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Automatic Restoration and Management of Computational Note-
books

Satish Venkatesan

(ABSTRACT)

Computational Notebook platforms are very commonly used by programmers and data sci-

entists. However, due to the interactive development environment of notebooks, developers

struggle to maintain effective code organization which has an adverse effect on their pro-

ductivity. In this thesis, we research and develop techniques to help solve issues with code

organization that developers face in an effort to improve productivity. Notebooks are often

executed out of order which adversely effects their portability. To determine cell execution

orders in computational notebooks, we develop a technique that determines the execution

order for a given cell and if need be, attempt to rearrange the cells to match the intended ex-

ecution order. With such a tool, users would not need to manually determine the execution

orders themselves. In a user study with 9 participants, our approach on average saves users

about 95% of the time required to determine execution orders manually. We also developed

a technique to support insertion of cells in rows in addition to the standard column insertion

to help better represent multiple contexts. In a user study with 9 participants, this technique

on a scale of one to ten on average was judged as a 8.44 in terms of representing multiple

contexts as opposed to standard view which was judged as 4.77.



Automatic Restoration and Management of Computational Note-
books

Satish Venkatesan

(GENERAL AUDIENCE ABSTRACT)

In the field of data science computational notebooks are a very commonly used tool. They

allow users to create programs to perform computations and to display graphs, tables and

other visualizations to supplement their analysis. Computational Notebooks have some

limitations in the development environment which can make it difficult for users to organize

their code. This can make it very difficult to read through and analyze the code to find

or fix any errors which in turn can have a very negative effect on developer productivity.

In this thesis, we research methods to improve the development environment and increase

developer productivity. We achieve this by offering tools to the user that can help organize

and cleanup their code making it easier to comprehend the code and make any necessary

changes.
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Chapter 1

Introduction

Computational Notebooks are digital notebooks that can perform simple computing tasks.

This allows the authors of computational notebooks to supplement their analysis and writ-

ten content with graphs and other visual components leading to a more comprehensible

computing process [19, 21, 25]. Common Computational Notebook platforms include Azure

Notebooks, Databricks, and Wolfram Computational Notebooks. However, the most popu-

lar computational notebook platform is Jupyter. The popularity of Jupyter Notebook and

computational notebooks is evidenced by the fact that 0.4% of all users on Github have

shared a Jupyter Notebook[1]. Computational notebooks are widely used as they make it

easier for users to write more detailed and organized reports. Notebook environments can

also be more accessible to users as they contain a built-in modularity with the usage of cells.

So, rather than planning out an entire algorithm, users can write pieces of code in different

cells and as cells can be run individually, users can test each part as they develop which

aids in exploratory programming. The user base of Computational Notebooks consists of

many data scientists, computer scientists and analysts from a variety of concentrations. As

it is the most prominent computational notebook platform, this paper and the research is

focused on the functionality of Jupyter Notebook.

1
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1.1 Limitations

While computational notebooks contain many useful features, there are certain limitations

which negatively impact the productivity of users. These limitations are enumerated as

follows.

Limitation 1: Limited Display Options Computational Notebooks have limited dis-

play capabilities, in that cells can only be shown vertically. While this is intuitive in cases

where code execution occurs linearly and in a definite order, if there are multiple cell execu-

tion orders, or interchangeable cells, this display can be confusing for the user working on

the notebook or new users who are viewing the notebook. The current method to deal with

this problem is having multiple notebooks or having header cells or comments to annotate

the flow of the code as it pertains to the cells. However, with already complex notebooks,

commentating unused code, or containing multiple versions of cells can lead to exceedingly

large notebooks with only a portion of it containing computational value.

Limitation 2: Cell Organization. Due to how cell-based execution is implemented in

Computational Notebooks, users have to keep track of cell dependencies. To elaborate, users

must know what order code cells have to be run in order to obtain the output they desire

[20]. While some notebooks are simply ran in vertical order as they appear, in nearly half

of computational notebooks shared on the platform Github, the cell execution order does

not match the order as presented [13]. Right now, Computational Notebooks do not keep

track of execution order, which means to get around this problem users have few options.

One option is to keep a mental note of cell dependencies for each cell in the notebook. This

may be practical for simple notebooks with few cells, however for more complex notebooks

with many cells, this is very difficult and can cause the user to have to spend time analyzing
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the cells to reconstruct the cell dependency which greatly decreases productivity. Another

option, which is available in the Jupyter environment, is for users to use an extension from

the common extension library, which uses manually entered cell-dependencies to run cells

in the dependency tree before running the selected cell. While this is better than keeping

mental notes or written annotations, it still requires users to manually write and update cell

dependencies in the cell metadata. All of these current solutions place the onus completely

on the developer, and therefore are highly error prone and also lead to a drop in productivity.

Furthermore, solutions which depend heavily on the author can be difficult as data scientists

often struggle to retrace the steps they performed in their data analysis [11].

Limitation 3: Programming Background of User Base The term data scientist

refers to a group of people with a wide variety of educational backgrounds and skill-sets

[13]. Many Computational Notebook users don’t have extensive programming backgrounds.

This means that they are less likely to be aware of let alone follow best practices and typical

coding conventions. For example, they may give multiple variables the same name across

different cells which can result in them getting different outputs for different executions.

Moreover, without an extensive coding background, in the event of an error users may find

it more difficult to debug their code especially when it is split amongst multiple cells [10].

Limitation 4: Notebook Code vs Traditional Code While Computational Notebooks

support a multitude of languages, traditional and notebook code still operate rather differ-

ently, due to the usage of cells. Cell-based execution allows users to create small pieces of

code and more easily test as they develop their computational processes. This makes it more

simple for users to develop full solutions in notebook environments than in coding environ-

ments [12]. However, the more approachable environment can lead to more incomplete and

poorly designed notebooks.
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Limitation 5: Lack of version control Handling multiple versions of cells within note-

books and visualizing the change in both the code and the resulting output is very difficult

to perform in computational notebook environments [4]. Version control is imperative to

software engineering and even more critical to statistical analysis especially in regard to

collaboration [15]. In traditional software engineering, users use distributed version con-

trol systems, such as Git to manage multiple versions of code between multiple users [27].

However, using Git for computational notebooks is not ideal for keeping track of incremental

changes [17]. Git compares changes in the JSON files which encapsulates notebook metadata

and cell metadata on top of the notebook contents, rather than just changes the user makes

in code which makes it very difficult for users to understand the differences between versions

[18]. The lack of an intuitive version control can lead to users maintaining numerous cells

in the notebook to represent different versions, requiring the user to recognize and execute

the latest one.

1.2 Research Objectives

To address limitation 1 and limitation 5, we take inspiration from branching and merging in

traditional version control (VCS) and redesign the existing notebook layout to incorporate a

matrix view which can better represent the distinct execution flow of cells within a notebook.

Instead of just the column view of notebook, matrix view offers rows that allow users to

switch between multiple alternate implementations, as sometimes reflected in VCS branches.

The addition of side-by-side cell organization can help users organize their code in a more

intuitive fashion if they need to visualize parallel cells, represent multiple versions, or handle

multiple input cells. This improved code organization will help users to better extract the

semantic meaning of their notebook, enabling them to debug the notebook faster and thereby

improving productivity. This will also help new users, when familiarizing themselves with a
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new notebook, understand the flow and purpose of the notebook.

To address limitation 2 and limitation 4, we design a static dependency analysis technique

that finds any given cell’s execution order, turning unusable shared notebooks usable. This

feature will scan a notebook and using syntactic analysis, determine the execution order(s)

of the designated cell, and automatically rearrange the cells. With this approach, we plan

on reducing the amount of human input required and thereby reducing the error probability

when running a notebook.

