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ABSTRACT found in [6]. Although these techniques alleviate the storage require-

Increasing IC densities necessitate diagnosis methodologies with SRENtS slightly, the computational challenges remain yet unsolved.
hanced defect locating capabilities. Yet the computational effort ex- AN @Spect that promises to cope with the aforementioned storage
pended in extracting diagnostic information and the stringent storag&d computational challenges, yet overlooked by the previous diag-
requirements constitute major concerns due to the tremendous numB@pis methodologies, is the utilization of RT-level techniques. Hierar-
of faults in typical ICs. In this paper, we propose an RT-level diagnosighical approaches have been widely utilized in test generation [7] and
methodology capable of responding to these challenges. In the p,fault simulation [8, 9], delivering computational speedups. Utilization
posed scheme, diagnostic information is computed on a grouped fa@ftdesign hierarchy along with the exploitation of module functional-
effect basis, enhancing both the storage and the computational aspeéfshelps extract diagnostic information while satisfying storage and
The fault effect grouping criteria are identified based on a modulgomputational requirements.
structure analysis, improving the propagation ability of the diagnos- The computation of diagnostic information on a per grouped faults
tic information through RT modules. Experimental results show thdtasis rather than on a per fault basis attains significant storage com-
the proposed methodology provides superior speed-ups and signifression. The utilization of RT module functionalities helps capture
cant diagnostic information compression at no sacrifice in diagnostibe grouped fault effect propagation behavior of the modules, enabling
resolution, compared to the existing gate-level diagnosis approachdée tracking of the diagnostic information through RT modules. While
the computation of diagnostic information regarding grouped fault
1. INTRODUCTION effects delivers computational efficiency, rapid propagation through
Diagnosing IC defects is becoming more crucial as increasing chlprger RT blocks further expedites the diagnostic information collec-
size and complexity magnify the defect probabilities. Accurate pintion process compared to gate-level circuit traversing schemes.
pointing of the cause of the failure based on the defective chip re- The storage and computational benefits delivered by the tracking
sponses yields significant financial benefits, both by ramping up yiel@ information regarding grouped fault effects strongly depend on the
rapidly for next generation ICs and by reducing chip returns. fault effect grouping criteria; the mutual manifestation behavior of the
The diagnosis process has been traditionally carried out by matdiaults in a group constitutes the diagnostic information to be tracked.
ing the defective chip responses with the precomputed faulty respondeghis work, we analyze the functionality of common RT-level mod-
Such a process is performed based on a specific fault model as takiigs so as to identify the fault effect grouping criteria that enable an in-
into account any possible defect is apparently infeasible. Attainingfeased propagation ability of the diagnostic information. We provide
certain diagnostic resolution necessitates the selection of a represgn-analysis that captures and exploits the monotonic information flow
tative fault model; the defective chip behavior is thus attributed to thigherent in various RT-level operators. Such a regularity helps model
presence of modeled faults. Currently existing diagnosis methodolhe diagnostic information propagation through the corresponding RT
gies are typically based on the utilization of diagnostic information ofnodules. Based on this analysis, fault effects are judiciously grouped,
a per fault basis; the applicability of these techniques is typically limenabling the preservation of the group-characterizing information in
ited by the storage and computational complexity stemming from thgropagation through RT-level modules.
tremendous number of possible fault locations in ICs. In this paper, we propose an RT-level diagnosis methodology based
Two types of fault dictionaries are used in typical gate-level diagon the computation of manifestation information regarding grouped
nosis schemes: full fault dictionary and pass-fail dictionary. A fulfault effects. Not only the execution of the RT-level tool is signifi-
dictionary stores for each test vector and for each fault the complegantly faster compared to that of the gate-level techniques, but also
circuit responses. In the presenceRbbutputs,T” test vectors and®  considerably smaller storage size is required for the output diagnostic
faults, the size of a full fault dictionary ©(R - T - F). Although a  information. The proposed diagnosis tool is able to deliver maximal
full dictionary delivers perfect diagnostic resolution, storing only thepossible diagnostic resolution; not only are the fault modules identi-
information regarding whether faults are detected by test vectors irfigd but furthermore the gate-level faults that account for the defective
pass-fail dictionary provides at significantly lower cost almost as highip behavior are pinpointed accurately. The diagnosis methodology
a resolution as a full dictionary. The size of a pass-fail dictionary i¥€ propose is customizable to any fault model, promising to deliver
still considerable, however, a3(T - F) bits are required. Besides further enhanced defect location capabilities.
their storage complexity, building these dictionaries demands signifi
cant computational effort due to the tremendous number of faults. T% RT-LEVEL APPROACH TO DIAGNOSIS
order to reduce the space needed to store a fault dictionary, numeroudVhile attaining high diagnostic resolution is crucial in the identi-
methods have been proposed [1, 2, 3, 4, 5]; a detailed summary carfigation of the cause of IC failures, computational and storage chal-
lenges complicate the diagnostic information computation process.

