Copyright ' 1993 by the Center for Reliable Computing, Stanford University.All rights reserved, including the right to reproduce this report, or portions thereof, in any form.Center for Reliable ComputingTECHNICALREPORTTest Point Insertion for Non-Feedback Bridging FaultsNur A. Touba and Edward J. McCluskey

9 6 - 3 Center for Reliable Computing

Gates Building 2A, Room 236

Computer Systems Laboratory

(CSL TR # 96-703)Departments of Electrical Engineering and Computer Science

Stanford University

August 1996Stanford, California 94305

Abstract:This paper studies pseudo-random pattern testing of bridging faults. Although bridging faults aregenerally more random pattern testable than stuck-at faults, examples are shown to illustrate that somebridging faults can be much less random pattern testable than stuck-at faults. A fast method foridentifying these random-pattern-resistant bridging faults is described. It is shown that state-of-the-arttest point insertion techniques, which are based on the stuck-at fault model, are inadequate. Data ispresented which indicates that even after inserting test points that result in 100% single stuck-at faultcoverage, many bridging faults are still not detected. A test point insertion procedure that targets bothsingle stuck-at faults and non-feedback bridging faults is presented. It is shown that by consideringboth types of faults when selecting the location for test points, higher fault coverage can be obtainedwith little or no increase in overhead. Thus, the test point insertion procedure described here is a low-cost way to improve the quality of built-in self-test. While this paper considers only non-feedbackbridging faults, the techniques that are described can be applied to feedback bridging faults in astraightforward manner.Funding:This work was supported in part by the Ballistic Missile Defense Organization, Innovative Scienceand Technology (BMDO/IST) Directorate and administered through the Department of the Navy, Officeof Naval Research under Grant No. N00014-92-J-1782, by the National Science Foundation underGrant No. MIP-9107760, and by the Advanced Research Projects Agency under prime contractNo.˚DABT63-94-C-0045.Imprimatur: Vincent Lo and Sanjay Wattal

Test Point Insertion for Non-Feedback Bridging FaultsNur A. Touba and Edward J. McCluskeyCENTER FOR RELIABLE COMPUTINGComputer Systems LaboratoryDepartments of Electrical Engineering and Computer ScienceStanford UniversityStanford, California 94305-4055 iiABSTRACTThis paper studies pseudo-random pattern testing of bridging faults. Although bridgingfaults are generally more random pattern testable than stuck-at faults, examples are shown toillustrate that some bridging faults can be much less random pattern testable than stuck-at faults. Afast method for identifying these random-pattern-resistant bridging faults is described. It is shownthat state-of-the-art test point insertion techniques, which are based on the stuck-at fault model, areinadequate. Data is presented which indicates that even after inserting test points that result in100% single stuck-at fault coverage, many bridging faults are still not detected. A test pointinsertion procedure that targets both single stuck-at faults and non-feedback bridging faults ispresented. It is shown that by considering both types of faults when selecting the location for testpoints, higher fault coverage can be obtained with little or no increase in overhead. Thus, the testpoint insertion procedure described here is a low-cost way to improve the quality of built-inself-test. While this paper considers only non-feedback bridging faults, the techniques that aredescribed can be applied to feedback bridging faults in a straightforward manner.