To address limitation 3 and limitation 4 we ensure the plugins that we develop only require

a button press from the user to run, and returns output in a visually intuitive manner.

1.3 Research Contributions

The prime contributions of our research are enumerated as follows.

• We have added support for scrollable horizontal cells within the computational note-

book environment. With the current notebook, a user can only add cells vertically.

Adding support for horizontal cells allows users to more intuitively compare different

versions of cells or execution threads.

• We have also ensured that this horizontal cell formation persists. By default, Compu-

tational Notebooks forces the cells into the standard vertical order, however, by using

cell metadata, the horizontal arrangement can be persisted.

• We have designed a technique to derive the def-use sets of a notebook and retroac-

tively recognize and arrange parallel cells in a horizontal order. This allows existing

notebooks to also reap the benefits of being presented in a matrix view.
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• We have also designed a technique that illustrates execution orders for a given cell

within a notebook by highlighting the cells in the execution order. If there is only one

possible execution order and the cell order differs from the execution order, the note-

book will rearranged to match the execution order and improve the cell organization.

The rest of the thesis is outlined as follows. In Chapter 2 we give some background into

Computational Notebooks by discussing the unique features they offer and walking through

a basic use case scenario. In Chapter 3, we analyze similar papers in the field. In Chapter 4

we discuss how we implement automatic order restoration and identifying execution orders

in computational notebooks. In Chapter 5, we discuss how we approach the problem of code

management in multi context notebooks.



Chapter 2

Background on Computational

Notebooks

Feature Discussion Computational Notebooks contain a sequence of cells, which are dis-

played in vertical order. Each cell operates as a mini component as it can be run or edited

independently of other cells in the notebook. Jupyter, which we will use in our example,

supports three types of cells: markdown, code, and raw cells. Markdown cells allow users

to enter formatted text within the notebook. Markdown cells support text styling, such

as italics, bold, underline and simple math formulas written in LaTeX notation. While

markdown cells are only text, they are still run in the notebook as upon execution the

styling and mathematical notations are evaluated and executed. In Figure 2.1 we can see

a Markdown cell before execution, and in Figure 2.2 we can see the same cell after execution.

Figure 2.1: Markdown Cell Before Execution

7
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Figure 2.2: Markdown Cell After Execution
Code cells are executable cells, and the language code cells are written is dependent on

the kernel, which by default is python. The content of code cells is considered to be the

input. Upon execution, the output of the computation is displayed in an output cell directly

beneath the original code cell. Computational Notebooks support a variety of outputs, such

as text output, HTML tables and matplotlib figures. Lastly, raw cells are cells which allow

users to directly enter output to be displayed. Raw cells are the only type of cells to not be

executed by the notebook.

Cell-based execution and organization allow users to create independent code cells and edit

these cells without changing the content or functionality of other cells. While the use of cells

splits code into smaller pieces and makes development easier for the author, it also means

that cells can be run in any order, and as more cells are added, it can be difficult to keep

track of the correct execution order.

2.1 Walkthrough

To show the basics of computational notebooks, and their various features, let us walk

through a basic use case, where a teacher is conducting an experiment with their class to
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determine the effect of study hours on exam scores and wants to display the results. In the

image below is the header of a Jupyter notebook file. The header contains a toolbar, which

allows the user to perform certain functionalities such as: adding cells, deleting cells, moving

cells, running cells etc.

Figure 2.3: Jupyter Notebook File Header

The teacher starts by creating a header cell, as shown below, to title her report. This makes

use of the ‘markdown cell’ feature in Jupyter Notebook.

Figure 2.4: Header Cell

After writing a header cell for their report, the teacher wants to load data. The notebook,

through the use of the pandas library, allows users to import data from local files, like csv

files, from urls or from zip files. In this case, the teacher’s data resides in an excel document

and she writes code to extract the information. The teacher adds a cell to include all their

imports, and a cell to import data, as shown below.
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Figure 2.5: Data Loading Cell
The teacher decides that a frequency graph of the number of hours studied and a line graph

comparing hours studied with average exam score is the best method to show students the

effect study time might have on their grade.

The teacher adds and creates cells to perform the computation for each of these visualizations

in python code cells. Afterwards, the teacher takes advantage of matplotlib library and the

Notebook’s ability to visualize output from code cells to create a frequency graph and a line

graph to display her results. The visualization cells:

Figure 2.6: Visualization Cells

After executing these cells, the teacher’s report looks like this:
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Figure 2.7: Teacher’s Report
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After presenting this report to their class, some students remained skeptical over the teacher’s

use of mean scores as a metric, stating that outliers could affect the results heavily and

therefore the study isn’t reliable. The students then state it would be better to use median

instead of mean. Thanks to cell-based execution, the teacher only has to edit the fourth cell,

which performs the computations and displays the line plot. The teacher edits the cell to

this:

Figure 2.8: Edited Visualization Cell

And the following output is shown below:

Figure 2.9: Modified Output
In this basic scenario, we can see how the teacher uses the different cell types, visualizations,

and cell-based execution to develop a comprehensive report.



Chapter 3

Review of Literature

Def-Use Chain Analysis Kennedy asserts that use-definition chains, which we refer to

as def-use chains, can be used to optimize programs by eliminating useless computation

[8]. Kennedy proposes two different algorithms to delete useless computation through use-

definition chain analysis. While we do not plan to delete any code in our research, identifying

’useless’ or redundant cells could enable us to improve the cell organization of a notebook.

Subotić et. al developed a static analysis framework for data science notebooks, NBLyzer,

which can aid users by offering code impact analysis as well as Data Leakage Analysis

[22]. Subotić et. al utilize def-use chain analysis to determine inter-cell and intra-cell data

relationships which is then used to perform the analysis their framework offers. The paper

outlines how they develop the def-use sets and determine variable relationships between cells

which could be valuable in our approach.

Version Control Visualization German et. Al propose a token-level blame system

which when tested against is capable of identifying the commit that is responsible for the

error between 94.5% and 99.2%, compared to the standard line-based blame system which

performs between 75% and 91% [6]. German et. Al assert that with a token-based blame

system, more than just the direct previous commit is analyzed, and therefore, can more

accurately analyze what code change led to an error. From this paper we can grasp that

13
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when displaying version control, simply supporting a dual view of the latest commit and

current commit does not suffice. Specifically, with computational notebooks, it is beneficial

to be able to support displaying more than two versions of a cell.

Kery et. al develop a lightweight local version control system, Variolite [9]. Variolite allows

users to select blocks of code that they would like to commit locally. On top of the code,

Variolite keeps track of the outputs and allows users to switch between commits based on

the output. In a user study of Computational Notebook users, nine out of ten participants

stated that they found the tool easy to use with all ten stating they would use it outside the

study. Variolite exhibits that unlike version control in traditional programming contexts,

maintaining code differences does not suffice for computational notebooks. It is critical to

keep track of outputs and cell metadata as well.

Computational Notebook Analysis and Survey Timov et. al propose an algorithm

ReSplit, which analyzes notebooks and either merges or splits cells in order to improve their

cell organization [23]. The evaluation showed that in 29.5% of cases people preferred the

restructured notebooks as a result of ReSplit. The results of ReSplit are very valuable to

us, as they convey that when attempting to improve code organization within notebooks,

rearranging cell contents may not be the preferred approach.

Kery et. al in a survey of data scientists, found that 76% prioritized finding a solution over

high-quality code [9]. In the survey, they also discovered that many users keep obsolete code

and sometimes comment it out as they do not want to lose that work and believe that they

may need to use this code in future computations. This is valuable to our research as it gives

us an insight into the mentality and practices of computational notebook users towards code

organization. By developing tools to aid them with code organization, users can have clean

notebooks without compromising their efforts toward finding a solution.
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Head et. al propose a variety of extensions and tools to help users find, clean up and

compare and recover different versions of code in messy notebooks [7]. In their user study of

12 computational notebook users, they found that users valued the post hoc management of

messes in their approach. Users liked that they were not required to put in effort to manage

the notebook up front. This insight is critical and can guide our approach towards improving

code organization.