*The work of the first author is supported through a graduate fellowAn RT-level diagnosis approach is capable of responding to these
ship by IBM. challenges. Rapid propagation of the fault manifestation informa-




tion through high level blocks alleviates the computational complexmation to be utilized in grouping the fault effects and in tracing the
ity of the diagnostic information extraction process. Furthermore, thiault manifestation information: faulty bit locationise., the bit posi-
grouping of fault effects and the computation of their manifestation intions in which the correct and the faulty responses differ. For a logic
formation as a group rather than on a per fault basis not only deliveesray module, the propagation of the faulty bit location information
computational benefits but also results in succinct diagnostic informaan be questioned by a simple comparison of the corresponding side
tion, satisfying the storage requirements simultaneously. input bit with the controlling value. Similarly, faulty bit location trace
Partitioning the faults in the Module Under Diagnosis (MUDg, s straightforward through shifters as well; the faulty bit location in-
the module whose faults are targeted, into groups enables an RT-lef@mation is retained unless the faults manifest in a bit that has been
approach to computing the signature of a fault group at the primashifted out. For these modules, the propagation of the fault manifes-
outputs based on the signature at the MUD outputs. Several MUfation information can be thus summarily resolved as the faulty bit
faults with a mutual manifestation behavior can be grouped togethdocation information can be computed for the module output.
giving rise to the propagation of the manifestation information from The arithmetic operators, on the other hand, typically fail to satisfy
the MUD outputs to the primary outputs. Preservation of this informathe aforementioned independence property, slightly complicating the
tion during propagation through other modules reflects into the delivelentification of the appropriate fault grouping criteria. The associated
ery of high diagnostic resolution levels, as the fault group signaturésformation flow is typically unidirectional for common arithmetic op-
at primary outputs help distinguish the fault pairs. erations, resulting in a monotonic dependence of the output bits on the
The mutual manifestation behavior corresponding to a group dfiput bits; an output bit in a certain position depends on only the input
faults delivers enhanced diagnostic information compared to the passits to either the right or the left of this positibrbut not both. This
fail dictionary approach; the manifestation information of a fault conmonotonicity results in the preservation of either the rightmost or the
sists not only of the pass-fail information but furthermore of the biteftmost faulty bit location information depending on the monotonic-
location(s) wherein the fault manifests. Perfect preservation of thty direction.
manifestation information regarding fault groups from the MUD out- Commonly utilized arithmetic modules, such as adders and mul-
put to the primary outputs is slated to deliver more enhanced diagndgpliers, typically exhibit a right-to-left monotonic information flow,
tic resolution levels compared to pass-fail dictionaries. The loss @hnabling the utilization of the rightmost faulty bit location for trac-
the manifestation information during propagation through other modng the fault manifestation information. For the adder module, one
ules, however, reflects into diagnostic resolution degradation. Thean observe this monotonicity in the information flow by examining
fault grouping criterion and the propagation ability of the consequerthe bitwise output computation; an output bit in a certain position is
manifestation information are crucial as they determine the diagnosttomputed by XORing the input bits in the same position with the cor-
capabilities of an RT-level approach. responding carry bit. In fact, accounting for the carry bit in the com-
Similar to the dictionary-based approaches, diagnostic informatiquutation of the output bits distinguishes an addition operation from a
should be computed and stored for every test vector individually; eadfitwise XOR operation that satisfies the bitwise independence prop-
test vector brings the circuitinto a distinct state, imposing distinct fauktrty. Due to the carry bits, a monotonic information flow exists from
sensitization conditions for the same fault. During the diagnosis apight to left, shattering the independence property in the addition oper-
plication process, based on the defective responses, every test veetiion; as a carry bit in a certain position depends on all the bits of the
pinpoints a group of fault effects that accounts for the defective chiimputs to the right of this position, so does the corresponding output
behavior; intersection of these groups yield the candidate fault(s). Abit. The monotonicity property, which stems from the fact that an out-
tivation of differing sensitization paths for distinct test vectors yieldput (or carry) bit in a certain position depends on none of the bits to the
differing fault groupings, narrowing down the candidate fault set witheft of this position, results in the preservation of Rightmost Faulty

