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Abstract—Various programming environments feature live
programming as a central part of their programming experience.
Liveness in these environments is analyzed by several theories,
which describe the different forms of liveness and how they
influence the programming experience. Unfortunately, these are
isolated theories only concerned with live programming features.
They can not explain liveness in terms of general interactions
with programming tools.

One theory that has successfully explained how programmers
interact with various kinds of tools is information foraging theory
(IFT). In this paper, we propose an IFT interpretation of liveness.
By interpreting liveness in terms of a more comprehensive theory
of programmer behavior, we can explain the role of liveness in
common software development activities such as debugging.

We have explored our IFT interpretation of liveness in a
first controlled experiment. We investigated the hypothesis that
when we remove liveness from live dynamic introspection tools,
programmers will use them less often, as using them has a higher
cost. We have conducted a post hoc analysis of the results for
which we used the edit-run-cycle model adapted to analyze the
usage of live programming tools. The post hoc results hint that
programmers did shift away from introspection tools. While our
study only features post hoc results, it suggests that the IFT
interpretation of liveness is a fruitful avenue.

Index Terms—live programming, liveness, information forag-
ing theory, programming tools, controlled experiment, edit-run
cycle

I. INTRODUCTION

Liveness in programming tools is the impression of chang-
ing a program while it is running [1]. Various tools support
liveness, including commercial programming systems, such
as MS Excel and Jupyter Notebooks. Tool designers assume
that liveness improves the programming experience, and early
experimental evidence hints that it can indeed improve pro-
grammer productivity under certain circumstances [2], [3].

Typically, liveness in programming tools is motivated by
design frameworks or principles such as Tanimoto’s liveness
levels that describe how many discrete steps are involved in
accessing dynamic information [4], [5], the steady frame [6],
with a stable “frame” of relevant variables whose values are
“steadily” available to the programmer, or immediacy through
the reduction of the temporal, spatial, and semantic distance
between cause and effect [7], [8]. While these principles
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can guide tool designs through visions of how liveness may
affect the programming experience, they do not suffice to
explain the mechanism by which liveness helps programmers.
In particular, these principles do not suffice to predict how
liveness affects the way programmers work or how liveness
interacts with other mechanisms.

In this paper, we present an interpretation of live pro-
gramming features through the lens of the information for-
aging theory (IFT) [9], which has been repeatedly used to
successfully model effects of programming tools [10]-[12].
Originally, IFT was used to model users’ web search behavior.
IFT is based on the idea that participants navigate a topology
of information artifacts by choosing the next information
artifact based on a cost-benefit estimate. IFT has been suc-
cessfully used to predict and describe programmers’ behavior
for various programming tools and activities, including static
navigation tools and debugging [10]-[12]. By describing the
effects of liveness through information foraging theory, we
embed live programming in a larger theory of programmer
behavior. In the course of this, we also propose a detailed IFT
interpretation of programming tools working with dynamic
information, as live programming is mostly concerned with
dynamic information, and the existing literature does not
provide a sufficiently detailed interpretation yet. With our
interpretation of live programming in terms of IFT, researchers
can make predictions of how live programming features would
impact programmer behavior in novel tools or contexts.

To test our IFT-interpretation of liveness, we designed a first
controlled experiment focusing on the duration of feedback
loops. With this experiment, we tested the hypothesis that an
increase in the access time of introspection tools would cause
programmers to shift away from them. We applied a post hoc
analysis based on the edit-run cycle model [13], [14], which is
used to analyze how programmers alternate between working
with the code (edit) and observing program behavior, either
through surface behavior or run-time state (run).

We needed to adapt the edit-run cycle model, as it was
previously mostly used to analyze conventional programming
environments. Thus, the code book and metrics did not match
our context and research question. Therefore, we adapted the
model to accommodate interactions that are possible within
live programming environments and derived a metric to mea-
sure interactions with live introspection tools. The results of
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this post hoc analysis suggest that programmers do indeed
shift away from dynamic introspection tools in the presence
of delays in the sense that they spend less net time with
the tools. The analysis also showed that the main analysis
failed because the interaction events that we had collected for
the analysis contained too much noise, necessitating manual
coding as described in Section III-E.
In summary, the contributions of this paper are:
¢ a detailed information foraging theory interpretation of
dynamic introspection tools, and
« post hoc results from a first experiment on the information
foraging interpretation of the effects of liveness.

A. Outline

In the following, we first outline our understanding of
IFT and our proposed detailed IFT interpretation of dynamic
introspection tools and liveness’s role in it (Section II). We
then outline the experiment design of a first experiment
investigating our IFT interpretation of liveness (Section III
and Section IV). Finally, we discuss the experiment results
and their implications (Section V).

II. INTEGRATION OF LIVENESS INTO IFT MODEL

IFT has successfully been used to predict how programmers
use programming tools [10]-[12], [15]. Nevertheless, previous
IFT interpretations of programming tools have focused on
static tools and their features. We propose a detailed IFT
interpretation of dynamic introspection tools and how liveness
may affect their usage. This detailed IFT interpretation can
serve as a foundation to revisit existing experiments on the
impact of liveness.

A. Information Foraging Theory

Information Foraging Theory (IFT) [9], [10] aims to de-
scribe how people seek information in a graph of informa-
tion artifacts. It successfully modelled users’ behavior for
hypermedia content on the web [16], but has since also been
successfully applied to other domains, including programming
tools [10]-[12], [15].