Chapter 4

Automatic Order Restoration in

Computational Notebooks

One significant challenge when dealing with computational notebooks is keeping track of

cell execution orders which are usually lost over the long code development and execution

session of a notebook. The history of cell execution is critical to reproduce the results from a

notebook, especially when such notebooks are shared among developers and expected to be

reused. This chapter addresses the irreproducibility of existing notebooks by exploring the

following research questions. How can we determine the correct execution order of otherwise

unordered cells in a computational notebook?. Our hypothesis is that we can leverage the

static data dependencies of each cell of a given notebook to determine a set of statically correct

cell execution orders and then leverage the outputs stored in markdown cells to eliminate the

semantically incorrect orders. In this chapter, we realize our hypothesis in a real-world

technique that automatically extracts the data dependencies of each cell of a notebook and

uses the stored output to restore a notebook’s cell execution order producing the expect

output.

16
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4.1 Introduction

Notebooks can very easily have execution orders that do not match the linear order in

which they are shown and force users to follow painful debugging procedures to recover the

execution orders in their notebooks [20]. In a survey conducted with 156 data scientist prac-

titioners, it was found that 90% of participants found exploring code and cell history to be

important and that 60% of participants believed this to be a difficult procedure [4]. Com-

putational notebooks without cell execution orders are considered broken and are unlikely

to be reused. Almost every user of computational notebooks is going to face the problem

of deriving the execution order of cells in their notebook, and a significant portion will find

solving this problem to be difficult.

This problem space poses a couple primary challenges in the way of deriving cell execution

orders due to the unique coding environment of computational notebooks. One challenge

occurs when a cell has multiple cells it’s dependent upon. If a selected cell is dependent on n

cells, there are n! possible execution orders that end with the selected cell. With complicated

notebooks that represent the average coding environment of our user base, this can result

in numerous execution orders. Consequently, showing users all execution orders would be

minimally helpful. Even if this search space is reduced, the user will have to capture the

semantics of the program which is traditionally performed by a suite of test cases. However,

notebooks rarely contain test cases.

To address the common pain point of cell organization in computational notebooks, we de-

sign a technique that restores the correct execution order of notebook cells for a given output,

making unusable notebooks operational. We leverage existing static analysis techniques to

generate the abstract syntax tree of code in each cell and construct a set of variables and func-

tions defined and used, referred to as def-use sets. Our insight is that, to run the application
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in accordance with its semantic purpose, the code must follow the syntactic data depen-

dencies, represented by the topological sort of cells based on their def-use sets. However,

execution orders derived from syntactic data dependencies may also contain semantically

incorrect orders. We observe that notebooks often contain the output of an execution in the

output markdown cells. To eliminate such execution orders, our insight is that such output

cells can be translated into test cases and help us choose the execution order that complies

with the expected semantics of the program. This approach can be instrumental in making

a large set of shared public notebooks on version control systems (e.g., GitHub) usable. We

realize our technique in Jupyter Notebook plugin in which a user can automatically restore

an unordered notebook with just a click of a button.

We evaluate our approach on three primary criteria: ease of use, and time savings. In a user

study with 9 human subjects, we find that our approach saves, on average, between 4 and 5

minutes compared to manually reordering the notebooks. Users also rated the difficulty of

determining the cell dependency of a given notebook manually as a 5.1. However, with the

plugin the difficult of the task was rated on average as a 1.44.

The rest of chapter is structured as follows. Section 4.2 provides background information

into the problem space and also demonstrates the problem with the help of a motivating

example. Section 4.3 presents the approach used to address the problem and challenges while

Section 4.4 goes into the details of the implementation of our approach with some discussion

as to future steps. Lastly, Section 4.5 evaluates the approach through a user study.

4.2 Background

Cell Dependencies In Computational Notebooks, each cell can be written, edited, and

run independently. However, that does not mean that a cell will compile on its own success-
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fully. We will use the image below as an example.

In this image, we have two cells. In the first cells, variables i, j, and k are declared, while

in the second cell, variable l is declared and printed. It is important to recognize though,

that in the second cell, both variables i and j are referenced without being declared. If a

user tried to run the second cell without running the first cell, they would receive an error

as shown below.

In the error dialogue, it shows that a ‘NameError’ was thrown with the descriptive message

stating that name ‘i’ is not defined. As stated earlier, in the second cell references variables i

and j, however they are not declared. So, when the second cell is run on its own, it does not

know what value variable i or for that matter j are referring to. In the first cell, however,

both variables i and j are declared.

if the first cell is run before second, both cells run successfully, and the value of l is ac-
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curately printed. In this situation, we could say that the second cell is dependent on the

first cell, because for the second cell to run without an error, the first cell must be run

previously. Computational Notebooks does not keep track of these cell dependencies, so the

user must have a mental note of the cell dependencies. In the example above, this is rather

straightforward.

Motivating Example For an assignment given by his teacher, Charles has to write a

notebook where he calculates the standard deviation for a set of data. The teacher instructs

the class that he will enter in the data manually in the first cell, and also provides one

instance of test data for the students to use.

So, Charles creates a notebook to determine the standard deviation of this test data and

runs his code. The notebook and its output are shown below.

Charles sees the output and realizes that something is wrong with the code as the standard

deviation value he received doesn’t match the value he received from his calculator.

Charles then realizes that he forgot to square the difference of the distance between each

value and the mean before summing, so he quickly adds a cell just before computing standard
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deviation and runs that cell and the cell above to recompute and then the output cell to

display the new standard deviation. The new notebook with the correct output is shown

below.

Charles sends this notebook to his teacher, and his teacher sees that for the test sample

Charles has the right answer. The teacher then edits the first cell with her own test values

and runs the cells in order and receives the following output.
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In the output the teacher sees an error in the code output. Looking at this error, Charles

analyzes the code in each cell and how it translates to the steps of calculating standard

deviation. He realizes the teacher ran the notebook in the incorrect order.

Problem Statement As stated in limitation 2, due to the use of cell-based execution,

Notebook requires cells to be run manually and in the same order to achieve the same

results. The default is running all the cells in sequential order from top to bottom. However,

this requires users to either memorize the cell execution orders, or manually derive the

cell execution order themselves, both options being error prone and requiring excess effort

from the user. Furthermore, as stated in limitation 3, the programming background of a

significant portion of computational notebook users is not very extensive, making it even

more difficult to derive the execution orders on their own. Aiding this pain point could

dramatically improve developer productivity and code organization.
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4.3 Approach

To address the challenge of code organization, we derived certain insights to inform the

development of our technique.

Our first insight was that by deriving the syntactically valid candidates of a given notebook,

we could greatly reduce user workload and eliminate the necessity for the user to evaluate

each cell and derive variable and cell dependencies.

Another insight was that computational notebooks by design have a form of modularity

presented in the form of cells. This greatly reduces our search space and simplifies the

problem as we only need to analyze cell dependencies and execution orders.

Our last insight was that rearranging the cells to better reflect the semantic meaning of a

program can help users more easily understand the notebook and follow the cell layout.

Using these insights, we will develop an approach that, for a given cell, shows the minimal set

of potential execution orders greatly reducing the execution orders the user has to analyze. If

there is only one possible execution order, the notebook will also be rearranged if necessary

to better match the cell execution order.