the application of each test vector. Bit Location(RFBL) through an adder module. An analogous argu-
ment can be made for the subtractor module as the borrow bits exhibit
3. FAULT GROUPING CRITERION monotonicity with a right-to-left flow as well. A group of fault ef-

fects having a certain RFBL on one of the inputs of an adder (subtrac-

The fact that typical RT-level designs consist of modules with mon%r) displays the same RFBL in the module output. The monotonicity

tonic information flow enables the utilization of this property in the ef- o ) . )
ficient propagation of the fault manifestation information. The monoproperty of the addition (subtraction) operation enables tracking the
) RFBL information through these modules, consequently.

tonic information flow in these modules can be observed and mod- S . : .
. - . . As the multiplication operation can be considered as a series of ad-
eled so as to identify the conditions for the propagation of the faul. . . : e -
ition operations, it satisfies the monotonicity property as well, ex-

manifestation information through these modules; typical module ex- T ; . . - -
amples that exhibit monotonicity are adders and multiplers, widel} ectedly resulting in RFBL information preservation. ‘To justify this

utilized in arithmetic circuits. The identification of the propagation twitive observation, we can examine the shift-and-add multiplication

- . - . algorithm [10] for an example wherein the first input has an RFBL of
conditions, which may be used as a basis for grouping fault effects, . . . . P
) L2 r.and the second input is nonzero and it hasonsecutive 0’s in its

helps compute the expected signature of the judiciously formed fault . o i .
. . : . Tightmost bit positions. In every step of the shift-and-add algoritAm,

effect groups. The mutual manifestation behavior of the faults in a

group, defined by the grouping criteria, constitutes the information t shifted left by one; the decision on whether to atitb the accumu-
! ' %ted sum depends on the bitsBf In each of the firstv steps,A is
be tracked through the RT modules. . : o .

. L _ . . ._shifted left, with no additions performed. Thehis added to the sum,
The independence of distinct output bits in a typical logic block sig-

nificantly eases the trace of the fault manifestation information. Th\’é'h'ch is 0; therefore, at that point, the sum has a faulty bit, whose

. ) . .. _|ocation isr + w. In the subsequent steps, this sum is possibly added
impact of a group of fault effects on the output bits can be |dentn‘|e£ith the A bits shifted left whose faulty bit locations exceed: w.

based on their impact on the input bits due to the structural regularit% . . - .
. o . ... Ysing the result of our analysis for the addition operation, we can con-
For modules such as logic arrays, the output bit in a certain position

is computed based on only the input bits in the same position. Simi-

larly, for shifters, an output bit depends only on a single input bit. Théwe follow the convention that the rightmost bit corresponds to the
independence among bitwise output computations hints at the infdeast significant bit, and the leftmost bit, to the most significant bit.




[ Module | RFBL. | Condition for propagation | RFBL information propagation behavior of regular logic arrays can be
Register RFBLq Load=1, Clear=0 modeled by the mathematical minimum operation, denotediag ),

ADD/SUB | S(RI'BLa, RFBLy) - due to the independence of output bit computations. The RFBL infor-

S(RFBLa + W(b), mation propagation of the multiplier operation is modeled based on

Multiplier RFBLy + W(a), - ) . . . . .
RFBL. + RFBLy) the W() function, which takes as input a bit string and returns an in-

f RFBL, = RFBL, teger that denotes the number of consecutive 0’s in the rightmost bit
a[RFBL,] = b[RFBL); positions of the bit string.

