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ABSTRACT

This work presents inspect4py, a static code analysis framework
designed to automatically extract the main features, metadata and
documentation of Python code repositories. Given an input folder
with code, inspect4py uses abstract syntax trees and state of the
art tools to find all functions, classes, tests, documentation, call
graphs, module dependencies and control flows within all code files
in that repository. Using these findings, inspect4py infers differ-
ent ways of invoking a software component. We have evaluated
our framework on 95 annotated repositories, obtaining promising
results for software type classification (over 95% F1-score). With
inspect4py, we aim to ease the understandability and adoption of
software repositories by other researchers and developers.
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1 INTRODUCTION

An increasing number of research results depend on software, in
areas ranging from High-Energy Physics [15] to Computational
Biology [12]. Research software is used to clean and analyze data,
simulate real systems or visualize scientific results [3].

In the last years, research software has become a subject of
interest for the scientific community for two main reasons. First,
software itself has become a research topic, with multiple research
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challenges such as using efficient code representations [14] for
function similarity [7] or generating documentation from code [4].
Second, the importance of software for Science has promoted the
worldwide adoption of the Findable, Accessible, Interoperable and
Reusable principles (FAIR) [17] adapted to software [1]. However,
to this date software reuse is still a time-consuming task [11].

This work presents inspect4py, a Python static code analysis
framework designed to 1) extract the most relevant information
from all files contained in a software repository (such as functions,
classes, methods, documentation, dependencies, call graphs and
control flow graphs), and 2) use the extracted information to classify
the type of a code repository (i.e, package, library, script or service),
detecting alternative ways of running it.

Our framework aims to facilitate the creation of different code
feature representations; and ease code repository comprehension [16].
We have validated our approach with an annotated corpus from
95 Python repositories, which shows promising results (over 95%
F1-score). All extracted results are stored locally in JSON and HTML
formats, making it easy to consume them in human-readable and
machine readable manner.

The rest of the paper is structured as follows. Section 2 presents
an overview of the framework, while Section 3 describes our evalu-
ation. Section 4 describes related work and tools, Section 5 shows
execution examples and Section 6 concludes the paper.

2 INSPECT4PY

Inspect4py is a standalone Python 3 package developed to ease
software adoption and analysis. Given a Python code repository,
inspect4py extracts relevant code features, detects class and func-
tion metadata, and identifies the main entry points for using it.
This section overviews the main features of our framework, and
provides insight into their rationale and design.

2.1 Overview

Inspect4py takes as input a code repository folder, and extracts two
main types of features:

Software understanding features, aimed at easing the adop-
tion of a software package:

e Class and function metadata and documentation: for
each of the classes in the code repository, inspect4py will
retrieve their name, inherited classes, documentation and re-
spective methods. For each function, our framework detects
its arguments, documentation, returned value, relevant vari-
ables which store other function calls and whether the func-
tion is nested (i.e., it defines further functions within).

¢ Requirements: list of packages needed to run the target
software, along with their corresponding version.
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e Tests: list of files that are used to test the functionality of a
software component (and usually not relevant for using it).

e Software invocation: a ranked list with the different al-
ternatives to run a target software component, ordered by
relevance.

e Main software type: an estimation on whether the target
software is aimed to be a package, library, service or a series
of scripts.

Code features, aimed at characterising code under different
perspectives:

o File metadata: for each file, we track its included classes
and methods, together with its dependencies (imported
modules), whether there is a main method declared, or
whether the file has a body (i.e., files without a main func-
tion, but with calls to functions/methods and/or instantiat-
ing classes).

e Control flow graph: for each file, we retrieve its control
flow representation as a text file and figure (png, dot or
pdf). The control flow graph contains alternative insights
on the possible paths followed for executing a program.

e Call graph: for each function (or body of code) we extract a
call graph of all involved functions, including those passed
by argument, by assignment or by dynamic means.

e File hierarchy: we record how different files have been
grouped and organized in a software repository.

As a result, inspect4py produces a folder containing a summary
JSON file (directory_info.json) with the features selected by users. A
sub-folder is also created for each of the code files in the original
repository, including JSON results at an individual level, and control
flow results. The following sections elaborate on how these features
have been implemented.