4.4 Implementation

Automation When developing a technique to address the problem of code organization,

one of the primary requirements we set was to automate as much of the process as possi-

ble. We recognized that the current methods used to deal with the issue required manual

effort from the user, which could heavily impact their productivity. Also, human error is

inescapable, meaning the likelihood of these manual solutions failing is rather significant.
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Upon this failure, users would then have to analyze each code cell and manually derive the

cell dependencies on their own, which is tedious and time consuming. Another issue with

manual solutions is that, as stated in Limitation 3, there is a significant portion of the user

base with minimal coding experience, therefore reducing their ability to accurately derive

the cell dependencies on their own.

Determining Cell Dependencies The task at the center of creating an automated so-

lution to cell organization was determining cell dependencies when only given the contents

of the cells. To understand how to approach this problem, we set out to understand how

users, when left with no other option, manually derived the cell execution order. The process

would go as follows:

The user would start with the cell they set to determine execution order for, we will call

this the target cell. They would examine the variables that were used in the target cell

and identify any variables that were not declared within that cell, we will refer to these

as input variables. If there are any such variables, then the user would know that the cell

was dependent on another cell or set of cells to declare the input variables. Then the user

would analyze the cells preceding the target cell and keep track of what variables those cells

initialized, we will refer to these variables as output variables. The user would then identify

the cells whose output variables contained any input variables of the target cell, and then

test different combinations of these cells to determine the execution order.

After identifying this process, we noticed that the idea of determining input and output

variables can benefit from def-use chain analysis using static code analysis. Leveraging the

use of Abstract Syntax Trees which organize sections of code into a hierarchical tree structure

based on the data types and operations performed in the source code, we could identify the

variables in each cell and determine whether they were input or output variables [16, 26].
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Identifying Dependent Cells With the knowledge of a cell’s input variables and the

preceding cell’s output variables, identifying any given cell’s dependent cells became as simple

as selecting cells whose set of output variables contained any of the given cell’s input variables.

However, because of the use of cell based execution, the set of dependent cells could be run

in any order. Meaning that the number of potential executions is the factorial of number

of dependent cells. To maximize the value of our plugin, it was imperative to narrow down

the execution orders from the set of potential execution orders. What we realized was that

most potential execution orders would not actually compile. So, by analyzing the execution

orders and removing ones that wouldn’t compile, we would be greatly reducing the number

of potential execution orders. To relay this info back to users, we developed a plugin,

which highlights the cells that belong in the execution order of a selected cell. This visual

representation makes a clear distinction between relevant and irrelevant cells and allows the

user to analyze the execution order if they would like.

Algorithm 1 Compiling List of Dependent Cells
Require: n-selected cell number, defUseSets- set of def-use sets for all cells

procedure GETCELLDEP(n)
cellDep← []
for variable in defUseSets[n]["use"] do

for j in range(1,n) do
if variable in defUseSets[j][”definition”] then

for item in getCellDep(j) do
if item not in cellDep then

cellDep.add(item)
cellDep.add(j)

return cellDep

Here is an example of the solution in action. In this scenario, we have a simple notebook

with 5 cells which is shown in Figure 4.1.
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Algorithm 2 Validating Cell Execution Orders
Require: executionOrderSet - all permutations of dependent cells, defUseSets- set of def-use

sets for all cells
procedure VALIDATECELLS(executionOrderSet)

for executionOrder in executionOrderSet do
declaredV ariables← []
for cell in executionOrder do

if defUseSets[cell][”use”]− declaredV ariables ̸= [] then
Remove execution order and iterate to next order

declaredVariables.push(defUseSets[cell][”definition”])
return executionOrderSet

Figure 4.1: Sample Notebook
The user selects cell 5, clicks the button to run the plug-in. The first step of the algorithm

is analyzing the cells in the notebooks and generating the def-use sets for each cell. Then

next step is analyzing the def-use set of the selected cell, which is cell 5. In cell 5 only one

variable is defined which is combinedMean. Cell 5’s usage set contains variables a, b, c and

d. Next, the algorithm analyzes the def-use sets of preceding cells and looks for any cells

that contain any members of Cell 5’s usage set in their definition sets. In this case, Cell 1

contains variables a and b in its definition set, while Cell 2 contains variables c and d in its

definition set. Then the algorithm performs the same procedure it has just performed with

Cell 5, with both Cell 1 and Cell 2 to add any of their dependent cells. In this case, Cell 1
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is not dependent on any other cell, and Cell 2 is dependent on Cell 1 which is already in the

list. Then the algorithm tests every permutation of the dependent cells, which is Cell 1 and

Cell 2, and eliminates all syntactically incorrect orders. This leaves only on execution order

of Cell 1, Cell 2 and Cell 5 which is displayed in the output shown on Figure 4.2.

Figure 4.2: Notebook after Running Plugin

After this, the user sees that cells 1 and 2 are highlighted, and cell 5 is emboldened to

indicate that is the selected cell, and can easily surmise that the execution order is Cell 1,

then Cell 2, and then Cell 5. After seeing this, if the user wants to clear the highlighted

cell borders, they can press the eraser button in the plugin and get the normal state of the

notebook. Refreshing the notebook also clears the notebook output.
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Figure 4.3: Notebook after Clearing Borders

Reorganizing Cells. In the case where there is only one possible cell execution order,

the plugin will reorganize cells to reflect the execution order on top of highlighting the cells.

Here is an example below.

Figure 4.4: Notebook Before Running Plugin
In the notebook above we have a set of five cells, with the fifth cell being selected. We will

click the play button to determine the execution order of the fifth cell, which is the second

cell, then the first, then the fifth cell itself.
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Figure 4.5: Notebook After Running Plugin

After running the plugin, the notebook recognizes that the cells do not represent the execu-

tion order and swaps the first and second cell, as well as highlighting the execution order.

After this reorganization of the cells, the notebook visually reflects the execution orders it

contains.

Handling Multiple Cell Execution Orders One thing we discovered was that some-

times, users reuse the same non descriptive variables throughout their notebook and as a

result, we can derive multiple potential execution orders. With just the cells contents, it

is not possible to determine the singular execution order. In this case, we would have to

represent these cell orders to the users, for them to test and select the correct one.

In the plugin we use different colors to represent different cell execution orders. This

is sufficient when the different execution orders are distinct and share no common cells.

However, if a cell occurs in multiple executions, it only represents the color of the latest

execution. In Figure 4.6 for example, we have three distinct semantically accurate exe-

cutions. Cell1-Cell3 is one execution, Cell2-Cell3 is another and the last is Cell1-Cell2-

Cell3. However, the only visible execution shown to the user is Cell1-Cell2-Cell3 as the

red border overrode the previous borders. The display implies only one possible execution

which is incorrect and can deter users from recognizing the other two execution orders.
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Figure 4.6: Notebook with Overwritten Executions Paths
It is imperative to develop the UI to better represent multiple cell execution orders to the

user. One approach is to add multiple borders to cells that are present in multiple execution

orders. Another approach is to create a small interactive window, preferably with the poten-

tial execution paths in a graph, so the user can switch between different potential execution

orders as opposed to seeing them all at once,

Using Cell Output to Derive Single Execution Order One idea that has been ex-

plored in the efforts to determine the singular correct cell execution order is, if the user

has already run the cells and there is output for the target cell, then, the multiple derived

execution orders could be run and tested against the output to identify the correct execution

order. While we have developed code that performs this procedure, there are many com-

plications. The major complication being that any python code executed would be run on

the same kernel. This could affect the user’s development environment in terms of stored

variables which could change the output of any cells they run. Resetting the kernel after

this, could lead to the user losing valuable output.

