit to solve the problem. De�nition 1 : A cir cuit top olo gy gr aph (CTG) for a sequen tial circuit S is a directed graph G = ( V ; A; w ). Fig. 10 . T ransformation rule of CTG V is the set of no des representing gates, fanout p oin ts, primary inputs and primary outputs in S . A � V � V is the set of arcs represen ting FF’s and wires in S (Eac h arc represent a connection in S ). w : A ! Z + (p ositive integers) de�nes the weigh ts of the arcs. (FF’s are of w eigh t k 1 !$ and wires are of w eigh t k 2 , where k 1 is the area ov erhead due to replacing a FF b y a S-FF and k 2 is the area o v erhead due to replacing a wire by a B-FF.) 2 A CTG G can b e transformed in to a graph b G whic h has less no des by applying the following transformation rule. As is eviden t from the transformation rule, the original graph G and the transformed graph b G ha v e their solutions with the same area ov erhead for the extended scan FF’s problem. T r ansformation rule : Let G v b e an acyclic subgraph of a CTG G whic h consist of only no des corresp onding to gates and fanout p oints (except primary inputs and outputs) and weigh t k 2 arcs corresp onding to wires. Let w i b e the sum of the weigh ts of the incoming arcs in G v and let w o b e the sum of the weigh ts of the outgoing arcs in G v . Let m v b e the minim um sum of the weigh ts of the arcs needed to cut all directed paths in G v . If there are paths from eac h input to all outputs in G v , and m v � min f w i ; w o g then G v will b e merged into a no de v as in Figure 10. 2 Using the ab o v e graph mo del, the pro cedure to select external FF’s and external wires such that the k ernel cir- cuit is an in ternally balanced structure can b e describ ed as follows. Step 1. T ransform the CTG G for a sequential circuit S in to an CTG b G = ( V ; A; w ) b y applying the tranforma- tion rule. Step 2. T ransform b G in to an acyclic CTG G A by remo ving a set of arcs R A suc h that P a 2 R A w ( a ) is min- imized. Step 3. T ransform G A into a CTG e G A by separating primary inputs whose fanout branc hes are separable. Step 4. T ransform e G A into a balanced CTG G B b y remo ving a set of arcs R B such that P a 2 R B w ( a ) is minimized. As a result, R = R A [ R B is the desired set of arcs corresp onding to external FF’s and external wires. A t the ab ov e Step 2, a set of arcs R A such that P a 2 R A w ( a ) is minimized is obtained by applying 4 w eigh ted MF AS (Minimum F eedbac k Arc Set) algorithms. In this case, assign k 1 (FF) or k 2 (wire) to each arc w eigh t. The op eration to separate primary inputs at the Step 3 corresp onds to the C-transformation (1) and is carried out as follo ws. That is, for all fanout branc h pairs ( x i ; x j ) of eac h primary input x , c hec k whether there is a path with the same sequen tial depth from x i and x j to a pri- mary output z k . If suc h a path exists ( x i and x j are not separable), x i and x j are put in the same set. Otherwise, they are put in di�erent sets. As a result, new primary inputs for every created set are provided. A t the Step 4, a set of arcs R B such that P a 2 R B w ( a ) is minimized is obtained b y the pro cedure mo difying the balancing pro cedure in the reference [6]. The balancing pro cedure in [6] assigns the bit width of the corresp onding register to eac h arc weigh t. This pro cedure is applicable to the ab o v e balancing problem by replacing each arc w eigh t b y k 1 (FF) or k 2 (wire). VI I. Test Procedure for Circuit with P ar tial Scan Design The test pro cedure for the circuit with internally bal- anced partial scan design and in ternally balanced ex- tended partial scan design consists of testing the kernel circuit using the scan path and testing the additional cir- cuit by scan design. In this section, w e consider the test pro cedure and show its e�ectiveness for the circuit with in ternally balanced partial scan design and internally bal- anced extended partial scan design. Although the b elow issue is discussed ab