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Research Question

How can we improve
asynchronous collaboration
for exploratory programmers
without disrupting their flow?
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Motivation
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Background: Exploratory Programming

• Programmers gradually develop understanding 
or solution for a problem [Kery2017, Sandberg1988]

• Conversation between programmer and system 
through programming environment [Taeumel2022]

Programmer

Mental model

?
! ?

Programming environment

{· · · } {· · · }

• Scientific metaphor: ask questions, conduct 
experiments, interpret results

• Interact with and navigate between artifacts 
(methods, runtime objects, debugger stack 
frames, ...)
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Example: Exploratory Programming in Squeak/Smalltalk

Fine-grained tool windows provide access to runtime artifacts, can be flexibly juxtaposed 
on the desktop/canvas, and allow for unrestrained navigation.

System Browser
Navigate and edit 
code in a 
structured 
interface

Inspector
Explore and 
change properties 
of runtime objects

Workspace
Run experiments, 
inspect objects, 
start debuggers

Debugger
Execute 
multiple code 
snippets step-
wise,
side-by-side

„Do it“

„D
eb

u
g

 i
t“

„In
spect i

t“

[https://squeak.org]
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Problem
How can programmers share exploratory programming sessions with each other?

Programmer A Programmer B

AsynchronousgapMental model A

?
! ?

ProgrammingenvironmentA

{· · · } {· · · }

Mental model B

ProgrammingenvironmentB

Limited 
bandwidth

Goal: Share
• Ideas and approaches
• Reproducible experiments
• Observations
• Learnings, conclusions, next steps

Communication requirements:
• Distilled
• Self-explanatory
• Clear reading order

Limited 
interactivity

Limited 
bandwidth



Literate Exploratory Programming for Asynchronous Collaboration

Software Architecture Group (www.hpi.uni-potsdam.de/swa)

Problem
How can programmers share exploratory programming sessions with each other?

Strategy #1: Detailed prose

Strategy #2: (Annotated) 
screenshots/screencasts

Strategy #3:
Environment snapshots

Session.vim

Missing context

Expensive to 
write and read

Hard to 
reproduce
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Literate Programming to the Rescue?

• Literate programming: interweave 
program(ming) and explanation [Knuth1984]

• Modern forms: computational notebooks 
[Kery2018], active essays [Yamamiya2009], ...

https://schneide.blog/2021/01/25/literate-formal-math/

https://www.dataquest.io/blog/jupyter-notebook-tips-tricks-shortcuts/

• Strengths:
- Linear reading order
- Reproducible

• Weaknesses for exploration:
- Linearity restricts multitasking [Wang2019]

- Too many details/rejected attempts -> 
chaotic/overwhelming [Rule2018]
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Approach: Literate Exploratory Programming

Programmer A Programmer B

AsynchronousgapMental model A

?
! ?

ProgrammingenvironmentA

{· · · } {· · · }

Exploratory journal

{· · · }

{· · · }

Mental model B

? ! ?? !

ProgrammingenvironmentB

{· · · }

{· · · }

1.1ask

1.2experiment

1.3 interpret

2.1 select

2.2explain

2.3contextualize

3.1 reinterpret

3.2 reproduce

4.1ask

4.2experiment

4.3 interpret

1explore 2communicate 3understand 4explore
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Demo

• https://zenodo.org/records/18889420

https://zenodo.org/records/18889420
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Discussion

Preliminary experience report

• Better trade-off between unbound exploration and communication
- Preserve multitasking and spatial flexibility of traditional ExP environment

- Automatically track reproducible experiments

• High experience of immediacy due to tool reuse and arrangement in journals 
[Ungar1997]

• Also useful as „brain dumps“ for self-organization

Read the paper for the details :)

Limitations

• Requires fine-grained tools for single artifacts

• Cannot automatically select relevant side effects for observations

• Explanation of ideas remains intrinsic overhead
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Future Work

• How could we enrich the structure of exploratory journals? 
[Lincke2008, Beckmann2025]

• Could exploratory journals be used in documentation/training 
settings?

• Could we transform LXP into a means for real-time collaborative 
exploratory programming?
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Conclusion

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

Tracking mechanism
• Record dependencies between 

artifacts and experiments
• Extract relevant artifacts

Exploratory journal
• Prose
• Executable experiments
• Embedded tools for artifacts

Try out our 
web demo!

