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Abstract

We present the concept of a multiple-valued logic sim-
ulator that is able to more accurately determine the pos-
sible behavior of a circuit in the presence of a bridging
faults. By a user defined mapping of a range of voltages
to a logic value the simulator takes care of certain volt-
ages more closely than common bridge fault simulators
that map all voltages to either logic 1 or 0. Experimen-
tal results are given to demonstrate the improved fault
detection possibilities.

1 Introduction

For current CMOS designs bridges, i.e. an uninten-
tional connection between lines that are normally not
connected, are a common physical defect. Usually, only
bridges between the outputs of gates are considered. The
impact of such a connection on the behavior of the circuit
depends on its resistance. Bridges with high resistance
(resistive short) cause a delayed transition at the output
of the succeeding gates resulting in a delay fault. Bridges
with low resistance (hard short? change the static be-
havior of the circuit. For the later one many models
have been invented for the gate level: The wired and the
dominant models [1], although good models in TTL, are
no longer valid in CMOS [11, 4]. Also a composition of
stuck-at faults has been considered to model the behavior
of a bridge, e.g. [17]. However, the most common model
is the biased voting model [14] that is an improvement of
the voting model [16]. These models view the bridge as a
resistive divider between Vpp and GN D when the gates
try to drive the shorted lines to different values. The re-
sulting voltage is then mapped to either the logic value 1
or 0. In biased voting the mapping is done with respect
to the different thresholds of the succeeding gate inputs.
This approach handles the faulty part of the circuit as a
linear device, although transistors are not linear devices.
However, the resistor network can accurately model the
relative strength of the transistors involved.

For simulating the circuit different methods have been
developed to accurately determine the voltage at the
bridge. There are for example table lookup based simu-
lation methods that determine the correct output volt-
age for every pair of gate types in the library and ev-
ery possible input combination [18, 8] in a preprocessing
phase e.g. using extensive SPICE simulations. Another
method is a mixed-mode simulation that for example de-
termines the bridge voltage with a simulation at electri-
cal or transistor level at the fault location and its vicin-
ity [12]. These methods accurately determine the bridge
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voltage, but have three problems besides the memory
demand and the execution time of the algorithms:

(i) According to the fault model, the voltage has to
be mapped to a logic value. This annihilates the infor-
mation gained from the highly accurate voltage compu-
tation since e.g. all voltages that are (clearly) above the
HIGH threshold are mapped to logic 1. However, the
output voltage of a gate having one or more input volt-
ages shortly above the threshold might not correspond
clearly to a logic value. Nevertheless, this effect might
be blocked after a number of gates.

(ii) Due to variations in the manufacturing process
the individual instances of the circuit are not identical
(see e.g. [4]). This leads e.g. to the problem what to do,
when the computation results in a voltage that is 1/100
V beneath the theoretical threshold of the gate? Some
gates might not switch, others might do so. However, the
output value will be considerably delayed. At this level
of accuracy, the relation between the model and the real
circuit is no longer given.

From (i) and (ii) it follows, that there is no need for a
highly accurate computation of the bridge voltage. This
is also underlined by the results of [19]. However, a good
approximation that takes manufacturing variances into
account would be more suitable.

(iii) As feature size is scaled down, the resistance per
unit length goes up almost quadratically. Higher bridge
resistance combined with lower device resistance during
ON state result in an increasing number of resistive faults
(delay faults) [20]. Therefore, more intermediate volt-
ages are discovered at the required arrival time of a sig-
nal. Not all of them will fall or rise eventually beyond
the threshold (causing a delay fault). Therefore, current
bridge fault simulators that calculate the bridge volt-
age according to a resistive divider and therefore do not
directly target delay faults, should at least be able to
notice a potential delay fault and should not ignore the
information already computed.

Logic Voltage
Value Range

1 Vbp - Va

3 Va — V3

2 V3 - Vs

1 Vs - Vi

0 \% - VanbD

Table 1. Voltage-to-logic mapping for the bridge
values of Table 2.