out the circuit with internally bal- anced extended partial scan design, it is applicable to the circuit with in ternally balanced partial scan design if one consider the case there are no B-FF’s. Let S b e a sequen tial circuit. Let S D F T b e the circuit with in ternally balanced extended partial scan design for S . Let S K b e the circuit remo ving extended scan FF’s for S DF T (the k ernel circuit with in ternally balanced struc- ture). Let C ( S K ) b e the C-transformed circuit for S K . In order to test the circuit with extended partial scan design like S D F T for a sequen tial circuit S , it is required to test all detectable faults in S D F T . F aults in S D F T corresp onding to S K are called internal faults in S D F T . F aults in S D F T but not in S K (faults of extended scan FF’s in S D F T ) are called external faults in S D F T . T esting for eac h t yp e of faults is describ ed as follo ws. A. T esting for In ternal F aults Let f D F T b e an in ternal fault in S D F T , let f K b e the corresp onding fault in S K and let f C b e the corresp ond- ing fault in C ( S K ). f D F T !$ f K , and f C are one-to-one corresp ondence each other. F or the circuit S D F T with extended partial scan design suc h that the k ernel circuit S K is an in ternally balanced structure, the test sequence for an internal fault f D F T in S DF T is obtained as follows : 1. Generate the test pattern for the fault f C in C ( S K ) corresp onding to f D F T b y using a combinational test gen- eration alrorithm. 2. T ransform the generated test pattern into the test sequence in S K . 3. T ransform the test sequence in S K in to the test sequence in S D F T . The ab o v e pro cedure from 1 to 3 is discussed in detail later. On this pro cedure, the test generation problem for f D F T in S D F T results in the one for f C in C ( S K ). In order to guaran tee test generation using this, it is required to sho w that : a fault f D F T in S D F T is testable in S D F T if and only if the corresp onding fault f C in C ( S K ) is testable in C ( S K ). This is sho wn b y the follo wing theorem. F rom the reference [7], if a sequen tial circuit S K is an in ternally balanced structure then S K is capable of combi- national test generation, therefore, this leads to the next theorem. The or em 1 : Let S K b e a sequen tial circuit with in- ternally balanced structure. a fault f K in S K is testable in S K if and only if the corresp onding fault f C in C ( S K ) is testable in C ( S K ). 2 By Theorem 1, when S K is an in ternally balanced struc- ture, the pro cedure that the test pattern combinationally generated in C ( S K ) is transformed into the test sequence in S K and in S D F T is describ ed as follows. Pro cedure 1 : T est generation in C ( S K ) First, obtain C ( S K ) b y applying the C-transformation to S K . Since C ( S K ) is a com binational circuit, if the fault f C corresp onding to f K is testable in C ( S K ), then the test pattren for f C is obtained using a combinational test gen- eration algorithm. (if f K is redundan t in S K , then f C is redundan t in C ( S K ) (Theorem 1), the test pattern for f C do es not exist) When the test pattern for f C is obtained, let T C b e this test pattern. Pro cedure 2 : T est sequence in S K Let d b e the sequen tial depth of S K . Then the length of the test se- quence T K in S K is d . Let f C b e detected at an output (primary output or pseudo output) z k in C ( S K ) by the test pattern T C . In order that the fault f K corresp ond- ing to f C can b e detected at an output z k in S K during clo ck cycle d + 1, determine the v alues of primary input x i ( i = 1 ; 2 ; . . . ; m ) and pseudo input y p ( p = 1 ; 2 ; . . . ; l ) in the test sequence T K as follo ws : (1) Determining the v alues of primary input x i ( i = 1 ; 2 ; . . . ; m ) (1-a) Case where x i is a separable primary input : The sequential depth from eac h x i to z k is uniquely de- termined. Assign the v alue of primary input x i in test pattern T C to the vlaue of primary input x i in test se- quence T K during clo ck cycle d + 1 � d ik . (1-b) Case where x i is not a separable primary input : Let primary input x i in S K b e divided into primary in- puts x i 1 , x i 2 , . . ., x in in C ( S K ). Since S K is an internally balanced structure, the sequential depth from eac h x ij ( j = 1 ; 2 ; . . . ; n ) to z k is uniquely determined and let d ij k 5