IFT has two core concepts: the information topology and
the user.

The information topology is a graph that consists of infor-
mation patches (for instance, a source file or a documentation
page) and links to navigate between these patches (for instance,
a way to navigate to the definition of a method or a hyperlink
to an extended documentation page). The information con-
tained in a patch is represented as a set of information features.
Information features that relate to the outgoing links of the
patch are called cues (for instance, the text of a hyperlink or
the method selector in a method call).

Users now try to fulfill an information goal, which is a set
of desired information features. Users navigate through the
information topology, whereby they can only look at one patch
at a time, and navigating via links is associated with some cost.
Based on these constraints, users try to fulfill their information
goal by either a) exploiting a patch by consuming information
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features (for instance, reading the lines of a method), b)
switching to a different patch, or c) enriching the topology
with new patches or links.

Based on these two concepts, IFT now aims to describe the
users’ navigation behavior through the topology. When users
decide to navigate to a different patch, they have to choose one
of the outgoing links. IFT proposes that users choose the link
with the strongest scent, which is the perceived probability that
the patch at the other end of the link either contains desired
information features or brings them closer to a patch that does.

Based on this informal description of users’ behavior, the
original authors also proposed a more formal model to predict
user behavior [9]. The following is a very abbreviated form
of the model detailing the core mechanism [10]. Within their
information search, users want to make decisions that maxi-
mize the ratio of information value gained with regard to their
information goal (V) per interaction cost (C): maxz(V/C).

The costs are associated with consuming information fea-
tures within a patch, following links, and enriching the topol-
ogy. These costs (for instance, time to follow a link, time
to consume an information feature) and properties of the
topology (for instance, number of information features per
patch, percentage of valuable patches overall) determine the
upper bound for users’ efficiency. However, users do not have
perfect information on the actual value gained from their
interactions and the actual costs, so they can only optimize
the ratio of their estimates: max(E(V)/E(C)).

The efficiency of users now also depends on how well they
can estimate the value and costs of interactions [9].

B. IFT Interpretation of Dynamic Introspection Tools

Dynamic introspection tools are helpful for programmers
whenever they need to understand program behavior in detail,
for instance during debugging, when behavior does not meet
their expectations, or reverse engineering, when they have
no clear idea yet of the general behavior of the program.
The information goal in these circumstances is to understand
behavior, thus to collect code locations, selected run-time
states, and to derive the control flow. In the context of
debugging, these elements of the information goal match the
basic elements of explaining a failure: defect in the code, state
infection, and infection chain [17].

Existing IFT interpretations of programming tools do not
cover dynamic information and often focus on static pro-
gramming tools [10]. While some studies have applied IFT
to activities that involve dynamic information, most notably
debugging [11], [12], most of these studies also focus on static
information and regard dynamic information only as a single
kind of patch without a more detailed interpretation or only
as a way to enrich static information [18]. To enable a more
coherent modelling of introspection tool usage, we propose a
detailed IFT interpretation of them. Our interpretation covers
dynamic introspection tools that allow programmers to explore
run-time state in-time, such as object inspectors and stepwise
debuggers. Over-time perspectives, such as call trace visual-
izations, are not covered by our interpretation yet.
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Fig. 1. A visualization of an information foraging topology of programming artifacts. Gray patches represent static patches, such as methods (m1 - m3) and

a script. Green patches represent dynamic patches, such as different states in the debugger, and an object at two different points in time.

We capture dynamic information as patches that are defined
by a certain view (for instance, object inspector or stepwise
debugger) and a moment in time in the execution of a program
(see Figure 1). Information features within this patch are then
all information available in that view (for example, instance
variables in the object explorer; stack, PC, variables in the
debugger). The links from such a dynamic information patch
are the ones that open or change the view (e.g., expanding
the object subtree in an instance variable; switching stack
frame) or move the view to another moment in time (e.g.
stepping or continuing in the debugger). As with other kinds
of information, the summary information available in the view
serves as cues for these links (e.g., print string of objects in
instance variables; method selectors in code or stack frames)
Finally, we regard writing a script to run the program as
enrichment that creates a new script patch [12]. This script
patch then has run links that allow programmers to navigate to
dynamic information patches (e.g., by running it and opening
the result in the object inspector; by running the script in the
debugger).

Given this IFT interpretation of dynamic information, dy-
namic introspection tools can help programmers in three ways.
Dynamic tools can improve the value of information, as it
is more likely part of the infection chain than information
deduced from static information (which might not actually
be executed in the behavior in question). For instance, in
a debugger, each method is guaranteed to be in the trace.
Further, introspection tools can reduce the cost of consuming
information features, as relevant information can be observed
instead of needing to be deduced (for instance, example values
for variables can be observed instead of being deduced from
static data flow). Finally, when deciding how to proceed during
an investigation of a behavior, introspection tools align users’
estimate of a value closer to the real value, as observable run-
time state can help decide which method or object might also
be relevant.

