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Abstract: By analyzing the average percent of faults detected
(APFD) metric and its variant versions, which are widely
utilized as metrics to evaluate the fault detection efficiency of
the test suite, this paper points out some limitations of the
APFD series metrics. These limitations include APFD series
metrics having inaccurate physical explanations and being
unable to precisely describe the process of fault detection. To
avoid the limitations of existing metrics, this paper proposes
two improved metrics for evaluating fault detection efficiency
of a test suite, including relative-APFD and relative-APFD...
The proposed metrics refer to both the speed of fault detection
and the constraint of the testing source. The case study shows
that the two proposed metrics can provide much more precise
descriptions of the fault detection process and the fault
detection efficiency of the test suite.
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he test case prioritization technique schedules test ca-
T ses in an initial test suite in order, forming a priori-
tized test suite that increases its efficiency. Giving an ex-
isting initial test suite 7, the test case prioritization
technique aims to discover the best prioritized test suite o
€ P such that

(YVo)(ag'eP)(o=0) (o) >fa)]

where P is the set of all the possible permutations of 7,
and f is an objective function'"'.

An objective function called the average percent of
faults detected ( APFD) is usually utilized as the metric to

evaluate the faults detection efficiency of the prioritized
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test suite o e P!". There are also some variants of the
APFD metric, including NAPFD'", APFD_."' etc. In
this paper, we jointly call these metrics the APFD series.

APFD series metrics are designed for the test case pri-
oritization problem, which implies the assumption | ¢ |
= | T,, | for each o € P. However, there may be some
other types of scenarios, including the test case re-genera-
tion prioritization'", time-aware test case prioritiza-
tion™, test case reduction'”, test goal prioritization"”
etc. In these above-mentioned scenarios, prioritized test
suites under evaluation may contain only partial test cases
in the given initial test suite, or sometimes may not be
concerned with the initial test suite at all. APFD and its
variants can hardly handle these situations.

For these problems, we propose an improved metric
relative-APFD, which is related to a given testing re-
source constraint that determines how many test cases can
be run, to replace the existing APFD and NAPFD. Fur-
thermore, we also discuss the scenarios where test costs
and fault severities are taken into consideration, and pro-
pose relative-APFD,, to replace existing APFD.. The case
study shows that all the proposed metrics can provide
much more precise illustrations of the fault detection effi-

ciency of a prioritized test suite.
1 APFD Series Metrics

Let o, @, and TF(¢, o) be the prioritized test suite
under evaluation, the set of faults contained in the soft-
ware, and the index of the first test case in ¢ that exposes
fault ¢ € &, respectively, and then the APFD of ¢ is de-
fined as'"!

;’ TF(¢, o) !
APFD(o) =1 (o] o] +2‘0_‘

Sometimes, there may be non-detected faults that can
not be detected by any test cases in ¢. For each non-de-
tected fault ¢, Walcott et al. Bl set TF(¢p, o) = \ o \ +1
as a penalty that may cause the APFD value to become
negative. Cohen et al. 1 et TF( ¢, o) =0 for each non-
detected fault, and proposed an improved metric normal-
ized APFD (NAPFD) as

Y TE(¢$, o)

NAPFD(g) =1 —%2 +
ol [ol 2o
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where p is the rate of faults detected by o, i.e.,
_ 1o ®|TF(, o) #0}
) @ |

Another improvement is to take the test costs and the
fault severities into consideration. Let C, be the cost of
the i-th test case (i =1, 2, ..., \ o \ ), and let S, be the

severity of fault ¢», and then the cost-cognizant weighted
APFD (APFD,.) is""

p

lol 1
S C -—C
APFD (o) = d;b( ‘bi:TFX(J),,,) ) Twm)

lol

PIPILS

i=1 bed

In recent years, people have proposed other metrics by
extending APFD for special applications, including met-
rics for parallel processes', and metrics for evaluating
the ratio of achieved efficiency™’ etc.

2 Limitations of APFD Series Metrics
2.1 Constraint on the sizes of test suites

We take test cases and faults in Tab. 1 as examples to
show some incorrect results when using APFD series met-
rics in scenarios, where the sizes of prioritized test suites
are varied.

Tab.1 Faults detected by test cases
Test case F; F, F; F, F; F, F, Fy

T, X X

Ty X X X

1) For the situation where all faults are detected, we
construct two prioritized test suites o,: T,-T,-T,-T,-T,
and o,: T,-T,-T,. Note that both ¢, and o, can detect all
faults. Then we obtain the APFD values (see Fig. 1).

APFD(o,) = APFD(¢,) =0.6
APFD(o,) APFD(o,) =0.5

However, it is incorrect to say that ¢, is more efficient
than ¢,. After run 1 (or 2) test case(s), both ¢, and o,
detect 3 (or 5) faults; after run 3 test cases, o, detects all
the 8 faults while o, detects only 5. This means that o,
detects faults more rapidly than o,.

2) For the situation where there are non-detected
faults, we construct two prioritized test suites g,: T,-T,-
T, and o,: T;-T;. Note that o, and o, detect the same
faults. Then, we obtain NAPFD values.

NAPFD(¢,) =0.354 2
NAPFD(q,) =0.343 6

It is also incorrect to say that ¢, is more efficient than
o,. After running 1 test case, both ¢, and ¢, detect 3
faults; after running 2 test cases, o, detects 5 faults while
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Fig.1 [Illustration of APFD. (a) APFD(o,);(b) APFD(o,)

o, detects only 3. It means that o, detects faults more
rapidly than o,.