 

Want to discuss further thoughts?
 ✉️ christoph.thiede@hpi.de :-)

https://hpi-swa-lab.github.io/exploratory-notebooks/
mailto:christoph.thiede@hpi.de
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Reading

• Christoph Thiede, Tom Beckmann, Marcel Taeumel, and Robert 
Hirschfeld. 2026. Literate Exploratory Programming for 
Asynchronous Collaboration. In Companion Proceedings of the 
10th International Conference on the Art, Science, and Engineering 
of Programming (‹Programming› Companion ’26), March 16–20, 
2026, Munich, Germany. ACM, New York, NY, USA, 11 pages. 
https://doi.org/10.1145/3801119.3801129 (to appear)

• https://github.com/hpi-swa-lab/exploratory-notebooks

https://doi.org/10.1145/3801119.3801129
https://github.com/hpi-swa-lab/exploratory-notebooks
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Implementation

• Integrate literate exploratory programming into traditional 
exploratory programming system

• Two components:

Tracking mechanism
• Record dependencies 

between artifacts and 
experiments

• Extract relevant artifacts

Exploratory journal
• Prose
• Executable experiments
• Embedded tools for artifacts

Read the paper for the details :)
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Implementation for Squeak/Smalltalk

Tracking mechanism
• Associate each tool with linked list of navigation 

steps/experiments (messages or code snippets)
• Patch standard tools/editors to track interactions and code 

execution

Exploratory journal
• Variation of Squeak‘s default workspace tool
• Experiments: Smalltalk code snippets executed against small 

tooling DSL
• Prose: Comments
• Artifacts: Inline compacted tools to represent print-it results of 

experiments
• Import from/export as HTML flavor

Read the paper for the details :)
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© a Morph(2204261)

00e

self
all inst vars
bounds
owner
submorphs
fullBounds
color
extension

self: a Morph(2204261)
bounds: 0@0 corner: 50@40

owner: nil

explore





       


m := Morph new.
m openinWorld.

m color: Color red.

m borderColor Color transparent..

m fullBoundsinWorld
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"Computation has been terminated” when terminating a process while resuming from an exception #112

‘ LingLover on Oct 27 Member  Author = ses

Hi @isCzech,

sorry for the late reply. I think I know finally understand the failures in testTerminateEverywhere well enough to discuss the
best solution to it. :-)

You perhaps understood the root cause long before me, but to document it for myself or future readers, here is my
understanding:

The problem at step 332 (above screenshot) is that the previously executed unwind context is still on the stack but
unwindAndResume:evaluating: already has picked the next unwind context (via findNextUnwindContextUpTo: ) and stored it
in ctx . At this point, Process>>terminate (via Context>>#unwindTo:safely: ) discovers the previous unwind context,
assumes it is halfway-unwound, and completes it via runUntilReturnFrom: . Normally (that is, before the
findNextUnwindContextUpTo: send), this would be safe - findNextUnwindContextUpTo: would simply identify the quard
context installed by runUntilReturnFrom: (via contextEnsure: )as the next unwind context and jump straight back into the
unwinding iogic from the process termination. However, if we have already sent findNextUnwindContextUpTo: before
finishIncompleteUnwindsUpTo: enters the field, runUntilReturnFrom: will install a guard context that is never found by
unwindAndResume:evaluating: but the process will continue "unwinding"” forever until it reaches the bottom context and
crashes. So the invariant that is violated here is that unwindAndResume:evaluating: should only terminate to a topmost
unwind context (i.e., an unwind context on top of which is no other unwind context). In other words, it must not store an
unwind context, suspend, and then terminate to that context, which now is possibly no longer the topmost unwind context.

Your solution ("solution 1") in Kernel-jar.1554/Kernel-jar.1636 fixes that by marking the context as no-longer half-way by
setting complete to false,so finishIncompleteUnwindsUpTo: will not consider it at any point after the process has sent
findNextUnwindContextUpTo: . I also considered two different solutions:




+ Morph>>layoutBounds
Morph>>doLayout
{1in [1in Morph>>doLayoutSafely
 FullBlockClosure(BlockClosure)>>on:
(1 in Morph>>doLayoutSafely
FullBlockClosure(BlockClosure)>>whileNi:
Morph>>doLayoutsafely

[P [T ] [ [y (o) (e [ | [T ]

layoutBounds
"Return the bounds for laying out children of the receiver"

| inset box |
inset := self layoutinset.
box := self innerBounds.

inset isZero ifTrue:[~box].
~box insetBy: inset.

a Morph(401977)
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In the following, we will use a fixed, commutative ring A. We are specifically interested
in commutative algebras over that ring, so let us introduce a short name for those and
let us use ‘A’ to refer to the A-algebra A.

