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Abstract

A programmer can effectively explore systems by pursuing different
approaches, conducting many experiments, and interacting with
artifacts of the (runtime) environment. However, multiple program-
mers working together on the same exploration goal face challenges
when communicating asynchronously, as they have to reproduce
and explain relevant experiments and artifacts from their explo-
ration to share them with coworkers. We propose literate explora-
tory programming as a novel workflow that combines exploration
and explanation activities and reduces communication overheads
through a tracking mechanism for extracting artifacts from the ex-
ploratory session. Inspired by traditional literate programming, in
which implementation and contextualization are tightly interwoven,
our approach introduces exploratory journals: a programmer can
share artifacts such as code, runtime objects, and active debugging
sessions together with prose, and another programmer can later
resume the exploration from there. We demonstrate the feasibility
of our approach by implementing a prototype in Squeak/Smalltalk
and applying it for a design discussion in an open-source com-
munity. Our work indicates that tool support can foster effective
collaboration in asynchronous exploratory programming contexts.
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1 Introduction

People often write code together. Students create prototypes in
group projects, professional software developers build industrial
solutions in teams, hobbyists maintain and extend open-source
systems in global communities. Throughout this space, we observe
various types of group dynamics: different team members bring
in different fields of expertise, operate at different levels of profi-
ciency, or focus on different goals. Likewise, collaboration styles
and cultures vary widely: programmers can take individual code
ownership for particular modules, look at the same screen during
pair programming [2], or collaborate asynchronously across dif-
ferent time zones via mailing lists, communication platforms like
GitLab, and so forth.

Imagine a typical situation in an open-source community: a
user discovers a surprising error in an application and reports it
in the project’s bug tracker. Multiple developers start examining
it by reproducing, debugging, and understanding the scenario. As
they suspect the bug is not trivial, they join forces by gathering
together their initial findings in the comments of the bug report.
Eventually, they become able to explain why the error occurred,
but the solution is still unclear: how should this special use case be
covered in the architecture of the application? They dive deeper
into the system and inspect related code, documentation, unit tests,
or version control logs to learn about (implicit) assumptions, his-
toric design decisions, and possible unintended consequences of
new changes. They implement and compare different approaches—
discussing the correctness and elegance of each—before settling on
a final solution. During all of this, they perform numerous searches,
inspections, and trials in the system and discuss their results in
the bug tracker. Larger explorations might span several days or
weeks [17], but the effort often pays off: solutions are grounded in
well-founded evidence and reviews, and the collaborative process
strengthens shared understanding and affiliative motivation within
the community.

The exploratory programming practice can make debugging ac-
tivities effective and enjoyable for individuals [23, 34, 38]: program-
mers repeatedly ask many questions, conduct many experiments,
and interact with many artifacts from the system while gradually
developing an understanding or a solution for a problem [45]. Pro-
gramming environments can support them through helpful inter-
faces, tools, and metaphors: for example, Squeak/Smalltalk [19, 48]
or Lively [20, 27] provide continuous and direct access to runtime
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objects, along which programmers can navigate and change sys-
tems. In Jupyter notebooks [40], programmers run code and inspect
results iteratively to analyze data or implement pipelines. In IDEs
such as Intelli] and Visual Studio Code, they navigate through the
references, implementations, or occurrences of method names and
read source code in tabs or panes.

However, when collaborating asynchronously, exploratory prac-
tices are impeded because knowledge handover becomes challeng-
ing. Programmers often wish to cooperate closely and to have
frequent, rich exchanges, in which they discuss steps and ideas
even before they lead to mature solutions [28]. They need to trans-
fer detailed knowledge of experiments, observations, and thoughts
to the machines and minds of their peers. This is mentally and tech-
nically challenging: thoughts can be scattered, chaotic, and difficult
to explicate until they form coherent and sound ideas. Similar to
this intangible knowledge, tangible artifacts such as code snippets,
outputs, or debugging states from the ongoing exploratory session
of a programmer are often scattered on their machine. To explain
their meaning or context and enable collaborators to reproduce
them, programmers need to isolate, clean up, and order artifacts.
All this communication requires time and mental effort, making
close collaborative exploration costly and thus preventing better or
faster solutions [54].

Literate programming addresses the problem of insufficient or
decoupled communication in traditional software development by
tightly interweaving implementation and explanation [25, 31, 32].
In computational notebooks, a modern instance of literate program-
ming environments, programmers alternate inputs, outputs, and
prose to explain a data analysis or prototype to human readers [24].
Yet, a focus on communication and explicating thoughts might
collide with productive exploratory programming: exploratory pro-
grammers want to branch out and freely explore different options
instead of structuring and explaining every step while the merit of
the step is still unclear. They want to iterate quickly, follow their
intuition, maintain their flow [11], not to note down reproducible
experiments or provide cumbersome context continuously. Still,
we argue that unbound, cheap exploration and effective collabora-
tion do not contradict each other but require better integration in
the overarching programming process. This leads to our research
question:

How can we improve asynchronous collaboration for
exploratory programmers without disrupting their
exploratory flow?

We propose literate exploratory programming as a novel workflow
that combines exploration and communication. To this end, we
extend traditional exploratory programming environments with
a means for tracking and documenting experiments and artifacts
in an exploratory journal. We believe that these new capabilities
of programming environments allow programmers to focus on
their exploration and reduce the overhead for switching between
exploratory and communicative activities.