Implementation Details To develop this tool, we wrote a Jupyter Notebook extension,

which allows users to extend the functionality of the basic Jupyter Notebook environment

with executable JavaScript code. The first step in the algorithm was to use the Jupyter

library and obtain all the Cell metadata and contents. Then after parsing through and

extracting only the Cell contents and formatting it, we pass it as an input to a python
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script which is run on the same iPython kernel as the notebook. The python script parses

through the input. Using the AST python library, we parse through the AST trees of the

cell and based on whether the node is a Load or Store type add the variable to the def-use

set. After developing the def-use sets, we start from the selected cell and build our cell

dependencies which we then use to determine the execution orders. The execution orders

are then formatted and returned by the python script. Lastly, to display the results to the

user, the algorithm modifies the html and css attributes of the notebook to highlight the

cells that belong to the execution order.

4.5 Evaluation

We use the following three criteria to evaluate the effectiveness of our technique: time savings,

accuracy, and ease of use.

User Study Details: To evaluate our approach on time savings and ease of use, we carried

out a user study with 9 participants. When selecting participants, we looked for people with

programming background in python and experience in the computational notebook environ-

ment. Our 9 participants were a mix of graduate and undergraduate students in engineering

fields. The sample population does contain students who have completed significant com-

puter science curriculum and does not represent a portion of user class such as statisticians

or researchers who may not have as much formal coding education.

Participants were sent instructions to setup the development environment for Jupyter Note-

book and install the plugins we developed. In addition to this, participants were also given

a google form with instructions on how to participate in the user study and questions per-

taining to each task. The user study took about 25 to 35 minutes to complete.
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Participants were provided with two notebooks, one used in the control case, and one used

in the test case. Both notebooks were designed to be similar in complexity and comprehen-

sion, as both used the same data types and control structures while containing two distinct

execution orders. With the control case participants were asked to analyze the notebook

and identify the execution order for the last cell. With the test case participants were asked

to perform the same task on the test notebook, however, this time they were instructed to

use our cell dependency and reorder technique.

Control Case: As a control case, participants were provided a 10-cell notebook that con-

tained two separate and unique execution paths ending in cells 9 and cells 10. The cell

execution path for cell 9 calculated and displayed the average distance from mean, while the

cell execution path for cell 10. The execution paths for both cell 9 and cell 10 were out of

order.

The participants were asked to start a timer, and then analyze the notebook and determine

which cells and in what order they must be executed to receive the correct output for cell

10. After determining the cell execution order, users were asked to stop the timer and record

how long it took for them to manually determine the cell execution order. After this, users

were asked to run the cells according to their order and record the output of the 10th cell.

Lastly, users were asked to describe the procedure that they followed to determine the cell

execution order and then score this task on how difficult it was to determine the execution

order. The scoring was done on a Likert scale of one to ten, with one being ’very easy’ and

10 being ’rather difficult’.

Test Case: As a test case, participants were provided with a 9-cell notebook that also

contained two separate and unique execution paths ending in cells 8 and cells 9. The cell
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execution path for cell 8 calculated the frequency and cumulative percent counts of a list of

10 numbers. The cell execution path for cell 9 however, only measured the percent counts

of a different set of 10 numbers. The execution paths for both cell 8 and 9 were again not

in order.

The participants were then asked to start a timer, however instead of manually deriving the

execution order for cell 9, they were instructed to use the execution reorder tool that we

developed. After receiving output from this tool they were asked to identify the execution

order and write it down. After this, participants were instructed to stop the timer and record

the time it took to determine the cell execution order using the plugin. Participants were

then asked to give a short description of how they determined the execution order. Lastly,

like in the control case participants were asked to score how difficult it was to determine the

execution order of the 9th cell using the plugin. The scoring was done on the same scale of

one to ten, with one being ’very easy’ and ten being ’rather difficult’. Participants were also

given a space to justify their scoring.

Control Results and Analysis: In the discussion that follows for the sake of anonymity

we will refer to participants as P1 to P9.

In our control case, seven out of nine participants accurately determined the correct execution

order. One out of the remaining two participants had the right execution order with one

extra cell. The other participant had the completely incorrect order with all 10 cells listed

in the execution order.

Seven out of nine participants had received the correct standard deviation value. One of the

remaining two had written error, however they explained later that this error was due to a

python setup issue on their machine, and after examining their results, they did derive the

correct execution order. The last participant received an error due to their execution order
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being incorrect.

On average, it took users around 5 minutes and 33 seconds to determine the execution order

manually. The fastest participants were able to complete the task in about 3 minutes. The

slowest participant took around 15 minutes, and for this reason it is important to include

that the median time was 4 minutes.

When asked to describe their procedure, all participants mentioned that they used variable

dependencies or searched for variable names across cells to determine the execution order.

One example of this is P2’s response in which they stated that they ’start[ed] with cell 10

and work[ed] backwards to find variables which needed to be defined before running the

sequential cell.’

On a scale of one to ten, on average participants rated the task’s difficulty to be a 5.1, with

the lowest score being a three and the highest score being a ten. P8 who was one of the four

participants to rate the task as a three in difficulty stated that ”the task in not ’difficult’ just

inconvenient.” P8 who also scored the task as a three in difficulty stated that the ordering of

the cells was confusing and that they personally would ”have moved cell 5 to the position of

cell 2.” Of the participants who offered justification for their rating, P2 had rated the task as

the most difficult at a six. P2 specifically mentioned that having multiple execution paths

made this task more difficult and confused them.

From the results in the control case, we can see that most users are able to determine the cell

execution order of the 10th cell in a notebook with two distinct execution orders accurately.

Participants seemed to universally follow the same procedure of searching variable names

from the target cell up and determining dependencies. While five out of nine participants

rated the task’s difficulty as a five or below, with four stating it as three, these participants

in their justifications mentioned the task to be ’confusing’ or ’inconvenient.’
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Test Results and Analysis: In the test case, seven out of nine participants accurately

determined the correct execution order of 1-5-2-7-9. P3 and P9 were the two participants

who wrote the incorrect execution orders, in fact they stated execution order of cell 8 rather

than cell 9. This indicates that it is possible there is an UI issue where the participants

believe the plug-in is indicating the incorrect execution path. Another possibility is user

error, where participants mistakenly looked to solve the execution order of cell 8 instead of

cell 9. The results of the test case show no improvement over the control case.

The seven participants who derived the correct execution order had also received the correct

output. While the two who had not received either an error or incorrect output values.

When asked to provide the time it took to determine the execution orders, two participants

provided relative terms such as under a minute. If we treat these entries as a minute each,

the average time it took users to determine the cell execution order after using the tool

is 33 seconds. This provides a significant improvement over the control case, where the

average was 5 minutes and 33 seconds, and the median was four minutes. This supports our

hypothesis that with the technique and our approach we can offer users of computational

notebooks significant time savings when determining execution orders.

On a scale of one to ten, on average participants rated the task’s difficulty to be a 1.44,

with the lowest score being a one and the highest score being a three. P8 justified their

rating of one because the tool made the task automated. P6 who also assigned a score

of one, stated that ”the plugin ordered everything in the right order and made everything

simpler.” This offers a significant improvement over the average score of 5.1 and supports

our hypothesis that with our approach we can make the task of identifying execution orders

and cell organization easier for users.
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Testing For Accuracy: To test for accuracy, we developed a test notebook of five cells,

where the fifth cell is dependent on each of the preceding four cells. We then tried every

possible permutation of the four cells and ran the tool to see if it would identify the correct

execution order and arrange the cells in the correct order.

When doing this, we found that of the 24 possible permutations the tool was successful in

both identifying and reorganizing the cells in eight of these cases.

After analyzing the cases in which it failed, we saw that the tool was able to correctly identify

the cells in the execution order for an additional five instances, but did not rearrange the

cells properly and required users to swap positions between two cells. An improved technique

to reorder the cells would fix the issue in these five instances.