iiiTABLE OF CONTENTSABSTRACT............................................................................................iiTABLE OF CONTENTS..............................................................................iiiLIST OF FIGURES...................................................................................ivLIST OF TABLES.....................................................................................iv1.INTRODUCTION.....................................................................................12.BRIDGING FAULT MODELS......................................................................33.RANDOM-PATTERN-RESISTANT BRIDGING FAULTS....................................43.1Examples of Random-Pattern-Resistant Bridging Faults................................43.2Identifying Random-Pattern-Resistant Bridging Faults..................................54.TEST POINT INSERTION FOR BRIDGING FAULTS.........................................84.1Computing Observation Point Solutions..................................................94.2Identifying Random-Pattern-Resistant Bridging Faults.................................104.3Selecting a Set of Test Points to Insert....................................................115.EXPERIMENTAL RESULTS......................................................................126.CONCLUSIONS......................................................................................13ACKNOWLEDGMENTS............................................................................13REFERENCES........................................................................................14 ivLIST OF FIGURESFigureTitle1 Example of Gate Level Bridging Fault Models..............................................32 Example of a Random-Pattern-Resistant Bridging Fault Between Input Lines of a Gate......................................................................................53 Example of a Random-Pattern-Resistant Bridging Fault Between Correlated Lines. . . . 54 Example of Observation Point.................................................................85 Example of Control-1 Point....................................................................86 Example: Observation Point at Node a or Node b is a Solution..........................97 Example: Control-1 Point at Node a, Node c, or Node d is a Solution, but Node e is Not a Solution Because it Blocks Propagation to a Primary Output...............108 Example: Matrix of Test Point Solutions for Each Fault..................................11LIST OF TABLESTableTitle1Results for Fault Simulation of Bridging Faults.............................................72Results for Test Point Insertion in Benchmark Circuits...................................12

11. INTRODUCTIONA common physical defect in MOS technologies is a short between two signal lines whichresults in a bridging fault [Shen 85], [Ferguson 88]. Detecting bridging faults during the testprocess is very important for achieving high quality levels. Bridging faults can be detected witheither IDDQ testing [Levi 81], [Acken 83], or conventional voltage testing.IDDQ testing involves monitoring the quiescent power supply current in CMOS circuits. Iftwo shorted nodes are driven to opposite values, an increase in the static current results. If thisincrease in the static current can be measured, then the corresponding bridging fault can bedetected. There are two well-known drawbacks to IDDQ testing. The first is that currentmeasurements take longer than voltage measurements. The second is that subthreshold (�leakage�)current can mask the effect of a bridging fault. As feature sizes continue to shrink, leakage currentwill increase making it increasingly difficult to differentiate good and defective devices using IDDQmeasurements [Williams˚96]. Projected data presented by Williams, et. al, in [Williams˚96] is notencouraging for the future quality of IDDQ testing. This paper focuses on conventional voltagetesting for bridging faults.While test sets for single stuck-at faults guarantee detection of some bridging faults(e.g.,˚bridging faults between the inputs of an elementary gate [Mei 74]), they do not guaranteedetection of the vast majority of bridging faults. It has been shown that a significant number ofbridging faults are generally not detected by single stuck-at tests sets [Millman 88], [Storey 90],[Butler 92], [Chess 94]. Empirical data confirms the limits of single stuck-at testing[Pancholy˚90], [Maxwell˚91], [Storey˚91], [Perry˚92], [Gayle 93], [Ma 95]. In order to achievethe quality levels now required for digital integrated circuits, research has been done ondeterministic test pattern generation and fault simulation techniques that explicitly target bridgingfaults [Abramovici˚85], [Acken˚91], [Millman˚91], [Lee˚91], [Ferguson˚91], [Hajj 92],[Greenstein˚92], [Chess˚93,˚94], [Rearick˚93], [Maxwell˚93].While previous research has focused on deterministic testing of bridging faults, this paperstudies pseudo-random testing of bridging faults. Pseudo-random testing is an attractive approachbecause of its suitability for built-in self-test (BIST). A simple compact circuit such as a linearfeedback shift register (LFSR) or cellular automaton (CA) can be used to generate the patternsthereby minimizing BIST overhead. Although bridging faults are generally more random patterntestable than stuck-at faults, examples are shown to illustrate that some bridging faults can be muchless random pattern testable than stuck-at faults. A fast method for identifying theserandom-pattern-resistant bridging faults is described. It is shown that state-of-the-art test pointinsertion techniques, which are based on the stuck-at fault model, are inadequate. Data ispresented which indicates that even after inserting test points that result in 100% single stuck-at

2fault coverage, many bridging faults are still not detected. A test point insertion procedure thattargets both single stuck-at faults and non-feedback bridging faults is presented. It is shown thatby considering both types of faults when selecting the location for test points, higher fault coveragecan be obtained with little or no increase in overhead.The paper is organized as follows: In Sec. 2, the bridging fault model that is used in this paperis explained. In Sec. 3, a fast method for identifying random-pattern-resistant bridging faults isdescribed. In Sec. 4, a test point insertion procedure which targets both single stuck-at and non-feedback bridging faults is presented. In Sec. 5, experimental results are shown for the test pointinsertion procedure. Section 6 is a conclusion.