There is only a small number of simulators that can
handle such problems. For example in [15] a three-valued
logic {0, X,1} is used with 0 denoting voltages below
the LOW threshold and 1 denoting voltages above the
HIGH threshold. All voltages in between are mapped to



p transistor n transistor p transistor n transistor

single parallel  serial single parallel  serial
transistor network transistor network
2 3 2 3 2 3 2 3
single 2 1 0 |3 4 single 1 0o o0 |2 4
transistor transistor
parallel 2 3 2 1 4 4 parallel 2 2 1 1 3 3
network 3 ] 3 2 T 1 network 3 2 2 T 3 1
serial 2 1 0 0 2 3 serial 2 0 0 0 1 2
network 3 0 0 0 T 2 network 3 0 0 0 T 1
Table 2. Left: Bridge value when R, == R,. Right: When R, == 2R,
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Table 3. Left: Normal NOR-operation. Right: NOR-operation throughputting a potential delay.

X. Similar, but more enhanced, in [13] five logic val-
ues are used: {0,INT,1,05C, X}, where INT is used
to denote a voltage that is between the LOW and HIGH
threshold. (OSC denotes the oscillating line values, and
X denotes the unknown value due to incomplete initial-
ization.) However, by mapping all voltages that are not
a clear logic 0 or 1 to only one intermediate logic value
many information is lost. Furthermore, (ii) and (iii) are
not considered by such approaches.

Other interesting approximations are presented in [3]
mainly for MOS circuits, [10] that uses a probabilistic
fault model, and [9] that is in some way similar to the
proposed method.

In the next section the proposed method is introduced.
It is pointed out how the it differs from the work of other
researchers. Its advantages and limitations are discussed.
By a large set of experiments the advantages are un-
derlined in the results section. In the last section some
conclusions are drawn and we give some hints for future
work.

2 The proposed method

To solve problem (i) and (ii) and to make a first step to
attack problem (iii) we propose a bridge fault simulator
that performs a simulation with respect to a user-defined
mapping of a (small) voltage range to a logic value of an
n-valued logic. The simulation is then performed over
the n-valued logic as an approximation of an electrical
simulation of the corresponding voltages. Table 1 shows
such a mapping. In Table 1 five different voltage ranges
are defined. To each of them a logic value is assigned:
logic 0 denotes a voltage range that is clearly LOW, logic
1 stands for voltages that are close to the LOW thresh-
old, logic 3 is for voltages around the HIGH threshold,
logic 4 denotes a clear HIGH, and finally logic 2 cover all
voltages in between the voltages corresponding to logic 1
and 3. In the following, we refer to the lowest (highest)
logic value of an n-valued logic as the MIN (MAX) value.

With this approach problem (i) is solved and the oc-
currence of problem (ii) is considerably reduced. More-
over, the granularity of the approximation is defined by
the used logic and the mapping is defined by the user’s
demands. The mentioned {0, X, 1} logic, respectively the
{0,INT,1,05C, X} logic, would correspond to a three-
valued logic {0, 1,2} with logic 1 from {0, 1,2} covering
all voltages in between the thresholds (OSC and X are
not considered in our current implementation). How ac-
curate (iii) is modeled depends on the defined logic op-
erators.

At the fault location the bridge voltage is determined
by a table lookup as described later in this section. Since

we have a more distinct correspondence between a volt-
age and a logic value, the ”Byzantine General” [2] prob-
lem does not occur: How the logic value computed at the
bridge site is interpreted by the succeeding gates is left
to their evaluation routine and is not the matter of the
mapping routine at the bridge site. Therefore, the voting
model is sufficient, simplifying the simulation algorithm.

The simulators of [18, 8] built up voltage tables for
all gates types in the library and all input combinations.
This results in very large tables and several ten hours
of SPICE simulation for filling the tables. We consider
here a much simpler approach. Since we consider only
inter-gate bridges, we first map all gate types to accord-
ing NAND, NOR, and INV gates [7]. We consider only
NAND-2, NAND-3, and NOR-2, NOR-3 and INV as ba-
sic gates. Thus, we have to deal only with a very limited
number of different parallel and serial networks of p and
n transistors.

D = HIGH
E = HIGH

Figure 1. Two NAND gates connected by a
bridge.

