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In the last 20 years software has become an increasingly problematic object in the sciences. While
it has become integral to research in many fields, scientific communities have struggled with
problems of reproducibility, reuse, and the validity of findings produced by complex software
systems. This has been attributed in part to the unplannable and unpredictable nature of scientific
work itself, which makes it difficult to test research software or to define its requirements ahead of
time. In this dissertation I draw on ethnographic work with a research group in the field of
reionization cosmology in order to develop an understanding of how researchers develop novel
software instrumentation in these contexts of uncertainty. I elaborate the notion of exploratory
programming as a central process in scientific work that is distinct from software production, and
I further develop the concept of the research software system as a system of heterogeneous
software processes that is organized to reconcile the need for rigidity and flexibility in research
infrastructures. This contribution reconceptualizes how software is used in scientific work as well
as the process by which software engineering methods might be integrated into that work, and it

provides new conceptual handles with which to support both activities.
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Chapter 1:

Introduction

In many fields software, and software development, are becoming integral to the day-to-day
work of research (Carver et al., 2022), but scientific communities have struggled to turn software
into an effective tool for scientific inquiry, wrestling with problems of reproducing findings
(Stodden, 2018), building off of each other’s work (Goble et al., 2011; Feinberg et al., 2020),

and ascertaining the validity of results (Kelly and Sanders, 2008; Howison and Herbsleb, 2010).
These problems are such that multiple programs have emerged with the goal of improving the
quality of software in the sciences. These include the software carpentries, which are
workshops focused on training researchers in software-related tools and techniques (The
Carpentries, 2021; Wilson, 2006a); the promotion of research software engineering as a career
path and a kind of work within the sciences (Baxter et al., 2012); and the creation of institutes

dedicated to promoting software quality in the sciences (e.g. URSSI, 2021).

Long-running scholarship on scientific software has developed a couple of different reasons for
why it has been so difficult to render software as an effective research infrastructure. Some
explanations point to aspects of scientific culture, such as reward structures that favor discovery
of new things over the maintenance and design of systems or aspects of training. Other
explanations, however, point to a characteristic of unplannability in research work itself.
Unplannability does not mean that researchers cannot plan at all, but rather that they often do
not have specifications or gold standards to define what the output of their instrumentation
should be. In software engineering terms, scientists have an “oracle problem” (Kanewala and
Bieman, 2014; Kelly and Sanders, 2008). Because of this characteristic, they find it difficult to
effectively test their software, or to engage in long-range planning and design work. This has led

to an image of scientific software work as an ad hoc, unsystematic, or amethodical affair (Rother



et al., 2012; Ahalt et al., 2014). Others have argued that scientific software development
resembles a nonstandard form of Agile software development (Easterbrook and Johns, 2009;

Heaton and Carver, 2015).

Science studies has also long considered the problem of unplannability in the sciences, and it is
something of a trope in the characterization of scientific work. This has been stated as a
characteristic of experimentation (Fleck, 1979), a reason for the autonomy of science from
governance (Polanyi, 1945), and an argument against efficiency metrics for scientific work
(Peterson and Panofsky, 2021). In science studies too this quality of unplannability has
historically been taken as part of the furniture: the unpredictability of science is clear, but there
is little to be done or understood about it. Dynamics of uncertainty, contingency, and serendipity
have been viewed as intractable to rationalization as aspects of a context of discovery (Popper,
1961), and have been sidelined to activities of justification or demonstration. Somewhat more
recent work on science as practice (Pickering, 2010), on experimental systems (Rheinberger,
1992), and on the formation of problems in scientific work (Fujimura, 1987; Passi and Sengers,
2020) can provide a more solid basis for looking more directly at the processes by which

scientists proceed without requirements or oracles.

Unplannability can also be framed as a problem that is characteristic of research infrastructures
in general. Building out robust standards and systems for scientific work often runs into the
problem that scientific objects change in ways not predictable ahead of time (Hirsch et al.,
2022). Studies of cyberinfrastructure have looked at the processes by which researchers work
through these tensions, repurposing old techniques, adding new ones, and building
commensurability between old and new endeavors (Ribes and Polk, 2015). These processes
are of course not just about rendering specific computing systems interoperable, but of
"relational maintenance" of the interconnections between knowledge, technologies, and

organizations (Bietz et al., 2012).



Taking these prior approaches together presents a number of changes in focus in
understanding research software. There has been a great deal of work on how to improve or
encourage the production of better quality software in the sciences, but it is also possible to
consider how software becomes a productive and manageable material for epistemic work.
Specifically, we can look at how software plays into the exploratory and contingent work that
goes on in science before the epistemic dust has settled and requirements are solidly in hand.
In part this means looking at the interplay between the development of software and the
development of new scientific understandings. Additionally, with the right case, we can look
empirically at how software engineering techniques and the best practices of research software
development (Wilson, 2006a; Wilson, 2014) do come to be integrated with these exploratory or
highly contingent practices. We can examine what relationships and interactions are established

between exploratory research and the work of software production in the lab.

The goal of this study is to examine these dynamics of unplannability and their relationship with
the development of robust research software infrastructure. | do this through ethnographic work
with a research lab in the field of reionization cosmology. This group, which | will call the Radio
Group, is hunting for a particular signal emitted during the early period of the development of the
universe, using data collected from radio interferometers. Writing code and developing software
tools is an essential part of this work and in recent years members of the Radio Group have
sought to improve the way they develop and maintain their software tools. Through qualitative
analysis of field notes, interviews, and documentary data | examine how the Radio Group
leverages software in their research work and how in recent years they have developed

processes for more robust development of research software.

In order to better understand this problem of unplannability my first research question focuses
on software in a process of exploration: (RQ1) How does software become a tool for exploratory

work? More specifically, | look at how the Radio Group leverages software in the process of



problem formation. As has been argued elsewhere, problems are the object and outcome of
work in their own right (Fujimura, 1987; Leonardi, 2012). To put this differently, by the time the
problem has been set a lot of work has already been done in understanding a situation and
one’s stance towards it. By examining this ‘figuring out’ work we can look at scientific work, and
scientific software, in those situations of exploration where movements are made without
oracles or requirements. Moreover, the work of problem formation goes a long way towards
defining next steps, and, in the case of software, establishing requirements. This allows a better
view of how requirements do emerge in the research process, and goes some way towards

substantiating why agile-like methods work (Easterbrook and Johns, 2009).

Once we have looked more closely at processes of exploration and problem formation, we can
return to the problem of introducing software engineering practices into the sciences from a new
starting point. In order to do this | ask (RQ2) How do researchers reconcile flexibility and rigidity
in their software tools? Flexibility and rigidity are broad concepts, but | look specifically at how
the Radio Group maintains software as research problems and stakeholders change. | look at
emergent relationships between this effort to build research software infrastructure and the
more exploratory processes of research work. | examine how the work of research and the work
of software production are rendered distinct processes within the research group and their

collaboration, and the points of connection between these distinct processes.

Lastly, | examine processes of change that the Radio Group and their collaborators undergo in
attempting to improve the way they work with software. | ask (RQ3) How does a research group
incorporate software planning and design processes into their research work? The literature has
framed unplannability as an obstacle to software engineering practices that require the long-
term planning and design of software, but given the deep integration of such practices amongst
the Radio Group and their collaborators we can ask empirically how this might be done. In

particular we can examine how software engineering practices are integrated into research



practices typically marked by uncertainty and contingency. This process has thus far been taken
implicitly as an individual adoption process, either through the researcher reading lists of best
practices or through a software carpentry setting (Wilson, 2006a; Sutherland et al., 2025). More
explicit attention to the social and collaborative dynamics around the actual uptake of these

practices is much needed.

My primary approach to addressing these questions is to develop the concept of the research
software system. A research software system is a system that produces novel capacities for the
experience and interpretation of phenomena. One of the primary contributions of this concept is
that it is an alternative to considering research software as a homogeneous category. The
research software system comprises both processes of exploratory programming as well as
processes of software production. These processes are distinct but mutually constitutive,
meaning that the system is working well not when all of its activities have been converted to
engineering or production work, but rather through the articulation and coordination of these
distinct processes. It also entails different kinds of software, from research code to collaboration

code or production code.

The research software system develops through iterative processes of improvisation (Weick,
1998), by which researchers draw on established routines and stable resources in order to
produce novelty in the working of their instrumental system. In this “pattern-in-variety” (Cohen,
2007) view, routines are performed again each time, and they are subject to reflection and
variation that can produce change in organized activity (Pentland and Rueter, 1994).
Conversely, improvisations of this kind are not performed as a wild, random flailing, but rather
draw on variation in established routines and artifacts as resources (Weick, 1998). Robust
software is such a resource in these activities. It is in this view that we can move past the
ostensible unplannability of research work. It allows us to consider how researchers pursue

novelty but nevertheless structure their work and produce recognizable patterns of activity. In



this tension between established routines and the production of novelty, the research software
system becomes a generative system. It becomes productive of new phenomena, new research

problems, new scientific findings, new requirements, and new software.

In developing the concept of the research software system | draw on a couple of different
conceptual resources. A great deal of this notion is built around Hans-Jérg Rheinberger’s
concept of the experimental system (Rheinberger, 1992), which provides a way of talking about
the process of differential reproduction at the heart of systems for scientific inquiry. However,
my concern diverges from Rheinberger’'s somewhat in that | am focused on epistemic work, the
activities by which researchers put experimental systems into action and refine them through
successive performances of the production of phenomena. This process | characterize as a
transactional research process. By transactional here | draw on Deweyan (2023 [1938])
understanding that knowledge is produced through ordinary transactions with the world rather
than through an external mirroring or spectation on the world (Schén, 1992). The research
software system, then, proceeds through a kind of conversation with the situation, which relies

heavily on action and retrospection.

A last point is that the research software system is a historical entity. Above | have described a
definite system with distinct parts that interoperate, but this is not a timeless model of the way
knowledge must be produced, with software or otherwise. My characterization of the research
software system is also about the way specific researchers think about their work, the way they
come to understand a distinction between research code and production code, or the way they
come to understand notions of rigor or flexibility with software. It is also about how they enact
these things. A large part of the contribution, then, is to describe how researchers articulate
(Strauss, 1988) these different kinds of work, and how material artifacts are leveraged in
negotiating and bounding these different activities (Lee, 2007). The research software system is

itself an outcome of these coordinative activities. It is these coordinative activities that make the



research software system, and they are oriented around a tension between exploration and

stability that is at the heart of the ongoing problematic of research infrastructures.

These notions of distinct processes have not always been the way that researchers think about
their work, and of course it has not always been the way they pursue it. It is a way of working
which has emerged in the uptake and growth of large systems of software for scientific work and
with an effort to tame or systematize work around those systems. What | am describing is not
just an understanding or mental model that researchers have; it is also a way of working that
they pursue in the world and which more or less works for their aims. But | am not describing a
fundamental law of epistemic process or a kind of social physics. The research software system
is interesting as an explanation of how research work gets done with large software systems,
but it is also interesting as a diagnosis of a contemporary, emerging way of working in the

sciences.

| present two primary sensitizing concepts (Blumer, 1986) that can help us reapproach scientific
software in a new way. The notion of exploratory programming has been described already
(Kery and Myers, 2017) but | elaborate it in terms of the work practices of researchers,
connecting it with temporalities of research work in the lab as well as the rituals of lab meetings
and data analysis sessions. This concept of exploration on its own presents a somewhat
different criterion for how to improve research work with software and what good software work
looks like in the sciences. The larger sensitizing concept | develop, the research software
system itself, can focus our attention on the importance of articulation work (Strauss, 1988) in
making a research software system go well, particularly in highlighting transition points between
different kinds of work with software, such as in the process of graduating code. These concepts
not only provide new ways of approaching software as a tool in the sciences, but also in many

contexts where software is frequently used as a tool in a sensemaking process, rather than as a



means towards already established ends. Such cases range from the use of programming in art

and design to many contexts that go under the term data science.

The rest of this document works through these ideas in the following way. Chapters 2 and 3
present some conceptual background for my arguments and lay out my methodology and
methods. Chapter 4 characterizes a process of exploratory research work both in terms of its
minute activities of testing problematic phenomena, and also in terms of how this process of
testing plays out in larger patterns of work. That chapter focuses primarily on addressing my first
research question, how software becomes a tool for exploratory work. In Chapter 5 |
characterize the work of software production by examining a distinction that the Radio Group
and their collaborators accomplish between research code and collaboration code. This focuses
on understandings and enactments of software production work in the research lab, but also
how exactly it comes to be articulated with the process of exploration. Chapter 4 and 5 together
describe the basic aspects of a research software system, and Chapter 6 describes how this
system develops over time, examining how research code piles up and ‘graduates’ to
production code, as well as how the capacities of a research software system develop over
time. Chapters 5 and 6 together answer my second research question, how researchers

maintain software as research problems and stakeholders change.

Chapter 7 addresses my third research question, how researchers integrate software
engineering practices into their research work, as somewhat distinct from the conceptualization
of the research software system. This chapter is more about how change in practice around
software was actually accomplished in a research group and its larger collaboration. | outline
how these processes have sociality, rather than being dyadic, personal choices, and that
scientific work is remade in various ways in the integration of software engineering practices.
Chapter 8 is dedicated to connecting these findings back to the literature on scientific software,

computer supported cooperative work, and science studies.
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Chapter 2:
Background

This study marks out scientific software as a concern for the social study of science, for studies
of collaboration and organization in the sciences, and for software engineering. Here | will draw
on a number of different ways that these different disciplinary interests have approached (or
could approach) scientific software as an object of concern. | first cover the fairly long-running
discourse in software engineering scholarship around scientific software as a software
engineering problem, and then move on to concepts of anomalies and unplannability in the
science studies literature. | then cover literature on the topics of research infrastructures and

problem formation, which form the backbone of my analysis of research software systems.