In the following, we analyze the tension between exploration
and explanation that programmers face (section 2), describe our ap-
proach for a literate exploratory programming workflow (section 3),
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present a prototypical implementation for Squeak/Smalltalk (sec-
tion 4), and discuss the potential of our approach through an expe-
rience report (section 5) and compare it to related work (section 6)
before we conclude (section 7).

2 Building a Bridge Between Exploration and
Explanation

A good exploratory programming session is like an intensive con-
versation between a programmer and a software system [45]. This
conversation is mediated through the tools and interfaces of the
programming environment. Similar to science, this conversation
may appear unstructured and structured at the same time: at large,
the programmer follows their curiosity, while at small, they apply
the scientific method—continuously posing new questions or hy-
potheses; looking up information or conducting experiments in the
system to gain answers; interpreting the results; and repeating [49].
Knowledge emerges gradually during this conversation. An (im-
proved) theory of some behavior is formed, a prototype grows, a
system is extended or refactored.

Conversations should be fruitful and vivid. Programming en-
vironments can contribute to that experience by acting as almost
transparent mediators between the programmer and the system
that provide direct, immediate [51] access to its artifacts [34]. For
example, in Squeak/Smalltalk, code execution is ubiquitous [19, 48]:
when we see a method in a system browser, we can hit [CMD]+[D] to
execute it in place (“do it”). We can open the returned result object
in a new inspector to examine its variables or properties. From the
inspector, we can also execute code snippets in the context of the
object (i.e., sending messages to objects). Through another shortcut,
we can even bring up an ad-hoc debugger to explore the execution
of that snippet.'

Suitable environments for exploratory programming support
multitasking, since exploration is rarely linear: while conducting
an experiment, we might ask further questions about subprob-
lems [47]. Maybe we want to compare different artifacts with each
other. Maybe a fresh idea distracts us, and we try out that approach
first, following the path of least resistance to the desired answer [33].
In Squeak, artifacts are presented in small, fine-grained, non-modal
windows that programmers can freely switch between [44]. Pro-
grammers often keep dozens or even hundreds of windows in their
environment during an exploratory session [36, sec. 5.2; 29]. Like
notes on a desktop or post-its on a whiteboard, these windows can
also be juxtaposed on the screen. This flexible arrangement allows
programmers to align them with their mental models, make sense
of artifacts by viewing them side by side, or quickly organize their
environment for explaining something to an office mate [8].

2.1 Communication Challenges

When our exploration comes to an end, or we find ourselves stuck
or simply wish to call it a day, we want to hand over our current
progress to a (remote) coworker. This coworker should be enabled
to understand, potentially reinterpret, and resume the exploration

'In Smalltalk, execution is modeled as first-class process objects akin to green threads,
allowing multiple debugging sessions to exist in parallel without constraining other
artifacts in the environment.
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Figure 1: Screenshot of artifacts arranged in Squeak with
the goal of explaining a simple exploration. Red overlays
added by the programmer (arrows, numbers, text) hint at the
causal order of involved artifacts and experiments. Here, the
programmer has compiled an overview of images from the
squeak-dev mailing list by combining short scripts, explor-
ing runtime objects, and defining a convenience method for
integrating images into text.

session as if they had sat next to us for the last few hours. To this
end, we need to share with them:

o Our ideas and approaches

o Experiments we ran, including instructions on how to repro-
duce them

o Relevant artifacts we discovered or created

o (Preliminary) conclusions and next steps

Compared to face-to-face conversations, asynchronous communi-
cation greatly reduces the bandwidth and interactivity of commu-
nication [13, 14]. So, all that information needs to be provided in
a form that is distilled, self-explanatory, and offers a clear reading
order [15] to guide the coworker through the different paths of our
exploration.

How can we convey all this knowledge to a coworker? A first
step could be to write down a report of our exploratory session and
thought process as continuous prose. To enable the coworker to
reproduce the artifacts we have used, the prose should include code
snippets and pointers to classes or methods of interest. However,
producing and consuming long, abstract texts multiple times a
day is ineffective for both involved parties: we need to manually
detail how each scenario was set up, each object was created, each
debugging session was started; they need to closely follow our
instructions to restore any artifacts they want to explore further.

Alternatively, we could also share screenshots or even screen-
casts of tools and artifacts from our workflow. While recording a
quick screenshot is done with a single shortcut, the result may leave
the receiver puzzled with a crowded photo lacking a clear reading
order. To make this usable, we would have to spend additional time
splitting up and rearranging large screenshots or drawing additional
explanatory annotations onto them (fig. 1). Although it is possible
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to automate such annotations and arrangements [3], the receiver
still cannot easily and reliably reproduce the displayed artifacts
themselves. Screencasts, on the other hand, add new challenges
such as performing and comprehending a sequence of actions in
real time and cutting or replaying the video.

Some environments also support creating and sharing snapshots
of the entire programming session. For instance, Smalltalk environ-
ments can be saved as images or project files [43], which contain the
entire object graph, including open tools and debugging sessions
to be resumed later; other IDEs such as Eclipse or Emacs store a list
of open files and their Ul state in workspace files. However, all of
those snapshots tend to be chaotic and contain much noise, such as
irrelevant artifacts and attempts or user-specific settings. Like with
screenshots, we still would need to provide additional structure and
explaining context in this approach. So, we are looking for a semi-
automated approach that helps us track exploratory workflows and
also curate (explain) extra details so that fellow programmers can
comprehend our insights and progress from our exploration.