(N)AND/ | min(RFBL,, RFBLy) elseifRFBL, < RFBL,, The propagation conditions are defined for the cases wherein mul-
(N)OR b[RFBL,] = C(Module); tiple module inputs manifest the fault effects; under the single faulty
elsea[RF BL,] = C(Module) | module assumption, multiple faulty inputs occur due to reconvergent

Shift-left RFBLg +1 RFBLq # buswidth fanouts or loops in the designs. In the typically more common case
Shift-right REBLq —1 REBLa #0 wherein only a single module input manifests the fault effects, the

MUX RFBL, select=0

propagation conditions defined in table 1 are significantly relaxed, as
the aliasing possibility, which is due to multiple fault effects cancel-
Table 1: RFBL information propagation through RT modules ing each other out, is eliminated; the rules defined asia or aS
; : : function are simplified down to a single term consisting of the RFBL
clude that the output has a rightmost faulty bit locatiomn ,and . . . - ’

P 9 Y o w value of the faulty input only. Although in this work we define a di-

that the RFBL information is propagated through the multiplier. ) ) .
For the common RT modules, the RFBL information can be Ltidgnosis methodology under the single faulty module assumption, the

lized in the computation of diagnostic information regarding a grougqmposed Irpethodollo%y catn btf] extendedl_tto haflr;ﬂle ggg'fle faulty T.Od'
of fault effects, as this information is typically preserved subseque es s(::n’}u adngotusb?/ 1ue 0 the generality ot the propagation
to propagation. Both computational and storage requirements can trﬂ':l'ées efined n table L.

be satisfied in diagnosing large ICs while delivering high diagnosti, DIAGNOSTIC INFORMATION

resolution levels. An efficient RT-level analysis can be carried out based on the afore-

4. RT MODULE CHARACTERIZATION mentioned RFBL information propagation, enabling the computation

of storage efficient diagnostic information. Although such a grouped

The computation of RFBL-based diagnostic information necessfy it effect based analysis attains a high diagnostic resolution in a
tates the modeling of the RFBL information propagation behavior qfom tationally efficient manner, it is possible that certain fault pairs
RT modules. The propagation of the RFBL information regarding g,y still be indistinguishable based on the diagnostic information col-
group of faults in a certain module to the circuit primary outputs help%cted. To regain the maximum possible resolution, these indistin-
compute th_e expecteq faulty signature corre_sponding to the_se faultSishable fault pairs should be targeted individually.

In this section we define the RFBL propagation rules for various RT 1he hroposed diagnostic information computation process consists
modules._ . . . ) of two phases. In the first phase, an RT-level analysis is performed

As the information traced consists of the rightmost faulty bit locap4ced on RFBL information propagation, attaining a certain diagnos-
tion, the failure of RFBL information propagation results in the 10ss of;.. rasolution. In this phase of the algorithm, the only assumption is

information regarding the corresponding fault effects. The only inforg,o single faulty module assumption which can be eliminated as ex-
mation that can be still utilized subsequent to the loss of the RFBL iIE1

L . ) . 'Plained earlier; no assumptions regarding a certain fault model are
formation is the fact that the bits to the right of the rightmost faulty bit, . 4e. The first phase of the algorithm can be customized with re-

location are fault-free. As the bits to the left of the rightmost faulty bil’Sloect to any fault model, such as the single/multiple stuck-at/bridging

location may or may not be faulty, no information can be utilized regy iy models, as the manifestation behavior of any type of faults can
garding the bits in these locations. We therefore introducesttfietly be modeled by the RFBL information.

minimum functiondenoted byS(), that takes as inputs two integers |, he second phase of the algorithm, gate level information is uti-
and returns the mathematical minimum of its arguments only if the,eq 5o as to distinguish the fault pairs that the first phase fails to
two values differ; otherwise, it returns a symbolic value that denotegigiinguish; the fault pairs (based on the desired fault model) that the
a number that is only known to be greater than its arguments. In the-p) _hased analysis of the first phase fails to distinguish are targeted
latter case, the information regarding the lower bound on the fault i 5jyigually, attaining maximal resolution. The amount of diagnostic
index is utilized to track the fault-free bits to the right of this indeX. ;ntormation to be stored is proportional to the number of fault pairs