T ABLE I I test p a ttern T C and test sequence T K (a) T C I nput V alue x 1 a 1 . . . . . . x i a i . . . . . . x h 1 a h 1 x h 2 a h 2 . . . . . . x m a m y 1 b 1 . . . . . . y p b p . . . . . . y l b l (b) T K Clo ck cycle t I nput 1 � � � d + 1 � d ik � � � d + 1 � d h 1 k � � � d + 1 � d h 2 k � � � d d + 1 x 1 � � � � � � � � � � � � . . . x i � � � � a i � � � � � � � � � � � � � . . . x h � � � � � � � � a h 1 � � � a h 2 � � � � � . . . x m � � � � � � � � � � � � y 1 b 1 � � � b 1 � � � b 1 � � � b 1 � � � b 1 b 1 . . . . . . . . . . . . . . . . . . . . . y p b p � � � b p � � � b p � � � b p � � � b p b p . . . . . . . . . . . . . . . . . . . . . y l b l � � � b l � � � b l � � � b l � � � b l b l b e each sequential depth. As x ij ( j = 1 ; 2 ; . . . ; n ) are sepa- rable, d ij k ( j = 1 ; 2 ; . . . ; n ) are en tirely di�eren t sequen tial depths. Therefore, clo ck cycle d + 1 � d ij k ( j = 1 ; 2 ; . . . ; n ) are en tirely di�eren t and assign the v alues in n places of clo c k cycles in test sequence T K . That is, assign the v alue of eac h primary input x ij ( j = 1 ; 2 ; . . . ; n ) in test pattern T C to the vlaue of primary input x i in test sequence T K during clo ck cycle d + 1 � d ij k ( j = 1 ; 2 ; . . . ; n ). (2) Determining the v alues of pseudo input y p ( p = 1 ; 2 ; . . . ; l ) All pseudo inputs y p ( p = 1 ; 2 ; . . . ; l ) are not separable inputs. Therefore the sequen tial depth from eac h y p to z k is uniquely determined. Assign the v alue of pseudo input y p in test pattern T C to the vlaue of pseudo input y p in test sequence T K during clo ck cycle d + 1 � d y pk . T aking accoun t of making the test sequence for S D F T later, assign the v alue of pseudo input y p during clo c k cycle d + 1 � d y pk to the one except during clo c k cycle d + 1 � d y pk . As a result, the v alues of pseudo inputs y p ( p = 1 ; 2 ; . . . ; l ) in S K during an y clo c k cycles are the same as the v alue of pseudo inputs y p in test pattern T C . As mentioned ab o v e, primary inputs and primary out- puts in T K during clo ck cycle 1, 2, . . ., d , d + 1 are deter- mined. Let X t and Y t b e the primary input vector and the pseudo input vector during clo ck cycle t , resp ectiv ely . The test sequence for a fault f K in S K is comp osed of the primary input vector [ X 1 ; X 2 ; . . . ; X d ; X d +1 ] and the pseudo input v ector [ Y 1 ; Y 2 ; . . . ; Y d ; Y d +1 ] ( Y 1 = Y 2 = � � � = Y d = Y d +1 ). Pro cedure 3 : T est sequence in S D F T T esting in S K consists of assigning eac h input v ector to the corre- sp onding clo c k cycle and observing the resp onse during clo c k cycle d + 1, where d is the sequen tial depth of S K . Since pseudo inputs and outputs in S K are replaced b y S-FF’s and B-FF’s in S D F T , take accoun t of this during testing in S D F T . The test sequence T D F T for the fault f D F T in S D F T corresp onding to f K in S K is as follows : 1. Op erate all extended scan FF’s in the shift mo de and scan in the pseudo input v ector Y 1 . 2. (a) Op erate all extended scan FF’s in the hold mo de and all nonscan FF’s in the load mo de and input the primary input vectors X 1 ; X 2 ; . . . ; X d for consecutiv e d clo ck cycles. (b) Op erate all extended scan FF’s in the load mo de and input X d +1 for 1 clo c k cycle. (c) Op erate all extended scan FF’s in the shift mo de and and scan out the test result. The ab o v e pro cedure is for a fault f D F T in S D F T . When testing for all detectable faults in S D F T is carried out, the ab o v e op eration 2. is rep eated the num b er of test times. (In this case, 2.