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Jupyter Notebook

A virtual environment for literate programming.
Share code along with documentation

Collaborative creation of reproducible computational narratives that can be used
across a wide range of audiences and contexts. - [Project Jupyter]

Open-source software

Data exploration, run simulations and visualization

Source: Jupyter notebooks-a publishing format for reproducible computational workflows [Kluyver et al., 2016]



Jupyter Ecosystem

]

> Jupyter Notebook

(

> JupyterLab
> JupyterHub .
> Binder

Project Jupyter: https://jupyter.org/
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# > notebooks

Name - Last Modified
W Data.ipynb an hour ago
W Fasta.ipynb a day ago
A Julia.ipynb a day ago
[ Lorenz.ipynb go
A R.ipynb a day ago
H iris.csv a day ago

lightning.json 9 days ago

@ lorenz.py 3 minutes ago
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In this Notebook we explore the Lorenz system of differential equations:
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Let's call the function once to view the solutions. For this set of parameters, we see the trajectories swirling around two points,

called attractors.

from lorenz import solve_lorenz

t, x_t = solve_lorenz(N=18)

*
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11 fig = plt.figure()

12

13 ax.axis('off")

14

15 # prepare the axes limits
16 ax.set_xLlim((-25, 25))
17 ax.set_ylim((-35, 35))
18 ax.set_zlim{(5, 55))
18

28

21

22 X, ¥y, T = X_y_ 2
23

24

25

26 np.random.seed (1)

27 X8 = -15 + 30 * np.random.random((N, 3))
28

JupyterLab Interface

def solve_lerenz(N=10, max_time=4.0, sigma=10.0, beta=8./3, rho=28.0):

""plot a solution to the Lorenz differential equations."""

ax = fig.add_axes([e, @, 1, 1], projection='3d")

def lorenz_deriv(x_y_z, td, sigma=sigma, beta=beta, rho=rho):
"Compute the time-derivative of a Lorenz system."""

return [sigma * (y - x), x * (rho - z) -y, x * y - beta % z]

# Choose random starting points, uniformly distributed from -15 to 15
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Jupyter Notebooks: Facts

Formerly known as IPython Notebook

1.7 million Jupyter notebooks on Github

Millions of users

Different computational kernels including Python, R, and MATLAB
Export in different formats like HTML, LaTeX, PDF

Source: https://blog.jupyter.org/jupyterlab-is-ready-for-users-5a6f039b8906



Structure

B Trusted Python3 Q

File Edit View Insert Call Kemel Widgets Help
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M arkdown‘_ Damped Oscillations: Simple demo with multiple subplots.

Ce" In [1]: %matplotlib inline
import matplotlib.pyplot as plt
import numpy as np

M In [5]: | x1 = np.linspace(8.8, 4.0)
yl = np.cos(20 * np.pi * x1) * np.exp(-x1)
plt.subplot(2, 1, 1)

Code Cell ¢——— plt.plotixl, yl, 'o-')
plt.ylabel( 'Damped oscillation®)
plt.savefig("tl.png")
plt.show()
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Damped oscillation

Raw Ce"‘— Another subplot with change in parameter

np.linspace(6.8, 3.8)

In [3]: x2
np.cos(4 * np.pi * x2)

y2

Execution ) In [4]: | plt.subplot(2, 1, 2)

plt.plot(x2, y2, '.-")

Count plt.xlabel('time (s)')
plt.ylabel('Undamped"’ )
plt.show()
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Architecture

P &
bsockets

o
¥ E = g
‘00 Notebook
1 ) Browser
N server Kernel

User

=

Noteboo
file

Source: https://jupyter.readthedocs.io/en/latest/projects/architecture/content-architecture.html



Workflow

> Organization of cells
> Execution Order

» Insertion, Removal and Re-arrangement of Cells



omputational Experiments

Jupyter DampedOscillations LastCheckpon: 09102018 (suosaved)

B4 % @B A HA EC R E ° %0

M In [13): wmatplotlib inline
inport natplotlib. pyplot as plLt
inport nunpy as np

In [14]: x1 = np.linspace(0.0, 5.6)
np.c0s(20 * p.pi + x1) * np.exp(-x1)
plt.subplot(2, 1, 1)
PLEplot(x1, Y1, 0-')
Pt ylabel(‘Danped oscillation')
PLt.savefig(*t1.png")
[ T 7 3 T g