Then, we regard only the relative strength of the pull-
up and the pull-down network with respect to the current
input combination (similar to [14] and [16]). This means
to determine the output logic value of the bridge, we con-
sider only resistances of the connection from Vpp via
some transistors of the pull-up network, that are con-
nected in parallel or serial, to GN D via some transistors
of the pull-down network, that are also connected in par-
allel or serial. In Figure 1 there is an example for two
NAND gates having a bridge at their outputs. Note, that
also for more complex gates the principles of considere-
ing only the relative strength of the transistor networks
driving the output of the gate can be applied. Thus, the
presented approach is not limited to only NAND and
NOR gates.

For the voltage-to-logic mapping shown in Table 1,
Table 2 gives the logic values at the bridge for a 5-valued
logic. For simplicity of the examples, the logic values of
Table 2 have been determined under the assumption that
(i) there is only one type of p and one type of n transistor,
and (i) the p and the n transistors are equally strong (on
the left) or, respectively, that a p transistor is modeled
by having twice the resistance than a n transistor (on the
right). Any other assumption can easily be incorporated



Simulation Logic Distribution
Circuit | No. faults | Detections | Deteced | Time [s] 0 1 2
c0017 29 616 16 0.14 2081 960 2759
c0095 283 10793 205 2.66 100617 17501 79982
c0432 9132 84350 6064 134.27 2237064 291232 3864104
c0499 10000 22571 2208 380.21 15864926 647626 15487448
c0880 10000 88263 3443 219.65 12800144 474728 12725128
c1355 10000 17277 2919 546.74 15871118 610525 15518357
c1908 10000 38696 1977 556.23 12589730 516411 11893859
¢2670 10000 81235 2616 563.82 68508353 486295 71005352
¢3540 10000 40536 2870 532.92 11862786 720007 9417207
¢5315 10000 38089 1620 580.36 67487135 499678 55013187
6288 10000 396764 9709 1737.28 16491536 1649394 13859070
c7552 10000 36712 1785 620.52 47563368 581260 59855372
¢s00027 66 1817 45 0.39 13802 2052 10546
¢s00208 6377 44191 1730 52.75 2780248 244856 2714196
¢s00298 8348 84086 4308 103.50 10843995 387476 5464529
¢s00344 10000 93967 2948 184.65 12826525 534534 12638941
¢s00349 10000 94328 2920 172.09 12828448 530725 12640827
¢s00382 10000 125683 5875 138.02 18247293 462660 8290047
¢s00386 10000 11970 790 96.19 12229016 259964 511020
¢s00400 10000 120802 5601 137.47 18250492 459668 8289840
¢s00420 10000 63586 2364 98.55 8543641 333342 8123017
cs00444 10000 109405 5270 160.89 18044710 453121 8502169
¢s00510 10000 88029 3988 114.14 7381023 402270 5216707
¢s00526 10000 102013 5459 132.72 18196073 409266 8394661
¢s00641 10000 110969 2155 281.07 22217931 808432 19973637
¢s00713 10000 100490 2063 286.05 22024314 775234 19200452
¢s00820 10000 32104 4076 130.37 21935650 159215 1905135
¢s00832 10000 32015 4201 140.13 21935186 159451 1905363
¢s00838 10000 63975 2108 160.88 16904179 329772 15766049
¢s00953 10000 120798 3525 220.58 37239681 575673 14184646
¢s01196 10000 32369 2099 173.30 20049188 273245 11677567
¢s01238 10000 32021 2086 168.33 20055330 271454 11673216
cs01423 10000 69153 2737 281.97 56051352 519125 22429523
¢s01488 10000 4695 343 158.98 19743716 243651 5012633
¢s01494 10000 4539 361 161.72 19742528 242611 5014861
¢s05378 10000 96085 3127 748.35 137946273 721673 89332054
¢s1196 10000 6516 315 225.17 20069319 252954 11677727
cs1269 10000 23455 788 528.01 20883070 599371 25517559
cs1512 7917 17083 668 282.57 43774205 300682 17677713
¢s3330 10000 68143 1239 610.92 124931424 745917 79322659
cs3384 10000 72516 1158 801.81 117518877 1052831 90428292
cs344 10000 36306 1078 251.85 12767579 618714 12613707
cs4863 10000 57633 1158 809.82 70053944 1009983 48936073
¢s6669 10000 107970 1736 1145.06 150737996 1259291 142002713
cs938 10000 62654 2093 143.10 16909591 325243 15765166
Sum [ 412152 ] 2947268 | 115844 | 14976.20 [ 1405055457 22220073 1011535070