2.1 Scientific Software

Alongside and connected with movements for open science and reproducibility in the sciences,
there has been a long-running effort to change the way researchers develop software. This
effort in fact contains a variety of related, but distinct problems. These include robustness and
reuse (Hong, 2014; Marshall et al., 2010), reproducibility and replication (Feinberg et al., 2020;
Stodden, Krafczyk, and Bhaskar, 2018), sustainability (Carver et al., 2021; Ram et al., 2018),
openness (Howison and Herbsleb, 2013), and productivity (Wilson, 2006) among others. Efforts
to promote these characteristics of research software have also taken somewhat different
approaches. One approach is to promote better software development practice amongst
scientists. This involves the advocation of best practices (Wilson et al., 2014; Kelly et al., 2009),
training researchers in software development (The Carpentries, 2021; Wilson, 2006a), and
increasing recognition and citation of software work in the sciences (Hettrick et al., 2014; Katz
and Hong, 2018; Du et al., 2021; Howison and Bullard, 2016; Katz et al., 2020). A second

approach, which overlaps the first, is to create positions and career paths within academia and
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national labs for people who develop research software (or do other kinds of computing work)
as their primary activity (Berente et al., 2017; Baxter et al., 2012; Cohen et al., 2020; Carver et
al., 2021; Sims, 2022). Here | will use the term “software engineer” for individuals who have a
strong training in software engineering practices and whose primary output of their work is
robust software. | will use the term “software developer” as a more general category describing
anybody who does a significant amount of software development in their work. A software
developer may also be engaged frequently in more exploratory kinds of work, although the term
developer does designate a situation where effort is being made to build enduring software

products.

Given how difficult these efforts have proved to be, there has been some reflection amongst
software engineering scholars on what exactly is characteristic about science, and why it
presents a different or challenging situation for software engineering methods. This has
produced a large number of characterizations about scientific software development, such as
that researchers cannot specify their requirements in advance, that they lack “oracles” against
which to test their software, that they are often self-taught, and that they typically develop for
their own case first and only later think about broader applications (see Heaton and Carver,

2015).

Two related themes which pervade these accounts of scientific software development are the
oracle problem and the absence of up-front requirements. The oracle problem is a situation in
which there are no outputs or gold standards against which the software can be tested.
Although this problem has a longer history in software development, the absence of oracles is
frequently cited as a characteristic which makes it difficult to bring software engineering testing
practices into the sciences (Kanewala and Bieman, 2014). The fact that scientists cannot
specify requirements at the outset of development work is similarly cited as a particular difficulty

for bringing software engineering methods into the sciences, and is cited as contributing to the
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ad hoc or contingent working style of scientific software development. Heaton and Carver

(2015) summarize this idea in characterizing the association between scientific software

development and the Agile methodology:
“When scientific projects are investigating new science, they are not able to determine
all of the requirements in advance. Therefore, they cannot effectively use plan-driven
approaches. Instead, the development teams need a methodology that allows them to
experiment with different solutions as the requirements are discovered. This
methodology would have to include many of the characteristics of the Agile development
methodologies developed by software engineers [2]. Scientific software developers

support the observation that they generally use an agile development approach because
they do not know the requirements ahead of time [3]” (pg. 14).

In these accounts the absence of requirements is a basic characteristic of scientific work and
that characteristic has broad ramifications for their ability to plan and structure their software
development work. The reason that scientists cannot specify their requirements, or the
conditions in which they can or cannot is not well explored, but their work, science, is
maintained as an explanation of the necessary contingency of their development process. The
oracle problem sows similar chaos with scientists’ ability to test their software systematically:
because the output of the software is precisely what is at issue, it cannot be provided as a
definition of correct behavior on the part of the software. Drawing on understandings from social
and philosophical studies of science (to be discussed shortly), the instrument or experimental
system is intended to produce emergent phenomena, or “unprecedented events” (Rheinberger,
1992a). If the outcome of the operation of the instrument could be defined ahead of time then
the operation would not be functioning as a way of developing the researcher’s understanding

or creating new scientific objects.

Requirements engineering is in fact one place where social science approaches have made
inroads into software engineering methodology, especially around the notion of requirements
elicitation (e.g. Jirotka and Goguen, 1994). In a series of studies in the 1990s, a number of

researchers brought ethnomethodological understandings of plans and the situated nature of
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work into understanding requirements engineering. Goguen (1993) and Pinheiro and Goguen
(1996) argued that requirements emerge over the course of a project, and that they are
negotiated between people and in relation to local activities and resources. They and others
also argued for the importance of naturalistic inquiry for understanding requirements because of
the need to understand implicit knowledge (Jirotka and Luff, 2006). Despite its recognition of the
emergence of requirements (rather than existing pre-formed at the outset of development work),
much of the emphasis in this line of research was on this issue of eliciting tacit knowledge,
rather than on how requirements develop or change over time. Under that concern, these
studies have emphasized the importance of understanding requirements or needs within

researchers’ own perspectives and work contexts (Darch et al., 2009).

Some scholars have put forward more cohesive models of scientific software development.
Segal’s (2007) early work describes scientific software as “end user development”, a situation or
way of working with software that is part of a broader discussion in software engineering (Ko et
al., 2011; Nardi, 1993). The idea of end user software development typically describes someone
who is developing software as a means to a personal end, for the sake of accomplishing a
particular goal, rather than creating robust software intended to be used by others. However,
Segal (2007) pulls a number of other characteristics out of this kind of development, such as an
iterative or evolutionary development process, the prioritization of consulting a network of
colleagues over consulting documentation, the tendency to not take testing seriously, and the
common situation of software which was initially designed for a single individual purpose
suddenly needing to be made more robust for a wider set of use cases. These approaches seek
to characterize scientific software development as a kind of software development, but do not
attempt to provide broader accounts of scientific work into which those development activities
must fit. They do involve, however, case studies or personal engagement with researchers and

their day-to-day work.
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Kelly’s (2015) model, which she terms “risk averse software development”, similarly looks for
science as a model of software development, but it also eschews software development
methodologies as they are traditionally understood for an understanding that takes scientists’
practical goals more seriously. In particular she emphasizes that for scientists the outcome of
development work is not working software but rather new knowledge. She emphasizes this in a
series of case studies:
“After the new module is running, the scientist may code certain pump parameters to be
calculated and plotted in order to compare to plant data. Each activity increases
knowledge in one or more knowledge domains. Nowhere is the software considered the
end product. The software is a part of the integrated acquisition of knowledge from all

knowledge domains. The end product is the scientist’s increased knowledge moving
him/her towards an answer to the scientific question” (Kelly, 2015).

Kelly also responds against characterizations of researchers as not testing or attending to
quality in software. Her model in fact emphasizes scientists’ aversion to risk, and describes

L]

some scientists’ “relentless” pursuit of anomalies in their software (Kelly, 2015, pg. 54). Lastly,
agreeing with Sletholt et al. (2011), Kelly argues that researchers do not operate with hard
divisions between activities of requirements gathering, design, testing, and development, but
rather do all of these things together in the process of their work. All together, this is a model of
“software development as knowledge acquisition” (Kelly, 2015), which focuses on aversion to

risk (in the consequences of the results produced by the software) and different “domains” that

drive development work.

One benefit of Kelly’s approach is that it attempts to situate software production in scientific
work rather than situating scientific work in models of software production. Building on Kelly’s
argument, Paine and Lee (2014; 2017) emphasize the importance of the scientist being “in the
loop”, and examine the use of plots as a way of encountering and testing many parts of a
layered software infrastructure. Goble et al.’s (2013) notion of “knowledge turns” targets the

process of iteration in scientific work. Enabling the rapid sharing of software workflows would
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enable researchers to more quickly build off of each others’ work, thereby improving a critical
dynamic in scientific work processes. Howison and Herbsleb (2010), too, examine scientists’
own understandings of correctness in software (rather than taking formal definitions of software
correctness) and found that they are deeply embedded in the social dynamics of the production
of software: the fact that the software is widely used, the researcher’s own familiarity with the
code, or because it was validated against the results of other approaches. These studies pay
close empirical attention to software components and their materialities, but their object of study
encompasses scientific work. As Paine and Lee (2017) argue, the creation of scientific software

is also the doing of scientific work.

Another line of research in CSCW and organization studies have looked at scientific software
production in terms of incentives. These studies emphasize the amount of labor involved in
producing software and the rewards that researchers reap from it. For example, Trainer et al.
(2015) outline all of the various tasks researchers have to undertake in order to make their
software into a “community resource”, which range from bug fixing and managing dependencies
to mentoring and writing tutorials. Howison and Herbsleb (2011) find a variety of models of
software development across three cases, which vary particularly with regard to the incentives
and rewards structures surrounding software development work. Across these models they
identify tensions between the kind of maintenance and support work that software requires and
the particular process by which researchers garner reputation through publishing:
“The bifurcation between reputation for a software publication and citations derived from
software use, shown in Figure 2, has potentially negative implications for direct
collaboration on software between scientists. The authors of the initial software
publication are frozen in time at its publication. Contributions to maintenance and
support by others, while crucial for the software’s usefulness and citations, are not
rewarded by citations to the original paper. This means that such contributions are hard

to turn into sources of academic credit for the later collaborators” (Howison and
Herbsleb, pg. 521).
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This attention to incentives comes up here in the context of researchers’ contribution to software
work, but it becomes salient also in discussions around making positions and careers for

research software engineers in academia (Carver et al., 2021).

The idea of software as a “community resource” (Trainer et al., 2015) is another theme which
pervades the literature on scientific software development. The observation that researchers
often build software initially for their own purpose without considering other use cases is often
noted in case studies (Heaton and Carver, 2015), and is associated with scientific software
development efforts being ad hoc, rather than systematic across applications and use cases.
Reusability is one of the primary problematics outlined in the problem of research software, and
it is framed both as a problem of enabling the reuse of software among researchers in a lab or
group (Feinberg et al., 2021), as well as the ideal of creating robust, community-supported
scientific software tools that can serve many use cases (Koehler et al., 2020). As discussed
above, the overhead of building more robust software, considered against the incentives of
scientific work, is often seen as an obstacle to making software reusable. This involves both
taking on more tasks (Trainer et al., 2015), but also organizational change in terms of how
researchers collaborate with each other and the kinds of skill sets present in research labs and

groups (Neang et al., 2023).

The trajectory of this literature shows an increasing engagement with the details and customs of
day-to-day work in research labs, as well as more subtlety towards how software development
work in those sites might be improved, but there is still a lot that is not well understood. While
the work of Kelly (2015) and others (e.g. Paine and Lee, 2017) correctly point out the use of
more situated understandings of scientific problems in lieu of rigidly codified requirements
specifications, the issue of how researchers form these understandings through process of
collaborative work, and how they guide software development work over time, still matters and

is not well understood. Moreover, in some places this situatedness is given as a reason why
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scientists do not employ engineering techniques, but such techniques are seeing some adoption
in the sciences, or at least they are in the field site considered in this study. This includes
techniques that look very much like planned software development, such as semantic
versioning, deprecation, and requirements gathering. So how are these techniques being taken
up alongside the more contingent processes so often ascribed to scientific work? Moreover,
models of end user development and risk-averse software development seem to account for the
ostensibly ad hoc and unsystematic development processes of scientists, but do not describe
how these are reconciled with the development of robust infrastructural or community-supported
software tools, which do exist in the sciences. More importantly, the boundary between, and
differing conditions of production of, these different kinds of software has not been well

explored.

2.2 Software and problems of materiality

| describe above how software has become a particularly problematic object in the sciences, but
it is important to point out that software has in fact become problematic for almost everyone who
interacts with it, from software engineers to practitioners of law. There are a variety of reasons
for this. The term software collects together a variety of things, it invokes long-running
assumptions about categories of the digital or electronic, and software always travels as a
multiplicity of interconnected statements. These issues can make software a somewhat
intimidating object of study. It is, seemingly, too many things to hold together. However, | would
consider my own view of this as a tempering one. The complexities of software may be
particularly troublesome but they are not a complete departure from the problems of complexity
that harry scholarship on other technologies and societal phenomena such as scientific
instruments, cyberinfrastructures, or bureaucracies. | will argue that we can approach software

by adapting old conceptual tools, by approaching it in relation to practice and by following and
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taking seriously the tools that people have already developed for making sense of it. Although it

has changed radically and repeatedly, software is, after all, a quite old category of technology.

2.2.1 Software as digital system

Some of these difficulties are the difficulties which adhere more broadly to categories of the
digital or electronic. As McKenzie (2006) points out, software is often understood as being
intangible, operating invisibly and producing results seemingly from thin air. Digital systems are
in this way treated by both their promoters and their critics as a kind of “technological sublime”
(Kirschenbaum, 2008, pg. 34). This is a quality it seems to extend to things it composes, such
as “the cloud.” In part this is a matter of imperceptibility, that one cannot see the operations and
movements of software as it runs, only input and output. In contrast to the media it has replaced
western business settings, such as paper, certain affordances of grasping and folding have
ostensibly disappeared (Sellen and Harper, 2003). There is also, however, a mathematical
claim on software, that software is definable as sets of relations and operations (McKenzie,
2006 , pg. 4). This, too, bolsters the notion of software as intangible, that software is best

considered as a disembodied abstraction.

Many scholars have pushed past this abstraction view of software by examining its materialities,
but this has complicated rather than simplified software as an object. Some have focused on the
materiality of the screen and interface of computing, whereas others, such as studies of digital
forensics, have focused on the materialities of magnetic storage, spinning disks, and transistors
(e.g. Kirschenbaum, 2012). These views of hardware do have the benefit of rendering the
acrobatics of digital things as accomplishments of vast and complex hardware systems. The
digital thing can move around the world in the blink of an eye only because of the satellites and
cables that make it possible. It is not a “context free grammer” (McKenzie, 2006, pg. 5), but

rather it can move from place to place because of the standardization of computing technologies
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from storage systems to data formats. As in Latour’s (1983) description of laboratory conditions,
it is the ability to “extend the rails” (pg. 155) of standardized computing systems to all parts of

the world that allows the software to move so freely.

There is also, however, the argument that we should not try to convince ourselves of the
materiality of the digital by attaching it somehow to the hardware or hardcopy materialities of
other things. Digital systems have materialities in their own right in the way people interact with
them. Dourish (2022) argues that while investigations of analog media or computing via other
materials are valuable, they look for materiality in hardware, and thereby affirm the digital as
essentially intangible. By contrast he draws on Schon (1979) in framing a materiality of digital
systems that plays out in interaction with digital interfaces and objects. This is only part of a
much longer recognition of the materiality of digital things (Leonardi, 2010; Sepkoski, 2017) and

the deconstruction of a divide between the digital and the material (Pink et al., 2020).