This fine-grained IFT interpretation of dynamic introspec-
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tion tools also opens up interesting opportunities to analyze
introspection tool usage in detail. For instance, this lens gives
a coherent description of one of the main inconveniences in
a typical stepwise debugger. When debugging, step-over is a
cheap navigation to the next patch, which is the state at the
next PC shown in the debugger. However, this still requires
sequential navigation interactions along the step-over links
to get to the desired patch (state in the debugged process).
For each navigation interaction, programmers have to evaluate
relevant cues to decide whether they want to step into or step
over an instruction. The cues comprise the current method’s
signature, the PC, and potentially run-time state and debug
watches. This is not necessary for static navigation, as we
can often directly jump to the desired location (for example
via hyperlinks in the source code) or select it from a list (for
instance in a method selector list for a class). Thus, we would
expect debuggers to be improved by enabling navigation based
on more useful links beyond “next run-time state” and based
on more helpful cues (for instance, a list of method signatures).
Indeed, projects such as the Whyline demonstrate that this
interpretation holds [19]: when programmers gained access to
”why” and ”"why not” questions regarding program execution,
which navigated to relevant places in the source code, they
were able to more quickly narrow down causes of bugs.

C. An IFT Interpretation of Liveness

Programmers benefit from dynamic introspection tools
when working to understand a specific system behavior, as
they offer patches with a higher value for the information goal
(see Section II-B). In addition to this increased value, liveness
now reduces the cost of using introspection tools by shortening
the temporal, spatial, and semantic (interaction) distance [8]
(see Figure 2).

The main way in which liveness reduces the cost of using
introspection tools is by reducing the cost of navigating
between static and dynamic patches.

Mainly, liveness reduces the cost of navigating from static
to dynamic information. For instance, in the Squeak/Smalltalk
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Fig. 2. A visualization of the impact of liveness on the links in a information topology. One effect of liveness is that it reduces the cost of accessing

introspection tools, visualized by shorter distances between nodes.

live programming environment, programmers can select and
execute any code via keyboard shortcuts and thus quickly get
from a piece of code to either a debugger or an object inspector
showing the result of the execution. In example-based live
programming environments, functions are repeatedly executed
on user-provided example input, and fine-grained run-time data
is displayed directly next to code elements, such as statements
or expressions [20]-[22]. Thus, they merge static and dynamic
information into a single view, which reduces the cost of
accessing dynamic information from the cost of navigating
between different patches to the cost of consuming different
kinds of information features in the same patch.

Several mechanisms also decrease the cost of navigating
from dynamic to static information. For instance, in the
YinYang environment, programmers can select a terminal
output and jump to the source code that generated it [20], and
in the Self environment, programmers can select user interface
elements of a running application and navigate to the code that
created it [23].

Finally, we conjecture that when liveness reduces the cost
of accessing dynamic information consistently, it also reduces
users’ estimates of the cost consistently, thereby making the
usage of dynamic information more likely in general.

D. Existing Studies of the Effects of Liveness through the Lens
of IFT

To date, there are only a few controlled experiments on the
effects of liveness. Of the four controlled experiments we are
aware of, two focus on understanding programs [3], [24] and
two on writing programs [25], [26]. While IFT is not directly
concerned with creating programs, our IFT interpretation still
allows us to relate their results through the same framework.

One experiment investigated the impact of feedback modes
(automatic and self-selected, delayed) on debugging perfor-
mance in a spreadsheet environment [2], [24]. They had 29
participants with considerable software development experi-
ence but no experience with the environment. Debugging
performance was measured as the number of defects repaired
in 15 minutes. Participants received two tasks: one about

131

debugging the control logic of a seven-segment display and
another about debugging a validation formula for hashes. The
experiment did not find a significant overall difference in
debugging performance, but found a significant difference for
the hash validation task in isolation.

Interpreting the results with IFT, we argue that the tasks
were too simple. When tasks are very simple, the information
goal shifts from the infection chain to only the code locations,
as they can be sufficient to understand the failure stati-
cally [27], [28]. As a result, the value of using introspection
tools is lower, in particular in a spreadsheet environment, as
they do not support the programmers much in their information
goal. Still, the feedback mode significantly influenced pro-
grammer behavior, with the automatic feedback group making
more changes and making changes earlier. As changes trigger
updates of dynamic information in the environment, this higher
number might result from the automatic feedback reducing the
cost for accessing dynamic information.

Another experiment investigated the impact of the availabil-
ity of live introspection tools on the debugging performance
for simple and complex tasks [3]. The experiment had 37 third-
year undergraduate students as participants with considerable
experience in the programming environment used. In both
conditions, participants had access to a debugger, but only
in the live condition, they had access to a detailed object
inspector, graphical meta-menus, and ubiquitous dynamic code
evaluation. Debugging performance was measured as the time
to successfully repair a defect. Participants worked on up
to eight tasks. Simple tasks were bugs of commission and
complex tasks were bugs of omission, so simple defects could
be spotted, while for complex tasks, the behavior needed to be
understood in detail to identify the missing part. The experi-
ment found an overall significant difference in performance.

From an IFT perspective, the complex tasks ensured that the
information goal was the infection chain. Further, as partici-
pants were experienced with the programming environment,
they did not experience an additional cost of accessing the
introspection tools due to not knowing how to use them.