2.2 Literate Programming to the Rescue?

To better connect such artifacts to technical context and to our ideas,
literate programming proposes that we develop both at the same
time: we can create an executable document and fill it with an alter-
nating sequence of technical and non-technical elements [31, 32].
In its earliest forms, literate programs were written to optimize the
readability of programs for humans, not computers [25] and estab-
lish a reading order for non-linear source code [1]. To also explain
runtime observations, we can integrate outputs and intermediate
results of programs into computational notebooks [24, 40] or active
essays [26, 56]. Readers and writers of a notebook can interact with
these artifacts to test or incrementally evolve the program. Simi-
larly, we can also write literate programs that employ scriptable
debugging [30] to execute another program step-by-step, record
runtime values or executed methods like in a program trace [50],
and explain our observations through interspersed prose [41, 42].
Still, the practice of literate programming substantially restricts
the exploratory programming experience: first, programmers are
often overwhelmed by the amount of automatically collected ex-
periments and artifacts when navigating between different artifacts
to compare or interact with them: for example, users of computa-
tional notebooks report overheads for scrolling through or cleaning
up irrelevant cells [24, 37]. Second, the linear style of literate pro-
gramming prevents programmers from multitasking effectively.
Notebook users frequently lack options for exploring alternative
branches [53], resort to stacking chronologically unrelated exper-
iments on top of each other [24, 37], and subsequently lose the
ability to rerun their notebooks to reproduce experiments [37, 53].
So, programmers face a dilemma between optimizing their work-
flow for exploration or communication: if they rely on rich explo-
ratory environments that support unbound navigation, they need
to manually document, snapshot, and organize artifacts and experi-
ments. If they adopt a literate programming style instead, they will
lose multitasking and spatial flexibility during the exploration.
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Figure 2: The literate exploratory programming workflow. Two programmers collaborate across an asynchronous gap by
cycling between exploration, communication, and understanding. During exploration, they interact with the artifacts in
their local programming environment to develop ideas and solutions. To communicate their exploratory session, they select
relevant artifacts, arrange them in the exploratory journal, and explain them through prose. To resume the exploratory session,
another programmer can read the journal, reproduce experiments, and interact with the saved artifacts in their programming
environment. The programming environment supports communication by tracking all experiments in the background and

inserting them into the journal to ensure reproducible artifacts.

3 Literate Exploratory Programming

We propose literate exploratory programming as a new workflow
that augments exploratory programming with means for capturing
and explaining artifacts. In this workflow, two programmers collab-
orate asynchronously by alternating between an exploration and a
communication phase (fig. 2): during exploration, they interact with
their exploratory programming environment to gather artifacts and
insights. For communication, they exchange the current state of
their exploratory session through a shared exploratory journal. The
programming environment continuously monitors the activities of
the programmer and allows them to insert and document relevant
slices of it into the journal. Thus, literate exploratory programming
preserves unrestrained multitasking and spatial arrangement from
traditional exploratory programming, while allowing programmers
to efficiently communicate the exploratory session in a linear form.
Our workflow describes the interactions between three sites:

Programmer A: owns a mental model with ideas and an explo-
ratory programming environment to conduct experiments and
interact with artifacts.

Exploratory journal: consists of prose, experiments, and arti-
facts. Will be exchanged between both programmers.

Programmer B: owns a separate mental model and exploratory
programming environment.

Both programmers go through four stages repeatedly:

(i) Local exploration Programmer A begins an exploration ses-
sion in their programming environment. They create and collect

artifacts, interact with them through tools, interpret them to
form ideas, and switch or navigate between different artifacts as
desired. In the background, the programming environment auto-
matically constructs a dependency graph to track the provenance
of any encountered artifacts and experiments.

(ii) Communication Programmer A selects tools from their en-
vironment that display relevant artifacts to communicate their
current progress. The environment appends snapshots of the
selected tools to the exploratory journal and prepends a chain
of underlying experiments that the programmer has performed
earlier to create these artifacts. The programmer then inserts
context and ideas as prose around the artifacts in the journal. Op-
tionally, they can also revise experiments or rearrange artifacts.
Finally, they share the journal with programmer B.

(iii) Understanding Programmer B receives the journal and loads
it. Their programming environment automatically reproduces
all artifacts from the journal by rerunning experiments. The
programmer reinterprets the prose, experiments, and artifacts by
reading the journal and interacting with the snapshotted tools.

(iv) Continued exploration Programmer B spawns artifacts of
interest from the journal into separate tools in their environ-
ment. Thus, they branch off from the reading order of the journal,
review the thoughts of programmer A, and answer follow-up
questions through new experiments. If they wish to communi-
cate new progress back to programmer A, they can repeat from
step (ii) with reversed roles.
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Thus, an exploratory journal resembles a computational notebook
that can contain arbitrary runtime tools such as inspectors and
debuggers. Still, programmers in our workflow only use journals
for communication, while their exploration takes place in the sur-
rounding programming environment.