2.2.2 Software as multifaceted artifact

This brings us to a second issue with software, which is that the term in fact collects together a
large number of different things. McKenzie (2006) describes software as a “multidimensional
and mutating thing” (pg. 2), and a “densely populated neighborhood of relations” (pg. 18). In
some situations when one interacts with software they may be navigating many documents of
written text, or finagling with the phrasing or indentation of a particular programming language.
In this context software is code, not only translating between different symbolic languages, but
also in its materiality as a thing written in a document according to particular grammars. In this
materiality, some of the most important innovations of the field of software engineering are
technologies for the manipulation, differencing, and versioning of text, and contemporary work
continues in trying to construct better histories and comparisons of changes made (e.g.

Wittenhagen et al., 2016; Pham and Kelleher, 2025). Redesigning the mode of interaction
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between the programmer and the written code is still an active area of study, including in the
design of notebook interfaces (Rule et al., 2018) as well as the introduction of Al agents

(O’Brien, 2025).

One may also engage software as it runs, interacting with a produced interface and the
restrictions that the rules of program place on its operations: it allows you to search but not by
facets, it won’t let you use more than 250 characters, the buttons give no indication of action
when you press them, and so on. This is a mode of interaction that has come to occupy the
lion’s share of attention in contemporary design and usability research. One may also be
running software on a command line, trying one incantation and examining the output, before
trying another approach with different keywords or parameters. This mode entails both the
textual interactions of programming but also the constraints produced by the running program
and the interactivity of its responsiveness. The design of calls and visibility of code elements at

this level is a design space above and beyond code architecture (Stylos and Myers, 2007).

One may also be working with an algorithm. While the recent overgrowth of studies of
algorithms has not focused to a great degree on materiality of the kind implied in programming
or software use, they do imply interactivities in rule construction, categorization, and visibility
(Glaser, 2014; Burrell, 2016). Moreover, while algorithms are most commonly written out in code
as part of a larger software package to be run, they also accomplish certain kinds of
independence from the software. As a set of rules, an algorithm can be written in different
programming languages or it can be written in plain language on a piece of paper. The sociality
that emerges in the construction and enactment of algorithmic rule systems can be performed in

non-digital, pedestrian ways, such as on a walk (Ziewitz, 2017).

The point of outlining these different engagements with software is to recognize the ambition of

the term software in the number of different kinds of endeavors and interactions it is actually
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seeking to explain. Sometimes we talk about programs, sometimes about code, sometimes
about algorithms, and sometimes about software. My goal is not to dismiss this multiplicity as
some kind of failure of clarity or specificity: collecting these things together in an object that can
be considered as a whole is part of the work that the word “software” does. However, reflecting
on the landscape can help position my interest in this study. The most salient concerns that
have emerged around scientific software in the last two decades are not about the larger social
implications of screen interfaces and GUIs that were of interest in the 90s, nor is it usually the
concerns about opacity or categorization in rule-based algorithmic systems. The problematic of
scientific software does touch on these things but its central concern has more alignment with
those of software engineering: the emergent materialities of specific code bases in the way they
pile up, the way they resist or facilitate alteration, the way they become navigable and
comprehensible to their maintainers, the cleanliness of their design. These are the concerns of
the work of software engineering, as opposed to, for instance, the programming or use of

software.

It is both very difficult and very easy to approach software in this regime. It is difficult because it
encompasses many different interactions with software. We can look at this in a case described
by Spencer (2015). He describes a dynamic of “brittleness” as it developed in a software tool for
fluid dynamics modeling:
“...when it does break it is hard to figure out exactly why. Then, when you have figured
out why it broke, it is hard to fix it. And when you do implement the fix, there is a good
chance of causing further problems. Brittleness is a somewhat loose term that captures

the experience of coders struggling with working in what has become a very difficult and
frustrating medium” (pg. 472).

This term “brittleness” emerges across specific practices of development and use. It does not
just describe difficulties in tracing the activities of the software retroactively, but also in

navigating the lines of code and finding the correct place to make changes. Brittleness connects
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the way code develops on top of itself, the way it breaks down, the way it is opaque to
inspection, and the way it is resistant to even small changes. It is an evaluation of software as a
kind of material for doing certain kinds of things, and it is an evaluation of a specific piece of
software that has taken on this materiality through a specific history of design decisions and

organizational changes (a sudden expansion in contributors in this case).

Spencer’s account also provides an immediate path through this complexity, however. The term
“prittleness” takes the software in its full definition, as something that is written and also run, as
well as inspected and shared. Moreover, it characterizes software in longitudinal terms. It has
characteristics that play out over long-running efforts to develop it and maintain it. These
characteristics take shape in relation to particular practices, goals, and interests. This is more
than a consideration of software as having a “human dimension” (Turk, 2013; Wastell, 1999); it
captures the software in action. They reflect broad interactional tendencies in the way people
work with the software. They contain evaluations of multiple aspects of a software tool that have
emerged in past interaction or are likely to emerge in future interaction. Spencer’s (2015) term
for this aspect of software is “workability”, which actually situates this materiality in relation to
the literature on models in the sciences. It forefronts “models”, and in his case software, as
something that somebody works with and interacts with. This too is close to Schdn’s (1992)

characterization of a conversation with the materials of design.

Materiality on this level remains a difficult analytical object. How can we hope to characterize
the quality of such a large and differentiated system? My answer to this is similar to what it has
been for many other complicated systems that have come under study, and that is to follow the
actors (Parmiggiani, 2017; Ribes, 2014: Latour, 2005) in their own attempts to make sense of
such systems. Cultures of software engineering and science are both awash with

LTS

characterizations of software as “clean”, “flexible”, or “robust”, along with phrases like

“gradware” or “kleenex code” to describe broad interactional potentialities of particular software.



23

These represent not only aesthetic evaluations or efforts to leverage control over programming
practice (Fedorova et al., 2025), but also sophisticated efforts to make sense of the complex
materialities and potentialities of software tools that are built and maintained in different ways by
different groups. Software might be a complex object but people have significant capabilities of
description, as well as deep experience with software as a material that has developed over 70
or so years. Our project is not to draw on these characterizations unproblematically but rather to
take developed, emic understandings of complex software systems as points of departure for
understanding those software systems in relation to people’s goals, practices, and epistemic

struggles.

| focus on this understanding of materiality because it is the understanding that is of most
relevance to the development over time of software systems as tools for scientific research.
Many of the concerns that are central to software engineering, and to recent discussions of
scientific software, are this type of understanding. They include qualities of sustainability or
robustness (Hong, 2014; Marshall et al., 2010; Ram et al., 2018) that describe how a large
complex software system can be worked with, extended, shared and picked up by new
developers, and fixed when needed. My attention to the materiality of software could be on the
implications of interfaces in social life, or it could be in algorithms as the enactment and
definition of rulesets, but it is not. As with everything else, working through the multifaceted
character of software is not a matter of constructing a universal account of it, but rather

developing an account that is connected with one’s goals and interests.

2.2.3 Software as interconnected ensemble

A last point is that software always travels as many things together. We refer to software as an
uncountable substance, never as one or two softwares. When we consider a given “piece” or

“package” of software, we must consider that it can only operate in the way that it is supposed
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to by drawing on other software packages or dependencies, not to mention the operating
systems and other processing technologies that underlie it. Moreover, all of these
interdependent systems change frequently, with systems altering their functionality or simply
going defunct in their support. The maintenance of relations (between pieces of software and
also between software development teams) is therefore one of the central problematics of
software engineering, and | would argue that it is a non-trivial problem for scholarship on
software as well (see also Cohn 2019). This is not an entirely separate issue from the point
made in the previous section, but it is worth considering the dependencies between software

projects and their developers as a particular kind of relational difficulty.

Howison and Herbsleb (2010) have broached this issue by referring to scientific software as an
ensemble artifact. By this they mean that when a researcher runs ‘the software’ for some
particular purpose, they may be running code developed for particular analysis as well as
shared or common code for their particular research group, code general to their larger
collaboration or field, as well as code associated with operating systems, low-level mathematics,
and other highly general tools. Code from all of these different kinds of software run in any given
analysis or test that a researcher might pursue. This gets to the heart of the analytical problem
because when we refer to software as an instrument we may want to consider some specific,
named “piece” of software (such as the Python library astropy in astronomy), but the actual
extent of the instrument that needs to be considered encompasses the much larger array of
dependencies. In seizing hold of one specific software package we end up pulling out an

incredible tangle of software systems.

The first thing that should be pointed out is that, in this particular regard, software does not differ
as much as we might imagine from other kinds of technologies. A centrifuge, which is a central
example in Rheinberger’s (1992a) description of experimental systems, looks like a self-

contained box that sits on the laboratory bench and operates as needed. It usually has metal
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panels enclosing its internal parts, and in the manner of most modern personal computers
(Woolgar, 1990) the ‘user’ is not meant to access or fiddle with its hardware components. In
other words it appears as a definable, discrete appliance. Nevertheless the centrifuge relies on
a great many other production processes and technologies being in place in order for it to work
well. Improvements in electronic motors and controllers made greater speed and regularity of
centrifugation possible, which in turn developed the tool (and eventually the “ultracentrifuge”) as
an instrument for specific scientific problems (Rheinberger, 1992a, pg. 320). This is not a one
way influence, as the development of centrifugation technologies was motivated from early on
by the developing work of biologists and chemists (Pedersen, 1976). Similarly the development
of much larger instruments establishes new networks of interactions between scientists and
industries (Galison, 1992). While software may be particularly complicated in the way it relies on
many interconnections between distributed development projects, it did not invent relationality

de novo.

This is not such an encouraging point, because it asserts that what was bad news for
understanding software is in fact bad news for understanding many other kinds of things.
However, once again, investigations of those other things have provided strategies for
proceeding. | once again draw on the strategy of following the actors. This is an approach that
Cohn (2019) takes to the problem of mutability of software systems. As she points out, the
quickly changing nature of software is not just a problem for the STS analyst but also for the
developers of the software themselves. Recounting an instance in which a systems engineer
makes a larger group of developers “feel” their interconnections by moving a single file and
having them assess who was affected by that simple change. Cohn’s point in this case is about
the “timeliness” of software, a temporality of remembering and forgetting. However, it also
demonstrates the relationality of software as an object of software engineering work.

Remembering and managing interrelationships between people and developers is an essential
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part of building software. If the analyst finds difficulty in tracing these relations they are not

alone.

Scholarship and practice on software engineering provide an assortment of techniques for
cutting up, relating, segmenting, modularizing, and productionizing software into discernable,
interconnected parts. These range from notions of packages or libraries to the technologies of
package management, versioning, and, as | will argue later, the unit test. Perhaps most
prominent among these is the notion of the module itself. Parnas (1972) original notion of
modularity was directly aimed at managing the difficulty of interconnections between parts of a
software system through a strategy of information hiding. In this model modularization is a
process of turning a large software system into distinct parts through the definition of interfaces,
which enable each part to hide as much of its functionality as possible from other modules,
limiting what each module needs to know about others. This is to enable one person to work on

part of a code base without needing to monitor or understand all other parts of the code.

The module has taken on a variety of other connotations in organizing ensembles of software.
Sanchez and Mahoney (1996) define modules by focusing on the interfaces. These interfaces
define certain inputs and outputs, which provides a skeletal structure, or “information structure”
for a software system. In this understanding the module is in fact defined as a conformance to
standardized interfaces. The module is a component “whose interface characteristics are within
the range of variations allowed by a modular product architecture” (Sanchez and Mahoney,
1996, pg. 66). There are therefore many different kinds of things which can serve as the same
module, and it is precisely through this design that a modular system enables loose coupling in
an organization: it allows people to work autonomously and concurrently on different parts of a
system. Baldwin and Clark (2000) similarly emphasize that once a modular component has
been shaped by standardized interfaces its content can be changed out without affecting the

rest of the system.
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Drawing out the notion of the module in this way is valuable because it captures a number of the
approaches characteristic to the management of software relations in software engineering. In
all of these cases modularity is a kind of graceful, facilitated forgetting, which is accomplished
through the implementation of standards. Also, all of these considerations consider social or
organizational relations and not just connections in the operations of non-human artifacts.
Modularity is almost always about what people need to remember, who they need to
communicate with, and who they depend upon. Modularity is also recursive in a particular sense
in that its rationales guide the design of low level functions or methods in software systems, as
well as the design of larger classes, packages, and repositories of software. The module, then,
is one of our most important points of departure for understanding how developers come to

understand and manage the relationality of software systems.

An immediate route forward is to consider the module as memory and as delegation. The effort
towards information hiding is in tension with Cohn’s (2019) description of a technique for
keeping software present. A key part of the purpose of a module is to offload thinking and
cognitive load onto a contractualized entity. One only needs to remember and understand the
input and output of a module and not its intricate internal operations. In this line of thinking it
connects with long-held understandings of the routine as a way of offloading cognitive load, or
the artifact as ‘external memory’; it is a program or script (D’Addario, 2011; Nelson and Winter,

1982; March and Simon, 1958).

The goal here is not to discard activities of remembering or activities of forgetting in favor of the
other, but rather to emphasize that in the design and use of software its intense and shifting
relationality is engaged in large part through strategies of memory, and that these strategies are
not unilateral or definitive. It's worth pointing out here that the definition of the module

recaptured in Latour’s (1987) concept of the black box:
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“The word black box is used by cyberneticians whenever a piece of machinery or a set
of commands is too complex. In its place they draw a little box about which they need to
know nothing but its input and output” (pg. 3).

The black box, too, is about keeping parts of a complex system out of mind, but that notion
opens up our consideration of what that entails. Modules are often discussed as an
accomplishment, but the accomplishment is one of design, and once established it performs the
separation of concerns well. However, the black box is established and maintained by networks
of actors. In this sense when one attempts to understand the characteristics and materialities of
an artifact they are really making sense of a more or less concerted network (Camus and Vinck,
2019). This is a way of reapproaching the module as a strategic design, but one which is
accomplished in an ongoing way by a large group of actors. Moreover, it is a thing which can be
reproblematized, reinvestigated, and its contract or purpose can shift over time. This is the point
of departure that | will take in this study, to take the module or black box as something which is
accomplished in an ongoing way and to examine the sociotechnical dynamics by which that is

done.