_ Letus consider an adder module with both of its inputs faulty. If thg, pe handled in the second phase; the effectiveness in terms of stor-
input RFBLSs differ, the RFBL of the output equals the smaller inpul,ge of the proposed methodology strongly depends on the diagnostic
RFBL; otherwise, the exact RFBL information is lost as the faulty bitgesytion level attained at the end of the first phase and hence on the

in the same bit locations of the two inputs cancel. In the latter casgrpg| information propagation behavior of the RT modules.
the only information that can still be utilized is the fact that the adde

output bits to the right of the input RFBL are fault-free. The RFBLé-l RFBL Information Propagatlon
information propagation behavior of an adder module can be modeledBased on the RFBL information propagation rules defined in table
through theS operation, consequently. 1, an RT-level analysis can be performed to extract the diagnostic in-
Table 1 provides the RFBL information propagation through somfarmation for the RT modules in the design. In this analysis, each
common RT modules; the output RFBL, denoted”dSBL,, based module is attacked individually; the RFBL information in the output
on the RFBL of the inputs, denoted B#'BL, andRF BL,, and the  of the targeted module, denoted as Module Under Diagnd$is D),
condition to be satisfied to ensure the propagation of the RFBL infois propagated through other modules, computing the RFBL signature
mation are shown. For some logic operations,dbetrolling value of  of the M U D faults at the primary outputs.
the operation denoted as thé() function, may determine the propa-  Two integers are utilized to trace the RFBL information correspond-
gation of the RFBL information; thé() function takes as input a logic ing to the MUD; a symbol in the form af — j denotes that an RFBL
operation and returns the controlling value bit of this operation. Thef i in the MUD output reflects into an RFBL gfin the current cir-

RFBL,, select=1
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22 ADDI (051 | 050 ! Figure 4: Pairwise distinguishabil-
Wiﬁ 3 1—2 1—1 Figure 3: Pass-fail information ity table
3=3 23| 2-¢
9 i3--3 AND 3—+¢ | 3—¢ | stored on a per fault basis, significant storage benefits are delivered
ADD 2 _ ADD2 | 0—»1| 0—¢ | bythe proposed RT-level analysis due to the information storage on a
0 0 1 2 1 . .ps . .
00 pogy 11 5 - 3 5 ¢ per fault group basis. Specifically, the storage complexity of the in-
1—1 gﬂé 3 : 5| 3 : i formation per test vector can be denoted®§°™ | |ModuleOut;| -
33 ~¢ AND |[0=¢ | 050 Zfzol log(|PO:;])), whereinM and PO denote the number of RT
SHL 1=o¢| 1—=1 modules and primary output buses, respectively, while the bus width
2—¢| 2—2 | of thei’” module output and thé" primary output are denoted by
o1 l 9-1 3290 | 323 | |ModuleOut;| and|PO;|, respectively. The storage requirement of
-3 SHL [1) - ? [1) ¢ i the RT-level diagnostic information delivered by the proposed method-
~¢ 252 254 ology can be easily contrasted with that of the gate-level schemes,
33| 3¢ | whereinafulldictionary necessitates the storageof- 379 |PO;|)

_ bits; the tremendous number of faults, denotedfbyypically mag-
Figure 2: Module signatures  nifies considerably the storage required for fault-based dictionaries in
gate-level approaches.
cuit line subsequent to propagating through numerous modules. The . . . .
integer to the left of the-»* symbol is denoted as theharacteriz- g_Z Dlagnostlc Resolution Restoration
ing RFBL, as it represents a group of fault effects in the MUD and The RFBL-based diagnostic information delivered by the first phase
remains constant during the propagation of the symbol through othefthe algorithm is fault model independent; the signatures for the fault
modules; the integer to the right of the»* symbol is denoted as the groups (from any fault model) are computed and utilized for diagno-
reflected RFBLThe characterizing and the reflected RFBLs attachesis purposes. In the second phase of the algorithm, described in this
to the same symbol may be distinct due to operations sughid$;  section, the diagnostic resolution gap between that attained in the first
these operations might lead to the manifestation of the fault effecphase and the maximal possible resolution is restored. The fault pairs,
at bit locations other than the ones at the MUD output line, possibly the desired fault model that the RFBL-based diagnostic information
changing the reflected RFBL. The RFBL-based symbols in the prails to distinguish are individually targeted to identify the minimally
mary output buses are computed for any possible MUD output bisjzed gate-level diagnostic information. In minimizing the amount of
the number of symbols to be propagated equals the MUD output bdggnostic information, the second phase of the proposed algorithm
width. The diagnostic information in the form of RFBL reflections ofbenefits from the fact that only a small number of faults need to be
MUD output bits to primary outputs is thus computed. distinguished.