32. BRIDGING FAULT MODELSThree gate level bridging fault models are wired-and, wired-or, and dominant driver. Thesemodels are illustrated in Figure 1. In the wired-and (wired-or) model, if the output of either gateG1 or gate G2 is a 0 (1), then the shorted node is a 0 (1). This situation occurs in CMOS when then-network pull-down (p-network pull-up) is stronger than the p-network pull-up (n-networkpull-down). In the dominant driver model, it is assumed that the output of gate G1 (gate G2) isstronger than the output of gate G2 (gate G1), and hence the shorted output is always equal to theoutput of gate G1 (gate G2). This situation occurs in CMOS when gate G1 (gate G2) is scaledsuch that it has a larger load driving capability than gate G2 (gate G1).

4a

Wired-andWired-or

Figure 1. Example of Gate Level Bridging Fault ModelsIf the layout of the circuit is known, inductive fault analysis techniques can be used to identifya set of probable bridging faults [Ferguson 88], [Jee 93]. Circuit level models can then be used tomore accurately predict the behavior of each bridging fault. Several different methods have beendependent fault modeling is that if the layout changes, then the results are no longer valid.Since test point insertion involves modifying the circuit and hence changing the layout, layoutdependent fault modeling is not feasible. For this reason, gate level bridging faults models areused in this paper. All three of the gate level bridging fault models previously described aretargeted to ensure a very thorough test that is layout independent.Bridging faults can be divided into two classes. Feedback bridging faults are those in whichthere is a path in the fault-free circuit from one of the shorted lines to the other thereby creatingfeedback in the faulty circuit. Non-feedback bridging faults are those for which no feedback isintroduced when the two lines are shorted together. Feedback bridging faults may add statecausing the circuit to no longer be combinational, and thus they are more complicated to simulate.Since feedback bridging faults have been found to be easier to detect than non-feedback bridgingfaults [Millman˚88], this paper will consider only non-feedback bridging faults. However, thetechniques described in this paper can be applied to feedback bridging faults in a straightforwardmanner. The only difference is the added complexity for simulation.