2.2 Extracting class and function metadata

Following common practices in static code analysis [10], inspect4py
uses Abstract Syntax Trees (ASTs) [9] to obtain the full representa-
tion of all code in a software repository. In particular, we use the
ast.walk()! function, which recursively yields all descendant nodes
in a code tree.

Inspect4py uses different ast classes (e.g FunctionDef, Call, Assign,
Return, etc.) to extract automatically all the details of classes, meth-
ods, functions, and their respective documentation. This method
allows capturing the relevant nodes of the tree in memory for fur-
ther manipulation and specific analysis, e.g., when detecting con-
crete function names like main, navigating through the imported
dependencies or assessing whether a function is a test or not.

Listing 1: Sample Python script (Example.py)

import os
path=os.path.join("/User", "/home", "file.txt")
def width ():
return 5
def area(length, func):
print(length « func())
area (5, width)

Thttps://docs.python.org/3/library/ast html?highlight=walk#ast.walk
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e print

functions|||area||local o Example.width

» os.path.join

body |||local « Example.area

Figure 1: Call graph obtained for Example.py (Listing 1)

2.3 Call graph and control flow

Using the parsed AST, inspect4py creates a call graph for each
function, method or body in each code file. The call graph includes
all the functions invoked within that function, method or body. We
support four main types of Python functions:

¢ Direct functions, referred directly by their name in code.

e Argument functions, passed as an argument/parameter
of another function.

o Assignment functions, assigned to a variable, which is
then used to make the function call.

e Dynamic functions, i.e., determined only at run time by
its input parameter of another function call.

An example of our results can be seen in Figure 1, which depicts
the HTML representation of the JSON call graph obtained after
parsing the Python script in Listing 1.

The control flow representation of each file is achieved through
the cdmcfparser? and staticfg? tools, which create a hierarchical
representation of a code file in fragments.

2.4 Module requirements and dependencies

Understanding which are the requirements and dependencies of
a software component is crucial to ease its installation and assess
any security issues. Inspect4py captures this information at two
levels of granularity:

o File level, by inspecting in the AST which modules are
imported within each file of a code repository.

e Repository level: We have incorporated Pigar,* an open
Python package designed to generate the list of require-
ments needed to run a given Python repository. We selected
Pigar for its ability to handle different Python versions (2.7+
and 3.2+), retrieve the version of an installed package, and
its support for Jupyter notebooks. Internally, Pigar also
uses ASTs instead of regular expressions, and is able to
extract import statements from exec or eval expressions,
parameters and document strings.

2.5 Main software type and invocation

Knowing how to easily invoke a code repository is crucial for its
adoption. This information is usually available in README files,
but less frequently in a machine readable format. Inspect4py aims
to address this issue by automatically detecting which software
type a target code repository is (package, library, service or script);
and by finding alternative ways of executing it.

Zhttps://github.com/SergeySatskiy/cdm-flowparser
3https://github.com/coetaur0/staticfg
“https://github.com/damnever/pigar

175
176
177
178
179
180
181

182

184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231

232


https://docs.python.org/3/library/ast.html?highlight=walk#ast.walk
https://github.com/SergeySatskiy/cdm-flowparser
https://github.com/coetaur0/staticfg
https://github.com/damnever/pigar

233
234
235
236
237
238
239
240

242
243
244
245
246
247
248
249
250

251

253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276

278
279
280
281
282
283
284
285
286
287
288
289

290

Inspect4py: A Knowledge Extraction Framework for Python Code Repositories

2.5.1 Software types. We distinguish four main types of software:

o Package: tools that are aimed to be executed through the
command line.

e Library: codes which are aimed to be imported as part of
other software.

e Service: codes where the main functionality is to start a
web service, usually through a script.

e Script: codes that do not fit any of the previous categories,
and are run with in one or several executable files (either
through a main function, or a script with body).

While many Python repositories may be classified in only one
of these categories, it is common to find many code repositories
with an overlap. For example, a package may be imported as a
library, or a library may also have a demo script showing how to
use it in detail. Therefore, inspect4py returns the main estimated
functionality of the target repository, together with a ranked list of
alternatives for running it.

2.5.2  Software invocation and type classification. We have created
a heuristic based on best practices for packaging Python projects®
and the analysis of all code files in a target repository. We focus on
metadata files, both dynamic (setup.py) and static (setup.cfg), files
with a main function, and files with body.

