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A Large-scale Study about Quality and
Reproducibility of Jupyter Notebooks

Jo@o Felipe Pimentel*, Leonardo Murta*, Vanessa Braganholo*, and Juliana Freiref

Ten simple rules for writing and sharing
computational analyses in Jupyter Notebooks

Adam Rule', Amanda Birmingham2, Cristal Zuniga®?, llkay Altintas®*, Shih-
Cheng Huang®**, Rob Knight>5, Niema Moshiri°, Mai H. Nguyen®, Sara
Brin Rosenthal @2, Fernando Pérez7, Peter W. Rose®**
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np. fromfunction(lambda 1, 3: h / ((1 - 3) ** 2+ h * h), (n, n), dtype=float)
array([[2. , 0.4 , ©.11764706, ©.05405405],
0.4 0.4

S 2. , 0.11764706],
[0.11764706, 0.4

.2 J 0.4 s
[0.05405405, ©.11764706, 0.4 5 2 m

Note. To calculate the matrix size 5000x5000, need to replact

e n=4in the previous input cell
on n=5000 u 1o push Shift+Enter



Methodology
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repare conda > inside conda > notebooks of the R un and reproduce
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Implementation

e [nitial Run

o 2021

o Preprint: https://doi.org/10.48550/arXiv.2209.04308
e Rerun

o 2023

Code : https://github.com/fusion-jena/computational-reproducibility-pmc
Data : https://doi.org/10.5281/zeno0d0.8226725
Paper : https://doi.org/10.1093/gigascience/giad113
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Results - Initial vs Rerun

PMC Search
(ipynb OR jupyter OR ipython)
AND github
(r0_article_db.py)

Request GitHub API to collect
repositories data:
5240 (2177)

(r3_github_api.py)

Compress repositories:
5240 (2177)

(s3_compress.py)

Installed Declared
dependencies:

1169 (492)
setup.py: 386 (194)
requirements.txt: 311 (117)
pipfile: 21 (10)

!

!

!

Parse Publication Metadata in
XML format

(r1_article_metadata.py)

Unzip and process
repositories:
5240 (2177)

(s1_notebooks_and_cells.py)

Process markdown cell to
collect features
markdown cells:

290865 (92281)

(s4_markdown_features.py)

Execute Python notebooks
Total Python notebooks:
22578 (8160)

Valid Python notebooks:
20699 (7599)
(s7_execute_repositories.py)

!

|

Identified
Article: 3467 (1419)
Journal: 740 (373)
GitHub Mentions: 6049 (2398)

(r1_article_metadata.py)

Load notebook and cell data:
repositories: 2660 (1117)
notebooks: 27271 (9625)

(s1_notebooks_and_cells.py)

Process repository to extract
files:
4807244 (1176766)

(s5_extract_files.py)

!

!

m

d Python Notebook
15817 (4169)

v

Preprocess GitHub links:
Remove repeated GitHub
Links, Organizations,
Features/actions, invalid links:

Repositories found with 1 or
more notebooks: 2660 (1117)
no notebooks: 2580 (1060)

Process cell to collect
features:
890096 (288919)

Exceptions found:
9100 (2265)

682 (172)
(r1_article_ pY) (s1_notebooks_and_cells.py) (s6_cell_features.py)
Remove Prepare environment for
Not found GitHub links: Notebook Codestyle check P fepGsitorias: Notebooks which finished
122 (49) using flake8nb library P B I
empty GitHub repos: execution:
5(0) (r4_pycodestyle_check.py) 2660.(1117) 10388 (2684)

(r2_article_repository.py)

(s7_execute_repositories.py)

|

|

Identify and clone unique and
valid repositories: 5240 (2177)

(r2_article_repository.py)

Process and collect
requirements
(setup.py, requirements.txt,
pipfile, pipfile.lock):
1169 (492)
(s2_requirement_files.py)

Install repository
dependencies

(s7_execute_repositories.py)

St fully repra
notebooks: 1203 (396)
Identical results: 879 (245)
Different results: 324 (151)




Results - Research Field
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Results - Journals
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Results - Journals

Repositories with notebooks
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Results - Programming Languages
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Results - Programming Languages

Notebook language
Matlab

Julia

Unknown

Python

Bash
Sos
Groovy
Scala

Java

Rerun

134

295

3,112

22,578

891

36

29

95

29

Initial run

59

720

8,160

461

24

24

95

29

Ratio rerun/initial
14.9

5.0

4.3

2.8

1.9

1.5

1.2

1.0

1.0
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Results - Python Version
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Results - Notebook Structure
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Results - Notebook Naming

demo

Untitled

_ example
talktorial

copy test



Results- Notebook Dependencies

setup.py requirements.txt setup.py

requirements.txt

Pipfile Pipfile

Repositories with dependencies. Notebooks with dependencies.



