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Abstract. Understanding which input and output variables are related
to each other is important for metamorphic testing, a simple and effective
approach for testing scientific software. We report in this paper a quanti-
tative analysis of input/output (I/O) associations based on co-occurrence
statistics of the user manual, as well as association rule mining of a user
forum, of the Storm Water Management Model (SWMM). The results
show a positive correlation of the identified I/O pairs, and further re-
veal the complementary aspects of the user manual and user forum in
supporting scientific software engineering tasks.

Keywords: Scientific software, user manual, user forum, association rule
mining, Storm Water Management Model (SWMM).

1 Introduction

The behavior of scientific software, e.g., a seismic wave propagation [11], is typ-
ically a function of a large input space with hundreds of variables. Similarly,
the output space is often large with many variables to be computed. Rather
than requiring stimuli from the users in an interactive mode, scientific software
executes once the input values are entered as a batch [32].

The large input/output (I/O) spaces are common for the scientific under-
standing of complex phenomena like climate change. However, the size and com-
plexity have been recognized as challenges for software testing [15], especially
for selecting test cases from a large input space and for determining the corre-
sponding outputs to examine.

Relating I/0 is fundamental to metamorphic testing, which is considered to
be a simple and effective approach for testing scientific software [8]. The pro-
totypical example is the trigonometric function: sine(z) [13]. The exact value
of sine(x) may be unavailable due to floating-point computations. Metamorphic
testing uses properties like sine(z)=sine(r—x) to test any implementation with-
out having to know the concrete values of either sine(x) or sine(m—x).

While the I/0 relations are clear in the above example, namely, changing the
input of an angle relates to the output of the angle’s sine value, determining the
I/0O associations at the system level, rather than at the unit level, is difficult due
to the size, complexity, and batch execution mode. The scientific software of our
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study, for example, has over 800 input variables and over 150 output variables.
Tracking the I/O dependencies in the source code (e.g., via program slicing or
define-use data relationships) can face scalability issues.

In this paper, we investigate I/O associations in the user manual and user
forum of a scientific software system: the Storm Water Management Model
(SWMM) [30] developed and maintained by the U.S. Environmental Protection
Agency (EPA) for five decades. We manually identify the I/O variables from
the SWMM user manual [26], and analyze their degrees of association based on
the co-occurrence statistics. We further mine the I/O variables’ association rules
from one of the largest SWMM user forums with approximately 2,000 contrib-
utors and 17,000 posts [21]. Comparing the I/O associations reveals the com-
plementary aspects of the user manual and the user forum, suggesting concrete
ways to exploit metamorphic testing for scientific software’s quality assurance.

The contributions of our work lie in the quantification of I/O associations
from how the scientific software is introduced by the development team to
the users, and how the end users discuss the actual software usages among
themselves. In what follows, we provide background information and introduce
SWMM in Section 2. Section 3 presents our quantification and comparison of
the SWMM I/0 associations, Section 4 discusses the implications of our results,
and finally, Section 5 draws some concluding remarks and outlines future work.

2 Background

2.1 Metamorphic Relations and I/O Associations

Metamorphic testing requires properties like sine(z)=sine(r—z) to guide the
testing process. These properties represent necessary conditions for the software
to behave correctly, and are referred to as metamorphic relations (MRs). Each
MR consists of two parts: (1) an input transformation that can be used to
generate new test cases from existing test data, and (2) an output relation that
compares the outputs produced by a pair of test cases. As shown in Figure 1,
establishing an MR is about connecting a particular input with a corresponding
output, and then asserting how such an I/O pair co-changes.

Constructing MRs is an essential task in metamorphic testing. The early
work by Chen et al. [4], for example, relied on researchers’ domain knowledge to
manually create one MR and further illustrated the MR’s effectiveness via test-
ing a program that solves an elliptic partial differential equation with Dirichlet
boundary conditions. Murphy et al. [17] made one of the first attempts to enu-
merate six MR classes applicable to numerical and collection-like inputs.

