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A two-phase fault simulation scheme for sequential circuits is proposed.  In this fault simulation, the input sequence is divided into two parts.  In the first phase, fault free simulation is performed with the first sequence of patterns.  In the second phase, fault simulation is performed with the rest of the patterns.  Five cases of faults which result from two-phase fault simulation are discussed in detail.  Significant speedup in simulation time can be obtained because this fault simulation approach   can quickly drop Case 1 faults, which are time-consuming faults and would be considered undetectable in the traditional three-value fault simulation but are actually detected in exact fault simulation.  Almost "exact* results can be obtained for detected faults except for a small percentage of over-detected-faults (ODFs) and under-detected-faults (UDFs).
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1. INTRODUCTION
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A fault simulator is a vital part of an automatic test pattern generation system.  Many algorithms such as the parallel [1], deductive [2], concurrent [3], PROOFS [4], PARIS [5], COMBINED [6], and HOPE [7-9] algorithms, and single event equivalence [10] fault simulation have been reported.  However, the complexity of computation of these algorithms still lies between O(G3) and O(G1.5), where G is the number of gates in the simulated circuit.  Solutions to the problem have been sought in hardware. Many works have implemented fault simulation in a parallel architecture computer or in special purpose hardware, which provides fast fault simulation speed [11-15].  However, these machines are much more expensive than a general purpose machine.  An alternative hardware approach is to make use of general purpose machines, such as workstations, which are connected through a network, where the work of fault simulation is distributed to these workstations and executed concurrently.  Distributed fault simulation with circuit partitioning [16], fault partitioning [17-19] and pattern partitioning [20-23] in general purpose machines has been proposed, but the cost of the hardware is greatly increased in such a scheme. Another type of solution is found in the approximate approach, which trade accuracy for time by means of fault grading [24], fault sampling [25], signal statistics (STAFAN) [26] or critical path tracing [27].

To test sequential circuits, a sequence of patterns is applied, and the states of the circuits advance step-by-step for time frames according to the applied patterns.  In traditional 3-value (0, 1, X) fault simulation, all the flip-flops of the circuits are initially set at the unknown state "X".  As the patterns are simulated, the states of the flip-flops are gradually set to the known states, "1" or "0", and faults are detected and dropped by the simulator.

Definition 1:
A fault is defined as an X-detected fault (X-undetected fault) for a sequence of patterns if the fault is (is not) detected by simulating these patterns using a traditional 3-valued fault simulator.

Definition 2:
A fault is defined as an X-undetectable fault if the fault is an X-undetected fault no matter what sequence of patterns is applied.

However, an X-undetectable fault may be detected by a sequence of patterns under the real condition that the values of the DFFs are either 1 or 0.

Definition 3:
A fault is defined as an R-detected fault for a sequence of patterns if it can be detected by simulating these patterns no matter which values (0 or 1) are initially used for the DFFs.

For sequential circuits, some faults are X-untestable faults, but they consume much of simulation time in the process of traditional 3-value fault simulation.  The stuck_at_1 fault on line B, which the arrow indicates, in the circuit in Fig. 1 is such a fault.  In Fig. 1(a), the DFF is initially at "X", and the value of E will be 0/X if (1, 0) is applied to (A, B) or X if (0, -) or (1, 1) applied.  If the value of DFF is 0/X, then the value on E will be 0/X if A = 1, or 1/X, otherwise.  If the value of DFF is 1/X, then the value of E will be 0/X if B = 0, or 1/X, otherwise.  It can be seen that no matter what sequence of patterns is applied to (A, B), the DFF will always stay at "X" under the existence of a fault B/1, but the fault effect circles around the loop G2, G3, and DFF.  That is, the fault B/1 is considered untestable, but it wastes simulation time for every pattern.  Furthermore, the fault is an R-detected fault no matter which initial value (0 or 1) is used for the DFF when the pattern sequence (1,0), (0,0), (0,0), and (0,0) is applied to the circuit (Figs. 1(b) or (c)).  It can be detected in the fourth and in the second pattern if the initial value of DFF is 0 and 1, respectively.
Definition 4: A fault is defined as a Case 1 fault if it is not only an X-undetectable fault, but also an R-detected fault for a sequence of patterns.
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Fig.1. An example to explain the Case 1 fault: (a) If DFF is initially set at unknown state, the fault B/1 is untestable. (b) The B/1 fault is detected if initial value on DFF is 0. (c) The B/1 fault is detected if initial value on DFF is 1. (d) Fault B/1 can be dropped if fault free simulation is first performed.
Since the fault effects of Case 1 faults circle around the loop(s) and propagation of these fault effects wastes simulation time for every pattern, Case 1 faults are time-consuming faults in the conventional 3-value fault simulation.  However, these faults are R-detected faults and can be dropped.  If we can detect and drop this type of fault in the early stage of fault simulation, then the time spent in simulating these faults can be reduced; thus, significant speedup in simulation can be obtained.