Figure 4 (appendix) shows an example of an exploratory journal
from our prototypical implementation in Squeak/Smalltalk. In this
example, we have investigated a bug in Squeak’s process termina-
tion logic (based on the scenario described in section 1). Initially,
we had debugged a failing test multiple times; tried out different
variations of the test; inspected several instances of the invalidated
process object at different points in time during the termination;
and studied a lot of related methods and class comments in Squeak’s
Kernel package to gather an understanding of the nature of the bug.
After we had discovered that the bug is a race condition between
two parallel stack unwinding routines, we documented our findings
in an exploratory journal: from the numerous open windows in
our environment, we selected the original test method, a minimal
script to trigger the bug, a number of meaningful stack frames from
the process termination, and snapshots of relevant runtime objects;
arranged them in the journal; and added detailed commentary to
explain the different steps of our investigation, our results, and
open questions.

Another collaborator then opened our journal and followed our
findings. Some of our steps and deductions became clear to them
immediately, while they were puzzled about others or questioned
them. To review those parts, they could inspect some of the recorded
runtime objects in external windows to explore their properties,
resume one of the snapshotted debugging sessions in their envi-
ronment, step further to another method, and eventually prove or
falsify our hypotheses. Next, they could expand on our investigation
by thinking about possible fixes of the race condition, implement-
ing some solutions, and testing them by rerunning our journal.
Once they have reached a satisfying proposal, they can add their
patch, a demonstration of its design and functionality, and their
considerations to the journal and send it back to us.

4 Implementation

In the following, we describe the technical details for integrating

literate exploratory programming into a traditional exploratory

programming environment. The programming environment needs
to support two new capabilities:

(i) A tracking mechanism that records dependencies between ar-
tifacts and experiments and allows programmers to extract
relevant artifacts.

(ii) An exploratory journal that embeds prose, executable exper-
iments, and tools for recorded artifacts.

For our experiments, we implemented a prototypical extension for

literate exploratory programming in Squeak/Smalltalk. We make

the source code and all examples available online.”

Tracking mechanism. To capture the context of artifacts, we asso-
ciate each tool with a linked list of navigation and experimentation
steps. Each step can either be a do-it (a code snippet) executed
%Source code, online playground, and screenshots: https://github.com/hpi-swa-lab/

exploratory-notebooks
Screencast: https://doi.org/10.5281/zenodo.18889419
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by the programmer or a message (a method call) that was sent to
the artifact from the environment. We patch standard tools of the
environment such as workspace, inspector, explorer, and debugger
to track these steps when the programmer modifies an artifact or
opens a new tool.

To track code execution, we hook into the code editor through
callbacks such as #doIt:result:, #inspectIt:result:, etc.

To track navigation through the object graph of the environment,
we modify relevant triggers for new tool invocations in inspectors
and debuggers. Simple variable accesses can be mapped to message
sends of the form self instVarNamed: 'variableName' or, for
array fields, self at: 1. For domain-specific (moldable [10]) ac-
cesses such as convenient property lists, aggregations, or example
instantiations, we use different metaprogramming strategies: for
inspectors, we can decompile the registered valueGetter block
closure of a field and substitute captured variables with their run-
time values. For explorers, we use a custom message interception
technique to wrap return values of methods into transparent dec-
orators (see section A). For navigation in debuggers, we record
every step such as #stepInto or #stepOver as a message sent to
the debugger object.

When our patches miss an interaction in an otherwise instru-
mented tool, the journal will not include the step but there is cur-
rently no mechanism besides a manual check for the user to learn
that this is the case. While adding tracking support for further tools
may require some effort to reverse-engineer their implementation
or update patches for newer tool versions, we did not encounter
any fundamental limitations to our tracking framework thanks to
the open nature and metaprogramming facilities of Smalltalk.

When tracking is enabled, we add a new record button to the
title bar of every SystemWindow (shown in 2, 7, 8 of fig. 3). When
the programmer clicks it to record a tool, we insert all associated
experiment steps and a copy of the tool into the journal.

Exploratory journal. We implemented exploratory journals as a
variation of Squeak’s default workspace tool (shown in the right
half of fig. 3). A workspace is a simple text buffer that programmers
can use like a scratchpad to execute code snippets, create variables,
and display inline results (“print-its”)’. In our journal, experiments
are expressed as Smalltalk code to set up artifacts and configure
tools through a tiny DSL. Prose is written as comments. Artifacts
are displayed through customized print-its: we replace the default
textual description of each result with a TextAnchor for inlining
a compacted, interactive instance of the respective tool. Through
buttons, the programmer can run or rerun all experiments up to
an artifact; spawn an artifact as a separate window into their pro-
gramming environment; and export the entire journal as a file to
share it.

For export, we serialize the text of the journal as HTML with
a custom <ExploratoryJournalTool> tag that describes the Ul
state of each tool. This tag falls back to a nested ordinary <img
src="data:image/png;base64,..."> tag with a screenshot of
the tool, making the exported file readable in web browsers as well.
When opening a journal file, the TextAnchor for a tool displays
the screenshot as a placeholder until the programmer revitalizes
the artifact by rerunning the preceding experiments.

*https://wiki.squeak.org/squeak/1934 (accessed at 2026-02-07T00:45Z)
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Figure 3: Example interaction with our prototype for literate exploratory programming in Squeak. In the four windows on the
left, a programmer is performing an exploratory programming session through standard tools such as workspaces, inspectors,
and debuggers. These tools have been augmented with (a) a transparent tracking mechanism to log all experiments and artifact
dependencies and (b) a record button added to every tool window. On the right, the programmer curates an exploratory journal
by collecting relevant experiments and artifacts through the record buttons and explaining them with additional prose. Another
programmer can later reopen the journal, rerun it, and spawn tools in their environment to retrace and resume the exploration.

