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Abstract—Adequate coverage of small-delay defects in circuits 
affected by statistical process variations requires identification 
and sensitization of multiple paths through potential defect sites.  
Existing K longest path generation (KLPG) algorithms use a data 
structure called path store to prune the search space by restrict-
ing the number of sub-paths considered at the same time. While 
this restriction speeds up the KLPG process, the algorithms lose 
their optimality and do not guarantee that the K longest 
sensitizable paths are indeed found. We investigate, for the first 
time, the effects of missing some of the longest paths on the defect 
coverage. We systematically quantify how setting different limits 
on the path-store size affects the numbers and relative lengths of 
identified paths, as well as the run-times of the algorithm. We 
also introduce a new optimal KLPG algorithm that works itera-
tively and pinpointedly addresses defect locations for which the 
path-store size limit has been exceeded in previous iterations. We 
compare this algorithm with a naïve KLPG approach that 
achieves optimality by setting the path-store size limit to a very 
large value. Extensive experiments are reported for 45nm-
technology data. 
Index Terms—Parameter variations, small-delay testing, K 
longest path generation 

I. INTRODUCTION 
Delays in nanoscale circuits are heavily affected by statisti-

cal process variations [1][2][8][14][21][22][23]. This has a 
fundamental impact on the testability of small-delay defects 
(SDDs). A given SDD may lead to violating timing conditions 
(and therefore be a critical defect) in one manufactured in-
stance of a circuit, but may not impact the functionality of a 
different instance of the same circuit. To reliably detect a criti-
cal SDD, different excitation and propagation conditions must 
be fulfilled for each circuit instance. Hence, standard SDD test 
methods [16][18] do not always provide a good defect cover-
age under process variations. 

The following three basic classes of approaches have been 
suggested to deal with this problem. Approaches from the first 
class are based on constructing a model of process variations 
and integrating it into the test generation framework 
[10][11][13][24]. For example, a space of process parameters is 
defined in [10]; for a given SDD and a test pattern, the process-
parameter combinations for which the SDD is detected are 
identified. Test generation is continued until a sufficient por-
tion of the parameter space has been covered. The drawback of 
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such approaches is the difficulty to obtain a technology-aware 
model of process variations that is accurate as well as suffi-
ciently compact for integration into a test-generation flow. 
Specific challenges are the unclear validity of assumptions on 
process variations in a given technology; the high effort to per-
form a statistically significant number of either electrical simu-
lations or actual measurements; the large number of process 
parameters which affect many locations of the circuit; and the 
complex interaction of process variations and actual defect 
mechanisms (such as resistive opens [6]). 

The second class of approaches enriches the models by in-
corporating actual delays measured on manufactured instances 
of the circuit [12]. For example, tunable delay elements called 
Clock Vernier Devices were employed in the clock signal dis-
tribution network of Intel’s Montecito processor to manipulate 
the delays of specific paths. Then, the delay of a path can be 
determined by tuning it until it fails [15]. Obviously, such ap-
proaches require the presence of an on-chip infrastructure and 
can only be run after first silicon is available. 

The third class of approaches covers an SDD by propagat-
ing the defect through a number of different paths [17][19][20]. 
For each SDD-location from a given set (for instance, outputs 
of all the logic gates in a circuit), a number K of longest 
sensitizable paths are identified (where the length of the path is 
determined using nominal gate delays). For each found path, a 
test pair detecting the defect by sensitizing this path is generat-
ed. This K Longest Path Generation (KLPG) is done in order to 
account for the fact that the lengths of the paths vary in differ-
ent manufactured instances of a circuit. Detection of a critical 
SDD in a manufactured circuit instance is guaranteed as long 
as one of the K paths through its location selected by KLPG is 
indeed the longest sensitizable path in the regarded circuit in-
stance. KLPG does not require explicit modeling of process 
variations and can be assumed to be more computationally fea-
sible than the variation-aware test generation mentioned be-
fore.1 A related problem is the search for K globally longest 
sensitizable paths in a circuit [5][9][14]. 