In this work, a two-phase fault simulation scheme for sequential circuits is proposed.  In this fault simulation, the input sequence is divided into two parts.  In the first phase, fault free simulation is performed with the first sequence of patterns.  In the second phase, fault simulation is performed with the rest of the patterns.  With this fault simulation approach, a significant amount of simulation time can be saved due to the automatic dropping of Case 1 faults.  The penalty for this scheme is only a small number of over-detected-faults (ODFs) and under-detected-faults (UDFs), which will be defined in the next section. Furthermore , five special cases of faults which result from two-phase fault simulation will also be discussed in details.

2. TWO-PHASE FAULT SIMULATION

As stated in the previous section, the B/1 fault in Fig. 1 is a Case 1 fault that is undetec-table in the conventional 3-value fault simulation but can be detected whether 0 or 1 is initially used for the DFF.  When the sequence of patterns (A, B) = (1, 0), (0, 0), (0, 0) and (0, 0) is applied, if only fault free simulation is performed with the first pattern (1, 0), the DFF is set to state "0".  If fault simulation is then performed with the rest of the patterns (0, 0), (0, 0) and (0, 0), fault B/1 can be activated and propagated to output C, as shown in Fig. 1(d).  Fault B/1 can then be dropped, and no more simulation time needs to be spent in the fault for later fault simulation.

By means of the scheme which first performs several or a group of patterns in fault free simulation, followed by fault simulation for the latter patterns, Case 1 faults can be quickly dropped.  The simulation time originally spent on these faults will be eliminated.  This significantly reduced the total simulation time.  Based on this idea, 烠wo-phase* fault simulation for sequential circuits is proposed in the following. In the first phase, only fault free simulation is performed.   In the second phase, fault simulation is performed.  Fig.2 illustrates two-phase fault simulation for simulating P patterns with T patterns in Phase 1.
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Fig. 2. The two-phase fault simulation with T patterns in Phase1 and P-T patterns in Phase 2

During simulation in Phase 1 of the two-phase fault simulation, the patterns do not detect any faults since only fault free simulation is performed.  However, these patterns may detect faults in the normal single-phase fault simulation.  For the two-phase fault simulation, these faults are called lost-faults (LFs), which are lost to be detected in Phase 1. LFs may be detected during simulation in Phase 2 of the two-phase fault simulation.  These detected LFs are called recovered-lost-faults (RLFs).  Although LFs are "lost" to be detected in Phase 1, they may be "recovered" during detection in Phase 2.  If all LFs are "recovered", the result for detected faults is correct.  However, if LFs are not detected during simulation in Phase 2 of the two-phase fault simulation, this will cause a problem of detected faults.  These faults are called unrecovered-lost-faults (ULFs).  If the number of patterns in Phase 1 is small, then LFs will be easy-to-detect faults, which can be detected in the first several patterns in the normal single-phase fault simulation, and they will be easily detected in Phase 2 of the two-phase fault simulation.  Thus, all LFs are RLFs, and there are no ULFs.  However, if the number of patterns in Phase 1 is large, then some of the LFs may not be detected by the patterns in Phase 2 of the two-phase fault simulation.

Since for a sequential circuit, there is dependence between test patterns, the state of the circuit depends on the previous patterns.  As fault simulation is partitioned into two phases, the state of the good machine is the same as that of the normal fault simulation.  However, the states of faulty machines will be different if there a fault effect(s) is propagated to DFF(s).  This is particularly true for the patterns in Phase 1 and the first several patterns in Phase 2.  This will result in some special cases for faults, which will be discussed as follows:

As stated in the previous section, fault B/1 in the circuit example in Fig. 1 is a Case 1 fault.  The DFF stays at X no matter what sequence of patterns is applied to (A, B) under the existence of fault B/1.  This fault case is caused by the fault effect which causes the DFF to be uninitialized.  So, it is considered undetected in the normal single-phase fault simulation.  However, this fault is an R-detected fault for the pattern sequence (1, 0), (0, 0), (0, 0), and (0, 0).  For the two-phase fault simulation, after (A, B) = (1, 0) is applied in Phase 1, the DFF is set to state "0", and the B/1 fault effect can be propagated to the output in Phase 2 of the two-phase fault simulation.  That is, the R-detected fault B/1 can be dropped by the two-phase fault simulation.