Figure 1 illustrates the proposed RT-level analysis for the extrac- The pass-fail information regarding a minimal set of test vectors is
tion of the RFBL-based diagnostic information for a single test veceomputed by the second phase of the algorithm. A tabular structure,
tor. The step-by-step RFBL information propagation corresponding ttenoted as theairwise distinguishability tableis utilized, with the
the ADD1 module is illustrated on the RT-level circuit; based on thaows denoting the indistinguishable fault pairs and the columns, the
propagation rules defined in table 1, the RFBL information is proptest vectors. An entry in this table is marked only if the faults in the
agated through the RT modules. As all the circuit lines are four-bitorresponding fault pair can be distinguished by the corresponding
wide, the number of symbols to be propagated is four. Although thiest vector; a pair of faults can be distinguished by a test vector only
addition operation4 D D2) retains the RFBL information, due to the if the vector detects one of the faults and fails to detect the other. A
SHL module, the reflected RFBL values exceed the characterizinginimal set cover algorithm is executed on this table to identify the
RFBL values by 1 in every symbol i?O1; the fault effects on the minimal number of test vectors that cover all the fault pairs, distin-
leftmost bit, denoted by the characterizing RFBL of 3, are lost. Aguishing the faults in any of the fault pairs listed in the table. The
the side input of thed N D module is 3, “0011” in binary represen- diagnostic information with respect to a small subset of fault pairs and
tation, the fault effects with characterizing RFBL values of 2 or 3 ara small subset of test vectors helps attain maximal possible resolution
lost, denoted by thé symbol; the two rightmost bits aPO?2 still  with significantly reduced storage size.
manifest the fault effects with characterizing RFBL values of 0 or 1. An example pass-fail information is provided in Figure 3; in the
An ADD1 module fault that has an RFBL value of 0 in tHdDD1  pass-fail table, a 1-entry denotes that the corresponding fault is de-
output, for instance, exhibits the RFBL values of 1 and @011 and tected by the corresponding test vector. For the RFBL information
PO2, respectively. The RT-level analysis illustrated for th&®D1  based indistinguishable fault pai(g, f2), (f1, f3), (f2, f3), (f4, f5),
module can be performed for the other modules as well, computirend (fs, f7), the pairwise distinguishability table is provided in Fig-
their signatures; figure 2 provides the RFBL information propagationre 4. The execution of a minimal set cover algorithm on the pairwise
corresponding to all the modules in the example RT-level circuit.  distinguishability table identifies the minimal set of test vectors that

The RT-level diagnostic information to be stored consists of the ralistinguish all the faults listed in the table; the utilization of the pass-
flected RFBL values at the primary output bus(es) for every modulil information of only¢; andts for these seven faults helps restore
output bit. Compared to the gate-level diagnostic information that ihe diagnostic resolution loss of the first phase.

Figure 1: RFBL information propa-
gation for ADD1 module
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SHL 0—0 0— ¢ 0—-0([0—¢ | 0—0 0— ¢ 0—-0([0—¢ | 0—0 0— ¢
1—1 1—¢ 1—-1|1—=¢ | 1—1 1—0¢ 1—1 1—¢ 1—1 1—0¢
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Table 2: RFBL-based dictionary
6. DIAGNOSIS APPLICATION PROCESS 6.2 Candidate Fault Set Identification