KLPG algorithms maintain a number of partial paths which 
are possible sub-paths of one of the K longest sensitizable 
paths. These sub-paths are continuously extended until they 
either become a complete sensitized input-to-output path, or 
until they are proven to be unsensitizable. A number of ad-
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different patterns, in order to cover not modeled defects such as shorts or 
opens [6] 



vanced speed-up techniques for KLPG have been shown to 
scale this basic algorithm to large circuits [5][9][17]. Most of 
these techniques have no impact on the optimality of the algo-
rithm, i.e., the algorithm yields K longest sensitizable paths if 
that many different paths exist. A KLPG algorithm is not opti-
mal if it may miss one or several of the K longest sensitizable 
paths and either finds a shorter path or no path at all. The opti-
mality of KLPG implementations in [5][17] is affected by im-
posing an upper limit on the number of partial paths maintained 
at any point of time. The corresponding data structure is called 
a path store in [17] (and corresponds to Ψ in [5]). It contains 
partial paths for which it is not yet definitely known whether 
they can be extended to one of the K longest sensitizable paths. 
Imposing a limit on the path store size leads to a path-store 
overflow, which implies that some of the partial paths cannot 
be maintained. If some of the actual K longest paths are exten-
sions of such an excluded partial path, they will not be found, 
thus leading to a sub-optimal solution. 

In [17], a path-store size limit of 3,000 is used for the ex-
periments. Different limits varying between 10 and 100 are 
used in [5] (these low values might be an explanation for the 
very low run-times reported in that paper). This prompts a 
question whether the impact of path-store overflows on the 
quality of the obtained solution is significant. This is the sub-
ject of investigation in this paper. 

Using an implementation of a KLPG algorithm along the 
lines of [17], we systematically evaluate the impact of path-
store overflows on the quality of the found paths. We identify 
SDDs for which not all partial paths fitted into the path store 
and compare the paths determined by the KLPG algorithm with 
the optimal solution, i.e., with actual K longest sensitizable 
paths. For different values of the path-store size limit πmax, we 
report the number of SDDs for which less sensitizable paths 
were found due to the overflows. For SDDs with an equal 
number of found paths, we compare the lengths of the paths. 
Using a path of a lower length for testing implies a sub-optimal 
coverage of certain defect sizes. In particular, we calculate the 
number of SDDs for which the overflows lead to substantially 
shorter paths. 

Since the aim of imposing a path-store size limit is run-time 
efficiency, we also study the scalability of the algorithm as a 
function of πmax. Moreover, we investigate the cost of generat-
ing a provably optimal solution. One trivial way to obtain such 
a solution is to use a very high value of πmax, or a dynamic data 
structure with no imposed limit. We propose an alternative 
iterative algorithm Opt-KLPG. We investigate the run-time 
behavior of Opt-KLPG and compare it to the original algo-
rithm. We are not aware of a previous study that systematically 
investigates the optimality of KLPG. 

II. K LONGEST PATH GENERATION ALGORITHM 

A. Overview of the method 

The KLPG algorithm was implemented along the lines of [17] 
(a flowchart is found in Figure 1). As in [17], partial paths are 
grown from the circuit’s inputs to the outputs. They are re-
quired to pass through the SDD location. To grow a path, the 
side-inputs of the corresponding gates are assigned appropriate 
logic values and their implications are calculated. Whenever an 

assignment results in a local conflict, the partial path is 
dropped. For each partial path under consideration, a value 
called max esperance, corresponding to the maximal length of 
an extension of the partial path, is calculated and continuously 
updated. When K complete sensitizable paths are available, all 
partial paths with a max esperance less than the minimal length 
of these K paths are dropped. This is done because these paths 
will definitely be shorter than the K already known paths when 
fully extended. 
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Figure 1.  Flowchart of the KLPG algorithm from Section II. 

As soon as a complete path of sufficient length and without 
local conflicts has been calculated, it is sensitized. In [17], the 
FAN algorithm is used for this purpose. In our implementation, 
a Boolean-Satisfiability (SAT) instance is constructed and the 
sensitization is performed using the TIGUAN engine [7]. Un-
like [5], no incremental SAT solving is used. 