Detection of the gate level bridging faults described in the previous section can be related tosingle stuck-at fault detection using the theorems shown below [Williams˚73]. Note that in thesetheorems, �node� refers to primary inputs and gate outputs. Stems and fanout branches are notdistinguished because a bridging fault will never cause a stem and its branches to have differentvalues. Stuck-at 1 and stuck-at 0 are abbreviated s-a-1 and s-a-0, respectively.Theorem 1: A test detects a wired-AND non-feedback bridging fault between node x andnode if and only if either detects s-a-0 and sets = 0, or detects s-a-0 and sets Theorem 2: A test detects a wired-OR non-feedback bridging fault between node andnode if and only if either detects s-a-1 and sets = 1, or detects s-a-1 and sets Theorem 3: A test detects a node dominant non-feedback bridging fault between node and node if and only if either detects s-a-0 and sets = 0, or detects s-a-1 and sets = 1.The detection probability of a fault is equal to the number of input patterns that detect the faultdivided by the total number of inputs patterns, 2, where n is the number of primary inputs. Faultswith very low detection probabilities are said to be random-pattern-resistant (r.p.r.) because theyare hard to detect with random patterns [Eichelberger 83]. The detection probability for bridgingfaults is generally higher than that for stuck-at faults because there are two possible sites fromwhich the effects of the fault can be observed, whereas there is only one site from which the effectsof a single stuck-at fault can be observed. However, examples will be shown to illustrate that thedetection probability for some bridging faults can be much lower than that for any single stuck-atfaults.Figure 2 shows an example of a bridging fault whose detection probability is much lower thanthat for any single stuck-at fault in the circuit. All of the stuck-at faults in the circuit have adetection probability of 2-6 or greater, whereas the wired-and bridging fault has a detectionprobability of 2-10. The reason for this is that ANDing the two inputs of gate G2 will never changethe output of gate G2, so the only way to observe the wired-and bridging fault is through thefanout line to gate G3. This type of situation occurs anytime a bridging fault between two inputslines to a gate mimics the logic function of the gate. Such a bridging fault can only be observedthrough a fanout line from one of the gate inputs and therefore can have a low detectionprobability. Note that it is likely that two input lines to a gate will be routed near each other andthus an unintentional short between them is quite possible.Figure 3 shows another example of a bridging fault whose detection probability is much lowerthan that for any single stuck-at faults in the circuit. Again, all of the stuck-at faults have adetection probability of 2-6 or greater, whereas the dominant driver bridging fault has a detection probability of 2-10. The reason for this is that the logic values of the two lines involved in thebridging fault are correlated. If the common input to gate G2 and gate G3 is a 0, then the fault-freeoutput of both gates is a 1. The only time that the bridging fault is provoked is when the commoninput to gate G2 and gate G3 is a 1 and the output of gate G1 is a 0, then the output of gate G2 is a1 which forces a faulty value on the output of gate G3. The type of situation can occur when thetwo lines involved in a bridging fault share inputs. Note again that it is likely that lines that shareinputs will be routed near each other and thus an unintentional short between them is quitepossible.

Figure 2. Example of a Random-Pattern-Resistant Bridging Fault Between Input Lines of a Gate

Figure 3. Example of a Random-Pattern-Resistant Bridging Fault Between Correlated LinesThere are two general approaches for identifying which bridging faults arerandom-pattern-resistant. The first approach is to analytically compute the detection probabilities.Computing fault detection probabilities is an NP-hard problem [Krishnamurthy˚86]. For smallcircuits, an exact method for computing detection probabilities for bridging faults was outlined in[Kapur 91]. For larger circuits, many methods exist for estimating detection probabilities forsingle stuck-at faults, but the accuracy of applying these techniques to computing detectionprobabilities for bridging faults can be greatly reduced when the controllability of the two shortednodes is not independent.

The second approach for identifying random-pattern-resistant bridging faults is to performsimulation experiments. This involves doing fault simulation for several different random patterntest sets and keeping statistics on which bridging faults are not detected.In the case of pseudo-random pattern testing where the patterns that are going to be used duringtesting are known a priori, fault simulation can be done to find the exact set of bridging faults thatare not detected. Given this set of undetected bridging faults, a test point insertion procedure willbe presented in the next section for modifying the circuit so that all of the bridging faults aredetected.One issue is the amount of time that is required for fault simulation of the bridging faults. Oneadvantage of using gate level bridging fault models is that a stuck-at fault simulator can be used forfault simulation of bridging faults as described by Abramovici and Menon [Abramovici˚85]. Thisis done by using the theorems listed above to relate bridging fault detection to stuck-at faultdetection. Each time a stuck-at fault is detected, the theorems above are used to determine whichbridging faults to mark as detected. Normally a stuck-at fault is dropped from the fault list as soonas it is detected, but when considering bridging faults, a stuck-at fault is not dropped from the faultlist until all of the bridging faults associated with it have been detected. As a result, there is anincrease in the fault simulation time for bridging faults compared with stuck-at faults due to the factthat the fault list is not reduced as quickly. One speedup technique that was suggested by Chessand Larrabee [Chess 93] is to check if any of the bridging faults associated with a stuck-at fault areprovoked by a pattern before simulating the stuck-at fault for that pattern; this reduces the numberof stuck-at faults that need to be simulated for each pattern.Note that the number of bridging faults associated with each single stuck-at fault is proportionalto the size of the circuit. So the larger the circuit, the slower the fault list will be reduced duringfault simulation. One way to reduce the fault simulation time is to only consider bridging faultsbetween nodes with low stuck-at detection probabilities. While this will not guarantee that allrandom-pattern-resistant bridging faults are found, data in Table 1 suggests that it will find most ofIn Table 1, results are shown for fault simulation of non-feedback bridging faults for 32,000pseudo-random patterns. The first two columns are for simulating all non-feedback bridgingfaults, and the last three columns are for only simulating non-feedback bridging faults betweennodes where single stuck-at faults were detected less than 5 times by the 32,000 patterns. Thefault simulation times are expressed as a multiple of the time required for single stuck-at faultsimulation. The number of undetected non-feedback bridging faults that were found in each case isshown.