(c) scan out the test result and scan in the next test pattern sim ultaneously .) As mentioned ab ov e, when S K is an internally balanced structure, com binational test generation is carried out in C ( S K ) and the test pattern is transformed in to the test sequence in S D F T . The ab ov e pro cedure for test sequences from 1 to 3 and Theorem 3 lead to the next theorem. The or em 2 : Let S K b e a sequen tial circuit with in- ternally balanced structure. If a fault f K in S K is re- dundan t, the fault f C in C ( S K ) corresp onding to f K is decided to b e redundant by pro cedure 1. If a fault f K in S K is testable, the test sequnece T K and T D F T ob- tained b y pro cedure 2 and 3 are the test sequences for the corresp onding faults f K in S K and f D F T in S D F T , resp ectively . 2 In order to explain that Theorem 2 is v alid for internal faults in S D F T , it is required to show the next theorem. The or em 3 : Let S K b e a sequen tial circuit with in ter- nally balanced structure and let eac h extended scan FF in S D F T ha v e the hold mo de. Then a fault f K in S K is testable in S K if and only if the corresp onding fault f D F T (an internal fault) in S D F T is testable in S D F T . 2 (Pro of ) The pro of of the necessary condition is eviden t from the ab o v e pro cedure transforming the test sequence. 6

T ABLE I I I Experiment al Resul ts Area o v erhead Circuit Circuit Characteristics Metho d 2 Gates Inputs Outputs FF’s GGB[6] Metho d 1 FF’s Wires T otal s1196 388 14 14 18 16 16 16 0 16 s1238 428 14 14 18 16 16 16 0 16 s1423 490 17 5 74 72 72 72 0 72 s5378 1004 35 49 179 124 124 124 0 124 s9234 2027 19 22 228 210 210 210 0 210 s9234.1 2027 36 39 211 193 193 193 0 193 s13207 2573 31 121 669 471 471 409 10 449 s13207.1 2573 62 152 638 441 441 379 10 419 s15850 3448 14 87 597 555 552 552 0 552 s15850.1 3448 77 150 534 483 480 480 0 480 s38417 8709 28 106 1636 1255 1255 1240 3 1252 s38584 11448 12 278 1452 1445 1445 1445 0 1445 s38584.1 11448 38 304 1426 1419 1419 1419 0 1419 s35932 12204 35 320 1728 1728 1704 1704 0 1704 The su�cien t condition can b e simply pro v ed b y parti- tioning S D F T in to the k ernel circuit and the remaining circuit, and explaining that testing for a fault f D F T in the kernel circuit of S D F T is one for the corresp onding fault f K in S K . F or further details, refer to [13]. B. T esting for External F aults F or external faults (faults of extended scan FF’s) in S DF T , the following theorem holds. The or em 4 : Let S D F T b e a circuit with extended partial scan design suc h that the k ernel circuit is an in- ternally balanced structure. Then all irredundan t faults of S-FF and B-FF in S D F T are testable. 2 The pro of of the theorem and the details of the test sequences are omitted here due to limitations of space. F or further details, refer to [13]. VI I I. Experiment al Resul ts Using the techniques in Section VI, the exp eriment �nd- ing external FF’s and external wires such that the k ernel circuit is an in ternally balanced structure is carried out for ISCAS’89 b enc hmark circuits. Let k 1 b e the hardw are o v erhead due to replacing a FF b y a S-FF and let k 2 b e the hardware o v erhead due to replacing a wire by a B-FF. Here we assumed k 1 : k 2 = 1 : 4. The exp erimental re- sults are shown in T able I I I. In T able I I I, GGB refers to the area o v erhead (the n um ber of scan FF’s) for the par- tial scan design suc h that the k ernel circuit is a balanced structure [6]. Metho d 1 refers to the area o v erhead (the same) for internally balanced partial scan design. Metho d 2 refers to the area ov erhead (where FF’s and Wir es refers to the num b er of external FF’s and external wires, re- sp ectiv ely) for internally balanced extended partial scan design. F rom the result in T able I I I, s15850, s15850.1 and s35932 sho w that Metho d 1 can b e implemen ted with low area ov erhead compared to GGB[6] by the e�ect of sep- arating primary inputs. Moreov