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In the next subsection, we describe how dependencies were
identified. We also present assumptions and decisions made
during this task.

B. Identifying dependencies and calculating coupling

As stated in Section III-B, we employed XFlow to detect
both structural and logical dependencies. We referred to the
quartile analysis to exclude revisions that contained an extreme
number of files, since these revisions are statistically
insignificant and would require great computational resources
to be processed’.

Logical dependencies. XFlow processing phase (Figure 2)
applies the method proposed by Cataldo to detect logical
dependencies between software artifacts [25]. The tool
analyzes all previously parsed revisions and builds a square
sparse symmetrical matrix with the following properties:

e cell(i,i): number of times that file / changed
(number of revisions that included file 7).

e cell(i,j), for i#j: number of times that file i
and file j changed together (number of revisions that
included both file 7 and file j).

Two logical dependencies are established for each non-
blank cell off the matrix diagonal. The value of such cells
indicates the support for both dependencies. Confidence is
calculated for each one of these two dependencies by
employing the support value and the corresponding value from
the matrix diagonal.

Structural dependencies. While logical dependencies are
defined based on a time interval, structural dependencies are
defined for a specific time instant. Therefore, in order to
compare logical coupling to structural coupling, we developed
an algorithmic strategy. The basic idea is that, for every
established logical dependency F,=F,, we calculate the
associated average structural coupling value. Such value
corresponds to the average number of operation calls from f; to
f, (average MPC*). The following pseudocode®describes the
conceived strategy for structural coupling calculation (Listing
1). Variable names c and s stand for client and supplier
respectively.

13 //Calc. coupling for files outside rev.
14. old s <« XFlow.getOldSuppliers(c)

15 old 8 «—ocld s — files

16, for each file s in old_s

Lihe depDegree « Doxy.calcMPC* (c,s)

18- dep <« XFlow.getDependency (c,s)

18 dep.addDegree (depDegree)

20. end-for

- O end-for

22. end-for

Listing 1. Pseudocode describing the employed strategy for structural
coupling calculation

We first calculate the pair-wise structural coupling between
all files in each revision (2-12). Given that a file £ of a
specific revision may have already been co-changed with other
files in the past, we recalculate the structural coupling value
between £ and the old suppliers of £ (13-21). We assume that
dep is a variable that points to a Dependency object which
provides the average coupling degree for a series of added
degree values (10, 19).

V. RESULTS

Once dependencies were identified and associated coupling
values were calculated, we started the analysis of the
relationship between structural and logical dependencies. We
first queried XFlow database and obtained a total of 270,010
dependencies, along with their properties. Based on such data,
we built a spreadsheet with the following columns: antecedent
(LHS), consequent (RHS), support, confidence, and MPC*. We
imported the spreadsheet in Minitab and started investigating
our research questions.

In the next subsections, we analyze and discuss the results
obtained for each one of the questions.

A. Research question Q1

Q1) What is the proportion of established logical
dependencies that involve non-structurally related elements?

1. revisions « XFlow.getAllRevisions/()

2. for each revision r in revisions

B files « r.getFiles()

4. for each file c in files

B //Calc. coupling for files in rev.

6. for each file s in files

g 2" if(c # s)

8. depDegree <« Doxy.calcMPC* (c,s)
9. dep « XFlow.getDependency (c,s)
10 dep.addDegree (depDegree)

17 end-if

12 end-for

= In a quartile analysis, extreme values are those beyond Q3+3.0¥IQR

The presented pseudocode is an illustrative high-level description of
how structural coupling is calculated. The real module implemented in XFlow
is much more complex and optimized.

6

We calculated the proportion of logical dependencies that
involved non-structurally related elements ’ (Figure 5) by
applying the approaches described in Section IV-B. We called
such proportion LCOP (logical-coupling-only proportion).

Structural
Dependencies

Logical
Dependencies

Figure 5. Venn-diagram illustrating research question Q1.

X Non-structurally related elements are those for which the average

MPC* equals zero (see Listing 1).
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Figure 8. Support distribution for lowly (A), medially (B) and highly (C) logically coupled files.

We conducted our analysis by calculating LCOP for three
different confidence intervals that we established:

e  [0.00, 0.33]: Low logical coupling
e ]0.33, 0.66]: Medium logical coupling
e ]0.66, 1.00]: High logical coupling

Table III shows the results for all computed intervals. We
can see that as confidence increased, LCOP value also
increased. Interestingly enough, this revealed that highly
logically coupled files were the ones that suffered the slightest
influence from structural coupling (although they accounted for
only 0.1% of the total number of logical dependencies).
Furthermore, the last table row (which encompasses all logical
dependencies) also presented a high LCOP value (91%).
Therefore, since LCOP values ranged from 91% to
approximately 93%, we conclude that logical dependencies
very frequently involve non-structurally related elements.
Consequently, as correlation is necessary for linear causation,
we have some evidence that logical dependencies are not
directly caused by structural dependencies. This finding
corroborates the results given in [33].

TABLE III. LOGICAL DEPENDENCIES INVOLVING NON-STRUCTURALY
RELATED COMPILATION UNITS
Number of Logical Logical deps. w/o
ko LCOP
dependencies structural counterpart

Confidence = o
[0.00, 0.33] 166,378 (61.6%) 151,397 91.0%

Confidence - -
10.33, 0.66] 103,265 (38.2%) 94,074 91.1%

Confidence % i
10.66, 1.00] 367 (0.1%) 341 92.9%
Total 270,010 (100%) 245,812 91.0%

To further investigate this research question, we plotted
LCOP for the three confidence intervals (Figure 6). The x-axis
refers to support values. Furthermore, we also computed the
cumulative percentage for the support variable (Figure 7), as
well as the support frequency distribution for lowly, medially,
and highly logically coupled files (Figure 8).
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Figure 6. Logical dependencies involving non structurally related

compilation units (LCOP).
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Figure 7. Support cumulative percentage.