Although numerical MRs may be suitable for computational units like the
trigonometric functions, system testing in which the scientific software is tested
as a whole likely requires different MRs. Our work on integrating two different
scientific software systems [7,12,14], for instance, shows the importance of un-
derstanding the entire software’s inputs, outputs, and their relationships. Next
is an introduction of the scientific software whose I/O associations are the focal
points of our study.
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Fig. 1. A metamorphic relation (MR) consists of an input transformation (e.g., from
x to m—x) and the associated output relation (e.g., equivalence relation).

2.2 Storm Water Management Model (SWMM)

The Storm Water Management Model (SWMM) [30], created by the U.S. En-
vironmental Protection Agency (EPA), is a dynamic rainfall-runoff simulation
model that computes runoff quantity and quality from primarily urban areas.
The development of SWMM began in 1971 and since then the software has
undergone several major upgrades.

The most current implementation of the model is version 5.1.015 which was
released in July 2020. Figure 2 shows a screenshot of SWMM running as a
Windows application. The computational engine, which implements hydraulic
modeling, pollutant load estimation, etc. is written in C/C++ with about 46,300
lines of code. This size is considered to be medium (between 1,000 and 100,000
lines of code) according to Sanders and Kelly’s study of scientific software [27].

The users of SWMM include hydrologists, engineers, and water resources
management specialists who are interested in the planning, analysis, and design
related to storm water runoff, combined and sanitary sewers, and other drainage
systems in urban areas. Thousands of studies worldwide have been carried out
by using SWMM, such as land use [1, 6] and stormwater modeling [3].

3 1I/0 Associations in SWMM

The wide adoption of SWMM in supporting critical tasks of urban planning and
environment protection makes it important for the development team at EPA to
introduce the software to its users via a user manual [26]. In fact, producing the
user manual is not only a common practice among scientific software develop-
ers [18], but also a requirement mandated by agencies like EPA [29] and the U.S.
Geological Survey (USGS) [31]. For software evolved over many years, the docu-
mentation generated by end users themselves, such as user forums, builds a mas-
sive resource which has gradually become informative and comprehensive [22].
This section thus reports our analysis of SWMM’s user manual in Section 3.1
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Fig. 2. SWMM running as a Windows application, annotated with functional areas in
the graphical user interface.

and a user forum in Section 3.2. We then compare the I/O associations from
these sources in Section 3.3, and discuss the threats to validity in Section 3.4.

3.1 Co-Occurrence Statistics in User Manual

The SWMM user manual (version 5.1) is a 353-page PDF document written by
a core developer and environmental scientist at EPA [26]. It contains 12 chap-
ters and 5 appendices, covering software installation and configuration steps,
SWMM’s conceptual model, working with map and objects (e.g., conduits of
Figure 2), running a simulation, viewing results (e.g., subcatchment runoff sum-
mary of Figure 2), and detailed information about units of measurement, prop-
erties of visual objects, and error and warning messages. The user manual is such
a comprehensive document that it remains relevant for the different sub-versions
of SWMM 5.1 (5.1.010-5.1.015) since 2015.

Building on the recent work [24], we manually identified the I/O variables
from SWMM’s user manual. Two researchers independently performed the vari-
able identification in a randomly chosen chapter, and Cohen’s kappa between
their results was 0.87 indicating an almost perfect agreement [5]. We attribute
this high inter-rater agreement to the clarity of SWMM’s user manual. The two
researchers then individually identified the variables for the rest of the user man-
ual. In total, 807 input and 164 output variables were identified and the manual
work took approximately 40 human-hours; however, this one-time cost would be
amortized over subsequent co-occurrence analysis and association rule mining.
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(b) I/O variables in table

Fig. 3. Excerpts of SWMM'’s user manual [26], annotated with I/O variables.

We also share the data of our work, including the I/O variables, in the institu-
tional digital preservation site Scholar@QUC [19, 23] to facilitate replication.