er, s13207, s13207.1 and s38417 show that Metho d 2 can b e implemented with the least area ov erhead among three metho ds b y the e�ect selecting wires. Ho w ev er the other circuits hav e the same results as GGB. On the whole, Metho d 1 has b etter re- sults than GGB and Metho d 2 has b etter results than Metho d 1. IX. Conclusions W e hav e considered internally balanced strucure as a se- quen tial circuit capable of com binational test generation. W e ha v e presented a metho d of partial scan design and extended partial scan design such that the kernel circuit is an in ternally balanced structure and explained their prop- erties. Compared to partial scan design scanning only FF’s, extended partial scan design has more freedom to select scan elements b y selecting wires and hence lo w area o v erhead is exp ected for its implemetation. W e ha v e con- sidered an algorithm for �nding a set of external FF’s and external wires in order to minimize the area ov erhead for extended partial scan such that the kernel circuit is an in ternally balanced structure. Moreov er, for the circuit with partial scan design and extended partial scan design suc h that the kernel circuit is an in ternally balanced struc- ture, w e hav e presented the test pro cedures using the scan path and show ed that those test sequences can b e trans- formed from test patterns generated b y a com binational test generation algorithm. Finally , exp erimen tal results for ISCAS’89 b enc hmark circuits ha v e sho w ed that the prop osed partial scan design and extended partial scan design can b e implemen ted with low area ov erhead. 7

Ackno wledgements The authors w ould lik e to thank Prof. T oshimitsu Ma- suza w a and Dr. Mic hik o Inoue for their comments. This work is supp orted in part by the Ministry of Ed- ucation of Japan under F oundation Gran t 09480054. References [1] H. F ujiw ara, L o gic T esting and Design for T estability , The MIT Press, 1985. [2] M. Abramovici, M. A. Breuer and A. D. F riedman, Digital Sys- tems T esting and T estable Design , Computer Science Press, 1990. [3] K. Cheng and V. D. Agraw al, \A partial scan metho d for se- quen tial circuits with feedback," IEEE T r ans. Comput. , V ol. 39, No. 4, pp.544-548, April 1990. [4] D. H. Lee and S. M. Reddy , \On determining scan ip- ops in partial-scan designs," Pr o c. Int. Conf. CAD , pp.322-325, 1990. [5] R. Gupta and M. A. Breuer, \T estabilit y prop erties of acyclic structures and applications to partial scan design," Pr o c. IEEE VLSI T est Symp. , pp.49-54, 1992. [6] R. Gupta, R. Gupta and M. A. Breuer, \The BALLAST metho dology for structured partial scan design," IEEE T r ans. Comput. , V ol. 39, No. 4, pp.538-544, April 1990. [7] H. F ujiw ara, S. Oh tak e, T. T ak asaki, \Sequential circuit struc- ture with combinational test generation complexity and its ap- plication," T rans. IEICE (DI), V ol. J80-D-I, No. 2, pp.155-163, 1997. (in Japanese) [8] H. J. W undelic h and S. Hellebrand, \The pseudo exhaustive test of sequen tial circuits," IEEE T r ans. CAD , V ol. 11, No. 1, pp.26- 33, 1992. [9] D. Kagaris, S. T ragoudas and D. Bhatia, \Pseudo exhaustiv e BIST for Sequen tial Circuits," Pr o c., IEEE Int. Conf. on Com- puter Design , pp.523-527, 1993. [10] J. Steensma, F. Cattho or and H. DeMan, \Partial scan and sym bolic test at the register-transfer level," Journal of Ele c- tr onic T esting: The ory and Applic ations , V ol. 7, pp.7-23, 1995. [11] S. T. Chakradhar, A. Balakrishman, and V. D. Agraw al, \An exact algorithm for selecting partial scan ip- ops," Pr o c., IEEE Design Automation Confer enc e , pp.81-86, 1994. [12] A. Balakrishman and S. T. Chakradhar, \Sequential circuits with combinational test generation complexit y ," Pr o c., IEEE Int. Conf. VLSI Design , pp.111-117, Jan uary 1996. [13] T. T ak asaki, T. Inoue, H. F ujiw ara, \Extended partial scan design capable of test generation," NAIST Information Sci- enc e T e chnic al R ep ort , NAIST-IS-TR96016, September 1996. (in Japanese) 8