One of the experiments on how liveness affects program
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creation tested whether feedback modes (automatic, self-
selected, no feedback) influence the programming effective-
ness of novice programmers [25], [29]. The experiment was
conducted in a newly developed live programming envi-
ronment combined with a live algorithm visualization tool
and a newly created programming language. The participants
were 57 students from an introductory programming course.
Programming effectiveness was measured as the number of
correctly solved tasks. The three tasks asked participants to
create basic algorithms, such as replacing and counting the
occurrences of the number zero in an array. The experiment did
not find a significant difference in programming effectiveness
between feedback modes.

From an IFT perspective, we argue that the absence of
an observable difference resulted from a high cost of us-
ing dynamic introspection tools due to the participants’ low
programming experience. Programming novices often have
less (relative) experience in using introspection tools than
experienced programmers [30]. Thus, using them requires
more effort and thus results in higher cost or at least a higher
cost estimate. Additionally, this might also lower the value
gained from the tools, as the novices might not be able to get
the information they want from them.

Finally, another experiment on how liveness affects program
creation tested whether the availability of live feedback (live
and no feedback) affected program creation effectiveness [26].
The experiment was conducted in a newly developed program-
ming environment for JavaScript. There were ten participants
with considerable programming experience but no experience
with the new environment. Programming effectiveness was
measured as the time to complete a program task. The
three tasks were moderately complex. For instance, one task
required participants to parse an RSS feed using a given
library. The experiment did not find a significant overall
difference in the task completion times between the live
and no-feedback groups. However, for one task, there was
a significant improvement for the group with live feedback,
which had a strong effect. Also, the group with live feedback
adopted a workflow of interleaved code creation and inspection
of run-time state, while the group without live feedback used
a sequential workflow.

From an IFT perspective, the changes in workflow match
our interpretation of liveness as a cost reduction for navigation
between static and dynamic information. Thus, programmers
more often choose dynamic information when they deem it
valuable, as cost is not the primary driver of their decision
anymore. As this only led to improved effectiveness for some
tasks, the overall effect on programming effectiveness seems
to depend on how relevant the information goals are to the
overall task.

III. EXPERIMENTAL DESIGN
To investigate our IFT interpretation of liveness, we devised
a first experiment designed to test a basic implication of it!,

I'The material for reproducing the experiment is available at https://doi.org/
10.5281/zenodo.16740102.
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A. Hypothesis

The hypothesis for this experiment was: “a higher access
time reduces the usage of dynamic introspection tools for
programmers who are experienced with live programming
tools when they debug complex tasks.”

A core element of our IFT interpretation of liveness is
the fact that liveness decreases the cost of navigating from
static to dynamic tools. Therefore, the presence of liveness
should increase the usage of dynamic introspection tools,
given that programmers appear to regard dynamic information
as helpful. While there are no direct studies on whether
programmers regard dynamic information as helpful, the find-
ings of several studies in combination suggest so. Evaluation
studies of dynamic tools find that programmers report that they
find them helpful [31]. Beyond reporting that they found it
helpful, programmers also used it in several studies on general
programmer workflows [32], [33]. Finally, studies on novice
and experienced programmers find that more experienced
programmers often access dynamic information more often,
suggesting that it is a rewarding strategy [34], [35].

We want to test how having and removing liveness from
dynamic introspection tools changes how often programmers
use them. But, as the experience of liveness can be created
via spatial, temporal, or semantic proximity [8], we needed
to decide on one type of proximity to test. We decided to
test the influence of access duration (live, delayed) within
live introspection tools. A previous experiment [3] has shown
that the live introspection tools (for instance, live object
inspector or ubiquitous code evaluation for inspection) in
an exploratory-style live programming environment improve
debugging efficiency. As programmers benefited from these
tools, they have a high value, which is a prerequisite for
observing changed usage due to cost (if the value was low to
begin with, even lower costs might not motivate programmers
to use them). Further, while they have been shown to benefit
programmers, it is yet unclear whether this is because of their
feature set or because they are live.

To ensure that there is the possibility that users change their
usage of introspection tools, the experiment’s scenario should
make introspection tools useful. Thus, we sought debugging
tasks that are complex enough that the participants have
the goal of understanding (parts of) the infection chain (see
Section IV-A).

Finally, we focused on programmers with prior experience
with live programming tools to prevent spurious influences
on the cost from lack of experience as seen in previous
experiments (see Section I'V-B).

B. Experiment Layout

We conducted the experiment as a within-subject design
with one independent variable access duration (IV) and one
dependent variable fool usage frequency (DV) (Sections III-D
and III-E).

We also identified two major confounding variables: task
complexity and experience of participants with liveness. We
aimed to control both (Sections IV-A and IV-B).
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C. Programming Environment

We briefly outline the programming environment used to
introduce the tools and mechanisms affected by the duration
of access.

We conducted the experiment in the object-oriented
Squeak/Smalltalk exploratory live programming environ-
ment [36]. Programmers working in Squeak/Smalltalk do not
modify a program but instead the object-graph of a running
system. They determine the behavior of the system by mod-
ifying meta-objects such as class and method objects. We
decided on the Squeak/Smalltalk environment as it features
live introspection tools that are mature and, at the same time,
variants of common tools found in other environments (live
object inspector, stepwise debugger, graphical meta-menu). We
argue that the environment is well-suited for the experiment,
as liveness is at the core of most programming tools but as
the tools are similar to common tools, we expect the insights
to be transferable to other environments.