Our heuristic first looks whether the repository has a metadata
file (‘setup.py’ or ‘setup.cfg’ files (or both)) or not, as these files
usually contain useful information about the code repository it-
self. If found, we look for: 1) the software project name; and 2)
entry points, which are typically console scripts, functions or other
callable function-like objects identified by developers to make avail-
able as a command-line tools.

If entry points are found, we check whether any console scripts
have a significant overlap with the name of the software component.
The rationale for this is that, in most observed cases, package names
and console entry points are very similar. If there is significant
overlap, we mark the software repository as a package. If not, or
if there are no entry points, we consider the code repository to be
a library. Next, we analyze the rest of the files of the repository
individually:

Service files: Using the information stored in the AST, we check
if the modules and libraries imported in the analyzed file correspond
to any of the major libraries commonly used for creating web
services. © If so, we mark the file as a service script.

Test files: Many software projects include test files to ensure
new updates do not alter the expected behavior of the developed
application. These files are crucial in application development, but
less important to understand and adopt a software component. We
detect tests by reviewing whether a testing framework is included
in the file dependencies,” and by assessing whether most functions
in the file use the assert function, commonly used when testing
applications. If a test file has a main function, we annotate it in our
results as well.

Script files: If a file is not tagged as a test or a service, we check
whether it is an executable file or not. As described above, we use

Shttps://packaging.python.org/en/latest/tutorials/packaging-projects/

Slist of services: flask, flask_restful, falcon, falcon_app, aiohttp, bottle, django, fastapi,
locust, pyramid, hug, eve, connexion

"list of test libraries: unittest, pytest, nose, nose2, doctest, testify, behave, lettuce
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the AST of the file to identify main functions within each file, as
well as those executable files with no main functions, but with a
body. In both cases, we tag the file as a script.

We perform an additional analysis among scripts with main
function to provide additional insight: we explore their call graph
using a depth-first search and identify their dependencies (direct
or indirect) with other scripts with main function. In case a script
is imported by another script, it will be marked as secondary. For
each script, our results also store its full list of imported scripts.

2.5.3 Ranking software invocation methods. Once our file analysis
finishes, we rank our invocation results by estimating their rele-
vance. We have a scoring function, which assigns weights to each
result based on the features resulting from the previous analysis.
Different features have different weights, according to the com-
mon practices observed empirically by the authors in over 90 code
repositories. The scoring function is defined as:

score(x) = wyjp * lib(x) + Wyegdme * readme(x)+
+ Wservice * service(x)+ 1)
+ Wmain * main(x) + Wpoqy * body(x)

where x denotes the invocation being scored, lib(x)= 1 if the code
repository was identified as a library or package (zero otherwise),
service(x) = 1 if x is identified as a service, and main(x) and body(x)
equal to 1 if x has a main function or only body (they equal to zero
otherwise). We also consider if a service or script is mentioned in
the README file (readme(x) = 1) as this indicates that the service
or script was identified as significant by the software authors. The
weights associated with each of these features (represented with a w,
like wy;p), are highest for package or libraries, followed by services
and finally, scripts. If an executable file has a main function, its
weight will be higher than a script with just body.

Listing 2: JSON snippet showing two invocation alternatives

"software_invocation": [
{
"run": [
[
"pylode

"pylode. cli : main,"
]
]

"

ype ": "package",

"installation": "pip install pyLODE",
"ranking ": 1

}

{
"type": "service",
"run": "python pyLODE/pylode/server.py",
"has_structure ": "body",
"mentioned_in_readme ": true,
"ranking ": 2

}
]

oftware_type": "package"

Once all invocation alternatives have been assessed, we sort
them by their score in descending order. To improve readability,
we create a ranking in ascending order, where the first position
is assigned to the entry with the highest score. The first ranked
element is returned as the main software type. If two invocation
alternatives have the same score, they are assigned the same ranking
number. Listing 2 shows a simple example of a package where the
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main invocation is through the command line, but that also has
an alternative invocation as a service. Inspect4py detects the main
command to run the package, (available in the setup.cfg found in
the code repository), together with another a script (server.py),
mentioned in the main README.

3 PRELIMINARY EVALUATION

An initial assessment of inspect4py compares software type and
invocation results against a manually annotated corpus.