It is worth summarizing my approaches to these different problems surrounding software.
Software presents itself as the digital in the sense that it cannot be pinned down because it is
ephemeral and intangible. Prior work provides a number of routes for avoiding this difficulty, and
my own is to avoid the distinction between digital and material and consider the digital system
as something that has materiality in the interactions people pursue with it. It enables and
constrains, as it is commonly put. Software presents many materialities and modes of
interaction. | have framed one of these for its value in understanding particular dynamics around
research software systems. My conception of software need not account for all possible
interactions. Rather, | am interested in particular understanding of the materiality of software as
it develops over time, in its workability. | am not interested here in the societal implications of the

interface or of code more generally. Lastly, code is difficult to pin down as a discrete thing. It is
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always a bundle of interconnected things. | think this is not so different from many other
technologies, a plane or a centrifuge. “Actors” have made many of their own segmentations of
what constitutes a piece or a package of software, and they use them frequently. My challenge
is not to accomplish a perfect or real segmentation of interconnected code, but rather to

understand the ramifications of the many delineations that are made, as well as their benefits.

2.3 Anomalies and unplannability

Discussions about the oracle problem and the absence of requirements in scientific software
development bear remarkable resemblance to longer-running discussions of anomalies and
uncertainty in the sociology of science. Drawing on this other scholarship can do a couple of
things for us. Firstly it can complicate our understanding of how researchers relate to, and
attempt to deal with, unknowns. Secondly, it can provide us with some theoretical tools to think

about the connection between planning and uncertainty in scientific work.

Uncertainty has been a common leitmotif in writing on science since at least the 1930s, but it
has been characterized and mobilized in a variety of ways. Fleck (1979 [1935]), for instance,
works against the definitive and clear-cut understanding of experiment:

“If a research experiment were well defined, it would be altogether unnecessary to

perform it. For the experimental arrangements to be well defined, the outcome must be
known in advance; otherwise the procedure cannot be limited and purposeful” (pg. 86).

Fleck’s point is firstly that if one knows the outcome ahead of time then the experiment loses
any kind of revelatory character it was supposed to have. One does not learn something new
from performing it. He goes further than this, however, in arguing that many experiments are not
framed in clear-cut ways nor are they clear in their outcomes. It is possible to identify what he

calls a “heroic ‘crucial experiment” (pg. 10), but these follow on a long trajectory of less
definitive trials through which researchers learn to formulate their questions. Fleck highlights this

aspect of scientific work in response to a kind of historiography, or simply a post-hoc
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rationalization, which leaves out the messier exploratory work in favor of a later stage where
trials are highly specified and the experiment performs a demonstrative role, indicating “yes” or

“no” in some pre-formed discourse on a topic.

In a quite different context, Polanyi (1945) develops the uncertainty of science as a problem

germane to its governance. In particular he argues that science has the potential to change its

own criteria for acceptability:
“Yet the degree of independence granted to the scientist may appear to be greater than
that allowed to other professional men. A businessman's duty is to make profits, a
judge's to find the law, a general's to defeat the enemy; while in each case the choice of
the specific means for fulfilling their task is left to the judgment of the person in charge,
yet the standards of success are laid down for them from outside. For the scientist this
may not hold quite to the same extent. It is part of his commission to revise and renew

by pioneer achievements the very standards by which his work is to be judged” (pg.
141).

Polanyi’s strong gendering of these professions aside, surprise and uncertainty are his primary
methods of rendering science as a distinct endeavor, as independent and pioneering. He was
frequently in discourse with J.D. Bernal's (1939) Marxist, state-planned model of science, and
for him the unpredictability of science was a basis for its autonomy from external direction.
Because science was precisely concerned with the discovery of new things, only experienced,

practicing scientists could sit in judgement of novel scientific work.

Positivist and post-positivist accounts of science had an uncomfortable relationship with
uncertainty. The systematization or rationalization of science was a common goal, but it
required also delimiting consideration to those things which they believed could be successfully
rationalized. Popper, for instance, agreed that the future direction of scientific work can not be
laid out ahead of time (1957), but was thoroughly engaged in the project of logically defining a
process of scientific justification. For him, and for many others in a post-positivist framing, the

uncertainty of science was safely relegated to a context of discovery, distinct from a context of
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justification. Discovery was just not tractable to logical analysis (Popper, 1959; cited in Simon,
1973). In this sense scientific work was unplannable in the long term, but its uncertainty was

safely quarantined from the basic logical processes that made science systematic.

More recently, Star (1985) stridently affirmed the centrality of uncertainty in scientific work, and
Fujimura (1987) considers it as a central issue in constructing “doability”:
“Basic science requires facing uncertainty on a daily basis, as many writers have noted.
Uncertainty decreases doability because it inhibits researchers’ ability to plan ahead,
which means that much of the work is carried out on an ad hoc basis... When
constructing and solving problems, then, scientists attempt to create other conditions —

including abundant resources, clear division of labor and packaged tasks — which reduce
uncertainty or alleviate its consequences” (p. 276).

In a way not dissimilar from studies of research software, she connects uncertainty with ad hoc
ways of working. However, she positions this uncertainty alongside efforts and strategies,
undertaken by researchers, to structure their work or their tools in ways that help them mitigate
that uncertainty. Looking at scientific work, then, one might see moments of apparent chaos,
where researchers drastically change approach because results surprise them, or expected
outcomes continually fail to appear. Such readjustments and uncertainties clash with the tight
timelines, promises, and organizational responsibilities that the researchers Fujimura follows are
working within. One might also see researchers engaging in the stringent standardization of
tools and procedures, precisely for the purpose of mitigating uncertainty. These two
phenomena, then, are not alternative characterizations of scientific work, but rather aspects-in-

tension that together help characterize the workplaces she is observing.

Where Fujimura plays out the phenomenon of uncertainty primarily as an organizational
phenomenon, Rheinberger (1992a, 1992b) situates it in a material-discursive process he calls
an experimental system, described below. In his account epistemic objects, the

characteristically undetermined objects of researchers’ work, and technical objects, the
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characteristically determined resources and instruments used in that work, are mutually
constitutive, with technical objects providing a material means to ask questions and give shape
to unknowns. It is the relationship between the epistemic object and the instrument that creates
the experimental system. In almost all of these accounts uncertainty is a central part of scientific
work, but it is in tension with researchers’ systematic efforts to control it, mitigate it, remove it, or

structure it.

More recently uncertainty has come up as a theme in discussions of efficiency in science.
Peterson and Panofsky (2021) draw on the same lineage | have described above in arguing that
metrics for efficiency in science cannot capture progress in science (or a rate of progress)
because the unpredictability of scientific work means that it is not clear what progress will be.
Such metrics would rely on clear means-ends relationships and these are under revision at the
cutting edge of science. This bears some relation to Polanyi’'s argument, and to others, but is
situated within a contemporary discourse around the quantitative measurement of scientific
quality, progress, and impact. The authors further point out that the argument against efficiency
relies on a view of the messiness of scientific practice, whereas arguments for metrics of
efficiency can draw on a popular, public view of science as a sanitized and rationalized process.
In this way there is a visibility dynamic to uncertainty, where it is accounted for or left out of
narratives of science. This relates closely to Fleck’s (1979 [1935]) observations about the post-
hoc rationalization of experimental work, which also expunge the more exploratory aspects of

scientific work.

This long-running leitmotif of uncertainty appears again in contemporary discourses around
scientific software. As described in the previous sections, software engineers approaching
scientific work identify the absence of settled requirements as a key differentiator of that work

from typical software engineering contexts (Morris and Segal, 2009). This is also emphasized by
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Kelly et al. (2011), who position this as an inherent quality of scientific projects that must be
accounted for:
“Science is often concerned with pushing the boundaries of known knowledge, so it's no

surprise that scientists push the limits of all the tools they use. That is, they find new
ways to break the tools. It also means they create new questions to answer” (pg. 9)

Other scholarship on scientific software shows a similar appreciation of uncertainty as an
immovable aspect of scientific work. It is for this reason, among others, that Agile methodology
has been recommended as a viable approach for scientific work (Easterbrook and Johns, 2009).
This is our point of departure, then, the acceptance of uncertainty as inherent in scientific work
but a remaining lack of visibility into exploratory software processes themselves. Having
asserted that scientists cannot adhere to the image of a waterfall or phased methodology, how
then do they proceed? What are the quotidian processes by which researchers write and run
software without rigid plans, and how do they make those processes work? This means looking
more directly at processes of experimentation and exploration: how they are structured,
organized, and adapted. There are, luckily, a variety of concepts we can draw on to do this. |

look at these concepts in the next section, through the problematic of research infrastructure.

2.4 Research infrastructure and infrastructural change

What is missing in accounts of scientific software is an understanding of generativity in the
writing and running of software. That is, how writing and running software produces new
understandings and new phenomena. Here | will first cover some of the literature on scientific
instruments and experimental systems which provides one basis for looking at software this
way, and then discuss some of the organizational literature on the performativity (and therefore
generativity) of routines. Lastly, | will cover some of the literature on research infrastructures,
which has looked closely at tensions between emergence in scientific work and the continuities

of infrastructural systems.
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2.4.1 Generative tools

The importance of considering generativity in the design and use of software tools becomes
more apparent when we consider them to be scientific instruments. Scientific software is often
discussed as software, rather than in the terms and concerns of instrumentation. However, the
comparison is an apt one, and it is made occasionally. For instance, Baxter et al. (2012) make
this connection in describing the importance of attention and meticulousness in work with
scientific software:

“Computational work must reflect the committed attitude of experimentalists towards

caring about precise, professional, repeatable, meticulous work — no-one with the same

casual attitude to experimental instrumentation as many researchers have to code would

be allowed anywhere near a lab. This is striking considering how often research results
now depend on software” (pg. 1).

This characterization is made en route to arguing for the importance of research software
engineers in the sciences, and it focuses on a particular aspect of instrumentation, which is the
sense of rigor, meticulousness, and exactness that “the experimentalist” must have towards
their instrumentation if they are to trust their results. This is one problematic that surrounds
artifacts when they are considered as instruments, and it is a common epistemic virtue in

scientific discourse.

There is, however, another problematic that surrounds instruments, developed mostly within
philosophical and sociological accounts of science, which is their generativity. In Klein’s (2001)
detailed historical accounts of the adoption of Berzelian chemical notation, she describes how
the notation becomes a “paper tool”. As Klein puts it:

“...paper tools, like laboratory instruments, are resources whose possibilities are not

exhausted by scientists’ attempts to achieve existing goals, but rather whose
applications generate new goals” (Klein, 2001, pg. 295).
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While working with chemical formulas does not entail manipulating the substances themselves,
it provides a concrete representational space in which interactions between substances can be
modeled and experimented with. In working through chemical formulas the researcher is able to
arrive at new conclusions and understandings of how substances might interact. More than that,
this new way of representing and working with substances prompted new directions for
research, such as the ‘substitution’ approach. In this way interactions with tools shape and

redirect inquiry in the short term as well as at the level of the research program.

Importantly, this agency-in-interaction of the material tool is not just a matter of its “correct”
representation of substances, but of its graphic terseness and its maneuverability. This is an
aspect of tools and instruments that Spencer (2015) highlights in the context of software. He
refers to this as the “workability” of software as a material for science. This draws on
philosophical work on models as being material artifacts in their own right. Spencer draws on
philosophical work by Knuutila (2005; 2011) in particular that points to the affordances and
constraints (citing Gibson, 1979) of models as concrete, material things that a researcher works
with. The constraints of a model can be productive for the researcher, argues Knuuttila (2005), if
cleverly devised. This workability, then, is one of the things that makes a good model. Spencer’s
account of brittleness in a large codebase comes to bear on epistemic work in precisely this

way, as a material for science that brings with it certain kinds of workability.

This is a view that aligns with studies of artifacts in Computer Supported Cooperative Work
(CSCW) and related fields. Schmidt and Wagner (2004) for instance emphasize that the artifact
is not a passive recipient of mental models, words, or speech. As they put it, artifacts are not
simply “containers of preconceived ‘mental constructs’™ (Schmidt and Wagner, 2004, pg. 271),
but rather the material form of the artifact is essential for the work that it does. Schmidt and
Wagner (2004) draw heavily on the work of Jack Goody to argue this even in the case of written

artifacts. The spatio-graphical character of a list, for instance, provides the vertical and
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horizontal basis for ordering, as well as essential discontinuities and empty spaces. The
character of artifacts is not just reflected in their designed shape, but also in the way that they

persist across time and accumulate wear and tear.

This might add, also, the idea that the coordinative aspects of artifact use contribute to its
workability. Artifacts operate between people and in one way or another they must become
visible, touchable, or encounterable to multiple people in an ongoing way. Schmidt and Wagner
(2002) put it in terms of states and persistence:
“Material artifacts are publicly accessible. Their state can be inspected by other
members. Where they are located can be observed by and made sense of by members.
What others are doing to an artifact can be noted and made sense of. As persistent

graphical objects, architectural artifacts and configurations of such artifacts can be
visually taken in simultaneously, at a glance” (pg. 271).

This is in fact connected to the notion of a field of work, which Schmidt and Simone write about
in discussing coordination mechanisms (1996). The actions of one person change the state of a
field of work and the coordinative artifacts within it, and that change in state is sensible to
others. These observations may seem obvious, but it is important to recognize that coordinative
artifacts enact a field of work or any kind of site of coordinative action: they make the ongoing
interactions of people and things tangible as they happen, and provide the field of potential
points of response. This is an important aspect of the workability of artifacts for epistemic

purposes as for other kinds of purposes.

Looking at this aspect of instruments (and models) highlights a different criterion for scientific
software: whether its materiality effectively facilitates the generation of new problems and
phenomena in scientific investigation. This is one of the primary goals of Rheinberger’s concept
of the experimental system (1992a; 1992b; 1997), which | will draw on closely throughout this
work. Working primarily with examples from a 20th century experimentalist era in biology,

Rheinberger develops a philosophical account of the “practical process” (Rheinberger, 1992a,
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pg. 307) of experimentation and knowledge production. Departing from traditional models of
theory, experiment, and instrument, he focuses on a concrete account of an “experimental
situation” and “experimental system” (Rheinberger, 1992a, pg. 307). The experimental system
has a couple of components, including most centrally the “scientific object” or “epistemic thing.”
The epistemic thing is the object of investigation of the experimental system, and it is
characteristically vague and poorly understood. If it were not, then the experiment would have
no purpose. It is precisely the character of the epistemic thing to be a “question generating
machine” (Rheinberger, 1992a, pg. 310). However it is not just that the epistemic thing is hidden

or obscured, it is in the process of being materially defined by the experimental system.