B. Pre-processing 

Before path generation starts, all gates in the circuit are 
topologically sorted in decreasing order of their levels. The 
max esperance is calculated for all gates in the sorted order 
(where max esperance of a gate is an upper bound of maximal 
length of a partial path from the gate to an output). The recur-
sive max esperance calculation works as follows: if a gate 
drives the primary output and no other gates, the max esper-
ance of the gate equals its maximal (port-to-port) gate delay. 
Otherwise the gate’s max esperance is the sum of its maximal 
gate delay and the maximum of max esperances of gates driven 
by its output (which have been calculated already). 

C. Path generation 

For each SDD in the fault list, the path store is progressive-
ly filled with the partial paths that start at a primary input in the 
SDD’s input cone, since only these paths can be potentially 
extended to the SDD location. The max esperance of a partial 



path is calculated for each considered path, by adding the actu-
al partial-path length and the max esperance of the last gate on 
the partial path. The partial path with the largest max esperance 
is selected and extended by one gate. In case of a fanout to 
multiple gates, a copy of the partial path is stored in the path 
store unless its size limit πmax is exceeded. Then, the partial 
path is extended by the gate with the largest max esperance. 
For example, if partial path a–b–c is considered and c has three 
successors d, e and f, a copy of the partial path a–b–c is stored 
in the path store and the partial path is extended such as to have 
the highest max esperance, e.g., a–b–c–d. The copy of partial 
path a–b–c kept in the path store contains only two successors 
(e and f), as successor d is being evaluated already. Moreover, 
the max esperance of the copy of a–b–c in the path store is 
computed taking into consideration successors e and f only. 

After path extension, the sensitizability of the extended par-
tial path, i.e., its ability to propagate a signal transition from the 
primary input to its current last gate, is checked. We imple-
mented sensitizability conditions for robust, non-robust and 
functional sensitization [4]. To guarantee the path’s sensitiza-
tion, the side inputs of the newly added gate are assigned logic 
values according to the selected sensitizability conditions. The 
value assignments can imply values on other signals in the cir-
cuit; if these signals are already set to a different value, a con-
flict is detected and the extending fails. We apply the “direct 
implication” technique [17] to identify conflicts. Not all possi-
ble conflicts are guaranteed to be detected by this technique. 

If the extension of a partial path fails, that partial path is 
dropped as it cannot be extended to a sensitizable path. Then, 
the partial path with the largest max esperance is taken out of 
the path store. The algorithm attempts to extend the next path 
with the largest max esperance of the successor gates. Partial 
paths that have been considered previously are excluded from 
consideration. For example, if a–b–c–d could not be sensitized, 
partial path a–b–c may be selected and extended by the remain-
ing successor (e.g., e) with the highest max esperance.  

D. Path sensitization 

A completely extended path (going from a primary input 
through the SDD location to a primary output) has no conflicts 
identified by the direct implication technique, but such a path is 
still not guaranteed to be sensitizable. In order to check the 
sensitizability of a complete path, we derive a conditional mul-
tiple stuck-at (CMS@) fault [7] from the generated path. A 
CMS@ fault consists of a list of fault activation conditions and 
a list of stuck-at-like fault effects. In our case, fault activation 
conditions are given by the values assigned to the side inputs of 
the gates on the path, and the only fault effect is the erroneous 
value on the SDD location. We use the SAT-based ATPG tool 
TIGUAN [7] to find a test that detects the constructed CMS@ 
fault. If a test pattern is found, it sensitizes the path. If 
TIGUAN reports that the CMS@ fault is untestable, the path is 
not sensitizable. 

The KLPG algorithm terminates when either K sensitizable 
paths have been found or when the path store becomes empty. 

III. THE OPTIMAL KLPG ALGORITHM 

The algorithm Opt-KLPG is outlined in Figure 2. It starts 
by running KLPG with a user-defined path-store size limit 

πmax. The path store is empty at the beginning of the first itera-
tion of Opt-KLPG. In contrast to the algorithm in the previous 
section, partial paths which are not included in the path store 
due to overflows (overflow paths) are kept for subsequent itera-
tions. Only the paths in the path store are considered by the 
KLPG algorithm. The first iteration of Opt-KLPG yields a (po-
tentially sub-optimal) set of sensitizable paths for each SDD. 