Table 4. Results for normal three-valued logic.

into this table. Note, that the logic values (respectively
its corresponding voltages) have been verified afterwards
by a SPICE simulation, with Vpp = 5V, V, = 3.8V,
V3 = 32V, V2 = 18V, V1 = 1.2V, and VG’ND =0V.

To determine the bridge logic value the following steps
are performed: Depending on the input vectors and the
types of the driving gates the number of the transistors,
their type and the connection topology (parallel or se-
rial) are determined. Then, the logic value at the bridge
can be found in the according row and column of Table 2.
In doing so, the slightly different input pin thresholds of
a gate are assumed to lie in the same voltage range. For
the bridge fault in Figure 1 Table 2 (left) determines the
logic value 4 as follows: In the left NAND gate two of
the three p transistors connected in parallel are activated,
thus row 6 is selected (p transistor, parallel network, 2
active). The right NAND gate has two serial n transis-
tors activated, thus column 6 is selected (n transistor,
serial network, 2 active). When considering a different
resistive divider setting (on the right in that table) the
bridge’s logic value would be 3.

Tables 1 and 2 defined the voltage to logic mapping at
the bridge side. Furthermore, for regular gate operation,
there are also several possibilities how to define the logic
operators, depending on the point of interest. Exemplar-
ily for a NOR-2 operation, in Table 3 (left) there is the
regular five-valued logic shown. These logic values have
been verified by a SPICE simulation, too. In the right-
most table the logic operation is modified to express a

delay fault caused by a delayed input value. The delayed
transition originates at the gates succeeding the bridge
due to an intermediate voltage at the expected arrival
time of the signal. The logic guarantees that the delay is
put through the gates - and therefore through the whole
circuit - unless a dominating input value terminates the
propagation. At a primary output the intermediate logic
value %in a five-valued logic this is the logic value 2) de-
notes that (potentially) a delayed transition is visible.
In the experimental results section, for both variants
of the five-valued logic results are shown. Beside these,
other definitions of a logic operation might be possible.

Voltage to
logic
Table

nvalued Bridge value
Logic Table

e
[} | Ogtecte

Figure 2. Components of the simulator.

Figure 2 depicts the general architecture of the simu-
lator. The simulation algorithm takes the circuit, a set
of input patters, a n-valued logic defining the operators,
and a table defining the bridge output logic value. The
simulation algorithm itself is not changed when select-
ing a different logic, modified logic operators or different