In detail, Squeak/Smalltalk features the following live in-
trospection tools that are relevant for this experiment:

« a stepwise debugger that supports edit-and-continue with
instant compilation and restarting of methods; also, any
running process in the environment can be stopped at any
moment and inspected in the debugger,

« ubiquitous code evaluation of selectable text: in the de-
bugger against the state of the debugged process, in object
inspectors against inspected object, in special workspace
tool against local state of tool, in the code editor against
class instance,

« graphical object inspectors that can be opened on any
object and refresh periodically, and

o the “Halo” graphical meta-menu [37] to inspect the
object-structures representing visible user interface ele-
ments and navigate to the underlying class object.

D. Operationalization of Access Duration (IV)

We distinguished between two access durations: live and
delayed. In the live condition, programmers could use the
live introspection tools directly without any modifications.
In the delayed condition, programmers experienced a delay
in some interactions with live introspection tools. The delay
varied between eight and twelve seconds and was added to all
interactions with live introspection tools that would provide the
participants with new information. This involved the opening
of any live introspection tool (object inspectors, Halo, stepwise
debugger), interactive code evaluation, as well as navigating
in the tree view of the object explorer, as opening a sub-tree is
equivalent to opening another object inspector. Selecting user
interface elements and other navigation interactions was not
delayed.

During the delay, we blocked all interactions and showed
a small widget in the middle of the screen saying “Copying
image state...”. To prevent social desirability effects resulting
from participants guessing that the delay was the independent
variable, we told participants beforehand that there was some
analysis running in the background and that the dynamic
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behavior of some tasks interacted with that analysis, leading to
longer delays when using introspection tools. To keep up this
framing, we also showed the small widget in the live mode
but only very briefly (< 150 ms).

E. Edit-Run Cycle Model Operationalization of Tool Usage
(DV)

For our post hoc analysis?, we operationalized tool usage
based on the edit-run cycle model for programmers’ interac-
tions with programming environments, as it allows for further
analysis beyond differences in tool usage [13], [14]. In detail,
we operationalized tool usage as the ratio of programmers’
time spent using introspection tools in relation to the overall
time they spent investigating program behavior dynamically.

The edit-run cycle model was originally used to analyze
how programmers alternate between working with the code
(edit) and observing program behavior, either through surface
behavior or run-time state (run). The model distinguishes be-
tween six activities of which five are relevant for our analysis:
browsing a file, editing a file, testing program (observe surface
behavior), inspecting program (observe run-time state), and
miscellaneous activities (e.g., window management, editing
search strings). The model then distinguishes between edit
and run phases [13, Fig. 3]. An edit phase is a series of
browse and edit activities; a run phase is a series of test and
inspect activities. A series of activities is not interrupted by
miscellaneous activities. The duration of a phase is the sum of
the durations of the corresponding activities (excluding misc.
activities).

As we were primarily interested in the usage frequency of
introspection tools, we slightly adapted the original code book.
In accordance with the original model, we classified using an
introspection tool as an inspect activity. The main difference
is that we classified observing logging output of the program
as a testing activity instead of as an inspect activity. Further,
the original code book assumed a programming environment
in which programmers explicitly start a program for testing or
debugging. As live environments do not distinguish between
these modes, we further needed to adapt the definitions of a
test activity. We define a fest activity as an activity in which
no inspect tools were used. As a result of these adaptations,
we can deduce the time spent using introspection tools directly
from the time spent with inspect activities. For all activities,
we deducted the duration of any delays that occurred during
the activity.

To evaluate the adapted code book, two authors coded
100 activities from randomly selected episodes, resulting in a
Cohen’s Kappa of 0.93, commonly regarded as almost perfect
agreement.

Finally, to account for different tool usage base rates
between programmers, we operationalized introspection tool

2The originally planned analysis for this experiment used an operationaliza-
tion of tool usage based on metrics derived from automatically collected UI
interaction events. These planned metrics proved to be too unreliable because
of a high rate of noise in the interaction events. Thus, we decided to apply a
post hoc analysis based on manual coding using the edit-run model.
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usage as the ratio between the duration of inspect activities
and the duration of all run activities (sum of inspect and test
activities). We use the sum of run activities to detect shifts in
how dynamic tools are used, independent of how the overall
dynamic tool usage changes in relation to overall tool usage.

F. Experiment Procedure, Training Setups, and Balancing

We conducted the experiment via Zoom to reduce our
presence during the task and to make it easier for participants
to join, as they could more freely choose when and where
they wanted to participate. Participants always worked in their
own Zoom call. Whenever a participant worked on a task, we
also deactivated both camera streams and microphones to give
participants the impression of working completely on their
own. We recorded the Zoom calls with the webcam streams
hidden to keep the recordings anonymized.

While all participants had at least nine months of exposure
to Squeak/Smalltalk, for some of them, the last encounter
might have been more than a year ago. Thus, we asked all
participants to join a two-hour training session on the days
before their actual experiment run [38]. In the training session,
we first recapped all relevant tools (dynamic and static) and
keyboard shortcuts by demonstrating them. We then introduced
the application, guiding them through a task, introduced a first
task, and then let them work on example tasks in a training
program for 1.5 hours. At the end of the training session,
we asked participants to sign the participation agreement and
reimbursed them (80€).