Definition 5:
A fault is defined as an Over-Detected-Fault (ODF) if it is not a Case 1 fault and can be detected by the two-phase fault simulation but can not detected by the normal fault simulation.

Definition 6:
A fault is defined as a Case 2 Fault if it is an ODF caused by the sequential self-masking effect [28].

The circuit in Fig. 3 demonstrates this.  In the circuit, the DFF is initially at state 1, and the input sequence (1, 1, 0) and (0, 1, 0) is applied to the circuit.  Fig. 3(a) shows the result of the normal single-phase fault simulation.  The marked stuck_at_1 fault is activated by the first pattern and propagated to the DFF with the fault effect 1/0, which will be fed back in the next time frame.  In the second pattern, the fault is activated again, but it is masked at G1 by the previous 1/0 fault effect, which is fed back from DFF.  The fault effect disappears after G1; i.e., it is not detected under the applied patterns.  However, in the two-phase fault simulation, it is considered to be detected if (1, 1, 0) is simulated in the Phase 1 true value simulation, which does not activate the fault.  During Phase 2, the fault activated by the second pattern (1, 1, 0) will not be masked, and it will be propagated to the output and detected, as shown in Fig. 3(b).
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Fig. 3. An example circuit to explain a Case 2 fault: (a) Normal single-phase fault simulation; (b) Two-phase fault simulation.
Definition 7:
A fault is defined as an Under-Detected-Fault (UDF) if it can not be detected by the two-phase fault simulation but can be detected by the normal single-phase fault simulation.

Definition 8:
A fault is defined as a Case 3 Fault if it is an UDF caused by the unknown state of DFFs.

As shown by the example circuit in Fig. 4, the input sequence (0, 0, 1, 1) and (1, 1, 1, 0) is applied to test the marked stuck_at_0 fault in the circuit with the DFF initially at X.  In the normal single-phase fault simulation, for the first pattern, the fault is activated and propagated to G4 with fault effect X/1, which causes the next state of DFF to be set to 1 in the faulty machine, but it is still X in the good machine.  For the second pattern, the fault is activated again and propagated to the primary output.  However, in the two-phase fault simulation, the fault is not detected if (0, 0, 1, 1) is applied in Phase 1 and (1, 1, 1, 0) in Phase 2.  The next state of the DFF after the first pattern is still X, which causes the fault effect, activated by the second pattern, to become uncertain at the output of G2.
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Fig. 4. An example circuit to explain a Case 3 fault: (a) Normal single-phase fault simulation; (b) Two-phase fault simulation.

Definition 9:
A fault is defined as a Case 4 Fault if it is a UDF caused by the sequential multi-path sensitization effect [28].

The same circuit in Fig. 3 with application of the input sequence (1, 0, 0) and (0, 0, 0) can be  used to demonstrate this effect.  Fig. 5(a) shows the result of the normal single-phase fault simulation. The fault is activated by the first pattern and propagated through to the DFF with fault effect 0/1, which will be fed back to G1 in the next time frame. The fault is then activated by the second pattern, and these fault effects merge and propagate through G1 to the output and is detected.  However, the fault is not detected in the two-phase fault simulation if (1, 0, 0) is applied in Phase 1 and (0, 0, 0) is applied in Phase 2 as shown in Fig. 5(b).  For the pattern (1, 0, 0), the fault is not activated because fault value simulation is not executed, and the value latched to DFF is 0 instead of 0/1.  For the second (0, 1, 0) pattern, the fault is activated but blocked at G2.
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Definition 10:
A fault is defined as a Case 5 Fault if it is a UDF that is simply not detected by the two-phase fault simulation since only fault free simulation is performed in Phase 1.

Case 5 faults are lost to be detected in Phase 1 and can not be 烒ecovered* in Phase 2.  The faults in this case are mainly caused by choosing a value of T, the number of patterns in Phase 2, which is too large.  For a small T, Case 5 faults hardly occur.

3. RESULTS AND DISCUSSION

The two-phase fault simulation (2-(FS) procedure has been implemented in C language on a SUN4/SPARC 2 workstation.  It was revised from SEESIM [10], but no additional mechanism was employed.  Both ATPG patterns [29] and random patterns were simulated on ISCAS'89 sequential circuits [30] to evaluate the performance of 2-(FS.