Interaction. Figure 3 shows a simple example of an exploratory
session in Squeak during which a programmer records relevant
artifacts into our prototypical journal. The programmer begins by
writing and running scripts in an ordinary workspace to create a
graphical object and interact with it (1). As soon as they start their
exploration, the instrumented programming environment automat-
ically tracks all their steps in the background. Our programmer
opens the created Morph object in an instance of Squeak’s explorer
tool and examines its state by expanding the property tree. As they
decide they want to record this tool, they press the “add to jour-
nal” icon in the title bar of the explorer window (2). This opens a
new exploratory journal and adds a copy of the explorer tool to
it, prepended by the tracked code that the programmer executed
before to create the tool.

Next, the programmer continues with their exploratory session:
for instance, they can further navigate through the object tree,
invoke another inspector window from one of the Morph’s prop-
erties (3), and examine the variables of that property there (4). In
parallel, they could also launch a debugger from the explorer (5)
and step into a message send to explore how the Morph handles
it (6).

As the programmer invokes new tools or navigates through
different contents in them, the environment keeps tracking all their
steps but does not automatically add any experiments or artifacts
to the journal. Only if the programmer deems particular steps or
observations relevant, they can press the record button in any tool
window to insert a copy of that tool plus all preceding experiments
that the current artifact in the tool depends on into the journal (7,
8). This allows them to focus on their exploratory session without
constantly recording relevant artifacts, as all tool windows remain
open until they clean up and possibly record a subset of them at
the end of their session. By default, new tools and experiments are
appended to the end of the journal, but the programmer may reorder
them for their explanation while maintaining a topological ordering
of dependent code snippets. Finally, they can add explaining context
to the journal by decorating the recorded experiments and artifacts
with additional prose before they export the journal to share it (9).

Later, another programmer can reopen the shared journal and
read it. If they click on the spawn button of any embedded tool, the
relevant snippets of the journal will automatically rerun and a copy
of the tool will open as another window in the environment (10).
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5 Discussion

Although we have applied literate exploratory programming only to
a small number of practical use cases so far, we are already positive
about our initial experiences: multiple programmers can effectively
explore systems in an asynchronous collaboration style without
having to manually replicate each other’s experiments and artifacts.
Using the tracking mechanism, they can communicate more easily
and frequently by creating structured, reproducible explanations
of their experiments ex post. Programmers retain the well-known
features of an exploration-centric environment such as unbound
navigation, spatial flexibility, and a rich, extensible toolset, even
when they are unsure whether they will communicate their results
to others later.

Exploratory journals facilitate comprehension of a shared session
through a high degree of spatial immediacy [51] between related
experiments, artifacts, and thoughts. When programmers switch
between exploration and communication, journals also preserve
semantic immediacy by displaying embedded artifacts using the
familiar tools of the programming environment, enabling consistent
and easy perception of domain objects [6].

By explicitly curating experiments and artifacts, programmers
can summarize large tracked exploratory sessions into manageable
and concise journals. For example, our initial exploration of the
scenario described on page 5 spanned multiple days and involved
hundreds of experiments and artifacts, which we could condense
to 13 essential snapshots for the final journal in fig. 4 that were
sufficient to enable a coworker to understand our findings.

5.1 Limitations

Despite all the above, our approach makes a few specific assump-
tions about the style of the exploratory process and the existing
environment: explored setups must be reproducible. For instance,
when programmers interact with an application and encounter a
runtime error, they still need to reproduce it before they can share
their insights from debugging it with others as a constructive bug
report [5]. While we could address this limitation by recording
all interactions and side effects in the runtime using an upfront
program tracer [50], this would pose a new challenge: how can we
identify relevant side effects for a selected artifact to avoid polluting
the exploratory journal with many irrelevant code snippets?

We also assume a direct mapping between observations and arti-
facts that fit into a concise journal without overwhelming: Smalltalk
systems present methods and runtime objects in fine-grained tools,
but in other cases, large monolithic tools provide access to con-
voluted information such as profiler hierarchies and aggregated
dependency graphs.

Our approach focuses on explanation as a linear process but
does not make the recorded artifacts in a journal directly manipula-
ble [39]: to change recorded artifacts, programmers have to spawn
embedded tools into their environment, interact with them, and
only then re-record them. Alternatively, they can manually edit
the code for creating tools. The same is required if they wish to
optimize the readability of experiments: while the tracking mech-
anism reliably allowed us to reproduce interactions in our initial
tests, the generated code might look redundant or obscure. Future
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work should explore how user intentions can be reconstructed af-
ter tracking—for instance, to rewrite a long sequence of steps in a
debugger into a single “step into” or “step until” command—, poten-
tially applying methods from programming by demonstration [12].

Ultimately, communication is an integral challenge in col-labor-
ation that distinguishes it from plain (individual) labor: even with
the recent rise of generative Al [46], the act of explicating your own
mental model remains one of the last responsibilities that cannot
be delegated entirely to tools.