Figure 3 shows the excerpts of SWMM'’s user manual, annotated with the
input (‘I’) and output (‘O’) variables. To explore the I/O associations, we dis-
tinguish their appearances in the natural language texts (cf. Figure 3a) and in
the structured tables (cf. Figure 3b). We measure the extent to which an input
variable is discoverable together with an output variable as follows.

e Natural language text is hierarchical: a chapter has one or more sections
or sub-sections, a section or sub-section has one or more paragraphs, and a
paragraph has one or more sentences. We therefore use the hierarchical in-
formation to calculate how closely related a pair of I/O variables are to each
other. On one hand, if all the co-occurrences are within a sentence, then we
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consider the I/0 pair to be strongly associated. On the other hand, if no co-
occurrences are observed within the same sentence, paragraph, section/sub-
section, or chapter, the I/O variables are loosely associated. To illustrate
the degree of association calculation, let us consider the input variable “curb
length” and the output variable “subcatchment” in Figure 3a. The number
of co-occurrences of this pair is 2 in the sub-section of §3.3.9. This is because
we take the minimum count between “curb length” (3 times) and “subcatch-
ment” (2 times) in Figure 3a. In the entire user manual, the number of co-
occurrences of “curb length” and “subcatchment” in a sentence, paragraph,
section/sub-section, and chapter is 3, 3, 16, and 16 respectively. We compute
the ratios of sentence over paragraph (%), paragraph over section/sub-section
(), section/sub-section over chapter (13), and then take the average of the
three ratios (0.729) as this I/O pair’s association degree in the natural lan-
guage part of the user manual.

e Tables like Figure 3b provide structured ways to relate an input variable
and an output variable. We therefore count the number of tables in which
an I/O pair co-appears, and then divide it by the total number of tables the
user manual has as an implication of how the pair of I/O variables may be
structurally associated together. This calculation leads to a ﬁ:0.009 degree
of association between “curb length” and “subcatchment” in the tabular part
of the user manual.

e We combine the natural language part and the tabular part by taking the
average of the above two measures. Thus, the association of “curb length”
and “subcatchment” in the user manual is w:o.%ﬂ).

Our rationale is to estimate how easy a user would find a pair of I/O variables
being related in the user manual. By employing WordNet’s lemmatizer (word-
net.princeton.edu) to convert words into the inflected roots (e.g., “conduits” to
“conduit”), we rank SWMM’s I/O pairs based on the degrees of association.
Table 1 lists the ten top-ranked pairs and shows their associations in the natural
language part, the tabular part, and the user manual as a whole. More complete
results can be found in our online data [23].

Table 1. I/O associations based on variable co-occurrences in SWMM’s user manual.

input output textual|tabular| user
rank . .

variable variable part part |manual
1 rain barrel runoff 1.000 0.000 0.500
2 conduit hours flooded 1.000 0.000 0.500
3 conduit peak depth 1.000 0.000 0.500
4 conduit peak runoff 1.000 0.000 0.500
5 aquifer runoff 1.000 0.000 0.500
6 rainfall hours flooded 1.000 0.000 0.500
7 outlet flow routing 0.952 0.000 0.476
8 wet step runoff 0.889 0.000 0.444
9 node invert elevation depth 0.889 0.000 0.444
10 dynamic wave flow 0.861 0.009 0.435
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3.2 Association Rule Mining in User Forum

While SWMM’s user manual is written by one scientific software developer, a fo-
rum like Open SWMM [21] records the questions, discussions, and interactions of
thousands of SWMM users. The typical topics include how to install, configure,
and run the software. The experience of running the software leads some users to
post their frustrations about executions producing no result, their doubts about
the validity of the generated results, and their dissatisfactions about the execu-
tion process. Sometimes, others respond to these questions to clarify confusions,
offer diagnostic helps, or provide answers. A sample Open SWMM post and two
replies [25] are shown in Figure 4 where the concern regarding the number of
threads that the user would choose to run SWMM was communicated.

We adapt association rule mining [2] for discovering patterns in the user
forum data, which represents a step toward automating the construction of
metamorphic relations [16]. Association rule mining was originally developed
to identify products in large-scale transaction data recorded in supermarkets.
For example, an association rule {diaper} = {beer} would indicate that cus-
tomers who purchase diapers are also likely to purchase beer. In this example,
diaper and beer are called antecedent and consequent respectively. Apriori [2] is
among the most well-known algorithms to mine associate rules from a database
containing various transactions (e.g., collections of items bought by customers).