The speedup statistics for the 2-(FS with respect to the normal single-phase fault simulation (i.e., True_0 case, with T = 0) are shown in Table 1, where the patterns simulated were ATPG patterns, and where True_3, True_5 and True_20 mean that the number of patterns T in Phase 1 was 3, 5 and 20, respectively.  The number of patterns and the fault coverage for each circuit are also shown. The number of patterns in circuits s953 and s1423 was so small that these two circuits were not simulated in True_20.  The average speedup ratio was over 2.85.  Table 2 shows the results for 2-(FS for simulating 2000 random patterns.  Since these patterns were randomly generated and less efficient in detecting faults, the average speedup ratio was over 2.37, which is less than that shown in Table 1.
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The number of Case 1 faults dropped by the 2-(FS in simulating ATPG patterns and 2000 random patterns is listed in Table 3 and Table 4, respectively.  For comparison, the number of total faults is also listed.  Although the Case 1 faults represented only a small portion of the total faults, they consumed so much of the simulation time that 2-(FS, after dropping them, obtained an average speedup of over 2.85 and 2.37, as shown in Table 1 and Table 2, respectively.  Also, the number of Case 1 faults stayed the same for various T values except for circuits s13207, s15850, s38417 and s38514, for which some DFFs were still in the X state for applying few patterns in Phase 1.
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The Case 1 faults were further studied to see how they affected fault simulation.  In Fig. 6, except for the True_0 normal fault simulation, the plots of the fault simulation times for each pattern for s5378 for three 2-(FS simulations of True_1, True_2 and True_3 are shown.  It can be seen that all four curves exhibit a similar behavior; i.e., the simulation times for each pattern decrease with the number of patterns and approach a constant value.  However, the final steady states of the simulation time for curves True_2 and True_3 are different from those of curves True_0 and True_1, and those of the former are approximately one half of the latter.  This means that all the Case 1 faults for True_2 and True_3 simulations were detected and dropped, and that the time consumed for these faults was about one half of the fault simulation time consumed in simulating the latter patterns.  Also, it can be observed that curves True_2 and True_3 are always lower than curves True_0 and True_1 for the initial pattern simulation.  This indicates that the Case 1 faults were detected in the first several patterns for the True_2 and True_3 simulations.  This is the reason why 2-(FS could save so much simulation time. Comparing their total simulation times, the True_2 and True_3 simulations consumed much less time than did the True_0 and True_1 simulations.  The difference in simulation time between True_3 and True_0 was 85 seconds, which was 35% of the total simulation time while the number of Case 1 faults was 12, which was only 0.35% of the total faults.  That is, a small number of Case 1 faults consumed a large portion of the fault simulation time in the normal single-phase fault simulation process.
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Fig. 6. The fault simulation time for each pattern for the circuit s5378 for simulation of 1000 random patterns.

From the above study, it can be seen that Case 1 faults can be found by com-paring the fault lists of True_0 simulation with those of True_i simulation, where i can be a number as small as 2 as in the case of circuit s5378.

A fault is a potentially detectable fault (PDF) if it is sequentially undetectable and, if, for every DFF, starting at the X state, there is an input sequence that produces a combination of good and faulty output responses 0/X or 1/X at some primary outputs [31].  From the previous discussion, the fault effect of a Case 1 fault on the propagation path is either 0/X or 1/X, which can not be considered detected when it propagates to the primary output.  However, since Case 1 faults are detected by 2-(FS, that is, 1/0 or 0/1 is propagated to some primary outputs, in normal fault simulation, the fault effect 1/X or 0/X can be propagated through the same propagation path(s) to some primary outputs.  So, Case 1 faults are PDFs.  It has been shown that potentially undetectable faults can be identified by using a test pattern generation process with a 4-valued logic: 0, 1, X (don't care) and U (unknown) [31].  This process tries every choice in test generation and consumes much time.  However, with 2-(FS, Case 1 faults can be removed easily in the first several patterns in Phase 2.  This requires no extra effort.

A Case 2 fault occurs only when the following conditions are satisfied:

1.
There exists a sequential self-masking effect for the fault.

2.
The sequential self-masking effect occurs at the pattern for which partitioning for Phase 1 and Phase 2 is carried out.