5.2 Future Work

To evaluate the practical value and limitations of our approach, we
next want to implement literate exploratory programming into our
everyday collaborative processes and learn from our experiences of
asynchronous exploration with peers. To this end, we are planning
to integrate our prototype more deeply into Squeak by supporting
advanced tools such as code reference search, profiling, and back-in-
time debugging. By making available exploratory journals through
Squeak’s built-in mailing list interface”, we hope to study how they
can support collaboration patterns in an open-source context.
Beyond asynchronous collaboration, we envision several other
applications of literate exploratory programming for supporting
communication patterns in exploratory contexts. In the rest of the
section, we highlight four interesting avenues of further research.

Self-organization. Even when programmers explore on their own
without collaborating, asynchronous elements in the process re-
main: programmers switch between multiple tasks, go into the
weekend, and later resume their own exploration after a mental
context switch. In one case, we used an exploratory journal as a
(semi-structured) “brain dump” to explain to our “future selves”
where we had stopped. While creating that journal, we also experi-
enced that this helped us structure our own thoughts and reflect
on our process and findings.

Real-time collaboration. So far, we have only considered asyn-
chronous collaboration settings. However, sharing artifacts and
experiments across multiple devices in a synchronous exploration
session is challenging, too. We think that our proposed tracking
mechanism could aid the construction of a collaborative explora-
tory environment where programmers have direct access to the
tools and experiments from their collaborators.

Documentation and training. Another idea is to use exploratory
journals to provide programmers with interactive documentation
or tutorials. For example, such journals could present code snip-
pets, runtime objects, or debugging slices to explain how a system
works, how a library can be used, or even how an architecture has
evolved [55], while inviting readers to branch off from the narrative
and explore their own questions.

Next to educating readers about particular domains, explora-
tory journals could also be used to teach novices about exploratory
practices. From our experiences with teaching students to program
in Smalltalk, we know that many students struggle with adopting
exploratory practices in their own workflow. “Exploration by ex-
ample” journals could become another element in the toolbox of

4 https://github.com/hpi-swa-lab/squeak-inbox-talk
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teachers between demos in lectures and project-based learning for
encouraging students to use programming tools effectively and
explore systems through runtime inspections.

Narrative structures. Expanding the role of exploratory journals
for communication could also raise the need for richer forms of
presentation: could we make journals more interactive by drawing
inspiration from concepts such as active essays [56] or hermeneu-
tica [35]? How could we express multiple alternative (perhaps failed)
approaches from an exploration or variations of artifacts [4, 22]
in a nonlinear, yet structured form? How far can a journal scale
in terms of length (missing structure) and longevity (surviving
refactorings)?

6 Related Work

Prior work has already proposed different strategies to support the
reconstruction of program exploration and exploratory program-
ming sessions. Mylar/Mylyn tracks which elements of a project a
programmer opens or edits frequently while working on a task and
later suggests these and related elements to the same programmer
to help them navigate through large software systems [21]. Code
gathering tools track the execution and dependencies of code snip-
pets while programmers are working in a computational notebook.
When a programmer wants to share their work, they can select a
set of artifacts from the notebook and generate a distilled program
slice of relevant code snippets [18].

While this technique addresses the problem of unclear execu-
tion order in computational notebooks, exploration remains limited
to a linear arrangement of code and artifacts. Other works pro-
pose nodes-and-wires interfaces for exploratory programming to
overcome this limitation and allow programmers to experiment
with different variations and combinations of code snippets [7].
Still, to the best of our knowledge, no prior work has studied the
idea of tracking activities and artifacts from program exploration,
prototyping, and debugging in a holistic manner with the goal
to enable communication and later resumption of an exploratory
programming session.

7 Conclusion

We presented our concept of literate exploratory programming and
its implementation for the Squeak/Smalltalk programming environ-
ment. Literate exploratory programming allows programmers to
consolidate a branching exploratory session into a linear explora-
tory journal that intersperses a programmer’s interactions in a pro-
gramming environment with prose to explain the actions and their
results. The resulting journal can be sent to another programmer
who can read the rationale and resume the exploration activities
embedded by the original author. In first tests, we demonstrated
the concept’s technical feasibility and its suitability for collabora-
tively investigating a bug in Squeak itself. We consider exploratory
journals to be a promising bridge between computational note-
books and unbound exploratory environments, supporting both
unrestrained exploration and its communication through explicit
structuring of rationale.
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A Appendix: Tracking Object Accesses Through
Message Interception

Here, we describe a message interception technique for Smalltalk
that we used in our prototype (section 4) for tracking message sends
to artifact objects from domain-specific tools to display custom
representations. To our knowledge, this specific approach has not
been described before.

When programmers interact and navigate with artifacts through
domain-specific tools, such as third-party extensions to the pro-
gramming environments, these tools may access runtime objects in
a way that is unknown to the implementor of the tracking mech-
anism. At the same time, we do not want to put the burden for
tracking these accesses on each domain-specific tool. For exam-
ple, the hierarchical contents in Squeak’s object explorer can be
modified by overriding the method #explorerContents:

XMLElement»explorerContents
" self attributes keys collect: [:key |
ObjectExplorerWrapper
with: (self attributes at: key)
name: (key asString contractTo: 32)
model: self attributes]

Here, the tool extension hardcodes the access self attributes
at: key to an XML object, and the object explorer—that we could
modify for tracking—only sees the resulting value, such as another
XML object. This distinguishes the object explorer from Squeak’s
object inspector, where tool extensions need to specify explicit
callbacks or closures, which we could decompile.