Subsequent to the identification of the defective chips through the Subseguent to the identification of the faulty module, the faults in
manufacturing test application, the test responses of the defective cHiys module that account for the defective chip behavior should be
can be utilized to pinpoint the cause of the failure. In this sectiorPI"Pointed. In this process, both the precomputed RFBL-based and
we present how the diagnosis application process is to be carried dj)f Pass-fail diagnostic information are utilized. The reader should
based on the diagnostic information computed through the propos@ﬂte_ that the RFBL-based candidate faglt set |d§nt|f|cat|on can be cus-
analysis described in the previous section. tomized to any fault model through the integration of the correspond-

The diagnosis application process consists of two steps: the iddRd fault simulator. _ _
tification of the faulty module and the identification of the candidate 'Mitially the candidate fault setis computed by referring to the RFBL-
fault set. In the first step, the modules that account for the RFBL ifased dictionary. Every test vector that yields a defective behavior
the defective responses are identified; in this step, only the RFEBPINpoints a group of faults th_at accounts f_or the defective behavior.
based diagnostic information is utilized. In the second step, the faulfd1® actual RFBL of the defective response is compared to the reflected
in the module that have been identified to be faulty are focused upoR/ BL values in the dictionary; the characterizing RFBL value of the
based on both the RFBL-based and pass-fail diagnostic informatigiiouped fault effects that account for the defective behavior for a test

computed by the proposed methodology, the faults that account fgctor is thus identified. The actual faults are identified by performing
the defective behavior are identified. a fault simulation on the corresponding module only; the faults that

o display an RFBL value on the module output that matches the charac-

6.1 Faulty Module Identification terizing RFBL value are placed in the candidate fault set. The candi-

The comparison of the precomputed RFBL-based module signg‘-"‘te fault sets corresponding to the defect manifesting test vectors are
tures with the actual primary output RFBLS of the defective chip hem'@ersected so as to identif_y the fau_lts that aC(_:ount for the cause of the
pinpoint the faulty module. The candidate faulty module set is identf@ilure. Furthermore, the information regarding the test vectors that
fied for every test vector; the intersection of the candidate faulty modi€lds fault-free responses should be utilized as well for refining the
ule sets constitutes the module containing the defect. candidate fault set. Based on the dictionary entries corresponding to

Table 2 provides the RFBL-based dictionary for the RT-level circuithese vectors, any fault that definitely reflects_, to at least one primary
in Figure 1. Let us consider th&0,; and PO, RFBL values corre- Output bus should be excluded from the candidate faultset.
sponding to the actual defective chip responses are 1 and 0 for the firsfl '€ €xample in the previous subsection helps illustrate the identifi-
test vector, 1 and 1 for the third vector, apdnd 3 for the fifth vectors, cation of the candidate fault set based on the RFBL-based dictionary.
respectively, and that the second and the fourth vectors yield fault-fré§ the module that contains the defect is identified to beMe L
responses. The dictionary entries consistent with the RFBL values fodule, the target faults consist of the faults in this module only. By
the defective chip responses are provided in a larger font size. By f&f€rring to the boxed dictionary entry corresponding to e/
ferring to the reflected RFBL values (the integers to the right of thE'0dule and: in Table 2, the characterizing RFBL value is identified
“_3* symbol) in the dictionary, the candidate faulty module set can b&S 0. AnyMUL fault _that is detected by_the first vector and th_at has
identified to consist of thé/U X, MUL and ADD1 modules based @n RFBL value of 0 in thel/UL output is placed in the candidate
on the defective response of the first vector, while Mi& X, MUL fault set, consequently; these faults can be identified by performing a
ADD1, andAN D modules account for the defective response of thé2ult simulation targeting only th#/U L module. Similarly, the can-
fifth vector. The third test vector, on the other hand, yields the prpidate fault sets are formed for the third and the fifth test vectors by
mary output RFBLSs that narrow down the candidate faulty module s&¢using on the faults with an RFBL value of 0 and 3, respectively.

to a singleton set consisting 87U L only, pinpointingM UL as the The final candidate set is formed by intersecting these three candidate
defective module. fault sets. It should be noted that the second and the fourth test vec-