If an SDD is affected by an overflow, subsequent iterations 
of Opt-KLPG invoke further KLPG runs (using the same πmax-
value). In these iterations, the path store is initialized with over-
flow paths generated in previous iterations. If the number of 
such partial paths exceeds πmax, the ones with the largest max 
esperance are selected. This means that some of the paths that 
have not been selected may be re-generated during KLPG.  

As soon as K sensitizable paths have been found, all partial 
paths with max esperance below the length of the shortest of 
the K paths are dropped immediately. This procedure is iterated 
until all overflow partial paths have been inserted into the path 
store and investigated. Note that the solution quality yielded by 
Opt-KLPG is not affected by the choice of πmax as the algo-
rithm is guaranteed to always find the optimal solution. 
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Figure 2.  Flowchart of the Opt-KLPG algorithm from Section III. 



TABLE I.  EXPERIMENTAL RESULTS FOR FUNCTIONAL SENSITIZATION 

Circuit πmax KLPG Opt-KLPG Comparison
(gate cnt)  #Over-flows Path 

length 
CPU time [s] #Over-

flows 
Average # 

re-iterations
Path 

length 
CPU time [s] Δ path 

length [%] 
Gates with
less paths 

Gates with
short pathsTotal Excl SAT Total Excl SAT 

c1908 10 143619 75569 36 4 332249 42.25 86185 346 26 14.05 15 671 
(795) 50 215713 82819 76 8 280743 7.56 86185 337 22 4.06 1 352 
 100 125803 85717 68 8 163067 2.46 86185 309 21 0.55 0 118 
 500 13356 86155 82 13 29950 0.08 86185 306 42 0.03 0 4 
 1000 14932 86181 122 30 23696 0.03 86185 343 77 0.00 0 2 
 1500 16278 86181 177 56 20164 0.02 86185 386 122 0.00 0 2 
 3000 12902 86181 375 186 12902 0.01 86185 526 252 0.00 0 2 
 30000 0 86185 815 510 0 0.00 86185 774 490 0.00 0 0 
c5315 10 117690 201540 60 7 170043 8.02 215813 147 9 7.08 8 1306 
(2228) 50 68354 215615 94 8 74667 0.97 215813 126 8 0.09 0 96 
 100 33548 215770 111 9 35998 0.26 215813 131 8 0.02 0 21 
 500 1402 215812 132 11 1402 0.01 215813 134 11 0.00 0 1 
 1000 0 215813 134 11 0 0.00 215813 134 11 0.00 0 0 
 1500 0 215813 134 12 0 0.00 215813 134 11 0.00 0 0 
 3000 0 215813 134 11 0 0.00 215813 133 11 0.00 0 0 
 30000 0 215813 134 12 0 0.00 215813 135 12 0.00 0 0 
c7552 10 210254 249957 141 17 258557 9.19 260443 324 22 4.20 25 1858 
(2952) 50 102766 259465 211 17 110967 1.06 260443 277 20 0.38 0 382 
 100 49843 260108 237 20 52150 0.30 260443 268 20 0.13 0 125 
 500 509 260443 265 23 509 0.00 260443 264 22 0.00 0 0 
 1000 0 260443 264 22 0 0.00 260443 265 22 0.00 0 0 
 1500 0 260443 264 23 0 0.00 260443 265 22 0.00 0 0 