Simulation Logic Distribution
Circuit | No. faults | Detections Prob. Det. | Detected | Time [s] 0 1 2 3 4
c001I7 29 900 182 28 0.12 2546 108 0 129 3017
c0095 283 14922 4981 271 2.70 106032 6441 239 2704 82684
c0432 9132 171837 18805 8898 115.86 2322324 37916 16356 8561 4007243
c0499 10000 22571 57337 2208 368.35 15864926 80545 446398 120683 15487448
c0880 10000 265292 24044 9245 192.79 12892132 39799 118246 22955 12926868
c1355 10000 129532 28422 9070 387.44 16163344 44 26959 34050 15775603
c1908 10000 303151 16382 9252 400.92 12862211 2033 7143 19328 12109285
c2670 10000 212177 30924 8001 529.59 68628647 10298 203076 43392 71114587
¢3540 10000 375745 19254 8961 400.94 12194619 12993 60857 21516 9710015
5315 10000 159623 19535 8335 506.98 67601280 11971 239714 27427 55119608
6288 10000 860647 6257 9959 890.45 17268315 9216 637 204 14721628
c7552 10000 280466 20130 9483 502.41 47808429 9301 89241 29498 60063531
¢s00027 66 2131 467 59 0.40 13973 907 294 109 11117
¢s00208 6377 94100 66860 4014 54.89 2826925 40384 68735 52579 2750677
¢s00298 8348 161391 71078 6780 96.82 10917261 159683 97113 4793 5517150
¢s00344 10000 233715 95111 8146 162.47 12980457 95514 94341 87751 12741937
¢s00349 10000 234865 92059 8173 161.35 12985851 94685 95398 83891 12740175
¢s00382 10000 216749 89637 8663 142.03 18337498 138681 117122 33052 8373647
¢s00386 10000 11970 0 790 99.08 12229016 0 259964 0 511020
¢s00400 10000 212635 87158 8792 132.72 18345081 132634 119294 34221 8368770
¢s00420 10000 123352 93614 4982 95.96 8595595 60695 103331 70841 8169538
¢s00444 10000 205385 89104 8926 139.68 18132036 121317 114448 31388 8600811
¢s00510 10000 273376 45316 9317 112.21 7523669 26633 12975 51133 5385590
¢s00526 10000 182007 94431 8006 134.78 18271240 144483 75937 48600 8459740
cs00641 10000 111931 51243 2189 294.62 22219267 20025 732041 53637 19975030
¢s00713 10000 130652 224481 4195 287.48 22039379 49069 348999 320361 19242192
¢s00820 10000 77146 19276 7697 119.78 21957478 37059 36080 16972 1952411
¢s00832 10000 79141 19589 7652 127.46 21957333 36921 33167 16872 1955707
¢s00838 10000 122987 97483 4508 148.14 16942947 64240 102634 73156 15817023
¢s00953 10000 385786 63984 7995 207.53 37456755 15941 29058 63238 14435008
¢s01196 10000 70594 79941 5026 187.42 20102192 67386 75086 47966 11707370
¢s01238 10000 71722 79413 5117 164.23 20108751 67063 71751 48112 11704323
¢s01423 10000 119880 79494 6244 274.38 56083580 99303 288558 40559 22488000
¢s01488 10000 4695 0 343 156.91 19743716 0 243651 0 5012633
¢s01494 10000 4539 0 361 152.83 19742528 0 242611 0 5014861
¢s05378 10000 261659 88054 7336 726.22 138125876 128967 211703 49795 89483659
¢s1196 10000 6516 0 315 229.36 20069319 0 252954 0 11677727
cs1269 10000 23455 0 788 497.43 20883070 0 599371 0 25517559
cs1512 7917 17083 0 668 270.14 43774205 0 300682 0 17677713
¢s3330 10000 69105 21507 1404 636.84 124935270 11754 708963 20522 79323491
cs3384 10000 72516 0 1158 724.81 117518877 0 1052831 0 90428292
cs344 10000 36306 0 1078 273.56 12767579 0 618714 0 12613707
cs4863 10000 57633 0 1158 849.79 70053944 0 1009983 0 48936073
¢s6669 10000 107970 0 1736 1159.21 150737996 0 1259291 0 142002713
¢s938 10000 122218 92298 4396 146.95 16949086 61078 106718 69893 15813225
Sum [ 412152 ] 6702073 1987851 | 231723 | 13266.03 | 1409042555 1895087 10692664 1649888 1015530406

Table 5. Results for normal five-valued logic.

bridge-output logic value tables. The simulation is per-
formed at gate level and on n-valued logic values only.
Neither sophisticated routines are necessary to determine
the bridge voltage, nor a table lookup of this voltage and
a succeeding mapping under consideration of the biased
voting model for all gate types and input combinations
is necessary. This speeds up the simulation process and
results in a simulation algorithm that is very close to
common stuck-at fault simulation algorithms.

3 Experimental results

To show the advantage of using a more sensitive map-
ping of voltages to logic values, a number of experiments
have been performed. The simulator shown in Figure 2
has been implemented in C++ and has been applied to
several ISCAS85 benchmark circuits, the combinational
parts of the ISCAS89 benchmark circuits and their ad-
dendum [5, 6]. Even a small number of random patterns
are sufficient to show the advantage: Only 100 random
patterns have been fault simulated on a SUN Ultra-1
workstation.