The second aspect of the experimental system is what Rheinberger (1992a) calls the technical
conditions, or the technological objects. A technological object, in contrast with an epistemic
thing, is characteristically determined. They operate according to known regularities, and under
the right conditions they function as question answering machines. That is, in well understood
situations they answer well-formed questions. The experimental system, however, turns on the
interaction between these two things, the epistemic thing and the technological objects. The
technological objects materially define the epistemic thing in a new way, and in doing that they
are engaged in a nontrivial interaction which is outside of their typical “boundary conditions.” As
Rheinberger describes it, the technological objects contain the epistemic thing, both in the
sense of embedding it and in the sense of restricting it. This is a somewhat ineffable interaction
when speaking generally, but the core point is that the pursued objects of science are made, as
in progressively materially defined, prior to the experimentalists understanding of what it is that
they are producing. In certain contexts of use the technological objects act as intended,

according to known rules, but in the experimental situation it operates in uncertainty.

It is important to note, also, that the technological objects and the epistemic thing are parts of a

system, and they are functional designations rather than inherent material ones. They can also
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switch places, so to speak, if once well understood parts of the system come under uncertainty.
The epistemic thing, too, can come to be defined to the point that it feeds back into further

(different) experimental work as a technological object.

A key aspect of this theorization is how these different aspects of the system interact over time
through a process of differential reproduction. The term differential reproduction is intended to
capture the fact that the experimental system intentionally produces difference, by which
Rheinberger means that the whole arrangement remains open to the emergence of
“‘unprecedented events” (Rheinberger, 1992a, pg. 323). However it does so within technical
conditions (the technological objects) in a way that makes this difference coherent and
recognizable within a process of reproduction. If the system simply produces unintelligible
newness, unconnected with framing technologies that give it coherence, it does not serve its
purpose as an experimental system. This is perhaps the most critical point for my analysis, that
in this nontrivial interaction between epistemic thing and technological conditions, the
experimental system becomes a system that can “give answers to questions which we are not
yet able clearly to ask” (Rheinberger, 1992a, pg. 309). This is a somewhat mysterious
statement, but it builds on Fleck’s (1987 [1935]) idea that a great deal of experimentation is
focused on producing unanticipated outcomes in response to poorly formed questions.
Experiments that are able to shape clear “yes” or “no” questions occur at the end of the

epistemic work, when the concepts in play have already been clearly defined.

This focus on the epistemic thing coming into being is an account of science focused on
material interactions and low-level practices of phenomena development. For this reason it has
found currency with studies of design. Ewenstein and Whyte (2009) in particular have picked up
the concept in order to understand how visualizations leverage regularized techniques of
representation to shape new interactions with as of yet poorly defined design ideas. They focus

in particular on Rheinberger’s (1997) notion that the experimental system presents spaces of
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representation, in which poorly defined epistemic things progressively take on shape. Moreover,
as in Rheinberger’s account, they argue that these epistemic things, or epistemic objects in their
phrasing, are provocative in the sense that they raise new questions and present possible
directions forward. In their case of architectural design drawings they point to the example of a
diagram where a floor plan is placed under a working representation of the floor above it. The
underlying floorplan functions as a technological object; it is set and provides a stable reference

point against which the floor above (the epistemic object) begins to take shape.

While Rheinberger’s (1992a) and Ewenstein and Whyte (2009) are divergent in some ways,
they both provide a couple of key conceptual moves that are useful to me here. Firstly, they
focus on the formation of poorly defined things. These are concepts useful for talking about
development and design work prior to it being well understood or specified. It is therefore a
fitting tool for studying problem formation. They also both have a focus on material practice, by
which novel things do not just emerge as thoughts or ideas, but rather they are actively made.
The experimental system also brings us back to a notion of workability, although with some new
parts added on. The experimental system defines the researcher’s ability to maneuver, the
kinds of questions they can ask and the kinds of answers they can produce (Rheinberger,

1992a).

2.4.2 Flexibility and change in work and organization

While | draw closely on these ideas of the generativity or performativity of tools and artifacts, |
also need to account for flexibility or adaptation in longer running patterns of action, such as in
routines and protocols. In doing this we can draw on a variety of performative accounts of

planning and routine, as well as on specific studies of research infrastructure.
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A central conceptual move in performative accounts is to position plans as resources for action
rather than definitive descriptions of action to be taken (Suchman, 1987). In a similar vein Lynch
(2002) describes the “procedural flexibility” of the PCR protocol in the laboratory environment,
by which researchers use the representation of the protocol in the performance of the
polymerase chain reaction (PCR) procedure. Of particular emphasis in their work is the idea that
although the PCR procedure has been integrated as a “humdrum feature” of laboratory work it

nevertheless requires implementation and discretion of the operator each time it is performed.

There are a number of different ways of considering how plans, routines, or artifacts become
resources for the performative action. Lynch (2002) provides the analogy that a protocol is like a
recipe, which is implemented at the discretion of the researcher. Ankeny and Leonelli (2016;
Leonelli and Ankeny, 2015) provide the notion of the repertoire, which is the set of resources
(data, tools, funding arrangements, personnel) that researchers can leverage in conducting new
investigations. The repertoire also includes the know-how of putting these things together in
productive ways. In using the term repertoire they draw in part on Faulkner and Becker’s (2019
[2009]) description of the musical repertoire as resources for the construction of a performance.
Faulkner and Becker’s interest is in the way that musicians can “remember” large arrays of
songs by remembering common harmonies and chord progressions and then assembling these
resources into a performance. The actual performance is a “repertoire-in-action” (Faulkner and

Becker, 2019 [2009], pg. 19) as they put it.

This analogy to music is used also by Weick (1998), who draws out a number of important
aspects of improvisation from the example of jazz performance. Drawing on Berliner’s (1994)
ethnomusicological work, he points out that the notion of improvisation does not imply complete
chaos or novelty. Musicians are not pulling improvisations from thin air, but rather they are
altering and departing from standard tunes in particular ways. This is a large part of the work

that later accounts of repertoires do: they account for the fact that the improviser is able to
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improvise precisely because of, and not despite, their training and learned patterns of
performance. This is an essential aspect of the protocol, tune, harmony, or routine which we will
return to below. Weick (1998) also points out that improvisation involves retrospection, the
consideration of past outcomes in the projection of new actions. The improviser is not working
from plans and looking ahead, but considering what they have just played, shaping new notes in

relation to immediately past outcomes (see also Gioia, 1988).

Work on routines has also drawn on a distinction between performances and representations of
action. Feldman and Pentland (2003) describe ostensive and performative aspects of routines,
where the ostensive aspect is the represented structure or protocol of the routine. Like Cohen’s
(2007) “dead routines” these are representations or plans but they are not the routine as it is
enacted by people. The notion of the dead routine, the representation of a routine, does not
discard those things from consideration, as representations of patterned action are both
important objects for understanding those routines as well as resources to be used in the
routine itself (D’Adderio, 2003; 2008b). D’Adderio (2011) points out, for instance, that
anthropologists and archaeologists reconstruct the actions of cultures and communities from
their artifactual vestiges. However, new action, even when it seeks to conform to some
artifactual constraint or representation, constitutes a new performed action, which opens the
possibility for variation, adaptation, reimplementation, and so on. As Feldman and Pentland
(2003) argue, even routine action can entail reflection and reinterpretation on the part of the
person carrying it out. In this sense routine action can become a source of change in patterns of

action.

It is important to point out that there are a variety of artifacts involved in routines (not just
representations of the routine itself) and these too can create variation and change. D’Adderio
(2011) points out that initial efforts to render routines as more than rigid repetition have focused

on individual human agency to the exclusion of the agency produced by artifacts. Highlighting
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people’s agency helps account for the way that they perform established routines again each
time, and in so doing they bring about a possibility of novelty and change. In this framing
artifacts can take on a constraining role, where they primarily help enforce routine action as
against the agencies of humans. In contrast with this understanding D’Addario emphasizes the

need to look at the way artifacts play into the reproduction and change of routines.

Extending the use of Callon’s (1998) terms, D’Adderio (2008a) describes a process of
overflowing and re-framing by which action with artifacts reconfigures routines in an iterative
way. Of significance in this characterization is the idea that action is always somewhere
between total prescription by ostensive routines (representations of routines) and complete
arbitration on the part of the human actors involved. In this understanding all action is
performative but there are distinctions in the influence that plans or protocols have on an actual
performance. The performance of an action can, for instance, make a process more like the rule
that describes it (MacKenzie, 2003), or it can make the process less like the rule that describes

it (D'Adderio, 2008a).

A similar discussion has occurred around the notion of the boundary object, introduced by Star
and Griesemer (1989). A boundary object is an object that inhabits several different social
worlds, but which satisfies the “informational requirements” (pg. 393) of each of them. In this
capacity the boundary object is malleable enough for people to adapt it to local needs and
conditions, but it is also robust enough to maintain identity across sites of use. This is a
conceptual intervention in the framing of translation as a particular, central actor’s
entrepreneurial efforts (e.g. Law, 1987), focusing on coherence as something produced by n-
way sets of translations undertaken by different actors. Lee’s (2007) concept of the boundary
negotiating artifact extends the notion of the boundary object by focusing on how artifacts not
only embody or facilitate stable interactions across social worlds, but serve as means for

destabilizing protocols and pushing or negotiating practices between actors and social worlds.
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The boundary negotiating artifact makes a broader conceptual point, but a large part of its value
is in the characterization of specific kinds of boundary negotiating artifacts. Looking at specific
artifacts and how they are mobilized provides a way of examining the destabilization of routines
or the pushing and asserting of new practices or coordinative arrangements in detail. In Lee’s
(2007) discussion, these include, for instance, inclusion artifacts, by which new ideas are
proposed and evaluated to a group, and structuring artifacts, by which people would assert
ordering principles for activities or give shape to others’ work. As with other accounts discussed
above, the materiality of artifacts has agency in negotiations and practices undertaken by
groups of people, but their role is not deterministic. It is situated in the way they are leveraged

by people with respect to others with whom they are coordinating.

These accounts of performativity verge on another issue, which has been frequently discussed
in studies of research infrastructure, and that is the issue of flexibility. The notion of flexibility in
a given relationship also bears on the relationship between artifact or protocol and the actual
performance of a thing. Like D’Adderio, Schmidt and Wagner (2002) also account for the
complexity of the relationship between artifacts and flexibility in action. In some cases flexibility
is accomplished through under specification. Architects, for instance, can adhere to particular
standardized line widths used across companies and sites of design, or they can alter these
standards to better address the needs of designing a particular building (Schmidt and Wagner,
2002). In this way flexibility is a matter of the ability to tailor particular artifacts (architectural
drawings and drawing techniques) to the needs of one case over another. They highlight
sketches as being open in exactly this way, making themselves amenable to commentary and
new ideas. Rigidity can be associated with the imposition (appropriate or stifling) of a standard
in a site of work, whereas flexibility can be a source of problematic ambiguity or a necessity for

making an artifact fit with a local practice.
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One important point, however, is that these two characteristics are not necessarily at odds, nor
are they exclusive. In relation to a specific practice a coordinative artifact can be both rigid
where it needs to be and flexible where it needs to be. This is pointed out also in Bietz, Ferro,
and Lee (2012), who argue that standardization is in fact an important part of creating flexibility
because an artifact (a database) which is standard in the right way frees up time and enables
the work of a specific job (pg. 909). Moreover, flexibility is not accomplished despite the durable,
ordering character of artifacts, but rather where an artifact can be leveraged for multiple
practices, it is useful for each one precisely because of its durable ordering character. It is the
relationship with practice that is flexible across cases. This point concerns standards rather than
artifacts, but it nevertheless aligns well with D’Adderio’s (2011) effort to avoid taking artifacts as
inherently constraining against human agency. It posits flexibility as a more complex kind of
accomplishment between the rigidities of material things and the goals and intentionalities of

human actions.

Discussions of flexibility have been central to discussions of research infrastructures,
particularly how they grow and change over time. As with the instances of flexibility given above
it is important to be clear about what exactly is becoming flexible. Ribes and Polk (2014) outline
three different kinds of flexibility that concern change in different kinds of things: technoscientific
(research objects, methods, and instruments), sociotechnical (organization, coordination, and
collaboration), and institutional (funding and regulatory regimes). Ribes (2014) puts forward the
idea of the kernel of research infrastructures as the core set of services that they make available
to support ongoing research work as well as the work of maintaining those services over time.
Key to this notion is the idea that maintaining such services is a matter of ongoing renewal or
regeneration of infrastructural services in the face of changing scientific objects, or
technoscientific change. Critically, the work of making core services more robust do not

necessarily inhibit changes to new objects of investigation, but rather, through repurposing,
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those developed systems can become resources for, and help constitute, new objects and
programs of research (Ribes, 2015). In this sense what is robust about an infrastructure is not a
set, unchanging foundation of technical services, but rather a kernel which is maintained

precisely through its extension and re-adaptation.

Lee et al. (2010) similarly look at stability through adaptation in cyberinfrastructures, but they
look in particular at stakeholders and the management of relations in human infrastructure over
time. This is not just a management of relations between people invested in a project, but a kind
of “relational maintenance” (Bietz et al., 2012) that sustains the working order of a
cyberinfrastructure. Thus shifting stakeholders and developments in metagenomic science
prompt changes to the service offered by the cyberinfrastructure, which in turn prompt new
changes to the human infrastructure (Lee et al., 2006) that supports and sustains that system.
Part of this relational maintenance is the active construction of a “community” in terms of
understood stakeholders and relations that the cyberinfrastructure maintains with users and

other invested parties (Ribes and Finholt, 2008; Lee et al., 2010).