In (15]: x2 = np.linspace(0.0, 3.6)
V2 = np.cos(d + np.pi * x2)
In (16]: plt.subplot(2, 1, 2)

pltiplot(x2, y2, .- 1)

Pl xlabel(‘tine (s)')

Pt ylabel(*Undanped )

Pt show()
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Computational Experiments

» Repeatability

L

ZJupyter DampedOscillations LastCheckpont osirarzots (autosaved)
Tsea | pynona O

Flo  E  Vew et Col Kemel

B+ % @B A v HAN B C OB e

atplotlib inline
inport natplotlib.pyplot as plt
inport numpy as np

W I (13]

In [14]: x1 = np.Linspace(0.0, 5.0)
p.cos(20 * np.pi * x1) * np.exp(-x1)
pLt.subplot (2, 1, 1)
plt.plot(xl, y1, 'o-')
pLt.ylabel (‘Damped oscillation’)
pLt.Savefig(*t1.png")
pLt.show()

] T 2 3

p. Linspace(0.0, 3.6)

In [15]: X2
¥2 = np.cos(4 * np.pi * x2)

In [16]: plt.subplot(2, 1, 2)
pLplot(x2, ¥2, "'}
pLt xlabel (‘time ()}
pLt.ylabel (*Undanped")
pLt.show()

FAAAAA
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™ (14)

In [15):
¥:

omputational Experiments

Repeatability

ZJupyter DampedOscillations LastCheckpont osirarzots (autosaved) A | Logout
Vew et col Kemel Woges Heb Tusea| [Pyinona O
B+ % @B 4% A0 B C P o 1= 20

In (13): wmatplotlib inline
in

jport matplotlib.pyplot as plt
inport numpy as np

. Unepace (0.0, 5.0
R AU ———
e suhu\nt(). 1 1)
pLE.plot(x1, y1, "o-')
pLt ylabel(‘Damped oscillation’)
Sty el pogh

ou()

np. Linspace(0.6, 3.6)
cos(4 * np.pi * x2)

el ]

t.plot(x2 i ]
AR R ]
pLt ylabel (*Undanped )
pLt.show()

FAAAAA

> Reproducibility

JUPYter DampedOscillations Last Chckpont 2 mtes 300 (scsave) [
B+ k@Bt N mCh e {® 20

Damped Osctlatons: Siple demo wih mufile subplots.

o - R
s aatglotb pplet a ple

W oIl

- Unspace(0 6, 4.
oot2e = o+ A1) * sp.csplent)
B subatot, 1, 1‘
PLURLOLGL, 11,
pL ylabel( uamnau nsu\.auow )
Bt et t1

Teae

Another subplot with change in paraseter

In (31 x2 = 1p. Linspace(©.0, 3.0)
32 = tp.cosis + mp.pd + @)

(0 e sumlotz 1. 2
ot 2, 12,
Pt s 1)
PLEylabel (Undarped)
P shou()
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Reproducibility

A scientific experiment is said to be reproducible if the experiment can be
performed to get the same or similar (close-by) results by making variations in
the original experiment. ™

* A provenance-based semantic approach to support understandability, reproducibility, and reuse of scientific experiments. [Samuel, 2019]
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Provenance

The source or origin of an object, its history

*—0o—0
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Computational Reproducibility

Computational Reproducibility

Provenance Provenance Provenance
Capture Representation Storage

The key components for the end-to-end provenance management for computational reproducibility

Source: A provenance-based semantic approach to support understandability, reproducibility, and reuse of scientific experiments. [Samuel, 2019]
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Computational Reproducibility

> Provenance support 1s limited [Rule et al., 2018, Pimentel et al., 2019]

Tracking provenance when the cells are over-written and re-run
Track how exactly a final result has been achieved

Track of the experiments that have been attempted

> “Record all intermediate results 1n a standardized format”

One of the ten simple rules for computational reproducible research [Sandve et al., 2013]

15



ProvBook: Provenance Info in Notebook

”~a
3
Computational ‘ n

Experiment

- Computational
ﬁ- Experiment

:

ProvBook: Provenance of the Notebook

Frovook Bifl
T S — -
= . [Pr—p—)

Provenance Provenance Provenance
Capture Representation Storage

Computational Reproducibility

[ProvBook: Provenance-based Semantic Enrichment of Interactive Notebooks for Reproducibility, Samuel and Konig-Ries]
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ProvBook: Capture & Visualization