Our solution to this problem combines elements from membrane
proxies [52] and method wrappers [9, 16]: before we invoke the
domain-specific tool, we wrap the object into a transparent proxy
that tracks all accesses to the object. When a message is sent to the
proxy, the proxy forwards it to the object and wraps the result in
another proxy, which remembers the original message in a list.

However, relevant results are often composed from multiple mes-
sages or closures, such as the ObjectExplorerWrapper instances
in the above example, which are created from the #collect: send
and the [:key | ...]block. To track the origin of such parts, we
do not send forwarded messages directly to the target object but
manually look up the respective method and execute it against the
proxy. Because Smalltalk inlines instance variable accesses and spe-
cial message sends in the bytecode of methods, we exclude methods
with these features from this mechanism.

The following shows the essential logic of our tracking proxy:

5https://hpi.de/en/research/research— schools/systems-design/
6https://hpi.de/en/research/cooperationsfpartners/researchf program-designing-for-
sustainability.html
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on: Notification do: [:ex | ex resume: 6])

©) Exploratory Notebook(769847) ooe © Exploratory Notebook(769847) oo
\ Rerun i I Expat 1 Rerum ai I Exmort \
*In this notebook, | outline my current understand of why ProcessTests > #testTerminateEverywhere fails.” [¥ FOTERocKe - |
ProcessTest>>#testTerminateEverywhere. unwindAndStop: aPracess
o0 P Test test {tests} {KernelTests-Processes} o "A helper methad to Process #terminate. Create and answer
testTerminateEve here a helper stack for a terminating process to unwind itself from.
ryw Note: push a fake return value to create a proper top context.”
| block steps | 5 . . X
block t [({Netlfication signal] (self class contextEnsure: [self unwindTo: nil))
ensure: [1] e copy stepIntoUntil: [:ctx | ctx #runl :].

© © Debugger
Cor

ct 1/31/2024 18:59 - Christoph Thiede - tests - 1 implementor - only in change set KernelTests-ct.456 -

Context>>unwindTo:

i t)

“Basically, this is a smoke test that asserts that the block can be terminated at any execution time correctly. However, in
the current trunk, this test fails at step 332:"

block := [([[Notification signal]
ensure:
on: Notification do: [:ex | ex resume: 6])

process := Process forContext: block asContext priority: Processor activePriority.
332 timesRepeat:
[process step].

self debug : [process
© O Error: C has been [+)
 Context(Object)>>error:

Context>>cannotReturn:
JIIBlockcl

1 in: process.

"What has happened here? Let's investigate first how the process looked like before we sent it #terminate!”
process := Process forContext: block asContext priority: Processor activePriority.

ctx isUnwindContext ifFalse: [ctx
[ctx sNil] whileFalse: [
(ctx tempAt: 2) ifNotNil: [ 0
outerMost := ctx].
ctx 1= ctx findNextUnwindContextUpTo: aContext].
outerMost ifNotNil: [to op runUntilReturnFrom: outerlMost]].

tx findNextUnwindContextUpTo: aContext].

"Okay, now things get interesting. We are now going do complete the outermost halfway-unwound context:"

terminator2 := terminator2 copy stepinto; stepThroughUntil: [:ctx | ctx xnbWillSend: #jump].

© O Debugger [+]
Context>>runUntilReturnFrom: O
Context>>unwindTo:safel

tom < (Context [here jump]).
self jump. "Control jumps to the receiver's stack (see Note 2 below)"

"Control resumes here once the above inserted ensure block is executed (see # jump comments)"

"#runUntilReturnFrom: Jumps into the halfway-unwound context to continue it and jumps back before leaving it through
an inject guard context."”

citx 1= self.
ctx isUnwindContext ifFalse: [ctx 1= ctx findNextUnwindContextUpTo: aContext].
[ctx isNil] whileFalse: [
(ctx tempAt: 2) ifNil: [ | unwindBlock |
cix tempAL: 2 put: true.
unwindBlock := ctx tempAt: 1.
thisContext terminateTo: ctx.
unwindBlock valuel.
cix 1= ctx findNextUnwindContextUpTo: aContext].
thisContext terminateTo: aContext.
“~aBlock value

"Okay, 56 we are just in the midst of unwinding the stack while doing 'ex resume: 6'. More precisely, what Is the next
unwind context we will run?"
process suspendedContext top.

332 1] Re it terminator2 := terminator2 copy stepinto; stepThroughUntil: [:ctx | ctx selector ~= #jumpl.
imesRepeat:
[process step]. & © Debugger [+
sef debug: process. Context>
+ FullBlockdl
0 ° DEhI.IggEI' ‘) 4+ FullBlockCl|
Cor
© FullBlockel " g L [ctx isNil] whileFalse: [
@ Context>>handleSignal: (chx tempAt: 2) ifNil: [ | unwindBlock |
» Notification(Exception)>>signal Clt temPAL: 2 put: trae,
= lass)>>sianal unwindBlock 1= ctx tempAt: 1.
Jctx| thisContext terminateTo: ctx.
{aContext isNil or: [aContext isDead]) ifTrue: [aContext cannatReturn: aBlock value to: aContext]. unwindBlock valuel.

ctx 1= ctx findMextUnwindContextUpTo: aContext].
thisContext terminateTo: aContext.
~aBlock value

...and here we are again in the unwinding method we saw above. Let's step one statement furthe:
terminator2 := terminator2 copy stepinto.