3.
The fault is a hard-to-detect fault because it is not detected by the normal single-phase fault simulation.

The number of ODFs for simulating the ATPG patterns in Table 1 is listed in Table 5.  It can be seen that only 2 ODFs occurred in True_3 simulation for s1423.  For simulating 2000 random, only 1 ODF occurred in the True_50 simulation for the same circuit.
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True_20

True_3

True_5

True_20

s208

199

0

0

0

0

0

0
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0
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0
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0

0
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0
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0

0
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0
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0
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0
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0
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0

0
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0
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0

0
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0

3
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0

0
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0

0
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0

0
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0

0
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0

0

0

0

0

0

0

0

~

s1196

1206

0

0

0

2

0
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0

0
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0

0
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0

0
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0
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0

0
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0

0
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45
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0

0

0

0

0

0

0

0

1
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0

0

0

0

0
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0
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A Case 3 fault occurs only when the following conditions are satisfied:

1.
The value of the DFF in the good machine is still unknown in Phase 1.

2.
Sequential multi-path sensitization occurs right at the pattern for which partitioning for Phase 1 and Phase 2 is carried out.

3.
These faults are hard-to-detect faults because they are not detected by 2-(FS.

In our simulations on benchmark circuits, the results of which are shown in Table 1 and Table 2, no Case 3 faults were found.

A Case 4 fault occurs only when the following conditions are satisfied:

1.
There exists a sequential multi-path sensitization effect for the faults.

2.
Sequential multi-path sensitization occurs right at the pattern for which partitioning for Phase 1 and Phase 2 is carried out.

3.
These faults are hard-to-detect faults because they are not detected by 2-(FS.

The number of UDFs for simulating the ATPG patterns in Table 1 is listed in Table 5.  It can be seen that the number of Case 4 faults was small for each simulation, and that the number of Case 5 faults was also small for the True_3 and True_5 simulations.  For the case of True_20, there were more Case 5 faults when a large value of T was chosen.  For simulation of 2000 random patterns as shown in Table 2, there were no Case 5 faults in simulations of True_3, True_5 and True_20, and only a few Case 5 faults for some circuits in simulations of True_50.

Finally, we can give a summary of the detection of these five special cases of faults.  Case 1 faults were truly detected faults in exact fault simulation and could be detected and dropped early in two-phase fault simulation, but these faults were time-consuming faults and would be considered undetectable in traditional 3-value fault simulation.  The Case 2 faults were ODFs, and the Case 3 faults and the Case 4 faults were UDFs, but they hardly ever occurred in two-phase fault simulation.  The Case 5 faults were also UDFs, but they rarely occurred if the number of patterns in Phase 1 was small.

4. CONCLUSIONS

In the two-phase fault simulation scheme, fault free simulation is first per-formed on a few initial patterns, and fault simulation is then performed on the remaining patterns.  This scheme offers a very simple method for detecting and dropping time-consuming Case 1 faults.  With early dropping of these faults, speedup in two-phase fault simulation was over 2.85 and 2.37 for simulating ATPG patterns and 2000 random patterns, respectively.

Five special cases of faults for two-phase fault simulation have been discussed in detail.  Although there were some errors of ODFs and UDFs in the results of two-phase fault simulation, the errors could be neglected since ODFs and UDFs only occupied a small percentage, less than 0.5% in the worst case, of the total faults if the number of patterns in Phase 1 was small, for example, 20 for random patterns and 3 for ATPG patterns.  However, the proposed fault simulation scheme could detect and drop Case 1 faults, which are really detected faults in exact fault simulation but would be considered undetectable in traditional 3-value fault simulation.  Almost "exact" fault simulation for sequential circuits with large simulation time savings can be obtained using this scheme.
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Table 1  The speedup of two-phase fault simulation for                      

          simulating ATPG patterns                      

Circuits

No. of

Fault_

Simulation

True_3

True_0/

True_5

True__0/

True_20

True_0/

patterns

coverage(%)

time(s)

time

True_3

time

True_5

time

True_20

s208

2.980769230769231

0.53

2.9245283018867925

0.47

3.297872340425532

s298

4.709677419354839

0.6

4.866666666666667

0.57

5.12280701754386

s344

5.363636363636363

0.32

5.53125

0.3

5.9

s382

6.941784037558686

10.57

6.994323557237465

9.87

7.490374873353598

s400

4.389795918367347

9.73

4.421377183967112

9.12

4.717105263157896

s420

2.823529411764706

1.87

2.823529411764706

1.52

3.473684210526316

s444

3.521680822530174

22.3

3.5327354260089687

21.28

3.702067669172932

s641
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0.97
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0.95
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1.05
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~

~
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1.0
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~
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32.82
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1.6275333064190554
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115.55

1.7444396365209867