For the remaining 11 instances however, the technique failed to produce any potential exe-

cution order candidates. This indicates a limitation in static analysis parsing and that the

technique in building cell dependencies is prematurely and erroneously eliminating potential

cell dependency candidates as invalid.

Summary of Results: In terms our time savings our approach reduced the average time

required to manually determine the cell dependency in the control case from 5 minutes and

33 seconds to 33 seconds in our test case which is around a 90% improvement in terms of

time savings. The time savings shown with our approach supports our hypothesis that our

technique can help reduce the time developers take to identify execution orders and improve

developer productivity.

For ease of use, on a scale of one to ten, with one being very easy and ten being rather

difficult, determining cell dependencies through our approach was assigned an average score

of 1.44, while manually determining cell dependencies was assigned an average score of 5.1.
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These results support our hypothesis that our approach can simplify the task of determining

cell dependencies, and comments received from participants point towards the automation

of the technique as a justification.

In terms of accuracy, we designed an experiment with a notebook with five cells, where for

each permutation for the first four cells we analyzed whether the technique could accurately

recognize the execution and reorder the cells of the notebook to match the execution order.

In 24 possible cases, the technique correctly recognized the execution order in 13 cases and

reordered the cells correctly in eight cases. The small scale of this experiment makes it

difficult to generalize these results. In the future we will further our evaluation with a

broader range of computational notebooks.

In Chapter 5, we address further pain points in computational notebooks by discussing and

evaluating our approach towards code management in multi-context notebooks.



Chapter 5

Code Management in Multi-Context

Notebooks

One substantial challenge when utilizing computational notebooks is representing multiple

execution paths and contexts. This is a critical problem as many notebooks contain forks

and contain divergent execution paths. Furthermore, many notebooks contain multiple cells

in lieu of one as a form of version control. Without representing either of these situations

adequately, users must spend excess time analyzing the code to comprehend the execution

flow of the notebook when revisiting or sharing the notebook. We address the challenge of

code management in notebooks with divergent execution paths by answering the following

research question. How can we represent multiple contexts within a notebook? Our hypothe-

sis is that we can replicate the visual representation of forks in execution flows to accurately

represent multiple execution paths within a notebook. We realize our hypothesis with a

real-world technique that supports cells in a horizontal arrangement in addition to the stan-

dard vertical arrangement. Furthermore, we leverage the use of abstract syntax trees to

retroactively apply this formation to existing multi-context notebooks.

38
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5.1 Introduction

Many Notebooks have different execution paths or multiple contexts; however, the visual

representation of notebooks does not adequately represent this and requires users to analyze

the code in order to recognize it. For users who are revisiting a notebook, or new users who

are viewing the notebook for the first time, it can be more difficult and time consuming to

extract the semantic meaning of computational notebooks with different execution paths or

multiple contexts.

This problem space consists of a couple primary challenges. One challenge is that when

users maintain multiple versions of a cell, or multiple parallel cells in a notebook, these sets

of cells occupy a significant portion of the user’s notebook space. This can make it hard for

users to keep track of the execution flows in the notebook. Another challenge is that every

cell in a Computational Notebook is represented equally and in a vertical order. Therefore,

there is no visual cue for users to identify a set of cells representing multiple contexts.

To address the pain point of displaying cells in multi-context notebooks, we design a tech-

nique that allows users to insert cells in the same row as another cell, in addition to the

standard feature of inserting cells in the same column. We refer to this as a matrix view.

Our insight is that by replicating the way forks and branches are represented in execution

flow models, a notebook can better represent its execution paths and make it easier for users

to identify multiple contexts and extract the semantic meaning of the notebook. Another

research insight is that notebooks with multiple contexts or versions of cells can be spatially

inefficient. By utilizing a matrix view and inserting parallel cells in the same row as their

siblings, we can greatly reduce the notebook’s vertical work-space. We recognize that there

are many existing notebooks that could benefit from this technique, however it would require

users to go back and analyze the code for forks, and then manually rearrange the notebook
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using horizontal cells. For this, we have also designed a technique that leverages existing

static analysis techniques similarly to Chapter 4 to construct def-use sets. Our insight is

that if two sets of cells share the same def-use sets, then they are parallel cells and should

be parallelized. We realize both techniques in a Jupyter Notebook plugin, which can add

cells in the same row, or parallelize a notebook on command. We evaluate our approach on

its ability to represent multiple contexts within a notebook. Our evaluation is performed

through a user study with nine subjects, in which participants are asked to identify unique

execution paths in a standard notebook and then identify unique execution paths in a differ-

ent notebook represented in matrix view. In the user study, notebooks with a matrix view

were assigned an average rating of 8.44 on a scale of one to ten on it’s ability to represent a

mutli-context notebook compared to the standard which was assigned an average rating of

4.77.

The rest of the chapter is outlined as follows. Section 5.2 provides some background and

a motivating example to further illustrate the problem space. Section 5.3 discusses the

approach used while Section 5.4 goes into specific details about the implementation and

future work. Lastly, Section 5.5 evaluates the approach outlined in this chapter through a

User Study.

5.2 Background

Motivating Example Take the Teacher’s report example from Chapter 2.1. In this sce-

nario, a teacher named Alex had collected data on student’s exam score and the amount of

time they studied for an exam to see if there is a correlation. Alex’s notebook is shown again

below:
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Figure 5.1: Teacher’s Report
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Alex presents this notebook to their class and shows the graph at the bottom as proof that

there’s a positive correlation between the amount of time spent studying and student’s test

scores. However, questions were raised on the Alex’s results stating that the mean on its

own is not reliable as it could be easily skewed by outliers and request to see the results

when using the median score for each hour studied. Alex goes back to the notebook and

adds another cell to calculate the median and computes the results. The edited notebook is

shown below:

Figure 5.2: Teacher’s Edited Report

In Figure 5.2, Alex has added a cell to compute the median directly beneath the cell to

compute the means. Alex then runs that cell, and then re-runs the graph cell to get the
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new results. This new graph also shows a positive correlation between study hours and

exam scores. Alex’s colleague, Blake, finds out about this experiment and asks Alex for the

notebook so that they can run the same experiment on their class. For the next exam, Blake

asks students how much time they studied and records their exam scores as well. He inputs

this data into the notebook, uses the run all option to run every cell consecutively. As the

median cell is below the mean cell, the graph uses the median data. Blake also wants to

see the mean data. He runs the code again, but only receives the median results. As the

cells are shown in vertical order, Blake wrongly assumes that the cells are represented in

execution order. Only upon analyzing the cells and the code within him, does Blake realize

that he needs to run the mean cell, skip the median cell and then run the graph cell to get

the output his students desire. The display of the cells led Blake to misunderstanding the

code progression in this notebook and required him to spend extra time to understand the

semantic meaning of the code.

Problem Statement As stated in limitation 1, Computational Notebooks only allow for

cells to be represented in a vertical fashion, which can misrepresent the code progression

in a notebook and how the separate code cells interact with one another. This requires

extra effort from the users to analyze the cell contents to derive the semantic meaning of the

code. Another issue as we discussed in limitation 5, is that due to a lack of intuitive version

control, many users keep multiple versions of cells in their notebook. These cells occupy a

lot of vertical space and require the user to remember the differences in each version. To

address both limitations 1 and 5, we have redesign existing notebook’s code layout to support

a matrix view–a view that allows code to be inserted in vertical and horizontal fashion.
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5.3 Approach

Vertical cell representation is not adequate to exhibit nature code progression primarily due

to parallel cells. Parallel cells are cells that lead to forks in the code execution or lead

to different execution paths. In other words, they are cells that are run in place of one

another and are not meant to both be run in the same execution. In the teacher’s report

example, the cell that computes the mean data and the cell that computes the median data

are parallel cells. With the insight of parallel cells, we can develop a technique to better

visually represent them.