 3000 0 260443 269 23 0 0.00 260443 264 23 0.00 0 0 
 30000 0 260443 264 23 0 0.00 260443 270 23 0.00 0 0 
b14 10 214621 97653 127 15 1417923 21.03 126305 5688 336 29.34 19 931
(6763) 50 475719 113633 367 19 1360685 4.09 126305 5792 147 11.15 2 662
 100 573137 121862 490 23 1201388 1.84 126305 5255 114 3.65 0 550
 500 485778 125788 1745 48 761236 0.26 126305 5214 131 0.41 0 90
 1000 378266 126103 2614 108 560882 0.11 126305 5559 246 0.16 0 38
 1500 309834 126169 3084 175 414736 0.05 126305 5378 320 0.11 0 32
 3000 221434 126252 3825 360 267347 0.02 126305 4984 511 0.04 0 14
 30000 0 126305 6959 2717 0 0 126305 7928 3566 0 0 0
b15 10 185349 50203 138 58 879949 9.9 69250 5268 944 37.94 61 700
(8931) 50 231739 61128 270 78 823864 1.88 69250 5249 903 13.29 15 530
 100 250348 62495 398 97 799232 0.93 69250 5306 941 10.81 15 484
 500 252861 69093 1357 341 373079 0.09 69250 4406 850 0.23 0 51
 1000 179548 69188 2239 578 250773 0.03 69250 4727 1002 0.09 0 20
 1500 150366 69219 2948 803 198749 0.02 69250 5003 1215 0.04 0 12
 3000 78511 69223 4279 1404 97662 0.01 69250 5872 1910 0.04 0 10
 30000 0 69250 7151 3242 0 0 69250 8545 4244 0 0 0
p35 10 293796 7395 542 40 360685 1.83 8223 1218 55 11.19 0 852 
(19964) 50 270197 7813 589 40 342143 0.36 8223 1329 51 5.25 0 219 
 100 263782 7869 701 39 359731 0.19 8223 2178 63 4.49 0 160 
 500 242401 7988 1095 48 368222 0.04 8223 2959 95 2.94 0 116 
 1000 268786 8091 1749 69 285228 0.02 8223 2644 92 1.62 0 87 
 1500 216978 8150 1451 74 226846 0.01 8223 1710 92 0.90 0 51 
 3000 159280 8196 1594 116 160445 0.00 8223 1887 150 0.33 0 40 
 30000 0 8223 506 57 0 0.00 8223 489 55 0.00 0 0 
p45 10 80796 3824 142 58 609588 2.68 4569 8048 647 19.47 17 699 
(22877) 50 122172 4376 261 68 480945 0.43 4569 7715 265 4.41 0 342 
 100 115619 4494 470 82 425049 0.19 4569 6717 240 1.66 0 169 
 500 111723 4555 1105 123 326295 0.03 4569 9029 549 0.30 0 50 
 1000 100109 4562 1580 216 267548 0.01 4569 7105 947 0.15 0 32 
 1500 102996 4563 1703 312 239735 0.01 4569 6102 1153 0.12 0 24 
 3000 98656 4568 2898 849 195398 0.00 4569 7082 2276 0.03 0 12 
 30000 7513 4569 20185 15750 7513 0.00 4569 20211 15756 0.00 0 1 
p78 10 166206 6342 240 101 689810 1.20 7149 7139 418 12.72 8 901 
(57608) 50 177257 7039 391 112 501469 0.18 7149 5451 198 1.56 0 722 
 100 99069 7147 335 108 373759 0.07 7149 5483 174 0.03 0 96 
 500 135763 7148 703 125 321940 0.01 7149 5240 245 0.01 0 5 
 1000 150340 7148 1168 180 299284 0.01 7149 7062 413 0.01 0 6 
 1500 151226 7149 1344 208 283626 0.00 7149 5099 498 0.00 0 2 
 3000 148676 7149 2257 461 243633 0.00 7149 5545 927 0.00 0 2 
 30000 0 7149 10590 5859 0 0.00 7149 10560 5840 0.00 0 0 