;: JUpytE‘f DampedOscillationsPlot Last Checkpoint: 4 hours ago (autosaved) ﬁ Logout
File Edit View Insert Cell Kernel Help Trusted Python2 O
B+ 3 @B 4+ % HAin B C W Code 1= 9 %

Provenance of selected cell

In [31]: x1 = np.linspace(0.0, 5.0)
yl = np.cos(3 * pp.pi * x1) * np.exp(-x1)
plt.subplot(2, 1, 1)

Start Time‘ plt.plot(xl, yl, 'o-')

\plt .show()
End Time < ——— Start Time: 2018-05-25T12:39:36+02:00

. End Time: 2018-05-25T12:39:36+02:00
E)(e CUtIO n e Execution Time: 135ms

Time i
x1 = np.linspace(0.0, 8.0)
y1 = np.cos(3 * np.pi * x1) * np.exp(-x1)

Source 4~ plt.subplot(2, 1, 1)
plt.plot(x1, y1, 'o-")
plt.show()
Output:
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Output‘( 5 s
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ProvBook: Difference

> A provenance difference module to compare the different executions of a notebook
> Comparison of the input and the output

> Starting time to differentiate between two executions

> Extends the nbdime library from the Project Jupyter

ay
?M;S)

¢
ProvBook Diff

1 Hide unchanged cells Export diff

In [16]: In [16]:
1 x1 = np.linspace(®.0, I.G) 1 x1 = np.linspace(9.0, 4.0)
2 yl = np.cos(1l8 * np.pi * x1) * np.exp(-x1) 2 yl = np.cos(18 * np.pi * x1) * np.exp(-x1)
3 plt.subplot(2, 1, 1) 3 plt.subplot(2, 1, 1)
(...) Se (...)
QOutputs changed
Output deleted Output added

[

Damped oscillation
e
Damped oscillation
o
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ProvBook: Semantic Representation

An ontology is a formal, explicit specification of a shared conceptualization -[Studer et al., 1998]

xsd:string

prov:Entity
executionTime -Enti
xsd:dateTime prov:Entity

prov:endedAtTime prov:generated
xsd:dateTime p-plan:Activity
prov:startedAtTime

rdf:type prov:Agent

CellExecution
p-plan:correspondsToStep

prov:wasAttributedTo

p-plan:Step rdf:type Cell

-

p-plan:isStepOfPlan Notebook

rdf:type p-plan:Plan

>

p-plan:hasinputVar

hasKernel hasProgrammingLanguage
p-plan:hasOutputVar

Output Kernel
Source

ProgrammingLanguage

@ REPRODUCE-ME
e @ P-Plan

@ PROV-O

rdf:type

rdf:type

p-plan:Variable

Setting Version
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ProvBook: Semantic Representation

> Jupyter Notebook and its provenance described
using the REPRODUCE-ME ontology

> New extension: Export in RDF from the user interface
or command line

- . .

~ JUpyter DampedOscﬂIatlonsPlot Last Checkpoint: 4 hours ago  (autosaved) a Logout
File Edit View Insert Cell Kernel Help Trusted Python2 O
New Notebook » 4 & MRun B C W Code j = D %
Open...
Meke a.Copy.: itplotlib inline
Rename... ort matplotlib.pyplot as plt

ort numpy as n
Save and Checkpoint I Py P

= np.linspace(0.0, 5.0)
= np.cos(3 * np.pi * x1) * np.exp(-x1)
.subplot(2, 1, 1)

Revert to Checkpoint »

Print Preview .plot(x1l, y1, 'o-')
Python (.py)
Trusted Notebook HTML (htmi)
Close and Halt Markdown (.md) thﬂ
reST (.rst)
-0
LaTeX (.tex)

PDF via LaTeX (.pdf)

mpp o >

. REPRODUCE-ME xsd:string . prov:Entity
. P-Plan xsd:dateTime

. PROV-0 prov:endedAtTime

xsd:dateTime

executionTime prov:Entity

prov:generated

p-plan:Activity

prov:startedAtTime rdf:type prov:Agent

CellExecution

p-plan:correspondsToStep prov:wasAttributedTo,

p-plan:Step rdf:type Cell p-plan:Plan

p-plan:isStepOfPlan Notebook rdf:type

hasKernel hasProgrammingLanguage

p-plan:hasinputvar p-plan:hasOutputVar
ProgrammingLanguage

Output Kernel

hasVersion

rdf:type

Version

Setting




Millions of repositories in platforms like GitHub

Millions of computational notebooks in GitHub

Are all these notebooks in repositories reproducible?