Table 1. Results for Fault Simulation of Bridging FaultsSimulate Faults Between All NodesSimulate Faults Between Nodes Detected £ 5 TimesCircuitUndetected BridgingUndetected BridgingUndetected BridgingNameTotalFoundMisseds420s838s1196s1423.sC2670.sC3540.sC5314.sC7552.s

Test point insertion involves adding control and observation points to the circuit-under-test in away that the system function remains the same, but the testability is improved. An observationpoint is an additional primary output that is inserted in the circuit to increase the observability ofnodes in the circuit. In the example in Fig.˚4, an observation point is inserted at the output ofgate˚G1 such that nodes are observable regardless of the logic value at node y. A control point isinserted in the circuit such that when it is activated, it fixes the logic value at a particular node toincrease the controllability of some nodes in the circuit. In the example in Fig. 5, a control point isinserted to fix the logic value at the output of gate˚G1 to a �1� when the control point is activated.This is accomplished by placing an OR gate at the output of gate˚G1. During system operation,the control points are not activated and thus don’t affect the system function. However, controlpoints do add an extra level of logic to some paths in the circuit which can increase the delaythrough the circuit.

Figure 4. Example of Observation Point

Figure 5. Example of Control-1 PointSince test points add both area and performance overhead, it is important to try to minimize thenumber of test points that are inserted to achieve the desired fault coverage. This is accomplishedby carefully selecting the location of each test point. There are two general approaches for testpoint placement. One approach is to select the location of the test points based on testabilitythe location of the test points based on data collected during simulation [Briers˚86], [Iyengar˚89],[Touba˚96]. All of these techniques target single stuck-at faults only. The focus of this paper is totarget bridging faults. Because of the added complexity in controlling and added flexibility in observing bridging faults, the effectiveness of testability measures in predicting bridging faulttestability is questionable. In this section, a simulation based test point insertion technique will bedescribed for targeting both single stuck-at and bridging faults.The test point insertion technique described here uses the path tracing method introduced in[Touba˚96]. For each undetected stuck-at fault and bridging fault, a path tracing procedure is usedto identify the set of test points that will enable the fault to be detected, i.e., the set of test pointsolutions for the fault. Given the set of test points solutions for each undetected fault, a minimalset of test points to achieve the desired fault coverage is selected using a set covering procedure.Given the set of pseudo-random patterns that are applied to the circuit during testing, the set ofobservation point solutions for each undetected bridging fault can be computed. Fault-freesimulation is performed for each pseudo-random pattern, and a check is made to see if the patternplaces opposite values on the two shorted nodes of an undetected bridging fault thereby provokingthe fault. If the fault is provoked, then path tracing is performed to identify the set of nodes thatthe effect of the fault propagates to. An observation point placed at any of the nodes that the faultpropagates to will enable the fault to be detected and thus is a solution for the fault.An example is shown in Fig. 6. Fault-free simulation is performed for a pattern that provokesthe wired-or bridging fault, and path tracing is used to identify the propagation path for the fault.The fault propagates through gates G3 and G5, but is blocked at gates G6 and G8 and thereforedoesn’t propagate to a primary output. Inserting an observation point at node a or node b wouldenable the fault to be detected, so those two nodes form the set of observation point solutions forthe fault for that pattern. The union of the set of observation point solutions for eachpseudo-random pattern that provokes a particular fault gives the full set of observation pointsolutions for the fault.