It is therefore critical to define transactions in the context of user forums for
algorithms like Apriori to work. As different users have different viewpoints and
use different vocabularies, their posts shall be treated as different transactions.
In addition, posts at different times reflect the user’s evolving views, possibly
influenced by the thread of discussions. Based on these observations, we deem a
distinct forum user’s post at a single time as a transaction, much like a customer’s
purchase at a given time being considered as a transaction in market basket
analysis. As a result, Figure 4 contains three transactions.

The raw posts shown in Figure 4, however, must be processed to make the
transactions amenable to association rule mining. Algorithm 1 of Figure 5 shows
our procedure to generate I/O associations. The pre-processing (lines 1-16) is

User 15-Feb-2018
I am simulating 3 urban catchments (totally 15.7 Km2). There are 273,000 stormwater pipes and the period
of simulation is 18 years (rainfall data). When I only run the area for 2 months period (6 minutes time step)
program shows up to 150 hours for running.

Commenter

Finaly, are you using the maximum number of threads?

User
Many thanks for your useful comments. Yes, I have 237K pipes. I changed the threads from 1 to 4 and the
simulation time has changed significantly. Now I am running for 10 years rainfall within 10 minutes.

Fig. 4. Sample Open SWMM post and two replies.
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Algorithm 1: Generate {I} = {O} Association Rules

Input: a set of variables V manually identified from
user manual, a user forum U
Output: an unordered list L of input-output associations

-

Pre-processing:

)

U « to_lower_case(U);

3 for (eachv € V) A (eachu € U) do
4 VN « {v.name} U {v.alias};

5 while VN # 2 do

6 In « longest_name(VN);

7 if string_match(u, In) > 6 then
8 substitute u with [n in U;
9 break;

10 else

11 | VN < VN \{ln}

12 end

13 end

14 end

15 U « preserve_and_unify_variable_name(U);

16 T « split(U);

17 Processing;:

18 L « Apriori_algorithm(remove_punctuation(T), min_support);
19 Post-processing:

20 L « (L.antecedent N V.input) A (L.consequent N V.output);

Fig. 5. Mining association rules from a user forum.

tailored for user forum data U. Upon converting U into lower cases, Algorithm 1
sorts each variable’s name identified from the user manual V' based on length. If
a term u € U matches the longest variable name In € V, then a match is found
and u is replaced by In (lines 8-9); otherwise, the next longest variable name
is examined (line 11 continued with the while-loop back to line 5). This ensures
that “wet weather time step” is recognized before “time step” is recognized.
We currently employ Levenshtein distance [10] and its fuzzywuzzy Python
library (github.com/seatgeek/fuzzywuzzy) to implement string_match at line 7
of Figure 5, and the threshold §=0.85 is determined heuristically by a small-scale
pilot trial based on SWMM. Lines 15-16 show that pre-processing is completed
with preserving and unifying the variable names in U, followed by splitting U
into transactions. Once transactions are prepared, Algorithm 1 invokes Apriori
to mine association rules where punctuations are removed from 7. The post-
processing of line 20 is to ensure that each rule’s antecedent contains the input
variable, and the consequent contains the output variable. We rank the mined
association rules by Algorithm 1 via two metrics [2]: first with support that in-
dicates how frequently the antecedent and consequence (i.e., the I/O variables)
co-appear in the transactions, and then with confidence that determines the
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relative amount of the given consequence across all alternatives for a given an-
tecedent. Table 2 lists the ten top-ranked association rules mined from the Open
SWMM posts and their support and confidence values. More complete results
of association rule mining can be found in our online data [23].