With the understanding of parallel cells and how multiple execution threads can be formed in

a notebook, we investigate the best method to visualize this within a notebook. Our insight

is to replicate the standard execution flow patterns. We referenced flowcharts, which are used

to model computations in neat structures[14]. Flowcharts are seen as the universal visual

representation of code and could serve as a strong model to follow in neatly representing

the execution flows of a notebook [5]. Flowcharts are also often preferred amongst novice

programmers to represent the sequence of computation; however they can also be utilized by

experienced programmers as well [3]. We utilize the structures present in flowchart design

to arrange a notebook which can improve cell organization and aid users with a variety of

programming backgrounds.

To represent parallel cells, we focus on the selection, also known as decision, structure.

The selection structure is used to represent a fork in the execution where the result of a

selection can result in two different sequences. Selection structures can converge back into

one execution sequence, with this point in the being referred to as the convergence point

[24]. Our problem space, however, is not completely sufficed by an unchanged adoption

of the selection structure. Selection structures only support a selection result of true and
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false, meaning there can only be two results or choices. However, in our application, it is

possible to have more than two parallel cells, or multiple selections. To support multiple

selections in a flowchart, a nested selection structure must be used [2]. Replicating this in

our notebook would be unnecessarily complicated and would also be to the detriment of code

organization. So, to remedy this issue we flatten the nested selection structure to support

multiple selections.

In the execution flow of a notebook, the ”selection” is which of the parallel cells will be

run and used in the following cells. The convergence point is the cell immediately ex-

ecuted following the selection. In Figure 5.3, we have an example notebook with three

parallel cells, and in Figure 5.4 we have the matrix representation of the same notebook.

Figure 5.3: Example Notebook with Three Parallel Cells.

Figure 5.4: Example Notebook in Matrix View
Using these insights, we design a tool that inserts a cell into the same row as the selected

cell and create a matrix view. Our approach also uses static analysis to derive the def-use
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sets of a notebook, and analyze the def-use sets to determine which cells are parallel cells

and parallelize a vertical notebook.

5.4 Implementation

Applying Horizontal Representation to Jupyter Notebook To mimic how flowchart

represent multiple execution threads, we created a plugin to add cells in a horizontal order

as well as vertical. Looking back to our motivating example, if Alex had access to the plugin,

Alex could add the median cell in the same horizontal plane as the mean cell. This is shown

in Figure 5.5.

Figure 5.5: Teacher’s Report with Parallel Cell Support
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Now the page notebook reflects that the mean and median cells do not exist in the same

execution order, and rather represent a fork in the notebook.

With this visual display, if the user reopens the notebook, or shares it with a peer, it is

much easier to comprehend the execution flows in the notebook and therefore decipher the

semantic meaning of the code.

Parallelizing Existing Notebooks While the addition of horizontal cells will be useful

for future notebooks, there are also many completed notebooks that would benefit greatly

from the use of horizontal cells. Rather than require users to analyze previous notebooks

to identify parallel cells and then manually reformat them to leverage the use of horizontal

cells, we have designed a method to accomplish this instead. By identifying the AST trees

and cell dependencies, it is possible to identify parallel cells in a notebook and arrange them

in a horizontal formation.

This feature is shown in the example below:

Figure 5.6: Notebook Before Parallelization Plugin is Run
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Figure 5.7: Notebook After Parallelization Plugin is Run
One use case for parallel cells or multiple contexts is version control. Users will often have

multiple versions of cells in their notebooks, which leads to a lot of obsolete cells. An interface

that allows users to compare the different outputs as a result of each parallel cells, and then

decide which parallel cell to keep and which parallel cell to delete could be of great value in

terms of version control.

Implementation Details To develop this tool, we wrote a Jupyter Notebook extension,

which allows users to extend the functionality of the basic Jupyter Notebook environment

with executable JavaScript code. After users press the button to activate our technique, we

modify the html and css class attributes to create a scrollable container and insert a cell into

the container next to the selected cell.

To create the parallelization feature, we use a process similar to our implementation in

Chapter 4 to derive the def-use sets for each of the cells. Then the def-use sets of the cells

are analyzed to determine if there are any sets of cells who have the same def-use sets. If

there are, these sets of cells are flagged as parallel cells and return as output from the python

script. Using the output from the python script, the parallel cells are flagged in the metadata

and the html and css properties of their cells are modified to be presented in matrix view.
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5.5 Evaluation

User Study Details: To evaluate our approach towards cell organization, we conducted

a user study with nine participants. When selecting participants, we looked for users with

experience in programming and computational notebook environments. Participants were

sent setup instructions as well as a Google Form in which they were given instructions and

asked questions about the experience. This took around 15 minutes to complete.

Participants were provided with two notebooks, similar in complexity and comprehension

with one used in the control case and the other used in the test case. Participants were then

asked to identify the unique execution threads in the notebook and evaluate how the code

organization conveys the existence of multiple contexts within the notebook.

Control Case: As a control participants were provided with a multi-context notebook in

the standard Jupyter Notebook view. After reading the notebook and analyzing the contents

of the cells, we asked participants how many different execution flows that resulted in unique

outputs for the 6th cell exist in the notebook and to list these execution paths. We then

followed up by asking participants on a Likert scale of one to ten to rate the effort required

to identify the unique execution paths in the notebook with one being ’No Effort at All’

and ten being ’Significant Effort.’ Lastly, we asked users to score how well the notebook

organization represents these multiple contexts on a Likert scale of one to ten, with one

being ’Not at All’ and ten being ’Perfectly Represents Multiple Execution Orders.’

Test Case: In our test case, we asked participants to view a different multi-context note-

book, however this notebook was presented in matrix view. Participants were then asked

the same questions as in the control. How many unique outputs for the 5th cell exist in

the notebook, and to score the effort required and notebook’s ability to represent multiple
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contexts.

Control Results and Analysis: For sake of anonymity specific participants will be re-

ferred to as P1 and so on.

In the control notebook, there were three unique execution paths. In this notebook, cells 3,

4 and 5 were the parallel cells, leading to unique execution paths of 1-2-3-6, 1-2-4-6, 1-2-5-6.

Seven out of nine participants correctly identified that there were 3 unique execution paths

in the notebook. P4 stated that there were four execution paths, while P3 stated there were

six execution paths. After analyzing the execution paths that P3 stated, it seemed that P3

had extraneous cells in their execution paths as well as execution paths that had the same

output. Based on the execution orders that they listed, P3 did not recognize that by running

one of the parallel cells after another it overwrites the values in the kernel and negates the

previous parallel cell being run. P4 when asked to list the execution orders simply stated

there were so many. This indicates that P4 may have thought of all the possible permutations

of the cells, and not recognizing how the parallel cells interact with one another.

Of the seven participants who correctly identified that there were three execution paths, two

incorrectly listed the execution paths. P1 wrote the execution paths as 1-2-3-6, 1-2-3-4-6,

and 1-2-3-5-6. P7 on the other hand had listed the execution paths as 1-2-3-4-5-6, 1-2-3-5-4-6

and 1-2-4-5-3-6. While P1 and P7 correctly identified that there were 3 execution paths,

they did not recognize that cells 3, 4, and 5 were meant to run in place of one another.

On average the participants rated the effort required to determine how many execution paths

existed in the notebook as a 4.77 with the highest score assigned as a 10, and the lowest as

3. The median assigned score was a 4.

When asked how well the notebook’s organization represented the average score was a 4.77
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with a median of 6. The only participant to enter in justification was P2 who assigned a

score of 6. P2 stated that ”it’s not difficult to tell there are parallel execution methods since

each of the parallel cells are structured in a very similar way.”