A single button to reproduce them?

REPRODUCE

N}

21



>

>

ReproduceMeGit

A visualization tool for analyzing the reproducibility of Jupyter Notebooks.

Goals:

>

Help repository users and owners to reproduce, directly analyze and assess the reproducibility of
notebooks

Built on top of the work by [Pimentel et al., 2019]

Get information on notebooks

ReproduceMeGit

-~ that were successfully reproducible

- that resulted in exceptions during runs GitHubURL

Analyze the notebooks:

> the difference in the results GitHub URL

from the original notebooks

> provenance history of runs

ReproduceMeGit: A Visualization Tool for Analyzing Reproducibility of Jupyter Notebooks, [Samuel and Konig-Ries, 2020]

22



Reproducibility Study

Notebooks (un-)successfully
finishing the executions

Notebooks with same or different
results compared to the original.

Exceptions occurred in the runs
ImportError, ModuleNotFoundError
FileNotFoundError, IOError, SyntaxError

Provenance History in RDF
using REPRODUCE-ME ontology

Direct access to
Binder and ProvBook

An Overview

Structure & Usage

Repository Overview

Notebook Overview

ReproduceMeGit

Cells Overview

Modules Overview

Distribution of programming
Languages and the versions used
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An Overview

Reproducibility Study

Notebooks (un-)successfully
finishing the executions

Notebooks with same or different
results compared to the original.

ReproduceMeGit

Exceptions occurred in the runs
ImportError, ModuleNotFoundError
FileNotFoundError, IOError, SyntaxError

Provenance History in RDF
using REPRODUCE-ME ontology

Direct access to
Binder and ProvBook

Structure & Usage

Repository Overview

Notebook Overview

Cells Overview

Modules Overview

Distribution of programming
Languages and the versions used
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ReproduceMeGit: Flow

User enter a repository URL

Fetches repository's content
using GitHub API

Collects requirements for
environment setup

Installation of requirements

Execution of notebooks

Capture of provenance
using ProvBook

Provenance Difference
using nbdime library

KON KN YN

Visualization in ReproduceMeGit

25



ReproduceMeGit

ReproduceMeGit Home

I Finished Executions @ Unfinished Executions I Different Resulis M Same Value

[ Different Re:

Finished vs Unfinished Executions Different vs Same Notebook Results
Repository Overview Notebook Overview Modules Overview Execution Overview ProvBook Overview
# Notebook Name Execution Status
1 MLPractical13(MinMaxScaler).ipynb FileNotFoundError: [Errno 2] File /home/diwakar

IDownloads/lITK ML Data/indians-diabetes.data.csv does not

exist

2 MLPractical21(matplotlib example).ipynb Success

e ImportError M ModuleNotFoundError mm NameError
I |0Error [ OSError mmmm OperationalError | TypeError o ValueError

[ HTTPError SyntaxError pm AttributeError

Exceptions during Notebook Execution

Execution Message

Traceback (most ...

FileNotFoundError

StdinNotimplementedError

Execution
Duration

2ms

3ms



Conclusion and Future Work

Jupyter Notebooks
> Data exploration, visualization, results

» Reproducible research
ProvBook, an extension of Jupyter Notebooks, supports computational reproducibility
ReproduceMeGit: performs reproducibility study on repositories containing Jupyter Notebooks
Tracking metadata from Jupyter Notebooks

Reproducibility study of Jupyter Notebooks from GitHub using ReproduceMeGit
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More Information

ProvBook Demo Video: ReproduceMeGit Demo Video:
https://doi.org/10.6084/m9.figshare.6401096.v2 https://doi.org/10.6084/m9.figshare.12084393.v1
ProvBook Source Code: ReproduceMeGit Source Code:
https://github.com/Sheeba-Samuel/ProvBook https://github.com/fusion-jena/ReproduceMeGit
ProvBook Publication: ReproduceMeGit Publication:
http://ceur-ws.org/VVol-2180/paper-57.pdf https://arxiv.org/abs/2006.12110

y @sheebasamuel * https://fusion.cs.uni-jena.de/fusion/members/sheeba-samuel/

* 0000-0002-7981-8504 * https://w31d.org/reproduceme/research
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