 



IV. EXPERIMENTAL RESULTS 

We applied our implementation of KLPG and Opt-KLPG to 
ISCAS-85 circuits (which are small but are known to have a 
large number of reconvergencies and are therefore challenging 
for path-selection algorithms), combinational cores of ITC-99 
circuits, and industrial circuits provided by NXP. We synthe-
sized the original circuits using a publicly available 45nm cell 
library [3] in order to use realistic pin-to-pin gate delays. We 
omit results for circuit c6288, a multiplier with a large number 
of long non-sensitizable paths. In [17], a specific technique 
called Smart-PERT was developed in order to handle c6288; 
our implementation does not include this technique. 

Table I summarizes the results for K = 5 (i.e., five longest 
sensitizable paths are generated for each gate output in the cir-
cuit) and functional sensitization conditions. For each circuit, 
KLPG and Opt-KLPG were run for a number of different path-
store size limits πmax between 10 and 30,000. We used fault 
lists consisting of all gates for ISCAS circuits and 1,000 ran-
domly selected gates for ITC-99 and NXP circuits. Column 1 
shows the circuit name with its gate count in parentheses. Col-
umn 2 and 3 contain πmax and the number of overflows encoun-
tered by KLPG. In column 4, the sum of lengths of the (up to) 
five paths identified by KLPG is reported. If the number of 
overflows is 0, then KLPG’s results are optimal and the length 
in column 4 is maximal; otherwise it can be sub-maximal. Note 
that the lengths are real numbers rounded to the nearest integer. 
For instance, KLPG fails to find the optimal solution for p45 
with πmax = 30,000, but the reported length of 4659 corresponds 
to the optimal length due to rounding artifacts. The run-times 
of KLPG can be found in columns 5 and 6. We report the total 
run-times as well as the times excluding the calls of the SAT-
ATPG engine (columns “Excl SAT”), which describe the effort 
spent in actual search for paths. 

From the KLPG results, it can be seen that very small val-
ues of πmax typically result in a large number of overflows (we 
will discuss the impact of the overflows on test quality related 
metrics such as the lengths of the found paths later). The mini-
mal value of πmax which results in no overflows varies among 
the circuits (and does not always grow with circuit size). The 
number of overflows does not always decrease for larger path 
store size limits. The reason is that a larger path store may con-
tain a partial path which in turn results in generation of more 
partial paths, while a smaller path store may simply not contain 
this path. The run-time difference of our implementation and 
[17] can be partially attributed to the lack of a number of ad-
vanced speed-up techniques such as forward-trimming or 
Smart-PERT in our implementation. Our aim is to study the 
impact of πmax on the results and not to outperform earlier im-
plementations. A further reason is the amount of time spent for 
the path sensitization. In contrast to the FAN algorithm which 
can be seamlessly integrated into the KLPG framework in [17], 
each path sensitization requires a lengthy process in our case: 
A path is mapped onto a CMS@ fault for which an ATPG-
instance is constructed, which in turn is mapped onto a SAT-
instance and solved. Even though the employed SAT-ATPG 
engine can perform these tasks in a fraction of a second, but the 
large number of paths to be evaluated results in a large number 
of SAT-ATPG instances and therefore high run-time require-
ments. In general, run times rise with growing πmax. 

Columns 7 through 11 provide information on the optimal 
algorithm Opt-KLPG. Column 7 contains the number of over-
flows encountered during the complete run of all the iterations. 
This number is always higher than the number of overflows in 
column 3, as KLPG constitutes the first iteration of Opt-KLPG. 
Column 8 contains the number of required “re-iterations”, that 
is, iterations after the initial KLPG run. The value reported is 
the average over all the SDD locations (gate outputs). This 
number is always 0 if there were no overflows in the initial 
KLPG run. In column 9, the sum of the lengths of the optimal 
paths can be found (this value is independent from πmax). Col-
umns 10 and 11 contain the run-times. As for KLPG, the run 
times tend to be larger for a larger πmax, yet the trend is less 
pronounced. This is because a larger πmax implies less re-
iteration of Opt-KLPG. While Opt-KLPG requires more time 
than KLPG for the same πmax, it always yields the optimal solu-
tion. For instance, circuit c1908 requires πmax = 30,000 in order 
to avoid overflows altogether; this necessitates a total run time 
of 815 CPU-seconds. However, Opt-KLPG achieves the same 
result for πmax = 500 using 306 CPU-seconds. Furthermore, 
even running Opt-KLPG with πmax = 10 results in a large num-
ber of re-iterations per gate, but the total run time of 346 CPU-
seconds is still less than for KLPG with πmax = 30,000. 

The last three columns of Table I evaluate the coverage 
problems due to sub-optimal path selection by the KLPG algo-
rithm. Column 12 shows the difference between the total length 
of the paths found by Opt-KLPG (column 9) and KLPG (col-
umn 4). This difference is rather large for very small values of 
πmax; it tends to be within 1% for πmax ≥ 100. This is because 
many SDDs are not affected by overflows or because the iden-
tified paths are not much shorter than the optimal ones. The 
second-to-last column contains the number of SDD-locations 
(gates) through which KLPG found less paths than are in exist-
ence. This is a severe situation with a significant impact on 
testability under process variations. It rarely occurs for 
πmax > 10. The final column shows the number of gates for 
which the total length of paths identified by KLPG was shorter 
than the optimum. This corresponds to a coverage impact for 
the SDD associated with this particular gate. In some of the 
manufactured instances of the circuit, such SDDs will not be 
adequately tested. A significant number of gates turn out to be 
vulnerable to this problem even for large values of πmax. Figure 
3 shows, in graph form, the number of such gates in circuit 
p35, accompanied by run times for KLPG and Opt-KLPG 
(which is not affected by this problem). 
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Figure 3.  Experimental results for circuit p35. Run times are shown by lines; 
number of gates are shown by bars. 