From the results in the control case, we can see that while the seven out of nine participants

were able to correctly identify the number of execution paths or contexts within the notebook,

only 5 recognized the correct execution paths, with two running extraneous cells in their

execution paths.

Test Results and Analysis: In the test notebook, there were three unique execution

paths. In this notebook, cells 2, 3 and 4 were the parallel cells, leading to unique execution

paths of 1-2-5, 1-3-5, 1-4-5.

In the test with the matrix view, six out of nine participants correctly stated that there were

three execution paths. These six participants also correctly listed the three executions for

the next question. Two out of nine participants stated that there were two executions, and

both correctly identified both cell 2 and cell 3 as parallel cells as well as their respective

execution paths. To view cell 4 however, users were required to scroll through the row, as it

is not shown when the notebook loads. This indicates that the current user interface is not

prominent enough to convey to the user how many cells are in the row and whether the user

has to scroll or not.

P3 stated that there were six execution paths. In the execution paths they listed each of

the parallel cells in every possible order, leading to six outcomes. P3 later explained that

the shared row implied that the cells needed to be run at the same time. To address this,

the tool could improve the GUI by adding connecting lines between the cells prior to the

row and each of the parallel cells. This would indicate that each of the parallel cells are

disconnected from one another and reside in separate execution flows.
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On average participants rated the notebook’s ability to represent multiple contexts as an

8.44, with the median value being 9.

The results from the user study support our hypothesis that by implementing a matrix

view we can better represent multiple contexts in a notebook. However, the user study also

indicates that the task of identifying multiple contexts or parallel cells is not very difficult,

with users mentioning that as the contents and form of the cells are very similar it is not

difficult to surmise that they are run in place of one another.

Summary of Results: On a scale of one to ten, the matrix view was assigned an average

score of 8.44 for it’s ability to represent multiple contexts, compared to the standard view

which was assigned an average score of 4.77. A further analysis of the responses however,

shows no improvement in number of participants correctly identifying the number of execu-

tion orders with the matrix view compared to the standard view. One reason for this is that

two participants did not recognize that the rows were scrollable and did not see the third

cell. Another participant indicated that the graphical design implied that the parallel cells

were meant to be executed at the same time rather than separately. Due to the small scale

of our user study, we can not generalize these results. However, we plan on improving the

UI based on the feedback we received and expanding this user study to more computational

notebook users.
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Conclusions

To address limitation 2 of cell-based execution and limitation 3 of the limited programming

background of some computational notebook users, we designed and implemented a tool

that uses AST parsing to develop def-use sets for the cells in notebook which are analyzed

to derive the cell dependencies, and if necessary, reorder the notebook to better match the

cell execution order for a given cell.

In a user study this tool was shown to improve the time it takes for users to determine the

cell dependency for a cell by about four to five minutes. Our approach was also judged to

make the task of determining cell dependencies easier by 3.56 points on a scale of one to

ten. This supports our hypothesis that through our approach we can make determining cell

dependencies easier and less time consuming, thereby improving developer productivity.

To improve this tool, we plan on improving the GUI to better show multiple cell depen-

dency candidates to the user. We also plan on executing the minimal set of potential cell

dependency candidates in the background and comparing the output to the desired output

to derive the singular correct cell dependency order for a given cell.

To address limitation 1 of limited display options and limitation 5 of lack of version control

we designed a new graphical representation for users to view cells that we call the matrix

view. In the matrix view, cells can be arranged in rows in addition to the standard column

view to better represent divergent execution flows or multiple versions of cells. We also added

53
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a feature to analyze existing standard notebooks and analyze their static dependencies to

apply the matrix view to these notebooks.

In a user study, the ability of a standard notebook to represent multiple contexts was judged

as a 4.77 on a scale of one to ten. Our approach with the matrix view was judged on average to

be an 8.44. This is an improvement over the control score of 4.77. The results of our test case

support our hypothesis that by implementing a matrix view, we can better represent multi-

context notebooks to users. However, with improvements to the GUI to better represent

the number of parallel cells and emphasize that the parallel cells are disconnected from one

another, the effectiveness of this tool can be improved further. We believe that in reality,

computational notebooks are much more complex, long and pose more difficulty in program

comprehension. In future, we plan to incorporate the feedback on the UI and expand this

user study to large range of notebook programs and diverse range of users.
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Appendix A

User Study

A.1 User Study Questions

Control Unordered Notebook

1. Please view the 10th and last cell and do not review the contents of any other cells.

This cell’s contents are ”print(”The Standard Deviation of this data is: ”, stdDev).”

Start a timer. Determine what cells must be run and in which order they must be run

in order to receive the right output upon execution of the 10th cell. After you have

derived the cell execution order, jot it down and record how long it took to perform

this procedure.

2. What is the cell execution order for the 10th cell.

3. Please run the cells as according to your execution order. What is the output you

received from cell 10?

4. How long did it take you to determine the cell execution order?

5. How many attempts did it take for you to determine the execution order?

6. Please write a short description giving us an insight into how you determined the

execution order.
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7. From a scale of 1 to 10, how difficult did you find this task? (Likert scale from 1 to

10 with 1 being ’Very Easy’, and 10 being ’Rather Difficult’.)

8. If you’d like, you may enter in the justification behind your rating.

Test Unordered Notebook

1. Please view the 9th and last cell and do not review the contents of any other cells.

This cell’s contents are ”print(percentList).” Instead of you manually deriving the cell

execution order, you will be using a plugin. Click on the 9th cell, and then click on

the button as shown in the image. You should see certain cells outlined in green. If

you do not, please refresh the notebook. Start a timer, and with the output from this

plugin, determine the cell execution order. Please write down the execution order in

the short answer spot below, similarly to the previous section.

2. How long did it take to determine the execution order after receiving the output of the

plugin?

3. Please run the cells as according to the execution order. What is the output?

4. How many attempts did it take to determine the correct execution order?

5. On a scale of 1 to 10, how easy was it to determine the execution order after utilizing

this plugin? (Likert scale from 1 to 10 with 1 being ’Very Easy’, and 10 being ’Rather

Difficult’.)

6. If you’d like, you may enter in the justification behind your rating.

Control MultiContext Notebook
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1. Please review the 6th and last cell in this notebook. The cell’s contents are ”print(”The

data’s variability is measured as: ”, metric).” How many different execution orders with

unique outputs are there in this notebook that end in the 6th cell?

2. Please list the execution orders below. With each execution order on its own line. As

in the previous sections the cells are listed numerically.

3. Please write a short description as to how you determined how many execution orders

with unique outputs were in the notebook.

4. How much effort was required to determine how many execution orders were in this

notebook? (Likert Scale from 1 to 10, with 1 being ’Not Effort At All’ and 10 being

’Significant Effort’)

5. On a scale of 1 to 10, how much does the organization of the cells in the notebook

convey that there are multiple execution orders in this notebook? (Likert scale from 1

to 10 with 1 being ’Not At All’, and 10 being ’Perfectly Represents Multiple Execution

Orders’.)

6. If you’d like, you may enter in the justification behind your rating.

Test MultiContext Notebook

1. Please review the 5th and final cell of this notebook. Upon viewing the notebook, how

many execution orders with unique outputs are there in this notebook ending in the

5th cell?

2. Please list the execution orders below, with each execution on its own line.

3. Please write a short description as to how you determined the number of execution

orders in this notebook.
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4. On a scale from 1 to 10, how much does the organization of the cells in this notebook

convey that there are multiple execution orders? (Likert Scale from 1 to 10 with 1

being ’Not At All’ and 10 being ’Perfectly Conveys Multiple Execution Orders’)

5. If you’d like, you may enter in the justification behind your rating.
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