There are a number of takeaways from this literature on research infrastructures. The first is that
flexibility and rigidity are locally-produced dynamics which can mean very different kinds of
things, from flexibility in research programs and objects to flexibility in the relations maintained
with stakeholders. Second, the relationship between flexibility and rigidity is not a simple tug-of-
war between “rigid” things—artifacts, plans, and standards—and the autonomy of the individual.
Standards or artifacts (or standardized artifacts) can certainly impinge on the flexibility of certain

kinds of work, but they can also be the very basis for producing flexibility in work.

2.5 Problems and problem formation

In this study | approach scientific software development as problem formation. Examining

problem formation is useful because it provides a processual, pragmatic account of what
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research problems are, and how they relate to the development of the tools built to address

them.

Problem formation, or problem selection, has been a central interest of the sociology of science
at least since Merton’s (1938) writing on science in 17th century England. Merton tracked
change in scientific interest using counts of publications in different fields (e.g. “physical
sciences” and “biologic sciences”) in the Philosophical Transactions of the Royal Society of
London (pg. 403). Although Merton argues that problems are affected by “internal”
developments in a field, he is particularly interested in the influence of external “cultural values”,
such as shifts in religious belief. Problem selection or problem formulation were again important
topics in the 60s and 70s in debates about the growth of knowledge (e.g. Kuhn, 1962; Lakatos,
1970; Laudan, 1977). In general these early discussions were interested in research traditions,
paradigms, and programs; they were on an order much larger than what | intend to tackle here.
They were also, for the most part, interested in problems as parts of a history of ideas, without

much interest in the tools or day-to-day work of research.

For the purposes of this study, Fujimura’s (1987) work on “doable” problems is an important
point of departure for a couple of reasons. Firstly, for Fujimura a scientific problem is a thing that
has organizational and material dimensions, and this helps us understand the connection
between anomalies or uncertainty, described above, and the organization of scientific work. She
describes the development of an oncogene research problem at a commercial company, and
focuses on the way that alignment must be achieved between specific experiments, the
delegation of work amongst technicians in the lab, and the larger goals of the “sponsors” in the
organization. In such an example the problem that ends up being engaged is the one which can
play out in experimental interactions with genes (and with at least “good enough” commitments
to scientific integrity), that can be effectively delegated amongst members of a lab or other

people who can be brought in, and that conforms with the company’s general set of goals and
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holds promise for those goals. Along with earlier laboratory studies (Latour and Woolgar, 1979),
this moves the analysis of science away from a world of interacting ideas and theories towards

the day-to-day material and coordinative interactions that constitute scientific work.

The second reason that Fujimura is a useful point of departure for this study, is that in moving
from problem selection to problem formation or construction, Fujimura (1987) begins to frame
problems as things which take shape, or are shaped by the actors involved, rather than existing
pre-formed to be chosen amongst. This framing has roots in pragmatic and interactionist
understandings of knowledge and inquiry. Dewey (1939), for instance, makes the definition of a
problem an essential part of the process of inquiry:

“A problem represents the partial transformation by inquiry of a problematic situation into

a determinate situation. It is a familiar and significant saying that a problem well put is

half-solved. To find out what the problem and problems are which a problematic situation
presents to be inquired into, is to be well along in inquiry” (pg. 90).

Here inquiry does not begin with the search for solutions to a pre-formed problem, but rather
much earlier, with the putting together of a coherent situation and one’s one stance or interests
towards it. To assume that an indeterminate situation is already problematic, before one has
done any work to formulate it as a problem, would be proleptic: it posits the existence of
something before it was there. Moreover, the shape of the problem affects the shape of
solutions presented or actions taken:

“To mistake the problem involved is to cause subsequent inquiry to be irrelevant or to go

astray. Without a problem, there is blind groping in the dark. The way in which the

problem is conceived decides what specific suggestions are entertained and and which

are dismissed; what data are selected and which rejected; it is the criterion for relevancy
and irrelevancy of hypotheses and conceptual structures” (Dewey, 2023 [1938], pg. 90).

With this understanding, if we consider scientific activity in the context of justification, where
hypotheses are being tested or demonstrated, we have already missed a great deal of the

thinking and investigation which has given shape to the entities involved in a situation, the larger
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reasons or goals of the investigation, the specific hypotheses, and what constitutes a good or

good enough test.

This approach moves our discussion away from the common preoccupation with a context of
justification (sites where scientific ideas are demonstrated, proved, or tested) towards the
genesis of scientific problems and ideas, which were traditionally dismissed as part of a context
of discovery. As Leonardi (2012) puts it, it treats problems as constructions in their own right.
Even in contemporary discussions where the model of contexts of discovery and justification
hold less sway, there is a bias in broader discussions about science towards issues of peer
review, retraction, replication, and other activities of checking or proving. While | do not want to
give the impression that those lines of investigation are not valuable, the examination of

problem formation should be recognized as a much-needed, and complementary, line of inquiry.

Part of what is pragmatic about the above stances is that the criteria for evaluating some given
statement is not in the statement itself but in the situation and the framing of a problem; it is not
that people produce statements or understandings within situations that might be correct or not
correct, rather “correctness” is produced in relation to a situation. In just this way Clarke and
Fujimura (1992) are concerned with the “rightness” of tools, which they render in relation to the
shifting career trajectories, timelines, resource pools, and materials of scientific workplaces.
This brings us to the idea that whether tools are useful, whether their material design is
appropriate, is not something that can be evaluated against a standing set of criteria for tools in
general, but rather must be evaluated with reference to the situations and problems as they are
constructed by people, in my case by researchers in astrophysical labs and collaborations. The
“rightness” of the tools is produced within those situations of work, and it is produced by the
actors involved. This is why | would argue that examining problem formation is a good way to

get at the issue of how software engineering methods come to be useful for science, because it
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is there that the usefulness of software tools is being worked out and rationalized in connection

with developing research problems.

These kinds of pragmatic or process-oriented approaches have been used to examine
technology design and use in a variety of contexts. Reminiscent of Fujimura’s (1987) notion of
“do-ability”, Dew et al. (2019) describe how people articulate “printability” in 3D printing. They
describe how people think about printing projects in relation to a variety of other concerns, such
as larger work processes and timelines. Moreover, experienced practitioners developed an
embodied sense of printability: they developed a sense of the probable success or failure of a
given print given the different concerns that would come into play, such as the compatibility of
different filaments, support structures, temperature, and the effects of particular machine
malfunctions. On an organizational scale, Leonardi (2012) describes the negotiation of different
problem constructions at an auto-manufacturing company, and how different stakeholder groups
had to come to see a given design as a technology that could solve their respective problems.
This required formulating and formulating the problem, eventually casting it as a solution to a
“standardization problem” that was in fact understood quite differently by the different
stakeholders involved. As he writes,
“These findings suggest that new technologies aren’t born out of a simple stepwise
progression in which developers identify a set of problems and subsequently develop a
new technology to solve them. Instead, multiple groups in an organization actively
identify problems that appear important and manageable to tackle while simultaneously

identifying technologies that validate the existence of the problems by rendering them
solvable” (Leonardi, 2012, pg. 88)

Leonardi also emphasizes the sense of inevitability that can take hold in organizations around
the proper design of a technology, and the implied problem that it is supposed to solve. Part of
the benefit (for Leonardi and for others) of looking at problem formation or construction is that it
cuts a third route apart from strong social constructionism or technological determinism. Neither

the problem nor the proper technology design is taken as necessary or inevitable.
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Studies of scientific problems do not only consider how the researcher or community shape
problems, but also how problems shape communities. Rheinberger (1992a; 1992b) and
Fujimura (1987) are both interested in how particularly generative problems ‘take off’ and
become default approaches in a field and are leveraged as a template for conducting work
elsewhere. In a similar approach Kohler (1994) looks at Drosophila (a variety of fruit fly) as a
“breeder reactor”, a model biological system which rapidly developed new mutations, and
therefore new research questions and directions. As a productive system for generating
research questions, and ones that could be materially investigated with an organism that
survives well in academic environments and timeframes, Drosophila traveled from their lab of
origin all over the field, such that almost every biology department had to have some work on

Drosophila going on.

Taken together these observations give us a couple of basic theoretical guidelines. In examining
the process of software design in the sciences, we should not look for underlying problems,
provided by nature, which pre-exist people’s activities of development, nor should we be looking
to particular technology designs to determine research questions or programs in a strong sense.
Instead we can look at processes by which technologies and questions are formulated in
relation to one another in a process of problem formation. Moreover, this literature prompts
some interesting areas for further examination, such as how problems are formulated between

researchers, and how tools become useful across problems.
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Chapter 3:
Methods and methodology

This study looks at the development and use of research software in the context of a research
lab in the field of reionization cosmology. The study takes the form of a laboratory study, using
ethnographic techniques to examine the practical activities and contexts of knowledge
production. My engagement with the group began in 2019, and has continued off and on for 6
years. Analysis involved a qualitative coding process based in grounded theory and drew on
interview data as well as observations and documentary evidence. | will first discuss some of my
methodological commitments (section 5.1), and then turn to the field site (5.2), data collection,

and analysis (5.3).

3.1 Methodology

My general methodological approach is theory-generative, drawing on grounded theory
(Charmaz, 2014) and abductive analysis (Tavory and Timmermans, 2014), but draws also on
case study design and ethnographic techniques in order to structure and engage my field sites. |
will outline my general approach first, and then discuss a number of methodological issues.
Grounded theory is a widely popular methodological approach rooted in pragmatic and
interactionist sociology (Clarke and Star, 2008; Bryant and Charmaz, 2007). The goal of
grounded theory is theory generation, rather than theory testing, and it provides a set of
methods that are intentionally designed to help the researcher in this generative process by
forcing them to engage the data repeatedly at a low level, make comparisons across instances,

and reflect on assumptions and labels as they are being produced.

| draw on many of the classical techniques of Charmazian grounded theory methodology

(Charmaz, 2014), including initial and focused coding, constant comparison, memo writing, and
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theoretical sampling. However, | also draw some methodological insight from abductive analysis
(Tavory and Timmermans, 2014), which is a conceptual offshoot of grounded theory. In
particular this involves engaging literature more in the process of analysis and using techniques
like alternative casing in order to look for disjunctures between these theoretical frameworks
and the data. Abductive analysis argues that “An abductive inference involves making a
preliminary guess based on the interplay between existing theories and data when anomalies or
unexpected findings occur” (Timmermans and Tavory, 2012, pg. 179). In this account the
researcher must be conversant with many theories, but consider them in close connection with
the data. Repeatedly revisiting the data in the coding process is a strategy to “..increase the

resistance of the phenomenon to our interpretations” (Timmermans and Tavory, 2012, pg. 175).

As a last point, Grounded theory takes a stance, held by earlier symbolic interactionist thinkers,
that it is essential to understand people’s objects as they themselves see them, because it is on
these understandings that people take action (Blumer, 1986). Supplanting peoples’ conceptions
of things with the researchers’ or with some preconceptions existing in the scholarly literature,

would be a failure mode for a study of this kind.

This study’s primary impact is intended to be a matter of sensitization. It is a reasonable
question how we are intended to draw broader meaning about scientific software from a model
of it developed in one context, within a particular research lab. It would also be dishonest of me
to claim that the ideas that | develop here do not seek to ‘generalize’ in some sense of that term.
| have developed the notion of the research software system because | believe that it can be
helpful to a broader set of activities around scientific software, and in fact in other contexts of
exploratory work as well. The goal of this study is to develop sensitizing concepts, which can
guide one in where to look, but does not tell them what to see (Blumer 1986). Charmaz (2006)

describes the use of sensitizing concepts in this way:
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“Guiding interests, sensitizing concepts, and disciplinary perspectives often provide us
with such points of departure for developing, rather than limiting, our ideas. Then we
develop specific concepts by studying the data and examining our ideas through
successive levels of analysis [...] In short, sensitizing concepts and disciplinary
perspectives provide a place to start, not to end” (pg. 17)

For Blumer this was in opposition to so-called definitive concepts, which are understood as
leading directly to some empirical content of an instance, what Blumer called “explicit objective
traits” (Blumer, 1986, pg. 150). This would include something like a benchmark, which is
expected to measure something that is stable in its empirical form across sites of investigation.
For Blumer, using concepts in this way imposes an abstract theory onto empirical cases, rather

than taking empirical cases on their own terms.

It is within an interactionist understanding of social life, with its strong ontological contingency,
that it makes sense for the concepts we pursue to be sensitizing and not definitive. For Blumer,
as well as for George Herbert Mead, interaction is not just a complicated outcome of some more
fundamental structural or psychological features; interaction is an ontologically productive force.
It is “a formative process in its own right” (Blumer, 1986, pg. 66), through which reality is recast.
This means that the concepts that we grasp for in research will never reach a point that they
exhaust all future concerns that we might have with new emerging cases of social life. What the
scholar is after in each new case is what is distinctive about it. Blumer provides the analogy of
handling a strange object:
“The prototype of inspection is represented by our handling of a strange physical object;
we may pick it up, look at it closely, turn it over as we view it, look at it from this or that
angle, raise questions as to what it might be, go back and handle it again in the light of
our questions, try it out, and test it in one way or another [...] Such inspection is not

preset, routinized, or prescribed; it only becomes such when we already know what it is
and thus can resort to a specific test...” (Blumer, 1986 pg. 44).

What is significant about this object under inspection is its strangeness. As in Dewey’s (2023

[1939]) account, if we already knew how to approach it, we would have already defined the



54

problem as well as its definite shape; It would already be familiar to us. Asserting a situation of
this or that kind is a product of inquiry, not a starting point. Reaching for this or that procedure
for making sense of a situation asserts what the character of the situation is: in some sense it
tells us what to see. By contrast, the sensitizing concept might guide us in our inspection, but
because new cases are fundamentally distinctive, we must understand the relation as one of
sensitivity rather than definitive understanding. The bad news brought by this underlying view of
the world is that we, the researcher-organisms in Mead’s terms, will never reach concepts that
are once and for all definitive of the phenomena that we will care about. The good news is that it

means sociologists will always have fresh business.

