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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.
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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/O 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(x) [13]. The exact value
of sine(x) may be unavailable due to floating-point computations. Metamorphic
testing uses properties like sine(x)=sine(π−x) to test any implementation with-
out having to know the concrete values of either sine(x) or sine(π−x).

While the I/O 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/O 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/O 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(x)=sine(π−x) 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 π−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 I/O 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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(a) I/O variables in natural language text

(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@UC [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.

• 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/O 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 ( 3

3 ), paragraph over section/sub-section
( 3

16 ), section/sub-section over chapter ( 16
16 ), 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.

• 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 1

107 =0.009 degree
of association between “curb length” and “subcatchment” in the tabular part
of the user manual.

• 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 0:729+0 :009

2 =0.369.

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.

rank
input output textual tabular user

variable variable part part manual
1 rain barrel runo� 1.000 0.000 0.500
2 conduit hours ooded 1.000 0.000 0.500
3 conduit peak depth 1.000 0.000 0.500
4 conduit peak runo� 1.000 0.000 0.500
5 aquifer runo� 1.000 0.000 0.500
6 rainfall hours ooded 1.000 0.000 0.500
7 outlet ow routing 0.952 0.000 0.476
8 wet step runo� 0.889 0.000 0.444
9 node invert elevation depth 0.889 0.000 0.444

10 dynamic wave ow 0.861 0.009 0.435
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