Due to the logic definition, it is clear that whenever
the three-valued logic determines a MIN or MAX value
the five-valued logic will do so also. The question is, how-
ever, whether more MIN or MAX values are computed,
or not. Furthermore, if this actually takes place, how
does the fault detection change.

To achieve comparable results between the different
logics, the fault simulation has to be modified as follows:

fault dropping is disabled, and the event driven fault
simulation is performed as long as there is an event; it
is not stopped due to a detection of a fault at a primary
output, since we want to know all output changes.

Table 4 to Table 7 show the results. After the circuit
name there is the number of considered non-feedback
faults. The number of faults is limited to randomly
picked 10000 faults. The next columns show how of-
ten a fault has been detected (please note the modifi-
cations of the fault simulation algorithm). The column
entitled 'Detections’ gives the number of sure detections,
i.e. there is a MIN/MAX difference at a primary output.
The next column, only present for the five-valued logic,
gives the number of 1/4 and 3/0 differences, i.e. the
detection of the fault cannot be guaranteed. The col-
umn 'Detected’ gives the number of different faults with
MIN/MAX differences (fault coverage). Next, the simu-
lation time is given. The logic distribution is shown in
the following columns.

For normal logic operation Table 4 (three-valued logic,
identical to that used in [15]) is to compare with Ta-
ble 5 (five-valued logic). The following can be observed:
For 34 of the 45 circuits, simulation based on the the
five-valued logic results in (considerable) more MIN and
MAX values than simulation based on the three-valued
logic. The remaining 11 cases show no change. Compar-
ing the results the five-valued based simulation achieves
7.98 million more MIN/MAX values than the three-
valued based simulation. Accordingly, the number of



Simulation Logic Distribution
Circuit | No. faults | Detections | Detected | Time [s] 0 1 2
c0017 29 616 16 0.15 2081 960 2759
c0095 283 10793 205 2.76 100617 17501 79982
c0432 9132 79639 4322 138.11 2228434 300141 3863825
c0499 10000 22571 2208 397.55 15864926 647626 15487448
c0880 10000 85625 3255 233.69 12796368 494642 12708990
c1355 10000 17277 2919 549.58 15871118 610525 15518357
c1908 10000 38601 1956 585.07 12589533 516608 11893859
¢2670 10000 79533 2435 579.99 68506804 489402 71003794
¢3540 10000 38782 1776 559.05 11857797 731576 9410627
¢5315 10000 37439 1565 594.38 67486312 501343 55012345
6288 10000 42521 2682 4560.15 14379600 5596358 12024042
c7552 10000 36396 1665 659.49 47562753 582453 59854794
¢s00027 66 1717 34 0.43 13552 2440 10408
¢s00208 6377 43910 1685 51.97 2779578 245854 2713868
¢s00298 8348 81244 4020 96.96 10820703 411681 5463616
¢s00344 10000 90926 2541 192.45 12794938 574465 12630597
¢s00349 10000 91258 2516 178.15 12798216 569316 12632468
¢s00382 10000 110208 4943 153.12 18205107 505526 8289367
¢s00386 10000 11970 790 96.19 12229016 259964 511020
¢s00400 10000 106708 4929 146.35 18207127 503771 8289102
¢s00420 10000 63444 2345 104.23 8543103 334141 8122756
cs00444 10000 95861 4625 155.73 18006504 492181 8501315
¢s00510 10000 84498 3598 117.50 7379897 410360 5209743
¢s00526 10000 98896 5124 133.72 18177157 429260 8393583
¢s00641 10000 110969 2155 283.58 22217931 808432 19973637
¢s00713 10000 100490 2063 301.62 22024314 775234 19200452
¢s00820 10000 31934 4020 128.53 21935009 160406 1904585
¢s00832 10000 31827 4140 147.67 21934401 160829 1904770
¢s00838 10000 63864 2101 156.08 16903727 330392 15765881
¢s00953 10000 116090 2995 226.37 37238089 583312 14178599
¢s01196 10000 32115 2045 177.18 20048170 274335 11677495
¢s01238 10000 31783 2037 176.76 20054411 272381 11673208
cs01423 10000 68445 2574 306.66 56048962 521547 22429491
¢s01488 10000 4695 343 156.53 19743716 243651 5012633
¢s01494 10000 4539 361 171.48 19742528 242611 5014861
¢s05378 10000 93435 2923 751.59 137928587 742009 89329404
¢s1196 10000 6516 315 218.84 20069319 252954 11677727
cs1269 10000 23455 788 498.30 20883070 599371 25517559
cs1512 7917 17083 668 291.76 43774205 300682 17677713
¢s3330 10000 68133 1234 608.20 124931371 745970 79322659
cs3384 10000 72516 1158 779.62 117518877 1052831 90428292
cs344 10000 36306 1078 276.42 12767579 618714 12613707
cs4863 10000 57633 1158 808.38 70053944 1009983 48936073
¢s6669 10000 107970 1736 1194.99 150737996 1259291 142002713
cs938 10000 62591 2085 156.34 16909336 325547 15765117
Sum [ 412152 ] 2512822 [ TOO0I3T [ I8I0D3.67 | 1402666783 26508576 1009635241