Table 2. 1/O association rules mined from the Open SWMM posts based on a total
of 15,958 transactions.

rank association rule support|confidence
1 {upstream} = {flow} 0.029 0.533
2 {downstream} = {flow} 0.027 0.532
3 {weir} = {flow} 0.022 0.543
4 {rain barrel} = {runoff} 0.018 0.518
5 {surcharge} = {flow} 0.011 0.539
6 {surface area} = {storage} 0.010 0.645
7 {previous area} = {total precipitation} 0.009 0.593
8 ||{depression storage} = {infiltration} 0.008 0.554
9 {wet step} = {runoff} 0.008 0.506
10 {shape curve} = {runoff} 0.006 0.933

3.3 Comparing Ranked Lists

The inputs and outputs identified from the user manual (Section 3.1) represent
comprehensive yet static information, whereas the association rules mined from
the actual software usage data of a user forum (Section 3.2) help uncover the
dynamic regularities of inputs and outputs. To compare these two ranked lists
of I/O associations, we adopt Kendall’s 7 which is a correlation measure for
ordinal data [9]. The 7 value ranges from —1 to 1 where values close to 1 indicate
strong agreement between two rankings and values close to —1 indicate strong
disagreement. We use the SciPy Python library [28] to calculate 7, and the
scipy.stats.kendalltau() function implements the following measure:

= P9 1)
VP+Q+T)x(P+Q+U)

where P is the number of concordant pairs, @) is the number of discordant pairs,
T is the number of ties only in the first ranking, and U is the number of ties
only in the second ranking.

In our analysis, we first identify the overlapped 1/O pairs from two ranked
lists, and then compute Kendall’s 7 for only the overlapped pairs. Figure 6 il-
lustrates our calculation of two ranked lists, A and B, both having four pairs.
However, only three pairs are shared which we keep in A’ and B’. The rank-
ing of the three remaining pairs is preserved from the original list. In A’ and
B’, “<weir, flow>” and “<area, storage>" are concordant, because the for-
mer is ranked higher than the latter in both lists. Similarly, “<aquifer, stor-
age>" and “<area, storage>" are also concordant. The discordant comes from
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“<weir, flow>" and “<aquifer, storage>" because their relative rankings are dif-

ferent in A’ and B’. Using equation (1), the Kendall’s 7 between A’ and B’ is:
=t =0.33

/(2+1+40)%(2+1+0)

ranked list A ranked list B ranked list A’ ranked list B’
<weir, flow> <aquifer, storage>|overlap| <weir, flow> <aquifer, storage>
<area, flow> <weir, flow> = |<aquifer, storage> <weir, flow>

<aquifer, storage> <outlet, flow> <area, storage> <area, storage>
<area, storage> <area, storage>

Fig. 6. Illustration of selecting the overlapped pairs and then calculating Kendall’s 7.

The results of comparing the 200 top-ranked I/O associations are shown in
Figure 7. The number of overlapped I/O pairs increases in a linear fashion,
and approximately a quarter (e.g., 40 out of 160) I/O variables are associated
in both SWMM’s user manual and in the Open SWMM forum. Among the
overlapped I/0 associations, the Kendall’s 7 correlation remains positive. This
shows that the concordant pairs outnumber the discordant ones, which implies
the degree of I/O associations is reasonably consistent between the user manual
produced by the scientific software development team and the forum posts among
the end users themselves. While we will make some qualitative observations of
concordant and discordant I/O variables in Section 4, we next discuss some
of the important aspects of our study that one shall take into account when
interpreting our findings.

3.4 Threats to Validity

A threat to construct validity is how we define the degree of association be-
tween an input variable and an output variable. In particular, we use different
measures for the two different data sources. As the user manual is written by
somebody who is familiar with the scientific software, we quantify the I/O asso-
ciations based on how coupled the two variables are within the textual part and
the tabular part. From the thousands of end users’ posts, we mine association
rules, aiming to discover: “Forum users who mentioned an input variable also
mentioned an output variable”. We believe such measures account for the static
and authoritative natures of the user manual, and the dynamic and idiosyncratic
natures of the user forum.