Results - Notebook Reproducibility

7
7 5562
5
4
3
(7)) 2
=
o
8 C e
) 1000
g 8
%S 7
o 6
o 5
] 4
'g 3
-
= 2
100
9
8
7
6
o
&
o o
&
N2 -\\0
& <

Exception



Results - Notebook Reproducibility
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Results - Notebook Reproducibility

Number of exceptions
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Results - Notebook Reproducibility

Percentage of exceptions (%)
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Results - Successful reproductions

Features Notebooks with different results Notebooks with identical results
Number of notebooks 324 (K 151) 879 (K 245)
setup.py 0(®0) 344 (R 98)
requirement.txt 1(®0) 353 (K 107)
pipfile 0(®0) 0(®0)
Total cells 23 (R 17.9) 19.6 (R 17.1)
Code cells 15.4 (R 12.3) 11.3(R9.8)
Markdown cells 7.6 (X 5.6) 8.3 (K 6.7)
Ratio of Markdown vs. code cells  0.49 (R 0.46) 0.73 (R 0.68)
Empty cells 0.9 (K 0.7) 0.7 (K 0.7)
Differences 6.3 (K 5.3) 0(®0)
Execution time (s) 18.3 (K 22.1) 57.6 (K 16.4)

Execution time per code cell (s) 1.88 (K 1.80) 5.09 (K 1.67)



Results - Notebook Styling

Error code

E231

E225

E265

E402

E262

E703

E127

E701

E741

E401

E101

F405

F401

F821

F403

F841

F404

F402

F633

Description

Missing whitespace after commas, semicolons, or colons
Missing whitespace around operator

Block comment should start with “#”

Module level import not at top of file

Inline comment should start with “#”

Statement ends with a semicolon

Continuation line overindented for visual indent

Multiple statements on 1 line

Do not use variables named “l,” “0,” or “1”

Multiple importson 1 line

Indentation contains mixed spaces and tabs

Name may be undefined, or defined from star imports: module
Module imported but unused

Uundefined name “X”

“From module import*” used; unable to detect undefined names
Local variable “X” is assigned to but never used

Future import(s) name after other statements

Import “X” from line Y shadowed by loop variable

Use of >> is invalid with print function

Count (%)

686,382 (25.2%) @ 102,218 (27.3%)
187,528 (6.9%) B 25,979 (6.9%)
110,972 (4.1%) B 10,769 (2.9%)
108,067 (4.0%) B 10,478 (2.8%)
32,704 (1.2%) B 8,369 (2.2%)
13,944 (0.5%) B 2,023 (0.5%)
15,486 (0.6%) B 1,290 (0.3%)
5,147 (0.2%) ® 500 (0.1%)
2,398 (0.1%) B 432 (0.1%)
1,293 (0.0%) R 95 (0.0%)

2,881 (0.1%) ® 32 (0.0%)
46,825 (1.7%) X 4,840 (1.3%)
46,988 (1.7%) X 3,938 (1.1%)
20,987 (0.8%) ® 2,071 (0.6%)
4,371 (0.2%) ® 263 (0.1%)
3,195 (0.1%) B 225 (0.1%)

309 (0.0%) B 44 (0.0%)

79 (0.0%) ® 10 (0.0%)

6 (0.0%) & 6 (0.0%)



Environmental Footprint

Simplified calculation: carbon footprint = energy needed * carbon intensity

(http://calculator.green-algorithms.org/)

¢

—
“... <-)

47.38 kWh 373.78 kWh

16.05 kg CO2e 126.58 kg CO2e


http://calculator.green-algorithms.org/

Implications

e Computational reproducibility is a key element of scientific reproducibility

e Learning/ teaching through errors and fixing them
e Mechanisms to communicate successful
reproduction to the scientific community

Error type

ModuleNotFoundError

FileNotFoundError

ImportError

NameError

I0Error

AttributeError

ValueError

TypeError

KeyError

CalledProcessError

Underlying problem

Module cannot be located

File cannot be located at
designated path

Attribute, function, class, or
variable cannot be imported
from a module as specified

Variable or function is used but
not defined

Trying to read from or write to a
destination that does not exist
or for which user does not have
pertinent permissions

Trying to access an attribute or
method that does not exist as
specified

Afunction is called with an
argument of the correct type
but with a wrong value

Afunction is called with an
argument of the correct type
but with a wrong value

Trying to access a dictionary
key that does not exist

Asubprocess was called but
returned a nonzero exit status

Some potential fixes

Check that module is present in repo
orinstalled in the environment

Check path and that file exists at
path

Check documentation of what is to
be imported, including the module’s
dependencies

Check documentation about where
it ought to be defined (e.g., another
cell or module); execute that code
before using that name

Check existence, path, and
permissions of that destination

Check documentation and ensure
the access is handled as required

Check that argument meets the
requirements of the function

Check that argument number and
argument types meet the
requirements

Check that the key exists in the
target dictionary; consider setting
default values for cases when key
does not exist

Check that the subprocess is being
called as required and that the
called code actually works as
intended



Recommendations

e Existing recommendations are good but need to be

o integrated into actual workflows

m e.g. see Julynter

o adapted to the role(s) of different stakeholders

o expanded to take into account different types of dependencies
e Make notebooks citable

o run them before citing
e Routinely re-run notebooks

o both your own and those of others

e Monitor the environmental footprint
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