Table 6. Results for delayed three-valued logic.

intermediate values using the five-valued logic is reduced
by that number. This has a strong impact on the fault
detection. Using the three-valued logic 2947268 times
a fault could be detected. But due to the fault simu-
lation based on the five-valued logic 3754805 (127.40%)
more detection events are computed (6702073 in total).
In addition, there are 1987851 potential detections. It
might be possible, however, that the five-valued based
fault simulation detects the very same subset of faults
than the three-valued based fault simulation. But col-
umn "Detected’ clearly shows that this is not the case.
The five-valued based simulation finds two times more
faults than the other simulation. Please note, that here
only sure detections are counted. Furthermore, the five-
valued based simulation is faster than the three-valued
based simulation.

In Table 6 and 7 the results are presented for the spe-
cial logic exemplarily shown for the NOR operation in
Table 3 on the right. This logic has been designed to
not let a potential delay fault die due to the common
logic operation. On the contrary, the logic provides the
possibility that a delayed input signal, that might even-
tually cross the threshold, will be handed to the output
of a gate, unless an other input takes a dominating value.
For this set of experiments the same conclusions can be
drawn as for the common logic discussed above. In ad-
dition, the number in the column of logic value 2 (five-
valued logic) directly gives the the number of potential
delay detections.

4 Conclusions

We presented a multiple-valued logic based bridging
fault simulator that considers a user defined mapping
of voltages to logic values to take more advantage in the
determined bridge values and, more importantly, to more
accurately regard manufacturing variances.

To determine the bridge logic value, the proposed sim-

ulator considers only the current input, the topology and
type of the active transistor networks. No other simu-
lation is performed during run time, and no lookup in
tables of large size must be done. This results in a small
and fast bridging fault simulator. Furthermore, it is able
to note possible timing conflicts and possible uncertain
output voltages by adequately processing intermediate
logic values.
Besides the more distinct logic value distribution, the ex-
perimental results show that the behavior of the circuit
is more accurately determined due to the considerably
less number of intermediate values. Furthermore, since
this comes with more MIN and MAX values, the qual-
ity of a potential test sequence can be determined more
precisely. Furthermore, besides the large number of po-
tential detection the (sure) fault detection is enhanced
by 127% compared to the three-valued based simulation.
All this improves the quality and precision of the bridg-
ing fault simulation.