Figure 6. Example: Observation Point at Node a or Node b is a Solution.

For computing control point solutions, fault-free simulation is performed for eachpseudo-random pattern, and a check is made to see if a sensitized path exists from an undetectedbridging fault site to a primary output. If so, then backwards path tracing is performed to identifythe set of nodes S that have a sensitized path to the line of the bridging fault whose value needs tobe complemented in order to provoke the bridging fault in the appropriate manner. A control pointthat complements the value at any of the nodes in S is a solution for the fault provided that itdoesn�t block propagation of the fault to a primary output.An example is shown in Fig. 7. Fault-free simulation is performed for a pattern that sensitizesan undetected bridging fault at the output of gate G6 to a primary output. In order to provoke thewired-and bridging fault so that it causes a faulty value at the output of gate G6, the output of gateG6 needs to be complemented. Backward path tracing from the output of gate G6 is used toidentify sensitized paths. Both inputs of gate G6 have a sensitized path to the output of gate G6Neither of the inputs of gate G4 have a sensitized path to the output of gate G4. One of the inputsof gate G3 has a sensitized path to the output of gate G3. Inserting a control-1 point at node a, cd, or e would complement the value at the output of gate G6 thereby provoking the fault.However, forward path tracing from node e identifies that it has a sensitized path to gate G9, soinserting a control-1 point at node e would block the effect of the fault from propagating to aprimary output. Therefore, only control-1 points at nodes , and are solutions. The union ofthe set of control point solutions for a particular fault for each pseudo-random pattern gives the fullset of control point solutions for the fault.A fast approximate procedure for path tracing is given in [Abramovici 84] and an exact methodis given in [Menon 91]. These papers describe path tracing from the primary outputs (calledcritical path tracing), however the procedures can be easily generalized for path tracing from a faultsite.

Figure 7. Example: Control-1 Point at Node , Node , or Node is a Solution, but Node is Nota Solution Because it Blocks Propagation to a Primary Output.

Once the set of test point solutions for each undetected single-stuck at fault and bridging faulthas been computed, a set covering procedure can be used to select a minimal set of test points thatwill enable all of the faults to be detected. A matrix is constructed in which each columncorresponds to a test point solution. For each undetected fault, a row is added to the matrix inwhich an �X� is placed in each column that corresponds to a test point solution for the fault. Anexample is shown in Fig. 8. The first row corresponds to fault˚1 for which the set of single testpoint solutions is an observation point at node w, a control-1 point at node˚, and a control-0 pointvO-vO-wO-xC0-wC1-zFigure 8. Example: Matrix of Test Point Solutions for Each FaultA set covering procedure [Christofedes˚75] is used to select a minimal set of columns that hasat least one �X� in each row. One �X� in each row ensures that all of the faults will be detected. Inthe example in Fig. 8, one such solution is the third column (observation point at node x) and thefourth column (control-1 point at node u). The test points corresponding to the selected columnsare inserted into the circuit. Once the test points have been inserted, a procedure is given in[Touba˚96] for synthesizing logic to drive the control points.