The sensitizing concept should also be reformulated in the face of new empirical data, and
Blumer argues that it can be refined and tested. This is not a matter of confirmation or
disconfirmation at a single point of trial, but rather establishing a close, ongoing relation with the
empirical world. In this process engagement with empirical data is not a process of ‘checking’, it
is a frequently repeated process by which the concept is intentionally expanded and
reformulated. Although the sensitizing concept does not provide a prescriptive definition, it can
be formulated and reformulated, communicated, and evaluated against new cases. It is not
formulated through the creation of benchmarks and measures, but rather through “exposition
which yields a meaningful picture, abetted by apt illustrations which enable one to grasp the
reference in terms of one’s own experience” (Blumer, 1986, pg. 150). | describe some potential

areas where these sensitizing concepts might inform future investigations in Chapter 8.

In Chapter 8 and elsewhere | discuss sensitizing concepts as an outcome of my investigation,
whereas they are usually discussed as a starting point for an investigation. My purpose in doing
this is not to play gatekeeper as to the later usage or readaptation of the concepts | develop
here. It is a characteristic of this methodological stance that | cannot exhaustively anticipate or

control how these concepts might become productive in future research. Nevertheless | can
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provide some potential directions and suggestions. This benefits the reader who is considering
how they might use these ideas, but it also helps define and clarify the concepts themselves.
For instance, pointing out that the research software system focuses our attention on
articulation work helps clarify what the research software system is, a system of heterogeneous,
articulated processes. Moreover, it helps convey my own understanding of the potential breadth
of these ideas, such as the fact that they are not inherently bound to a category of “scientific”

activity.

One issue that has been raised around the use of grounded theory methodology and
interpretive coding methods more generally is the transparency and systematicity of the coding
procedures and analysis process (Stol et al., 2016). Grounded theory emerges from a strain of
sociology which has pragmatic commitments to the idea that methods cannot be definitive of the
phenomenon under study. In a symbolic interactionist perspective, interaction in the world is
constitutive (in a strong sense) of new things (Blumer, 1986), and so the researcher cannot
enter an investigation of new things with a universal or fundamental method that would become
definitive of the thing studied. Blumer makes this point clearly:
“The prototype of inspection is represented by our handling of a strange physical object;
we may pick it up, look at it closely, turn it over as we view it, look at it from this or that
angle, raise questions as to what it might be, go back and handle it again in the light of
our questions, try it out, and test it in one way or another [...] Such inspection is not

preset, routinized, or prescribed; it only becomes such when we already know what it is
and thus can resort to a specific test...” (Blumer, 1986 pg. 44).

Systematicity can come when we already know what a thing is, and by reaching too eagerly for
systematic methods we skip the problematization of what it is that we are studying. Grounded
theory provides some tricks and tools for staying empirical and for navigating qualitative data,
but it does not, for instance, prescribe what kinds of entities the emergent codes might describe.
Given this commitment of grounded theory, | am less concerned about the issue of

systematicity. The procedures of Charmazian, Straussian, or Glaserian grounded theory are not
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mechanistic procedures to truth, but rather resources the researcher can use in the generation
of new ways of thinking about a situation, and it is that generativity that is the ultimate goal of
the methods and the methodology. The usefulness of these generated concepts becomes
apparent in their application to new cases, both over the course of an investigation but also in
their reuse in new contexts. The researcher can provide some scoping about problem kinds of

situations where certain concepts might find lesser or greater traction.

The issue of transparency is a more important one, and there is work that can be done to make
grounded theory work visible and accessible to other scholars. Making the specific procedures
followed (rounds of coding, number of codes, which documents first, mechanics of code
application) can be useful in demonstrating diligence and constant engagement with the data.
However, given that it is the troubling and alteration of prior understandings, a generation of
new understandings, that is at the heart of the method, transparency would ideally make these
changes in interpretation and their connection with interactions with the data understandable to
the reader. These are the what-ness of transparency for grounded theory. | have tried to do this
here by recollecting important points of interpretive shift, where codes were abandoned or
pushed forward in the coding process based on my own successive realizations of what this
study was about, or places where rephrasing or re-relating codes accomplished an interpretive
shift. While | feel that this is an important way of performing transparency for grounded theory
work, it takes up a fair amount of space below, and diverges somewhat from the topics which
came to make up the core argument of this study. For this reason it is hard to see how it might
be done in a document which is not a dissertation. It could perhaps fit in the kind of
methodological postscripts which sometimes follow books (e.g. Mills, 2000; Vertesi, 2020), but it
remains an issue how this model of “transparency” might fit in a journal or conference

publication.
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3.2 Site Description

This study centers on the Radio Group, a research group at a large research university in the
US, working in the field of reionization cosmology. Here | will describe first the larger trajectory
of the field and research program in which they work, and then describe the group itself, its

place and contexts of work, and the different software that it involves.

3.2.1 The 21cm signal and epoch of reionization

The Radio Group is engaged in a hunt for particularly faint emissions from the early universe.
The emissions in question are referred to as the 21cm line, or just the Hydrogen line, and occur
when an electron in a neutral (un-ionized) Hydrogen atom undergoes a particular kind of energy
transition and emits a photon. Neutral Hydrogen made up the majority of the universe during a
period known as the cosmic dark ages. The cosmic dark ages are so named both because it is
the period before the formation of stars and galaxies, meaning that it was quite literally very
dark, but also because so little is known about it. The photons produced by neutral Hydrogen
atoms during the cosmic dark ages are still moving around in the universe, and if researchers
like those of the Radio Group are able to detect them, then we will be able to see into, and
derive a picture of, what the universe looked like at that time. The pressing question, and the
question to which these emissions might provide the answer, is when and how stars and
galaxies did begin to form. If one looks at 21cm emissions over time, early forming galaxies
should appear as blank spaces in that picture, potentially allowing researchers to construct 3

dimensional tomographic maps of the development of the cosmic dawn.

The hunt for 21cm emissions is approaching the end of its second decade. Beginning in 2006,
the effort has been organized around a series of large-scale interferometer experiments, which
consist of arrays of antennae located in radio-quiet places in West Virginia, the Karoo desert of
South Africa, and the Australian Outback. The interferometer is a particular kind of instrument

which uses interference patterns between two detections of electromagnetic radiation, and they
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have been used in a wide array of fields and kinds of research, including the famous Michelson-
Morley experiment and in LIGO (See Collins, 2010). In radio astronomy they are used to
integrate detections from a large array of radio antennae, such that the array can operate like a
single instrument with an ‘aperture’ the breadth of the array. It has been in use in the field of
astrophysics since the late 1940s, when it began to be taken up with a larger suite of radio
astronomy techniques (Sullivan and Bertotti, 1990). These projects typically involve a large
number of laboratories at a number of different universities, who work collectively to design and
redesign the hardware and software of the instrument. On a specific interferometer project these
efforts can last almost a decade, and a number of the professors | encountered in my

observations with the Radio Group worked on prior 21cm experiments as Ph.D. students.

Across these different interferometer experiments, the overarching goal has been to increase
the sensitivity of the successive instruments, and their processing pipelines, towards what is
believed to be needed to detect the 21cm Hydrogen emissions. This involves characterizing and
removing (or preventing) sources of interference, which include starlight and other astronomical
sources, satellites, TV station broadcasts, artifacts introduced by the hardware or digitization
processes, “systematics” in processing steps, ionospheric interference, and the heat of the
instruments themselves. By improving some aspect of the processing pipeline, researchers can
recombine an entire pipeline in order to produce a “limit”, which describes an upper limit on the
power of the 21cm emission at different redshifts. In other words it asserts that the instrument
has achieved a certain degree of sensitivity and it still has not detected anything that looks like
the 21cm emission at a given redshift, meaning that the power of it must be lower than that.
Ultimately this will begin to place limits on the theoretical models of the epoch of reionization,
but as of 2025 the instrumentation has a long way to go. A recent limit in 2025, which processes
data collected over a ten year timespan, has only just reached the point of ruling out more

extreme (one researcher said “somewhat contrived”) models of reionization.
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The process of publishing limits defines a mode of progress towards the detection of a

phenomenon and the eventual ability to begin answering high profile astrophysical research

questions. In the day-to-day work of the Radio Group, however, the detection is always far off,

and students begin and complete their Ph.D.s without the expectation that a detection will be

made soon. Dissertations, talks, and publications are made on the more immediate, and

essential, work of refining the instruments’ sensitivity. Any eventual detection will rely directly on

decades of this kind of work. Limits are occasionally published, and marking the progress of

these limits is a way of rendering progress towards a detection (Figure 1). A member of the

Radio Group who shared a recent limit on a messaging platform wrote, alongside the link, “Lots

of work, slow steady progress.”
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Figure 1: Plot of upper limits set on the 21cm “power spectrum” compared with a model
prediction, at the bottom. Image from DeBoer et al. (2017). Note the similarity in this account
of limits set on the 21cm line and Partridge’s plot of limits set on the CMB in the late 60s (Figure

2).

The structure of this research program, proceeding through progressive limits on the detection

of a phenomenon, is structured similarly to the earlier effort to detect the Cosmic Microwave
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Background (CMB) Radiation. While the two programs are looking for different things, and
address different kinds of cosmological questions, they are similar in the way progress in the
research is rendered and discussed, and in the long temporalities of instrument development
and theorization before an actual detection. After the initial detection of the CMB in 1962,
successive attempts to measure it in detail proceeded through a series of limits (Figure 2).
Similarly, in 2018, the Experiment to Detect the Global Epoch of Reionization Signature
(EDGES) project reported a detection of a “global” Epoch of Reionization signal. This “global
signature” is a detection of heat on a single antenna (an “average value” as one of my
interlocutors put it), but it does not allow for making out any detail in the reionization signal.
Furthermore, the actual detection that EDGES reported was fully twice the size EoR
researchers expected. It was in fact too large to be physically possible given the current model.
The EDGES detection was therefore a widely publicized discovery, but one requires
confirmation and a great deal of further investigation. The report of the detection was made after
the researchers involved searched for alternative explanations or instrumental effects for almost
two years, and could find none (Gibney, 2018). Harvey, one of my participants, said that when

you cite that detection you always have to say “awaiting confirmation.”
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Figure 2: Upper limits set on CMB anisotropies. Image taken from Partridge (2019).
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3.2.2 The Radio Group

The Radio Group itself consists of one PI, a research scientist, and 3—4 Ph.D. Students.
However, their work involves collaborating with researchers at a number of other universities.
This typically occurs through regular teleconferences focused on analyzing and troubleshooting
different aspects of the analysis pipeline. The group’s local workspace is a laboratory with
benches and a small office, and it is sparsely populated by physics textbooks and signal
processing hardware. However, because the group’s instruments are located remotely, on the
other side of the planet, the majority of their work takes place on laptops, with the group
huddling around one student’s computer and then another to look at plots. A large well-used
whiteboard is centrally located in the room, which often becomes the venue for detailed
mathematical discussions of fourier transforms, deconvolution, calibration, ionospheric effects,
and so on. Students in the lab sometimes have the opportunity to travel to the telescope sites
themselves. They return from these trips with stories of hardware assembled, collaborators met

in person, and poisonous spiders encountered.

The more senior members of the group have worked on a couple of different reionization-related
interferometer projects, and have different collaborative connections through each. At the time
of my observations, they had association with an older project, the Widefield Radio Telescope
(WRT), that was still running and producing data, but had also begun working on a second
project, called the Cosmic Dawn Array (CDA), that was undergoing commissioning.
Commissioning in this context involves performing an initial testing and troubleshooting of the
hardware components and basic processing systems. CDA occupied a great deal of time of the
more senior members of the Radio Group, and the Ph.D. students were split, some working on
the WRT and some working on commissioning and processing for the CDA. The CDA in
particular required some coordinated work between members of labs scattered across the US

and internationally, which typically occurred through virtual meetings.
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The group’s day-to-day work consists of running and plotting data analyses, with the goal of
identifying instrumental effects or “systematics” in their instrument and processing pipelines,
tracking down other software or hardware bugs, or modeling physical phenomena. Much of this
work is conducted through writing code, almost always in Python. This involves a huge variety
of data manipulation tasks and algorithm development, but in particular it involves a great deal
of plotting data, and everyone in the group was highly proficient in producing complex

visualizations using Python plotting libraries.

The group builds and works with a variety of specific software packages, and my focus is
somewhat uneven across these different tools. The group has a number of internal software
packages that they have developed within the group in order to perform their core data analysis
steps. These were written quite a few years ago in the IDL programming language, which was
widely used in physics prior to its proprietary licensing costs increasing significantly. Most of the
group’s more recent software is written in Python. These include pycosmo, a tool developed as
“glue code” to convert between formats and move data between different interferometric
analysis pipelines, as well as a number of other packages for simulation and modeling. The
CDA collaboration has its own array of software packages for low-level processing of the data
as well as later stage analyses, and these software packages are closely dependent on

pycosmo.

3.2.3 Timeline and construction of the field

In order to understand some of the findings in this study, it is important to understand the

different spaces of the Radio Group and my own navigation across them. My engagement with
the group began in 2019 and was preceded by a previous Ph.D. student who had worked with
the group some years prior (see Paine 2016; 2017) (Figure 3), as well as my advisor’s ongoing

engagement with the group. This provided me with some initial rapport and understanding of my
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role there.

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

Author's engagement

Paine (2016) engagement

Pycosmo project
Author's contributions

CDA project

WRT project €—

Figure 3: Timeline of the author's engagement in the field site in comparison with the large
interferometer collaborations the group worked with (CDA and WRT) as well as the engagement
of Paine (2016). The “author’s contributions” entry indicates points at which the author
contributed to the pycosmo software repository. The arrow on the WRT project indicates that it
began earlier than the timeframe captured on this timeline.

My involvement with the Radio Group began with their lab meetings, which were afternoon
meetings that ran as long as they had to. My initial observations at these meetings showed the
particular kind of work that | would come to define as an exploratory research process, with
exploratory programming as a central part of that process. These explorations involved software
everywhere, but software was only discussed incidentally. The topic of discussion at these
meetings was the emerging research problems of the different group members and what fresh
conundrums their work had turned up in the prior week. Members of the group would gather
around each student’s laptop screen in turn in order to look at plots that they had produced, try
to make sense of them, and to plan new tests for the next week. More senior members of the
lab would interrogate students about what exact processing steps they had used or how they
had calculated certain mathematical transformations. Occasionally the student would go back to
their code in order to double check something, and sometimes they would make a small change
and rerun it. Sometimes other members would request changes to the way the data was plotted,
such as the colorbars that were used. Discussions moved from the consideration of plots on

laptop screens to the whiteboard and back, and sometimes evolved into war stories about other

telescopes, design decisions made long ago, or notorious bugs the more senior members had
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investigated in the past. For part of my period of observation these meetings could last as long

as two and a half hours.