module SpecExanples (AasRing : CommRing {1}) where
2-Alg = ConmAlgebra #asRing
4 = ConmAlgebraExamples. initial AasRing

The synthetic spectrum of an A-algebra R, Spec R, is supposed to be a space such that
the ring of functions on Spec R is R. Moreover, Spec R, should be so small and rigid,
that the only homomorphisms R — A are evaluations at points. The latter can be turned
around to give a definition:

Hom : A-Alg ~ A-Alg - Type ¢
Hom R § = CAlgHon R S

Spec : 4-Alg - Type ¢
Spec R = Hom R A
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Z Jupyter spectrogram s

File Edit View Insert Cell Kernel Help

+ x @ B 4 v M B C Makdown

imple spectral analysis
An illustration of the Discrete Fourier Transform

»1

X = Zl,zxﬂ_sb' k= N-1

In [2): from scipy.io import wavfile
rate, x = wavfile.read('test_mono.wav')

And we can easily view it's spectral structure using matplotiib's buittin specgram routine:

In (5): f£ig, (axl, ax2) = plt.subplots(1,2,figsize(16,5))
ax1.plot(x); axl.set_title('Raw audio signal')
ax2.specgran(x); ax2.set_title('Spectrogran’

Raw audio signal
20000

=)

CellToolbar

Spectrogram

e

| Python3 O
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“How do | find out the size of a morph?"
DR s Spontitiue morph := Morph new.

explore it nil © © aMorph(3595356) add prose ©
RJomorphs =* #() record tool
BliBounds 0@0 corner: 50@40 » bounds 0@0 corner: 50@40
W Color blue owner nil
submorphs ** #()
» fullBounds  0@0 corner: 50@40
» color W Color blue
» extension a MorphExtension (806845) [other: (

"bounds looks interesting, let's take a closer look."

/ 0 re

|

spawn tool

rguments:
[1 in Process class>>forMethod:receiver: _record tool “But what is the difference to #fullBounds? | wonder how

[Proceed | Restert | tnto | Over | Througt | Full Star| Where | Toity & ) those are computed.*

(self debug: [morph fullBounds])) stepinto.

+

ing box of the receiver and all its children.
5

Recompute the I"t - if necessary. See #layoutChanged."
step [1 in XnbToolFactory>>Dolt
~ fullBounds ifNil: [self doLayoutSafely. fullBounds] fullBounds
“"Return the bounding box of the receiver and all its
children. Recompute the layout if necessary. See
#layoutChanged."

a ‘thisContex || 0@0 corner: ~ fullBounds ifNil: [self doLayoutSafely. fullBounds]
i
xt:“mv.s Morph(2090892) m 50@40 ———————— executed until here ——MM8MM

“Fascinating, #fullBounds also encloses its children!"





© Exploratory Notebook(435450) oce
Rerun ai Export

“How do | find out the size of a morph?"
morph := Morph new.

© © aMorph(3595356) )

»bounds 0@ corner
owner nil
submorphs * #()

» fullBounds 0@ corner: 50940

» color  WColor blue

» extension  a MorphExtension (806845) [other: (

bounds looks interesting, let's take a closer look."
self inspect: morph bounds.

© O Rectangle ©

self 50@40
all inst vars
origin

"But what is the difference to #fullBounds? | wonder how
those are computed.”
(self debug: [morph fullBounds]) stepinto.

>) +)

{1 in XnbToolFactory>>Dolt

fullBounds

"Return the bounding box of the receiver and all its
children. Recompute the layout if necessary. See
#layoutChanged."

~ fullBounds ifNil: [self doLayoutSafely. fullBounds]

‘executed until here.
“Fascinating, #fullBounds also encloses its children!"
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Implementation for Squeak/Smalltalk

"\ Tracking mechanism
Q- Assodiate each tool with linked lst of navigation
LJ stepsiexperiments (messages or code snippets)
+ Palch standard tooiseditors (o rack interactions and code:
execution

Exploratory journal
* Varation of Squea's defaul workspace tool
+ Experiments: Smallalk code snippets executed against small
tooling DSL
Prose: Comments
+ Autifacts: Inine compaced tools o represent prntit resuls of

+ Import from/export as HTML flavor
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Research Question





How can we improve

asynchronous collaboration

for exploratory programmers

without disrupting their flow?
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Motivation
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Background: Exploratory Programming



		Programmers gradually develop understanding or solution for a problem [Kery2017, Sandberg1988]





		Conversation between programmer and system through programming environment [Taeumel2022]









		Scientific metaphor: ask questions, conduct experiments, interpret results





		Interact with and navigate between artifacts (methods, runtime objects, debugger stack frames, ...)
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Example: Exploratory Programming in Squeak/Smalltalk



Fine-grained tool windows provide access to runtime artifacts, can be flexibly juxtaposed on the desktop/canvas, and allow for unrestrained navigation.