In light of these results, we analyzed LCOP for three
different support intervals:

Support interval [0, 10]: This support interval accounts for
99.9% of all identified logical dependencies (Figure 7). Lowly
logically coupled files showed a decreasing curve (Figure 6),
i.e. LCOP decreased and thus structural dependencies seem to
play a considerable role in these cases. Medium logically
coupled compilation units showed a curve with minor
variations that stayed between 90% and 80% for the considered
support interval. Therefore, as opposed to the previous case,
structural dependencies seem to be poorly responsible for these
logical dependencies.

Support interval [11, 31]: Lowly, medially, and highly
logically coupled files showed curves with high variation
throughout this support interval. This was expected, since such
interval accounts for only 0.1% of all logical dependencies
(Figure 7).
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Support interval [1, 7]: Highly logically coupled files
curve stayed beyond 90% most of the time, which corroborates
our previous finding, i.e. these files suffered the slightest
influence from structural coupling. Figure 8 also shows that
support distribution for highly logically coupled files (C) is
“smoother” than the ones for lowly (A) and medially (B)
logically coupled files.

B. Research Question Q2

Q2) What is the proportion of formed structural
dependencies that involve non-logically related elements

We employed a three-step strategy to calculate the
proportion of structural dependencies that involved non-
logically related elements. We called this proportion SCOP
(structural-coupling-only proportion). As illustrated in Figure
9, we (i) estimated the size of the structural dependencies by
employing reference values for the CBO metric, (ii) calculated
the size of the intersection set, and (iii) calculated the size of
the structural-dependencies-only set based on the results from
(i) and (ii).

Logical Structural Logical
Dependencies Dependencies Dependencies

Structural Logical Structural
Dependencies Dependencies  Dependencies

(D,

Figure 9. Venn-diagram illustrating the employed strategy to answer
research question Q2.

i) Estimating the size of the structural dependencies set.
Barkmann et al. developed a set of tools to perform a large-
scale metrics analysis that involved 160 Java FLOSS projects
(70 thousand compilation units and 11 million lines of code) in
order to provide reference values and thresholds [26]. Figure 10
shows a histogram for CBO, in which each grid line
corresponds to a thousand classes. Values below the histogram
refer to minimum, maximum, average, median, and modus
respectively. The author computed CBO by only considering
the Fan-Out of a compilation unit (native API was discarded
and class constructor did not count as a method) [27]. In fact,
CBO and Fan-Out have been treated as synonyms in a number
of studies, e.g. [28, 29].

CBO

0, 184,6.71,4, 1

Figure 10. Reference values for the CBO metric (minimum, maximum,
average, median, modus) [26].

XFlow data collection phase identified 72,523 distinct
compilation units out of the 150k revisions from ASF SVN
repository. Given that the reference average value for CBO is
6.71 (Figure 10), we estimated that the total number of
structural dependencies is 72,523 * 6.71 = 486,630.

ii) Calculating the size of the intersection set. From the
data provided in the last row of Table III, we calculated the size
of the intersection set: 270,010 - 245,812 =24,198.

iii) Calculating the size of the structural-dependencies-
only set. By subtracting (ii) from (i), we calculated the size of
the structural-dependencies-only set: 486,630 — 24,198 =
462,432. As a result, SCOP corresponded to 95% of the total
number of estimated structural dependencies. Hence, we
conclude that structural dependencies very frequently involve
non-logically related elements. Consequently, as correlation is
necessary for linear causation, we have some evidence that
structural dependencies do not lead to logical dependencies.

VI. THREATS TO VALIDITY

There are some factors that may have influenced the
validity of the study.

Internal validity. In relation to logical dependencies
detection in SVN repositories, we employed a simple and
recurrently used strategy. Even though Pirklbauer recently
surveyed and evaluated different strategies to detect logical
dependencies [30], his results only apply for two industrial
projects and thus cannot be generalized to our context. Some
constraints on logical coupling detection were also imposed by
XFlow design decisions. One key decision is that replaced files
are considered added files for the sake of logical dependencies
detection. This may break the evolutionary relation between
pairs of files under rare circumstances. Finally, although we
used the ASF SVN repository to minimize bias due to different
commit policies, individual projects may not strictly follow
such policies. Also, these projects may have other particular
characteristics that can affect the results of the employed
logical dependencies detection strategy.

To address the first research question, we divided logical
dependencies in three different confidence intervals of the same
length. It could be that a deeper statistical investigation would
prove that smaller (or even different) intervals would provide
better input to the performed analysis. Finally, we acknowledge
that support and confidence measures can provide misleading
results under rare circumstances. Consider the example in
which a file f; joint-changed 5 times with f, and then, after that,
f, changed alone for other 5 times (f; did not change anymore).
Although the confidence for the logical dependency F,=F,
would be 0.5, it may be the case that f, does not actually
depend on f; anymore (e.g. a refactoring occurred right after f;
and f, changed together for the last time). Finally, even though
the investigated repository hosts all ASF projects, we found a
negligible amount of commits that encompassed files from
different projects. Besides that, revisions regarding large
repository operations that involved a high number of files were
discarded by means of the performed quartile analysis (Section
IV-B). Therefore, the results presented in Table III were not
hindered by the fact that we analyzed ASF SVN “as a whole”.
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