Proposed | Pass-fail Proposed
Circuit | RFBL info. | Compressed pass-fajl Complete pass-fall Circuit | Size (bits) [ Time (s.) | Size (bits) [ Time (s.)
GCD1 1.74 1.63 1.63 GCD1 | 1.55-10° | 1.62-10% | 7.36-10% | 2.30 - 10!
GCD2 1.23 1.16 1.16 GCD2 | 3.92-10° | 2.32-10% | 1.85-10° | 1.67-107
MAC1 1.52 1.24 1.24 MAC1 | 2.37-10% | 6.86-10° | 1.16-10° | 1.84 - 102
MAC2 1.56 131 131 MAC2 | 1.41-107 | 1.04-10° | 1.21-105 | 1.65- 103
Table 3: Diagnostic resolutions Table 4: Storage and runtime comparisons

tors yield fault-free responses. The dictionary entries correspondig%heme to that corresponding to a pass-fail dictionary equals 20.45 and
to the second test vector and theU/ L, module suggest that the fault 11.70, respectively. Even for the smaller circuits, significant speedups

that accounts fo_r the defec_t should be_dorm_ant under the ap_plicatigt;b attained by the proposed methodology over the pass-fail dictio-
of 2, as any activated fault in/ U L manifests in at least one primary nary approach. The run-time speedups for the four circuits are 7.04,

OUtdet bus whei, if] applied. The faultsl_th_at arz ?eteCtﬁd by tg% S€C13.90, 37.29 and 63.25, respectively. As the circuit sizes increase, the
ond test vector at thaf{/ L output are eliminated from the candidate roposed RT-level diagnosis methodology is slated to outperform the

fault set, consequently. Based on the dictionary entries correspondiﬁgt : :
’ e-level diagnosis approaches, consequently.
to the fourth test vector and thid U L module, on the other hand, one 9 P a y

can observe that a fault with an RFBL value of 3 manifests in non8. CONCLUSIONS
of the primary outputs. Any fault that yields an RFBL value differing | this paper, we have proposed an RT-level diagnosis methodology.
from 3 is to be excluded from the candidate fault set. The methodology we propose is not only computationally efficient but
If the resulting candidate set is a singleton set, the diagnosis appli-also delivers diagnostic information that satisfies storage require-
cation process terminates successfully, with the fault being reportegents as well. The proposed methodology is in compliance with any
as the cause of the failure; otherwise, further refinement is necesgiylt model, resulting in enhanced defect locating capabilities.
tated through the utilization of the precomputed pass-fail information. we present a module structural analysis for common RT modules
In the example illustrated in section 5.2, for instance, the candidaifat enables the identification of the appropriate fault grouping crite-
fault set may consist of1, f», and fs subsequent to the refinementia. The fault effects are propagated through RT modules all in one
based on the RFBL information. Based on the paSS-fail informatio&oop by tracing On|y the information representing them. Compu_
regardingt, andts in Figure 3, one of these faults is identified as theiation of the diagnostic information on a grouped fault effect basis
actual cause of the failure, resulting in the successful termination 9?0mises to deliver not only computational efficiency but also diag-
the diagnosis application process. nostic information of compressed sizes.

7. EXPERIMENTAL RESULTS Perfect diagnostic resolution is ensured by the proposed methodol-

ogy by storing the pass-fail information regarding a subset of the test

The proposed fault diagnosis methodology has been applied t0 g the fact that the minimally sized subset is identified alleviates the

datapath portions of the MAC [11] and GCD [12] circuits, and the di'storage requirements significantly.

agnostic resolution, storage size and run-time results have been comgyeaye applied the outlined methodology to several RT-level bench-
pared to those of a pass-fail dictionary. Although the proposed methqgla . circuits. The experimental results indicate that the proposed
ology is independent of any specific fault model, for experimental pufgrouping of fault effects delivers significant storage and runtime bene-
poses, diagnostic resolution levels are reported based on the stuck@tang that these benefits are magnified as circuit sizes increase. The

fault model. o _ _ proposed RT-level fault diagnosis methodology therefore constitutes a
The GCD and MAC circuits consist of 9 and 20 high level modulespighly promising solution for the next generation ICs.

respectively. By adjusting the bus width of these circuits, two distinct

versions for each of the GCD and MAC circuits are designed; th, REFERENCES
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