This limitation, which has been often overlooked previ-
ously, sometimes may lead to incorrect and confused ex-
perimental results in the applications of APFD series met-

s 12,5
rlCS[ ].

2.2 Process of fault detection

Another limitation is that the APFD series metrics can-
not precisely illustrate the process of fault detection in the
real world. They assume that during the running of one
test case, the number of the newly detected faults ( for
APFD and NAPFD) or the total severities of the newly
detected faults (for APFD.) grow linearly with consumed
time. Factually, however, if a test case is still running,
it cannot detect any faults since we cannot check whether
it has passed or failed.

3 Improved Metrics
3.1 Relative-APFD

When comparing two prioritized test suites that contain
different numbers of test cases, a fair testing resource
should be provided first. Here the testing resource, which
can be described as the positive integer m, can be consid-
ered as a constraint. If m< | o

, at most m test cases in

prioritized test suite o can run. If m> | ¢ |, all test ca-
ses will run before the exhausting of testing resource. By
using the testing resource constraint, we propose a metric
relative-APFD. Evidently, it does not only depend on the
test suites under evaluation, but also depends on the given

testing resource constraint.



Improved metrics for evaluating fault detection efficiency of test suite 287

Formally, let o, @, TF(¢, o) be the prioritized test
suite under evaluation, the set of faults contained in the
software and the position of the first test case in ¢ that
exposes fault ¢, respectively. We specifically set TF( ¢,
o) =0 for non-detected faults. For a given testing re-
source constraint m, the relative-APFD of ¢ is defined as

Y TF'($, o, m)

RAPFD(o, m) = p(m) _MmT
where

’ _ TF(d),O‘) mBTF(d’,O‘)

T (.. m) = {0 m < TE( &, o)

In addition, p(m) is the ratio of the number of faults de-
tected by the first m test cases in ¢ to the number of faults
in @; i.e.,
[ {pe® | TF'($, o, m) #0} |

| @

p(m) =

3.2 Relative-APFD_.

By considering the test costs, the given testing resource
constraint should be scaled by a positive real number m..
Then we can propose the metric relative-APFD.. by exten-
ding relative-APFD.

Formally, let o, @, TF(¢, o) be the prioritized test
suite under evaluation, the set of faults contained in the
software, the position of the first test case in ¢ that expo-
ses fault ¢, respectively. We specifically set TF(¢, o) =
0 for non-detected faults. Additionally, let C, be the cost
of the i-th test case (i =1, 2, ..., \ o \ ), and let Sd) be
the severity of the fault ¢. For a given testing resource
constraint m,, the relative-APFD,. of ¢ is defined as

TF' (¢, o, mc)

2 (s, Y ¢)

RAPFD (o, m.) =p(m) — 2% =
me Z S,

bed
where
TR(¢, @)
TE( ¢, o) me = Z C,
TF' (¢, o, mc) = TF($, o)

me < ZC,.

i=1

and p(m,) is the ratio of the total severities of faults de-
tected by ¢ within the testing resource constraint to the
total severities of all the faults in @; i.e.,

S

TF'(, o, m.) #0

> S,

ded

p(mc) =

4 Case Study

Considering the prioritized test suites ¢-,: T,-T;-T,-T,-

T, and o,: T,-T,-T, their relative = APFD values for the
testing resource constraint m =1, 2, 3, 4, and 5 are

shown in Fig. 2 as the area under the step functions:
e RAPFD(o,, 1) =RAPFD(g,, 1) =0;

e RAPFD(o,, 2) =RAPFD(s,, 2) =3/16;
e RAPFD(o,, 3) =RAPFD(s,, 3) =1/3;
e RAPFD(o,, 4) =13/32 < RAPFD(q,, 4) =1/2;
e RAPFD(o,, 5) =1/2 < RAPFD(a,, 5) =3/5.
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Illustrations of relative-APFD. (a) RAPFD( o, m); (b)
RAPFD(q,, m)

Fig.2

The overall results show that, if the testing resource
constraint is less than or equal to 3 (3 or less test cases
run), o, and o, have the same efficiency; and if the con-
straint is greater than 3 (more than 3 test cases run), o,
is more efficient than o, .

Considering the other two prioritized test suites o,: T,-
T,-T, and o,: T,-T, their relative-APFD values for tes-
ting the resource constraint m =1, 2, 3 are as follows:

e RAPFD(o;, 1) =RAPFD(o,, 1) =0;

e RAPFD(o,, 2) =RAPFD(o,, 2) =3/10;

e RAPFD(o,, 3) =6/15 < RAPFD(g,, 3) =8/15.

The overall results show that, if the testing resource
constraint is less than or equal to 2 (2 or less test cases
run), o, and o, have the same efficiency; if the con-
straint is greater than 2 (more than 2 test cases run), o,
is more efficient than ¢,.

The above two cases show that, relative-APFD avoids
incorrect results obtained by existing APFD and NAPFD.
The relative-APFD. has the same advantage, which is
omitted here.

5 Conclusion

We make a brief review of widely used existing APFD
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series metrics including APFD, NAPFD and APFD., and
discuss their limitations.
metrics relative-APFD and relative-APFD.. are proposed
in this paper. These proposed metrics can illustrate the
process of faults detection more precisely and practically,

To avoid these, two improved

and provide more correct results to evaluate and compare
the efficiency of prioritized test suites.
works, some metrics for a parallel testing process are re-
quired, since the cloud computing techniques have been
widely applied to software testing.

In the future
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