The procedure described in this paper was used to insert test points in some of the ISCAS 85[Brglez 85] and ISCAS 89 [Brglez˚89] benchmark circuits that contain random-pattern-resistantbridging faults. LFSR’s were used to apply 32,000 pseudo-random test patterns to each circuit. Itwas assumed that the flip-flops in the ISCAS 89 circuits were configured as part of the LFSRduring testing so that the circuits are tested like combinational circuits. The number of stages in theLFSR for each circuit was equal to the number of primary inputs plus the number of flip-flops. Test points were inserted into each circuit so that all single stuck-at faults and all detectablewired-and, wired-or, and dominant driver non-feedback bridging faults were detected by the set of32,000 pseudo-random test patterns. The results are shown in Table 2. A �.s� posta circuitindicates that it was simplified by removing redundant logic. The number of undetected singlestuck-at faults and non-feedback bridging faults before test point insertion and after test pointinsertion is shown. Two test point insertion procedures were used. The first targets singlestuck-at faults only. The second targets both single stuck-at faults and non-feedback bridgingfaults. The number of control points (Num Con) and the number of observation points (Num Obsthat were inserted by each procedure is shown.The results indicate that circuits that are random pattern testable for single stuck-at faults are notnecessarily random pattern testable for bridging faults. Current test point insertion procedureswhich consider only stuck-at faults may leave many bridging faults undetected. By consideringboth stuck-at faults and bridging faults, the test insertion procedure described in this paper enablesa higher quality test with little or no increase in overhead. In many cases, only one additionalobservation point is sufficient. For circuit s838, the procedure selected a different location for thecontrol point such that no additional overhead was required.Table 2. Results for Test Point Insertion in Benchmark CircuitsTPI Targeting Stuck-At & BridgingCircuitUndetectedUndetectedUndetectedUndetectedUndetectedUndetectedNameStuck-AtBridgingConObsStuck-AtBridgingConObsStuck-AtBridgings420s838s1196s1423.sC2670.sC3540.sC5314.sC7552.s

This paper presented a low-cost technique for improving the quality of pseudo-random patterntesting. A procedure was described for targeting both single stuck-at faults and non-feedbackbridging faults during test point insertion. By considering both types of faults during test pointinsertion, the location of the test points can be chosen in a way that provides higher fault coveragewith little or no additional overhead.While this paper considered only non-feedback bridging faults, the technique that wasdescribed can be applied to feedback bridging faults in a straightforward manner. The onlydifference is the added complexity for simulation.ACKNOWLEDGMENTSThis supported in part the Ballistic Missile Defense Organization, InnovativeScience and Technology (BMDO/IST) Directorate and administered through the Department theOffice Naval Research under Grant the National ScienceFoundation under Grant No. MIP-9107760, and by the Advanced Research Projects Agency underprime contract No. DABT63-94-C-0045.

REFERENCES[Abramovici 84] Abramovici, M., P.R. Menon, and D.T. Miller, �Critical Path Tracing: AnAlternative to Fault Simulation,� IEEE Design & Test of Computers, Vol. 1, pp. 89-93,Feb.˚1984.[Abramovici 85] Abramovici, M., and P.R. Menon, �A Practical Approach to Fault Simulation and[Acken 83] Acken, J.M., �Testing for Bridging Faults (Shorts) in CMOS Circuits,� Proc. of the[Acken 88] Acken, J.M., Deriving Accurate Fault Models, Ph.D. Thesis, CSL-TR-88-365,Computer Systems Laboratory, Stanford University, Oct. 1988.[Acken 91] Acken, J.M., and S.D. Millman, �Accurate Modeling and Simulation of Bridging[Acken 92] Acken, J.M., and S.D. Millman, �Fault Model Evolution for Diagnosis: Accuracy vs.Simulation,� Proc. of International Test Conference, pp. 274-281, 1986.[Brglez 85] Brglez, F., and H. Fujiwara, �A Neutral Netlist of 10 Combinational BenchmarkCircuits and a Target Translator in Fortan,� Proc. of International Symposium on Circuits andSystems[Brglez 89] Brglez, F., D. Bryan, and K. Kozminski, �Combinational Profiles of SequentialBenchmark Circuits,� Proc. of International Symposium on Circuits and Systems[Butler 92] Butler, K.M., and M.R. Mercer, Assessing Fault Model and Test Quality, Boston:Kluwer Academic Publishers, 1992.[Chess 93] Chess B., and T. Larrabee, �Bridge Fault Simulation Strategies for CMOS Integrated[Christofedes 75] Christofedes, N., and K. Korman, �A Computational Survey of Methods for the

