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Motivation

• Programmers explore running systems by their space 

and time

– What does the state of this object look like?

– What is this object doing?

– Why does this variable have changed?

• Different tools and workflows for different questions

– Spatial questions: inspection tools

– Temporal questions: debuggers, omniscient debuggers

• Omniscient debuggers require upfront commitment

– Will I need to go back in history?
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Research Question

How can we design tools for program exploration

that support both space-related and

time-related questions and thus combine

historical information about program execution

(and object evolution) in a single workflow?
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Contributions
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Practical universal 
tracing mode
for exploratory 

programming systems

The spacetime
exploration model

The spacetime 
inspector prototype

for Squeak/Smalltalk

Approach Concept Application



Background: Program Exploration

• Exploratory programming [KER2017, REI2019, SAN1998, TAE2022]

– Working on a software system where the system or the 

requirements are not fully understood

– Iteratively acquire knowledge and prototype solutions

– Theory building: ask questions, run experiments, repeat

• Aspects of questions

– System space (state): meaning and structure of data

– System time (behavior): inner functioning, construction and 

manipulation of data

• Object-oriented programming systems [GOL1983, THI2023b]

– Everything is an object (with identity, state, and behavior)

– Systems of objects

– Programmers can access and manipulate all objects
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Background: The Experience of Immediacy
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Temporal immediacy

“Human beings recognize 
causality without 
conscious effort only when 
the time between 
causally related events
is kept to a minimum.”

Spatial immediacy

“[...] the physical 
distance between 
causally related events is 
kept to a minimum.”

Semantic immediacy

“[...] the conceptual 
distance between 
semantically related 
pieces of information is 
kept to a minimum.”

[UNG1997]



Program Exploration Tools
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Object inspection Process debugging

Omniscient debugging

[Squeak]

[Squeak]

[Chrome Dev Tools]

[Glamorous Toolkit] [Squeak]

[WinDbg]



Toward Immediacy Across Space and Time
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Toward Immediacy Across Space and Time
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Temporal immediacy Spatial immediacy Semantic immediacy

Universal tracing mode Spacetime exploration model



Universal Tracing Mode

• Program tracing involves significant overheads of 

runtime/memory consumption

• Strategies:
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EFFICIENT TRACE 
MODEL

EXPLICIT 
EXPLORATORY 
INTERFACES

PROGRAM 
REPRODUCTION



Universal Tracing Mode: Efficient Trace Model
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• Incremental historic memory

– Detect fine-grained side effects in bytecode and store 

previous values

– Reduced memory consumption

– Efficient read/append access



Universal Tracing Mode: Explicit Exploratory Interfaces

• Approach: only trace relevant behavior

– GUI: DO trace user interactions, DO NOT trace rendering

– Enterprise: DO trace business logic, DO NOT trace ORM

– Unit tests: DO trace test case, DO NOT trace error reporting

• Define system boundaries for enabling/disabling 

program tracer

• Examples:

– MVC/MVVM: model accesses

– exploratory programming systems: custom expression 

evaluation, debugger invocations, direct manipulations
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Universal Tracing Mode: Program Reproduction

• Approach: re-run program on demand to collect 

information [PER2010]

– Requires reproducible entry point and deterministic behavior

• Reproducible entry points

– Log invocations of explicit exploratory interfaces

– Exploit existing log sources (e.g., changes files, command 

histories, database logs, …) [THI2023b, chap. 7, sec. 4, BIN2022]

• Deterministic behavior

– Often cannot be guaranteed

– Use heuristics to detect deviations and ask programmers

– Prioritize upfront tracing
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Toward Immediacy Across Space and Time
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Temporal immediacy Spatial immediacy Semantic immediacy

Universal tracing mode Spacetime exploration model



Spacetime Exploration
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Spacetime Inspector: Demo
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RunArray: a sparse collection object in Squeak



Spacetime Inspector: Implementation
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[THI2023a]



Spacetime Inspector: Demo #2
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How does Squeak’s regular expression matcher work?



Spacetime Inspector: Demo #2
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Evaluation of Performance
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Evaluation of Performance: Universal Tracing Mode
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➢ Naïve implementation: runtime overhead up to 1M%

➢ Incremental historic memory: low memory footprint

➢ But: responsive up to medium-sized workloads
[SHN2005]



Evaluation of Performance: Spacetime Exploration
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➢ Temporal navigation: responsive for all use cases

➢ Spatial navigation and inline summaries (optional 

feature!): temporal granularity matters

➢ Domain-specific optimizations are possible and 

significant
[SHN2005]



Discussion
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Discussion: Programming Experience

• Streamlined model for program exploration

– Answer questions that relate to both the space and time of a 

system within a consolidated tool

– Smaller gulf of execution

– Reflect on hypotheses using a higher-level, more natural 

meta-vocabulary

• Fewer interruptions and inconsistencies: higher 

experience of immediacy

• Rich contextual information: e.g., understand 

structure of state by its evolution
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Discussion: Tool Building

• How can spacetime exploration frameworks assist 

tool builders in developing better tools in shorter 

time?
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+ –
• Intrinsic complexity of tool 

building/often limited offer 

of existing tools

• Manual adjustments 

required for providing 

aggregated summaries or 

scaling views for larger 

spacetime workloads

• Reuse existing, 

spacetime-agnostic tools

• Combine several state-

centric and time-centric 

views



Future Work

• How can we integrate dataflow into the spacetime 

exploration model? [KO2008]

• Can we use spacetime exploration as an overarching 

concept for all kinds of exploratory programming 

activities? [TAE2020]

– Dynamic composition of views

– Custom means for filtering space and time

– Symbolic debuggers as configurable spacetime views
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Conclusion
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Approach Concept Application

EFFICIENT 
TRACE MODEL

EXPLICIT 
EXPLORATORY 

INTERFACES

PROGRAM 
REPRODUCTION

     

Performance:

➢ Low memory footprint

➢ Tracing responsive up to 

modest workloads

➢ Spatial navigation requires 

optimizations for modest 

workloads

Programming experience:

➢ Streamlined program 

exploration model

➢ Increased immediacy

➢ Rich contextual information

➢ Framework to combine 

existing domain-specific views



Further Information

• Christoph Thiede, Marcel Taeumel, and Robert 

Hirschfeld. 2023. Time-Awareness in Object 

Exploration Tools: Toward In Situ Omniscient 

Debugging. In Proceedings of the 2023 ACM 

SIGPLAN International Symposium on New Ideas, 

New Paradigms, and Reflections on Programming 

and Software (Onward! ’23), October 25–27, 2023, 

Cascais, Portugal. ACM, New York, NY, USA, 14 

pages. https://doi.org/10.1145/3622758.3622892

• Artifacts:

– https://github.com/hpi-swa-lab/squeak-tracedebugger

– https://github.com/LinqLover/Regex-Tools
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• Squeak: https://squeak.org

• Chrome Dev Tools: 

https://developer.chrome.com/docs/devtools/

• Glamorous Toolkit: https://gtoolkit.com/

• WinDbg: https://learn.microsoft.com/en-us/windows-

hardware/drivers/debugger/
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