System Browser

Navigate and edit code in a structured interface

Inspector

Explore and change properties of runtime objects

Workspace

Run experiments, inspect objects, start debuggers

Debugger

Execute multiple code snippets step-wise,

side-by-side

„Do it“

„Debug it“

„Inspect it“

[https://squeak.org]
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Problem



How can programmers share exploratory programming sessions with each other?





Limited bandwidth

Goal: Share

		Ideas and approaches



		Reproducible experiments



		Observations



		Learnings, conclusions, next steps





Communication requirements:

		Distilled



		Self-explanatory



		Clear reading order







Limited interactivity

Limited bandwidth
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Problem



How can programmers share exploratory programming sessions with each other?





Strategy #1: Detailed prose



Strategy #2: (Annotated) screenshots/screencasts

Strategy #3:

Environment snapshots



Session.vim



Missing context

Expensive to write and read

Hard to reproduce
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Literate Programming to the Rescue?



		Literate programming: interweave program(ming) and explanation [Knuth1984]



		Modern forms: computational notebooks [Kery2018], active essays [Yamamiya2009], ...











https://schneide.blog/2021/01/25/literate-formal-math/



https://www.dataquest.io/blog/jupyter-notebook-tips-tricks-shortcuts/

		Strengths:





				Linear reading order









				Reproducible







		Weaknesses for exploration:





				Linearity restricts multitasking [Wang2019]



		Too many details/rejected attempts -> chaotic/overwhelming [Rule2018]
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Approach: Literate Exploratory Programming















Literate Exploratory Programming for Asynchronous Collaboration



Software Architecture Group (www.hpi.uni-potsdam.de/swa)







Demo



		https://zenodo.org/records/18889420
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Discussion



Preliminary experience report

		Better trade-off between unbound exploration and communication





				Preserve multitasking and spatial flexibility of traditional ExP environment



		Automatically track reproducible experiments









		High experience of immediacy due to tool reuse and arrangement in journals [Ungar1997]



		Also useful as „brain dumps“ for self-organization







Read the paper for the details :)

Limitations

		Requires fine-grained tools for single artifacts



		Cannot automatically select relevant side effects for observations



		Explanation of ideas remains intrinsic overhead
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Future Work



		How could we enrich the structure of exploratory journals? [Lincke2008, Beckmann2025]



		Could exploratory journals be used in documentation/training settings?



		Could we transform LXP into a means for real-time collaborative exploratory programming?
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Conclusion





How can we improve asynchronous collaboration for

exploratory programmers without disrupting their flow?





Tracking mechanism

		Record dependencies between artifacts and experiments





		Extract relevant artifacts







Exploratory journal

		Prose





		Executable experiments



		Embedded tools for artifacts









Try out our web demo!

 

Want to discuss further thoughts?

✉️ christoph.thiede@hpi.de :-)
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Reading



		Christoph Thiede, Tom Beckmann, Marcel Taeumel, and Robert Hirschfeld. 2026. Literate Exploratory Programming for Asynchronous Collaboration. In Companion Proceedings of the 10th International Conference on the Art, Science, and Engineering of Programming (‹Programming› Companion ’26), March 16–20, 2026, Munich, Germany. ACM, New York, NY, USA, 11 pages. https://doi.org/10.1145/3801119.3801129 (to appear)



		https://github.com/hpi-swa-lab/exploratory-notebooks
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Implementation



		Integrate literate exploratory programming into traditional exploratory programming system



		Two components:











Tracking mechanism

		Record dependencies between artifacts and experiments





		Extract relevant artifacts





Exploratory journal

		Prose





		Executable experiments



		Embedded tools for artifacts





Read the paper for the details :)
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Implementation for Squeak/Smalltalk







Tracking mechanism

		Associate each tool with linked list of navigation steps/experiments (messages or code snippets)



		Patch standard tools/editors to track interactions and code execution





Exploratory journal

		Variation of Squeak‘s default workspace tool



		Experiments: Smalltalk code snippets executed against small tooling DSL



		Prose: Comments



		Artifacts: Inline compacted tools to represent print-it results of experiments



		Import from/export as HTML flavor





Read the paper for the details :)
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