© © Debugger
Cor

jml ]

+ FullBlockC) | )

[ctx isNil] whileFalse: [

(ctx tempAt: 2) ifNil: [ | unwindBlock |
ctx tempAt: 2 put: true.
unwindBlock := ctx tempAt: 1.
thisContext terminateTo: ctx.
unwindBlock valuel.

rocess suspendedContext tempNamed: 'ctx'.
self inspect: (ctx tempAt: 1).

© O FullBlockClosure o

nil
e g* - e "S0 now we should return to our guard context from #runUntilReturnFrom:, right? "
H terminator2 interr. ntext ‘ctx'.
“Okay, we are done with unwinding already. And what was the previous unwind block?" [© & ni ]
ctx

| |

"Oh no, we don't! We actually leave the unwinding method now, without ever returning to the guard context. But we still
terminate thisContext to aContext, 5o we cut off the guard context completely."

self "Context>>handlesignal:" + copy stepIntoUntil: [zctx | ctx P 1.

all inst vars [self reactivateHandler] © © Debugger 5]

source

Co
"That's the ensure: block from Context=>#handleSignal;, as expected.” o g
"Now, let's investigate why #terminate can't terminate that process correctly.” unwindBlock i= ctx tempAL: 1.
terminator := self debug: [process terminate]. ‘"‘SC""‘;“:"”I“‘”?M"- ctx.
unwindBlock value].
terminator := terminator copy stepinto; stepThroughUntil: [:ctx | ctx xnbWillSend: #resume].
Py step PThroud e ! ctx 1= ctx findNextUnwindContextUpTo: aContext].
© © Debugger L) thisContext terminateTo: aContext.
[1in [1in Process>>terminate b ~aBlock value
suspendedContext: {contextToUnwind unwindAndStop: self); executed until here
=nE “If we would step further, we would see that the execution would now *proceed* with the execution of the original black
*...the actual unwinding happens on the process itself, so we will debug that..." without returning to the termination logic ever again. At the end, it raises the initial #cannotReturn: simply because we
self debug: i ontext top. end in the #unwindAndStop: context which is never meant to be reached directly and which is not a valid bottom context.

terminator2 := terminator2 copy stepinto: #value.

© © Debugger ) So the root cause seems to be that the termination request interrupts the unwinding method at a point where it aiready

s T has identified the next unwind context (nil) but not yet executed it, and the termination then installs its own unwind
. lrlmrmmtr‘b‘b’u" nEANCoop: L‘ context as a guard but the unwinding method never chooses it. This looks like we violated an expected transaction here.
4 - Next, we need to discuss how we can rewrite the unwinding method to avoid this transactional semantics."”

Figure 4: Example of an exploratory journal documenting a real debugging session from the example on page 5. In this scenario,
we investigated a failing test in Squeak’s process termination engine. Note that the tools embedded in this notebook text

document are interactive and fully functional.
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ProtoObject subclass: #TrackingProxy
instanceVariableNames: 'target trackedMessages'
classVariableNames: "
poolDictionaries: "
category: 'TrackingProxy'.

TrackingProxy»doesNotUnderstand: aMessage
| lookupClass selector arguments method result |
lookupClass := thisContext objectClass: target.
selector := aMessage selector.
method := (lookupClass lookupSelector: selector) ifNil:
[arguments := aMessage.
lookupClass lookupSelector: #doesNotUnderstand:].

method methodClass ifNotNil: [:methodClass |
(methodClass includesBehavior: Smalllnteger) if True:
["Prevent special message sends for Smalllnteger (e.g. #<=)"
method := method copy
literalAt: method numlLiterals put:
LargePositivelnteger binding; "has the same superclass”
yourself]].

result := method
valueWithReceiver:
((method primitive ~= 0 or: [method haslnstVarRef] or: [method
sendsToSuper] or: [method sendsSelector: #class])
if True: [target] ifFalse: [self])
arguments: (arguments ifNil: [aMessage arguments]).

" result xxxWithTrackedMessage: aMessage

Object»xxxWithTrackedMessage: aMessage
" TrackingProxy for: self trackedMessages: aMessage

TrackingProxy»xxxWithTrackedMessage: aMessage
" TrackingProxy for: target trackedMessages:
(trackedMessages copyWith: aMessage)

We can now inject this proxy into a domain-specific tool as
follows:

(TrackingProxy on: anXmlElement) explorerContents.

The resulting object graph can be displayed regularly in the Ul as
if it consisted of actual XML nodes and strings, and the programmer
can continue to navigate and experiment with the returned XML
structure wrapped in proxies. However, whenever the programmer
selects any artifact derived from our explorer to record it into a
journal, we can retrieve its origin by accessing the list of tracked
messages.

In summary, this mechanism enables generic tracking of exper-
iments and navigation steps through arbitrary exploratory tools.
In our experiments, we did not experience any noticeable impact
on runtime performance. While we have to exclude methods that
use any of the aforementioned special bytecode instructions from
tracking, we did not observe a significantly reduced recall, since
modular tool extensions typically use accessor methods instead
of reading instance variables directly and favor composition over
inheritance.
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