We started the four-hour main session by introducing the
scenario through a short gameplay demonstration and a walk-
through through the main packages. We then recapped the
main tools and mentioned the potential delay, which we ex-
plained using a prepared text (see Section III-D). Afterwards,
the main part of the experiment started.

The main run consisted of two parts. Each part was either
under the live or the delayed condition. As we expected
participants to require some time to adapt to the delayed
and the live conditions, we began each part with a training
task, which we did not analyze later on. Further, between
the first and the second part, we introduced a mandatory 15-
minute break, which we followed with another introduction of
the main tools. Within each part, participants worked on two
proper tasks, each with a time limit of 1 hour.

We counterbalanced tasks by first splitting the four main
tasks into two groups. Participants worked on each of these
groups under one of the conditions. We combined task groups
and conditions by using a balanced Latin square and then
assigned the configurations to participants randomly.

For each task, we loaded the patch introducing the defect
and then read the task description to participants. We asked
participants to reproduce the failure while we still watched to
ensure the failure was correctly reproducible in their environ-
ment. They then worked on the task and decided on their own
when they completed the task by clicking on a button in the
task management application.
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After the two main parts, we asked them to fill out the
demographics and experience questionnaire and answered any
questions they had on the study.

IV. TASKS AND PARTICIPANTS

As previous experiments on liveness indicated that rask
complexity and participants’ experience with liveness change
the impact of liveness, we controlled both of them [2], [3],
[25].

A. Controlling Task Complexity

The tasks in this experiment were plain debugging tasks.
Participants received a set of steps to reproduce some behavior,
a description of the observable failure, and a target behavior.

The tasks were of similar structure to the tasks of a prior
study [3] but otherwise entirely created from scratch and
designed for a different game than in the prior study. The
main challenge for designing these tasks was to control the
task complexity [3], [39]. We needed to deliberately control
the task complexity as we wanted to ensure that tasks are
sufficiently complex to prompt the usage of introspection tools.
Especially, as results of previous studies on liveness hint that
programmers do not benefit from liveness when they work
on simple tasks [2], [3], [24]. Further, because we chose a
within-subject design, we needed to ensure that we kept task
complexities comparable between tasks.

We designed moderately complex tasks while keeping the
tasks solvable in the available time frame. For that, we
used a framework for analyzing the task complexity® of tool
studies [40]. The framework organizes task complexity factors
along the variation points of tasks: task description, system (to
be repaired), infection chain, patch, tool environment (with
which defects are repaired), and general considerations.

To allow for observing potential introspection tool usage,
the tasks should be designed so that programmers would
benefit from using introspection tools. Thus, we aimed to
make the tasks complex with regard to the infection chain
and the patch. Correspondingly, we aimed to make the tasks
in general simple with regard to the task description and the
tool environment, as we want neither of them to interfere
with tool usage. With regard to aspects of the system, we
decided in more detail which should be simple or complex.
We briefly outline the most important considerations in the
following sections.

1) System: We chose a system that was simple in most
regards but still allowed for complex enough debugging tasks.
In general, to reduce repeated learning effects, we used the
same system throughout the study.

We chose a game (“Realms of Zaltia”, see Figure 3) as
the system for this study, as participants were familiar with
game development from university courses and thus would
encounter fewer challenges with understanding the domain.

3We distinguish between task complexity, which is a property of the task
itself, and task difficulty, which results from the combination of task performer
and task.
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You are attacked by krakens. You have to battle!

Fig. 3. A scene from Realms of Zaltia, a roguelike game similar to the
game “FTL: Faster Than Light™. Players command a ship of adventurers
who navigate from island to island, trying to reach an exit point in time.
Each island either holds a text adventure, a sea battle, or a fight on land.
The game also features a shop system, equipment, and character leveling and
attributes.

Further, a game covers multiple kinds of dynamic behavior
and distinct features, allowing for a more varied set of tasks.

The game was initially developed by university students
in another edition of the same university course that our
participants had taken. Consequently, the participants of our
study did not know the game but would generally know how
one would construct a game in the same programming environ-
ment. We repaired all remaining defects in the original game
that may have interfered with our tasks to avoid ambiguous
behavior of the system. Beyond this, we did not alter the game.
Still, to reduce the complexity of the architecture, we guided
participants through the package structure at the beginning of
the experiment.

In general terms, the chosen game is relatively small in
terms of LOC (see Table I), but this does not limit the
complexity of the debugging tasks.

TABLE I
BASIC SOFTWARE METRICS OF THE GAME USED IN THE EXPERIMENT.
Metric Metric
#Packages 5 LOC 4611
#Classes 50 #Methods / Class  18.04
#Methods 902 | LOC / Method 5.11

2) Task Description: We aimed to keep the task description
as simple as possible. First of all, participants worked on one
task at a time. We used a clear format, distinguishing between
steps to reproduce a failure and the symptoms. All tasks used
the same language throughout with the same formulations and

terms®.

Shttps://web.archive.org/web/20250329191555/https://www.mobygames.
com/game/57826/ftl-faster-than-light/ (accessed 2025-05-12)
For an example of this format used in another study, see [40, Fig. 2].

135

c??-
&
& . o
Q.:'Q L .o
. <
«\"Q’b-
Qé‘e' Programming Preferred Debugging Live ~ Squeak Smalltalk
.qu‘ Language Programming
N

Fig. 4. Combined box and scatter plots detailing participants’ self-reported
experience. Each point corresponds to an answer by a participant. Participants
could choose from a 10-point scale, with only the endpoints labeled.