An internal validity threat is our manual identification of SWMM’s I/O vari-
ables from the user manual. Although an almost perfect inter-rater agreement
(Cohen’s k=0.87) was achieved on a randomly chosen sample, our manual effort
may have false positives and false negatives. Another threat relates to the param-
eter values that we chose in association rule mining: §=0.85 (line 7 of Algorithm
1) and min_support=3 (line 18 of Algorithm 1). The former is determined by a
small-scale SWMM pilot trial, and the latter is informed by a prior association
rule study in software engineering [33].
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Fig. 7. Kendall’s 7 and the size of overlapped pairs between the 1/O associations
from the user manual (cf. Table 1) and the I/O associations from the user forum
(cf. Table 2): x-axis represents the number of top-ranked I/O associations, left y-axis
represents Kendall’s 7 values, and right y-axis represents the number of overlapped
I/0 pairs on which Kendall’s 7 is computed.

Several factors affect our study’s external validity. Our results may not gen-
eralize to other user forums of SWMM and other scientific software systems.
As for conclusion validity and reliability, we believe we would obtain the same
results if we repeated the study. In fact, we publish all our analysis data in the
institution’s digital preservation repository [23] to facilitate reproducibility.

4 Discussion

While the Kendall’'s 7 of Figure 7 shows positive correlations, we share some
observations of the I/O pairs in the two ranked lists. A few I/O variables are
ranked high in both lists, e.g., <rain barrel, runoff > is number one in Table 1 and
number four in Table 2. We observe that the input variables are often necessary
and yet end users may encounter some barriers of setting up the proper values.
SWMM'’s user manual provides prototypical values, e.g., “...single family home
rain barrels range in height from 24 to 36 inches (600 to 900 mm)” [26]. Another
necessary and oftentimes misused input variable is “date” which the user man-
ual specifies the permissible formats. However, different countries have different
date conventions, making the concrete values from the user forum valuable for
metamorphic testing, especially for selecting source test cases (cf. Figure 1).
Some I/0O variables have associations stronger in the user forum than in the
user manual. For instance, <shape curve, runoff> ranks tenth in Table 2 and
6055th in the user manual results. A closer look shows that the use of “shape
curve” in the implementation became deprecated after version 5.0.015', and the
variable “storage curve” should have been used. This indicates that association

! https://www.epa.gov/sites/production/files/2020-03 /epaswmm5_updates.txt Last
accessed: April 2021.
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Table 3. Comparing User Manual and User Forum of Scientific Software

“ User Manual [ User Forum

who ||written by the development team organized for & by end users

& ||focusing on the specific software software playing a part in meeting goals
why |[usage norms of the software idiosyncratic uses of the software

features & capabilities of the software|questions & dissatisfactions of software

what — - - -

& comprehensive intro to I/O attentions paid to partial I/O
how prototypical I/O demos actual I/O values

updated periodically & authoratively |growing continuously & organically

rules mined from user forum posts may suggest problematic, and even deprecated
variables. As a result, the user manual of scientific software shall be updated to
better stay in sync with the evolution of the implementation.

Not only are some higher-ranked I/O associations from the user forum in-
dicative of deprecation, they also reveal frequently used features of the scientific
software. For example, <snowmelt, runoff > is the twelfth-ranked association rule
mined from Open SWMM, but ranks 98th in the user manual’s results. This
shows that the user manual’s descriptions tend to be comprehensive, making
core parameters like “snowmelt” less prominent. In contrast, end users com-
monly discuss the important variables, as “Snowmelt parameters are climatic
variables that apply across the entire study area when simulating snowfall and
snowmelt” [26]. Interestingly, the association rules mined from the forum posts
can depict the simulation capabilities used, potentially suggesting requirements
and their evolution of the scientific software [11].

5 Conclusions

I/0 associations are integral to metamorphic testing which has helped to address
some scientific software testing challenges [8]. This paper reports our analysis of
the user manual and user forum of EPA’s SWMM in order to quantify 1/O asso-
ciations. Our results show a positive correlation of the identified I/O pairs, and
further reveal the differences between the two data sources. Table 3 highlights
the complementary aspects, which could assist in choosing the proper data to
support scientific software’s metamorphic testing, requirements engineering [11],
software traceability [20], and other tasks.

Our future work includes developing automated and accurate ways to classify
I/0O variables, exploring associations beyond a single input variable and a single
output variable, and instrumenting metamorphic testing with source test cases
from the user manual and user forum. Our goal is to better support scientists in
improving testing practices and software quality.
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