TABLE II. COMPARISON OF KLPG AND OPT-KLPG FOR DIFFERENT MODEL 
ASSUMPTIONS, CIRCUIT C7552 

πmax Non-robust sensiti-
zation 

Unit delay, 
functional sens. 

Unit delay,
non-robust sens. 

 Δ path 
length 

[%] 

Gates 
w. less 
paths 

Gates 
w.short 
paths 

Δ path 
length 

[%] 

Gates 
w. less 
paths 

Gates 
w.short 
paths 

Δ path 
length 

[%] 

Gates
w. less 
paths 

Gates 
w.short 
paths 

10 3.95 19 1603 4.22 32 1638 4.60 33 1755 
50 0.24 0 197 0.40 0 407 0.37 0 354 
100 0.10 0 81 0.12 0 118 0.12 0 106 
300 0.00 0 2 0.00 0 7 0.00 0 2
500 0.00 0 0 0.00 0 0 0.00 0 0

1000 0.00 0 0 0.00 0 0 0.00 0 0

1500 0.00 0 0 0.00 0 0 0.00 0 0

3000 0.00 0 0 0.00 0 0 0.00 0 0

30000 0.00 0 0 0.00 0 0 0.00 0 0
 

TABLE III. COMPARISON OF KLPG AND OPT-KLPG FOR DIFFERENT MODEL 
ASSUMPTIONS, INDUSTRIAL CIRCUIT P45 

πmax Non-robust sensiti-
zation 

Unit delay, 
functional sens. 

Unit delay,
non-robust sens. 

 Δ path 
length 

[%] 

Gates 
w. less 
paths 

Gates 
w.short 
paths 

Δ path 
length 

[%] 

Gates 
w. less 
paths 

Gates 
w.short 
paths 

Δ path 
length 

[%] 

Gates 
w. less 
paths 

Gates 
w.short 
paths 

10 22.17 25 698 17.12 19 673 21.02 27 676 
50 5.59 1 358 4.36 0 310 6.11 2 338 
100 2.01 1 180 2.08 0 156 2.79 1 178 
300 0.51 1 62 0.67 0 57 0.76 0 58
500 0.33 1 44 0.47 0 47 0.50 0 44

1000 0.13 0 23 0.27 0 32 0.25 0 28

1500 0.08 0 14 0.21 0 27 0.12 0 19

3000 0.01 0 5 0.08 0 13 0.02 0 5

30000 0.00 0 0 0.00 0 0 0.00 0 0

Tables II and III contain the comparison between KLPG 
and Opt-KLPG (as in the final three columns of Table I) under 
non-robust sensitization conditions (as opposed to functional 
sensitization in Table I) for two alternative delay models: gate 
delays extracted from the technology library and unit-delay 
model which assumes that each gate has a delay of 1. The in-
fluence of the model assumptions tends to be limited. We made 
similar observation for further benchmarks which are not re-
ported here. It can be seen that path store size affects the opti-
mality of the solution for different assumptions. 

V. CONCLUSIONS 

K longest path generation is an attractive technique to test 
small-delay defects under process variations without having to 
explicitly model the variation mechanism. We studied, for the 
first time, the optimality of the KLPG algorithm in a systematic 
way, and discovered that the path-store size limit πmax has a 
significant impact on the results. In practice, conservative set-
ting of this limit to values beyond 1,000 does yield optimal 
results for most (but not all) of the considered circuits. In con-
trast, setting πmax to very small values, as suggested by some 
recent publications, appears to have grave impact on the test 
quality. We suggested a provably optimal algorithm Opt-
KLPG, which works iteratively and outperforms conventional 
KLPG with a large path store. Overall, it seems that KLPG 
optimality should be paid attention to when high test quality is 
required for circuits affected by process variations. 
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