[Eichelberger 83] Eichelberger, E.B., and E. Lindbloom, �Random-Pattern CoverageEnhancement and Diagnosis for LSSD Logic Self-Test,� IBM Journal of Research andDevelopment[Ferguson 91] Ferguson, F.J., and T. Larrabee, �Test Pattern Generation for Realistic BridgeFaults in CMOS ICs,� Proc. of International Test Conference, pp. 492-499, 1991.[Gayle 93] Gayle, R., �The Cost of Quality: Reducing ASIC Defects with IDDQ, At-SpeedTesting, and Increased Fault Coverage,� Proc. of International Test Conference, pp. 285-292,1993.Simulator,� Proc. of International Conference on Computer-Aided Design (ICCAD), pp.[Iyengar 89] Iyengar, V.S., and D. Brand, �Synthesis of Pseudo-Random Pattern Testable[Jee 93] Jee, A., and F.J. Ferguson, �Carafe: An Inductive Fault Analysis Tool for CMOS VLSIControllability and Observability and Their Correlations to Detectability,� Proc. of European[Krishnamurthy 86] Krishnamurthy, B., and I. Tollis, �Improved Techniques for EstimatingSignal Probabilities,� Proc. of International Test Conference, pp. 244-251, 1986.[Lee 91] Lee, T., and I. Hajj, �A Switch-Level Matrix Approach to Transitor-Level FaultSimulation,� Proc. of International Conference on Computer-Aided Design (ICCAD)[Levi 81] Levi, M.W., �CMOS is Most Testable,� Proc. International Test ConferenceTest Sets on Quality Level Prediction: When is 80% Better Than 90%,� Proc. of International[Maxwell 93] Maxwell, P.C., and R.C. Aitken, �Biased Voting: A Method for Simulating CMOSBridging Faults in the Presence of Variable Gate Logic Thresholds,� Proc. of International TestConference

[Mei 74] Mei, K.C.Y., �Bridging and Stuck-At Faults,� IEEE Transactions on Computers [Menon 91] Menon, P., Y. Levendel, and M. Abramovici, "SCRIPT: A Critical Path TracingAlgorithm for Synchronous Sequential Circuits," IEEE Transactions on Computer-AidedDesign[Millman 88] Millman, S.D., and E.J. McCluskey, �Detecting Bridging Faults with Stuck-At TestSets,� Proc. of International Test Conference, pp. 773-783, 1988.[Millman 91] Millman, S.D., and J.P. Garvery, Sr., �An Accurate Bridging Fault Test PatternGenerator,� Proc. of International Test Conference, pp. 411-418, 1991.[Pancholy 90] Pancholy, A., J. Rajski, and L. McNaughton, �Empirical Failure Analysis and[Perry 92] Perry, R., �IDDQ Testing in CMOS Digital ASIC�s - Putting It All Together,� Proc. ofInternational Test Conference, pp. 151-157, 1992.[Rearick 93] Rearick, J., and J.H. Patel, �Fast and Accurate CMOS Bridging Fault Simulation,�Proc. of International Test Conference, pp. 54-62, 1993.[Savaria 91] Savaria, Y., M. Youssef, B. Kaminska, and M. Koudil, �Automatic Test PointInsertion for Pseudo-Random Testing,� Proc. of International Symposium on Circuits andSystems[Storey 90] Storey, T.M., and W. Maly, �CMOS Bridging Fault Detection,� Proc. of International[Youssef 93] Youssef, M., Y. Savaria, and B. Kaminska, �Methodology for Efficiently Inserting[Williams 73] Williams, M.J.Y., and J.B. Angell, �Enhancing Testability of Large-ScaleIntegrated Circuits via Test Points and Additional Logic,� IEEE Transactions on Computers Testing for High Performance CMOS - The Next Ten Years," Proc. of European Design &