At the same time, we took care to give as few hints as
possible on the infection chain beyond the failure.

3) Infection Chain: We aimed to make the infection chain
complex enough to justify the usage of introspection tools, but
also keep the tasks doable within the available time frame. To
remove the complexity of deciding what to work on, each task
only featured a single failure. In all tasks, the system only
misbehaved and did not crash, as crashes are a clear entry
point for the infection chain. Finally, the failures were easily
reproducible.

4) Patch: To avoid ambiguity in the patch to be created, we
designed tasks so that the target behavior is obvious when the
infection chain is reconstructed successfully. Actually writing
the patch should not be complex as it does not benefit much
from introspection tool usage. It should be short and not
require unusual classes or methods.

To remove the complexity of deciding when a defect is
“good enough”, we further told participants to work on the
patch until they are as sure of it as they usually are when they
commit to a repository of their own projects.

5) Tool Environment: We controlled the complexity of the
tool environment by ensuring that all participants were aware
of the same set of tools. For that, all participants took part
in a tutorial beforehand and received recaps of the tools and
shortcuts at the beginning and in the middle of the experiment
(see Section III-F).

B. PFarticipants

We recruited undergraduate and graduate university students
(N = 12)7 enrolled in the IT-Systems Engineering program.
To only recruit participants who are experienced in work-
ing with liveness features, we required participants to have

TWe recruited 17 participants in total, three participated in the pilot, two
did not attempt the experiment main run. We have excluded the data of the
two incomplete runs from all further analysis.
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completed two undergraduate courses on Squeak/Smalltalk,
resulting in at least 9 months of exposure to the environment.
As we did not impose a limit on how long ago these courses
could be, we controlled current skills with Squeak/Smalltalk
through a training session before the experiment run.

The one female and eleven male participants were between
21 and 25 years old (median 22). We asked participants to
self-report their experience levels in a questionnaire. Overall,
they regarded themselves as experienced programmers, in
particular in their preferred language (see Figure 4). They only
felt somewhat experienced with live programming in general,
but more so with the Squeak/Smalltalk environment and the
Smalltalk language in particular.

V. RESULTS

We gathered data from twelve valid experiment runs (see
Figure 5) covering 1895 activities covering 18.5hours of
debugging time. Using this data, we tested the main hypothesis
and examined the influence of task assignment on the results.

A. Analysis of Main Hypothesis

We tested the main hypothesis using a post hoc, one-sided,
dependent t-test. The data met the assumptions of normality
(Shapiro-Wilk test on the sample differences, p 0.495),
and the assumption of sphericity is automatically met as the
independent variable only has two levels. The t-test results
are significant at the 0.1 level, but not at the 0.05 level
(t(11) = 1.71,p = 0.058). In particular, the usage frequency
of introspection tools decreased from 0.91 £ 0.08 in the
live condition to a frequency of 0.79 & 0.20 in the delayed
condition. The results suggest that removing liveness from
introspection tools decreases their frequency of usage.

To cross-check that the trend does not result from a biased
assignment of conditions to task sets, we also examined the
distribution of condition assignments in the data (see color
in scatter plot in Figure 5). Five participants worked under
the assignment that assigned task set A to the live condition
(A-live), and seven on the inverse assignment (B-live). The
unbalanced number in the two groups is the result of two
participants not completing the experiment. Still, we argue
that this does not increase our chance of a type II error, as
the assignment with the higher number of participants (A-
live) has a wider spread (differences of feature usage per
participant A-live: —0.259 to 0.559, B-live: —0.027 to 0.509,
two participants used dynamic tools more in the delayed
condition resulting in negative numbers) and a mean closer to
zero (A-live: = 0.08,0 = 0.27, B-live: p = 0.18,0 = 0.21).
Thus, we argue that the task assignment only introduced a
bias against our hypothesis, even though, as with previous
experiments, the tasks seem to have an influence on the results.

B. Threats to Validity

We have identified two threats to the internal validity and
two threats to the external validity.

The first threat to internal validity is that tasks differ in
complexity and other characteristics. We argue that for this
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Fig. 5. A combined box and scatter plot showing the distribution of the
differences in introspection tool usage for each participant. Each dot represents
the difference between conditions for one participant. The color of the dots
represents the assignment of task sets and conditions.

experiment, the influence of these differences was less severe
than for other experiments, as we did not measure debugging
efficiency. Still, as the comparison of the task assignments
shows, task characteristics might influence how reduced costs
affect usage frequencies of introspection tools.

The second threat to the internal validity is the fact that
in our experiment setup, we changed the properties of the
programming tools that participants were used to. Thus, in
the delayed condition, we disrupted workflows that they might
have acquired for making use of liveness. Again, we argue
that this is less severe as we did not measure debugging
efficiency, but tool usage. Instead, we might have biased the
results in favor of the delayed condition, as participants might
have stuck to their workflows even though the delay became
uncomfortable.