The next steps of this work are as follows: The de-
lay logic will be improved by taking into consideration
the actual transition direction to make more precise pre-



Simulation Logic Distribution
Circuit | No. faults | Detections Prob. Det. | Detected | Time [s] 0 1 2 3 4
c001I7 29 668 133 18 0.14 2202 59 613 129 2797
c0095 283 11492 1244 221 2.78 101208 1537 12475 1483 81397
c0432 9132 123280 6467 7630 127.39 2271192 14269 168021 8543 3930375
c0499 10000 22571 57337 2208 383.90 15864926 80545 446398 120683 15487448
c0880 10000 149325 14604 6252 198.43 12841445 24271 332267 19502 12782515
c1355 10000 91530 12933 8209 409.57 16020356 44 288208 18561 15672831
c1908 10000 128281 7062 5665 506.34 12668347 95 354245 9389 11967924
c2670 10000 110270 11133 4252 559.76 68532609 6753 413039 18286 71029313
¢3540 10000 94188 5567 3703 500.38 11912714 3281 613214 9422 9461369
5315 10000 63495 12075 3896 589.61 67508621 9601 429132 20205 55032441
6288 10000 745165 5874 9659 1419.08 16900075 8703 716864 204 14374154
c7552 10000 94702 9786 5188 600.78 47619428 5958 443305 18873 59912436
¢s00027 66 1824 174 41 0.44 13624 265 1867 36 10608
¢s00208 6377 66369 15275 2803 56.30 2801768 10658 181297 12506 2733071
¢s00298 8348 102937 12977 4580 95.36 10841675 25161 341955 4793 5482416
¢s00344 10000 138989 32668 4889 188.35 12858551 30215 400902 27382 12682950
¢s00349 10000 138474 32616 4944 176.78 12860978 31868 397001 25663 12684490
¢s00382 10000 153877 24623 6850 159.57 18257432 40712 358085 16097 8327674
¢s00386 10000 11970 0 790 92.90 12229016 0 259964 0 511020
¢s00400 10000 149347 25432 6995 141.77 18259513 42525 353537 17628 8326797
¢s00420 10000 91629 23546 3584 102.71 8569916 18783 244084 19435 8147782
¢s00444 10000 143814 20224 7354 147.24 18062304 36011 338548 16252 8546885
¢s00510 10000 161902 14218 7379 111.72 7462211 10712 234929 14678 5277470
¢s00526 10000 126860 18420 5884 138.71 18205741 24174 337911 11673 8420501
¢s00641 10000 110969 6343 2155 274.53 22218716 4395 795306 7681 19973902
¢s00713 10000 102930 12267 2240 290.26 22029757 5717 746476 13147 19204903
¢s00820 10000 43492 10589 5380 128.82 21946611 24340 104849 8906 1915294
¢s00832 10000 43707 11144 5470 133.58 21946428 23620 104431 9740 1915781
¢s00838 10000 91757 22540 3211 153.30 16926336 18628 243759 19486 15791791
¢s00953 10000 233408 21982 5976 209.79 37395060 12255 278870 21181 14292634
¢s01196 10000 52328 21330 3831 184.26 20078192 17061 196080 14667 11694000
¢s01238 10000 53572 24141 3963 163.63 20085210 20410 187657 15517 11691206
¢s01423 10000 85296 26819 3899 289.37 56063445 38012 423661 22808 22452074
¢s01488 10000 4695 0 343 152.12 19743716 0 243651 0 5012633
¢s01494 10000 4539 0 361 153.29 19742528 242611 0 5014861
¢s05378 10000 145786 28298 4410 742.73 137976666 38965 596043 14613 89373713
¢s1196 10000 6516 0 315 224.01 20069319 252954 0 11677727
cs1269 10000 23455 0 788 508.06 20883070 0 599371 0 25517559
cs1512 7917 17083 0 668 284.67 43774205 0 300682 0 17677713
¢s3330 10000 68177 3944 1243 609.95 124932237 2276 739250 3555 79322682
cs3384 10000 72516 0 1158 715.63 117518877 0 1052831 0 90428292
cs344 10000 36306 0 1078 265.03 12767579 0 618714 0 12613707
cs4863 10000 57633 0 1158 897.20 70053944 0 1009983 0 48936073
¢s6669 10000 107970 0 1736 1145.22 150737996 0 1259291 0 142002713
¢s938 10000 89964 21693 3116 148.14 16931346 19236 241926 18680 15788812
Sum [ 412152 ] 4375058 575478 | 165493 | 14383.60 | 1406487090 651115 17906257 581404 1013184734

Table 7. Results for delayed five-valued logic.

dictions. Furthermore, sequential circuits and bridging
faults causing feedbacks will be considered.
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