3.1 Annotated corpora

We have created two different corpora to assess our approach. For
the main software type detection, we selected a corpus of 95 differ-
ent Python code repositories (distributed in 24 packages, 27 libraries,
13 services and 31 scripts). All repositories have been annotated
by each of the authors based on their documentation, separately,
and compared until agreement was reached. The repositories are
heterogeneous in scope and domain, and range from research repos-
itories used in Machine Learning® to popular community tools such
as Apache Airflow!? or domain-specific libraries (e.g., Astropy!!).
We also included repositories developed at the author home insti-
tutions, with less available documentation or in development, in
order to obtain a wider representative sample.

The second corpus was designed to assess the ranking results,
and it was generated as a subset of the first one. For all repos-
itories with multiple invocation methods, the authors manually
annotated the most relevant files, based on the repository structure
and documentation. As a result, 44 repositories were annotated.

3.2 Results

Table 1 shows an overview of our results for main software type
classification, for each of the categories supported. Our heuristics,
based on best practices for Python application development, yield
over 95% F1-score for all categories. The only errors we encounter
occur when developers step outside the common practices, such as
creating custom metadata files for their libraries.

For assessing our ranking results, we selected the normalized
discounted cumulative gain (NDGC) [5], a metric used in infor-
mation retrieval to assess ranking quality. NDGC ranges from 0
(min) to 1 (max). Our aggregated ranking amounts to 0.87, which is
considered satisfactory for a preliminary evaluation.

4 RELATED WORK

A number of static code analysis tools have been developed for
extracting code metadata, documentation or features [10]. From
a Machine Learning perspective, [14] describes a survey of tech-
niques for code feature extraction, in order to train source code
models. Tools like libsadpy [8] create features from code that would
complement the information already extracted in inspect4py.

8Benchmark is available at: https://doi.org/10.5281/zenodo.5907936
https://paperswithcode.com/

Ohttps://github.com/apache/airflow
Hhttps://github.com/astropy/astropy
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Software type | Precision | Recall | F1-score
Package 1 0.916 0.956
Library 0.93 1 0.9637
Service 1 1 1

Script 0.967 0.967 0.967

Table 1: Results for software type classification.

Other tools present some overlap with the functionality included
in our framework. For example, pydeps'? and modulegraph2!® ex-
tract module dependencies, libraries like pydoc'* generate HTML
code documentation, libraries like Pigar'® extract code require-
ments, and packages like pyan [2] and pycg [13] generate call graphs
for Python code using static analysis, including high order func-
tions, class inheritance schemes and nested function definitions.
Inspect4py builds on some of these tools (e.g., pygar), integrating
all their functionalities into a single framework and using a unique
representation for all their results.

To the best of our knowledge, there are no frameworks for de-
tecting software type and invocation methods.

5 INSTALLATION AND EXECUTION

Inspect4py can be installed through pip (pip install inspect4py)
and Docker. To invoke the tool with basic functionality (i.e., extract
classes, functions and their documentation), one needs to run the
following command:

inspect4py -i <input file.py | directory >

This command can be qualified with different options,'® in order

to perform different functionalities. For example, the following
command extracts classes, function and method documentation
and also stores the software invocation information (flag -si):

inpsect4py -i repository_path -o out_path -si -html

6 CONCLUSIONS AND FUTURE WORK

This paper introduces inspect4py, a static code analysis framework
designed to extract common code features and documentation from
a Python code repository in order to ease its understanding. A
preliminary evaluation shows promising results evaluating Python
code repository types, as well as identifying and ranking alterna-
tives ways of running them (thus saving time to potential users).

We are using inspect4py in combination with software metadata
extraction tools [6] to suggest recommendations for completing
README files.!7 In addition, we are planning to use our results
for facilitating function parallelization and composition, as well as
to compare alternative representations of software when finding
similar code.

As for future work, we are expanding inspect4py to 1) improve
our evaluation results, by annotating additional number of reposi-
tories, 2) incorporating new feature extraction tools (e.g., libsa4py),
and 3) improving our invocation detection to include illustrative
parameter examples.

2https://github.com/thebjorn/pydeps

Bhttps://pypi.org/project/modulegraph2/
Yhttps://docs.python.org/3/library/pydoc.html

Shttps://github.com/damnever/pigar

163ee https://github.com/SoftwareUnderstanding/inspect4py/blob/main/README.md
https://github.com/SoftwareUnderstanding/completeR
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