The first threat to external validity is the task design. We
designed the tasks to be solvable in the given time frame and
also to prompt the usage of introspection tools. Thereby, we
might have selected a sweet spot where the cost reduction of
liveness has a significant influence on programmer behavior. In
practice, programmers might use introspection tools less often
as many defects seem to be trivial enough to be repairable
using only static tools [27], [28]. At the same time, when
programmers use introspection tools in practice, the defects
might be more complex than the ones we have used. Thus, for
the common simple defects and the difficult defects, the value
of the tools might be so low or high that the cost reduction
from liveness does not move the cost-benefit ratio significantly.

Finally, participants were not allowed to change their pro-
gramming tools and, through the artificial time limit, did
not have the time to improve their workflow. Programmers
experienced with the environment might have sought ways to
reduce the costs of accessing dynamic information again, by
improving their tools.

C. Discussion

The results of the post hoc analysis suggest that increasing
the access time for introspection tools decreases their usage.
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This finding is in line with our interpretation of liveness in
terms of information foraging theory. By increasing the access
time, we increased the actual cost of using these tools. Because
the increase in access time was persistent, we argue that
we also increased participants’ estimates of the cost. As a
result, the cost-benefit ratio for using introspection tools was
lower than that of observing surface behavior, and participants
shifted from introspection tools to only observing surface
behavior.

At the same time, the results are not significant at the 0.05
level, and our analysis is a post hoc analysis. However, we
still argue that the experiment offers valid evidence, as the
effect is significant at the 0.1 level, the post hoc analysis
has a straightforward interpretation, and the experiment setup
aligns with the post hoc analysis, not least because the post
hoc analysis is an adapted version of the pre-planned analysis.

Further, while these results support our proposed IFT inter-
pretation of liveness, it is only a single experiment, and many
other explanations might apply as well.

D. Observations from the Sessions

While the post hoc analysis offers a direct relation between
tool access time and usage frequency, our subjective observa-
tions during the sessions offer some nuance to the result.

First, we expected participants to be used to short access
times and perceive delayed actions as a nuisance. Interestingly,
only one participant complained about the delays, even after
we revealed to them that the delay was introduced intention-
ally. Several participants noted that they did not feel like the
delays were a hindrance, as they were used to longer delays
from their everyday work (e.g., one participant reported to do
professional cyber-physical programming).

Similarly, we expected at least some participants to devise a
new workflow that offers them a short access time, for instance
by extensively logging state to the Transcript (the Smalltalk-
equivalent of terminal output) and potentially devising short
helper methods for doing so. However, only one participant
used the Transcript extensively, and they actually also did so
in the live condition, mostly to find suspicious state changes.

Finally, some previous works speculated that longer access
times might lead to programmers adapting a more thoughtful
workflow during which they make changes that are more con-
siderate and access information more consciously. From our
subjective impression, this did not occur during our sessions.
Most participants continuously edited code or interacted with
tools in small steps, independent of whether actions were
delayed or not.

E. Future Work

While we argue that our IFT interpretation of introspection
tools and liveness is more detailed than previous interpreta-
tions, it is still not fully developed. A more detailed interpreta-
tion for single tools (such as the debugger) or liveness features
would allow for more detailed predictions. In particular, future
iterations should include a more detailed definition of scent in
introspection tools.
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Similarly, our experiment only provides a first data point
for exploring an IFT interpretation of liveness but is still too
broad to allow for definitive conclusions, as it did not control
for value and only changed cost in a general way. Valuable
next experiments might focus on value or cost in greater detail.

For instance, to control the value of introspection tools
more, participants might work with two tools with approxi-
mately similar features (e.g., the object inspector and explorer
in Squeak/Smalltalk), with only one having an artificial delay
added to accessing it. Another experiment might introduce
a tool that always provides a very high value (for instance,
might show relevant state infections that directly lead to the
defect) and increase the cost of accessing it across conditions
to determine whether participants are sensitive to cost or
whether they will use the tool either way. We also expect the
sensitivity to cost to vary with different kinds of information,
e.g., programmers might be less sensitive to cost for dynamic
information that is typically used in in-depth analysis such
as detailed profiling information. In such cases, programmers
might accept a higher cost and not change their usage patterns.

Similarly, we have only varied the temporal aspect of
liveness in this experiment. A longer delay introduces obvi-
ous costs, but a larger distance between static and dynamic
information and a higher conceptual distance could similarly
be experienced as higher access costs. A fully formed IFT
interpretation of liveness would consider these aspects as well.

Investigating existing design frameworks such as Tanimoto’s
liveness levels based on our IFT interpretation might also be
fruitful. The first four liveness levels describe which parts of
the process from static source code to dynamic information
are automated and continuously updated. Each level, therefore,
makes different kinds of information cheaper to access, and
should therefore result in distinct workflow changes.

VI. CONCLUSION

To integrate liveness more closely with existing theoret-
ical frameworks of programmer behavior, we proposed an
interpretation of liveness in terms of the information foraging
theory. For that, we introduced a detailed IFT interpretation
of dynamic introspection tools. Within this interpretation,
liveness reduces the cost of navigating to introspection tool
patches. We hope that our IFT interpretation of liveness may
inspire the discussion on the theoretical foundations of liveness
and its role in programming tools.

To gather first insights on our interpretation, we conducted
a post hoc analysis testing that an increase in access time to
introspection tools increases their cost and, as a result, their
usage frequency in the context of debugging tasks. The results
are in line with our interpretation but are not sufficient to fully
support or refute it. More detailed experiments are necessary
to evaluate whether an IFT can model the impact of liveness.
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