This was the level at which | entered the exploratory process, and it differs somewhat from the
level described by Kery and Myers (2017), which sits more at the interactive session level.
Nevertheless, members of the Radio Group engaged in a great deal of backtracking and
rewriting of their scripts from week to week, often working in the same Jupyter notebook or
script file each week and simply extending it or commenting out code (temporarily sidelining

particular parts of the code) in order to try something new.

After some period of engagement in the lab meetings | began attending the development
meetings for pycosmo. This was a radically different space from the Radio Group’s lab
meetings. The development team was populated mostly by research scientists and postdocs,
with one professor involved and only occasionally a Ph.D. student would join. These team
members hailed from a number of different laboratories who worked with interferometers and,
for the most part, on reionization cosmology. The meetings were held in the early morning,
Seattle time, to accommodate different timezones, and they were strictly timebounded at one
hour. These aspects created a sharp difference from the context of the lab meeting, which
occurred on site (excepting the period of the COVID-19 pandemic) and consisted mostly of
graduate students and occasionally undergraduates who were doing temporary research

projects in the lab.

| realized that the pycosmo meetings also differed substantially in terms of process and focus.
Conversations focused around planned development projects and discussing design changes,
often with one member sharing their screen and programming live. Amongst these older
members of the field there was a fair amount of banter over the code, but few diversions to

other topics. The nature of this working session was another contrast in that in lab meetings
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students would typically work on the code separately and then bring the results to the meeting,
whereas in the pycosmo meetings the process was done live. It also differed in that the software
was the primary object of discussion and ‘scientific’ topics emerged in an ancillary way, as use
cases to consider in a particular design decision or interesting stories behind particular
problems. Sometimes members of the team shared development tricks they had recently
encountered or discussed the potential usefulness of a new development tool they had become

aware of.

| also attended a smattering of other events that the group was involved with, such as a tutorial
session amongst the students on cloud computing services (see Sutherland, Paine, and Lee,
2024), departmental reading group sessions focused on the Radio Group’s work, and

dissertation defenses of members of the lab.

The choice to begin observations with the pycosmo development project was an intentional
choice. My involvement with the topic of scientific software preceded my involvement with the
Radio Group, beginning with prior work observing in software carpentry-style workshops for
researchers (Feinberg et al., 2020). In the group’s lab meetings | found a space where software
was tangled up in an unpredictable and emergent research process, but | knew from statements
made by others that the development of pycosmo was quite different from this. As will be
discussed in my findings, pycosmo’s development patterns were atypical for both for the CDA
but also in general discussions about scientific software. Pycosmo seemed to flout all of the
typical associations with scientific software (Heaton and Carver, 2015). In this way it constituted
a critical site to contrast with my observations of the lab meetings and also to explore the

realized possibilities of robust end user development.

In this sense engaging the Pycosmo project was a kind of theoretical sampling, which allowed

me to tie the data collection process to the specific dynamics of my developing theory. This is in
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fact a point on which Vaughan (1992) finds some affinity between Grounded Theory
Methodology and case study methodology, in that selecting cases for intentional difference has
the potential to present the researcher with surprises that prompt or force theory elaboration.
This of course also delimited my study in various ways (Cohoon and Howison, 2023), focusing it
on the core of what | call here production code or collaboration code, and left out other activities,

such as low level processing development and simulation work.

My involvement with both of these spaces was usually in a ‘fly on the wall’ mode of observation,
but occasionally | would become involved in lab meeting discussions whenever the topics
turned to ‘social’ issues of the collaboration or the long term dynamics of the interferometer
projects that the group was involved in. My prompting of these topics seemed to create a
context for the discussion of these kinds of issues that did not frequently come up in the regular
lab meeting, focused as it usually was on ongoing research problems. On one occasion | gave a
talk to a cosmology-focused reading group in the department (the same mentioned above),
which gave a broader context for addressing some of these issues. During my observations with
the pycosmo group, | also made three small contributions to the codebase, which became
important sources of personal experience with the group’s development and contribution

processes.

The overall shape of my engagement, which centered on the Radio Group and extended out
along their collaborative engagements, was a construct both of my intentional ‘sampling’
choices but also of the constraints of the field (Parmiggiani 2017; Karasti and Blomberg, 2018).
In some cases | was limited by the number of meetings | was able to attend, but my choices
about which contexts of software-related work to study came with presences and absences of
certain kinds of scientific work. This was particularly clear in relation to the prior work of Drew
Paine, which took place during the group’s engagement with a different interferometer project

and therefore involved a slightly different coordinative context (Paine, 2016).
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3.3 Data collection and analysis

My analysis was based on a couple of related sources of data: 1) observations in lab meetings
and development meetings and the field notes that they generated, 2) interviews with members
of the Radio Group and their collaborators, 3) documentary traces from Github of issues and
pull requests made against specific software repositories, and 4) other documentary evidence
such as memos written by members of the group, scientific publications, computational
notebooks, and various other web pages and repositories. The first three (field notes,
interviews, and documentary traces from Github) were used in the qualitative coding process,

while the others were used to inform arguments, interview protocols, and vignettes.

Data source Count

Interviews 21
Ph.D. student 8
Postdoc/research scientist 6
Professor 7

Field notes 45

Github Artifacts 46

Total 112

Table 1: Summary of coding materials.

Observations were conducted as described in section 3.2.3, and | wrote field notes describing
my reflections and interactions during these observations. A subset of these field notes were
selected for coding based on their completeness. Interviews were conducted both in person and
remotely and were recorded and transcribed using a transcription service. Documentary
evidence from Github was collected by downloading issues and pull requests (PRs) as PDFs

which could be coded. All participants, projects, and software tools have been pseudonymized.
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3.3.1 Coding and analysis

The coding process proceeded from initial coding through focused coding and memo writing
(Charmaz, 2006; Glaser and Strauss, 1967). | coded the field notes first, and then the
interviews, coding at the level of sentences or paragraphs. | coded liberally, not worrying about
semantic overlap or building more general concepts. At the end | consolidated a few clear
duplicates in codes (such as plural versions of a code) and deleted some that were quite distant
from my research question. | clustered the codes into unnamed groups based on their relevance
to each other, and wrote descriptions of the groups as a whole. This process was a preliminary
round of focused coding: it forced me to attempt to define what these sets of codes were about,
and how they might connect with my larger research questions. | wrote the descriptions based
on re-examinations of instances of the codes and comparison across codes, and it resulted in

moving codes between clusters or re-terming them. This process resulted in 143 codes.

| then used this initial set of codes and the clusters to guide my collection of artifacts from
Github. I identified a set of software repositories that the members of the Radio Group worked
on based on my observations, and examined both their pull requests and issues page by page,
starting with the oldest entries. The goal of using these PRs and issues was to examine
discourse over the activities of contributing code and negotiating contributions rather than for
examination of the code contributed. For this reason | made selections based on a couple
criteria: 1) they had at least one substantial text interaction between developers on the project,
and 2) the contribution being made or the discussion on the issue had some relevance to one of

the categories | had developed in my first round of coding.

| then engaged in focused coding on my original set of 143 codes. This involved comparing
codes and looking across instances of a given code to prompt the question of what it was about.

There were a couple of major shifts in focus that occurred here. In particular, my initial coding
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process had produced a large number of codes relating to many of the typical themes of
cyberinfrastructure: standardization, interoperation, balancing different interests in design, and
so on. | realized that my interest in these issues was to draw connections between these efforts
and those of exploratory work. In other words, what | felt needed to be understood about
software engineering practice in the sciences was tensions that emerge between movements
towards robustness and infrastructure and local activities of exploration as a process. This itself
bears a great deal of continuity with studies of cyberinfrastructure, but it is not focused on the
standardizing and interoperationalizing activities themselves. In some ways it is focused on their

counterpoint in exploration.

| also made the decision to pursue a notion of capacities at this point, because the concept
encompasses concerns about phenomena and concerns about software. This emerged from an
alternative casing (Tavory and Timmermans, 2014) of scientific work under the view of science
and technology studies approaches and software engineering approaches. Switching between
these two views | seemed able to talk about the iterative change of software or the iterative
change of phenomena, but | realized that | needed a way to talk about them together. This
became particularly clear in plotting a diagram of the larger trajectory of the RFI research
program, for which | could not decide whether the entities depicted were pieces of software or
something else. The notion of capacities captures this middle ground, and | adopted it at this

point, drawing it in part from Rheinberger (1992), but using it for this specific purpose.

Another point of consolidation was taking a number of emic terms for characteristics of software
and subsuming them under a ‘software epithets’ code. The emic term “hacky” was initially
important for me to capture, but it turned out to be one among a number of terms (such as
“sloppy”, “clunky”, and “clean”) that were used to characterize and give moral valence to

software produced in different ways. | realized in the second round of coding that my interest

was not in outlining all of the specific associations of these different terms, but rather to look at
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how these characterizations were resources for the collective distinction of research code and
collaboration code. Describing epithets in general highlights what these descriptions do vis-a-vis
a larger activity of distinguishing types and circumstances of code (distinguishing research code
and collaboration code), and the attribution of a moral valence to these different types and
circumstances. In other words rather than listing the names applied | wanted to capture what the
act of naming does for an effort to change practice in the collaboration. This could only become
visible once | had developed that larger strategy of changing practice from elsewhere in the

data. In this way the code took shape together in the focused coding process.

| removed a number of codes around the notion of users. | realized that while the inclusion of
more stakeholders was an essential part of the notion of collaboration code (it’s in the term,
after all), | a) did not want to focus in a detailed way on the rendering of different stakeholder
needs, but rather on general techniques for negotiating them, and b) the framing of “users” was

distracting from local understandings, even if it was not an entirely etic concept.

During the first round of coding | also began memoing, particularly on narratives or events that
were significant or on particular early codes. These memos were as Lempert (2007) describes,
focused on analysis rather than formality, describing and redescribing the codes in order to work
through my own interpretation, rather than for detailing theory in a way that would be coherent
to others. During the focused coding process | wrote further memos aimed at presenting the

concepts to others, and | drew diagrams attempting to outline their interrelationships.

After the process of focused coding | had a list of 42 codes, which | used in recoding the data,
including the Github issues | had collected. This produced a few new codes, including
‘mnemonic artifacts’, which quickly swallowed a number of other issues that had previously
seemed only tenuously connected to my primary interests. This final process of consolidation

and reshaping resulted in a final set of 29 codes (appendix A).
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3.3.2 Research Questions

At the outset my investigation was sensitized by ongoing discourses around scientific software,
but evolved to focus on specific dynamics that were clearly present in my case and absent in
the broader discourse. The ‘problem’ of scientific software was both an etic concept, which |
encountered in the literature on software engineering, but also an emic concept discussed by
members of the Radio Group and the CDA. It is one of the primary goals of grounded theory
methodology to change the researcher’s understanding of an issue or situation, and this was
reflected in shifts in my research questions over the course of my observations, coding, and
writing (see also Charmaz, 2014, pg. 77). These shifts reflected points where engagement with
empirical content resulted in changed understandings that | could use to better frame the object

of my investigation and both prompt and refine further analysis.

Early on in my observations with the Radio Group and the Pycosmo development meetings |
realized that there was a great deal of work that was not well accounted for by the production-
focused conceptualizations in the literature, and that it would be important to characterize how
the group proceeds and organizes their work in situations where they do not have clear
requirements or “oracles.” This produced a first set of questions:
e (RQ1) How do members of these two research software development efforts co-
construct research problems and research software requirements?
e (RQ2) How do members of these two research software development efforts manage
change in research problems and requirements as projects develop and stakeholders
come and go?

e (RQ3) How are “best practices” and techniques associated with software engineering
leveraged in these development processes?

In relation to the literature’s focus on the difficulty of obtaining requirements in the sciences, the
first question focused my attention directly on the process by which requirements take shape,

and uses the notion of problem formation as a way into that process. This was intended to
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further my investigation of a dissonance | had seen between the literature’s focus on
requirements and the fact that the Radio Group pursued apparently systematic processes of
software development and use largely without them. The second question also reflected the
observations | had made that uncertainty in what software should do came both from the
changing understanding of a research problem as well as from a changing set of stakeholders.
Finally, the last question directly addressed what | saw as a central gap in the literature that |
had not yet closely examined in my case, which was how software engineering techniques were

actually taken up and integrated into a scientific work environment.

This first set of questions was originally developed through observations with the Radio Group,
but at the outset of the study there were actually intended to be addressed across the Radio
Group and an additional case, which was also in the field of astronomy and astrophysics but
involved software engineers working on the software projects. Initially | proposed this second
site as a complement to the Radio Group, and when this comparative effort later became
infeasible, little conceptual reframing had to be performed because the questions had been
formed around the Radio Group. These initial questions did serve to guide early interviews and

questions and probes during observations.

These questions also served to guide the initial coding process, but they were also reshaped
through conceptual development in that process. This produced three slightly different versions

of my questions:

e (RQ1) How do members of the Radio Group leverage software in the process of problem
formation?

e (RQ2) How does the Radio Group maintain software as research problems and
stakeholders change?

e (RQ3) How does the Radio Group integrate software engineering practices into their
research work?
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Examining the successive process of problem formation did turn out to be a fruitful empirical
object, but | needed to better frame my question around how software development and use
occurred prior to the emergence of requirements, and not just how requirements emerged. In
part this was because it became clear that there was a great deal more to be examined about
this process than just the formation of requirements. These were the rationales behind the
change in research question 1. Research questions 2 and 3 shifted only slightly, reflecting some

changes in terminology, for instance from “best practices” to software engineering practices.

The last shift in my research questions came after the focused coding process and during
writing, when | needed to bring the outcomes of my investigation back into conversation with the
literature. At that point | was able to return to my initial curiosities with new terminology and
concepts developed in the focused coding process as well as with some shift or extension of
interest. For instance, | picked up the term exploration as a larger encompassing framing for the
activities | had observed in the Radio Group that | had initially approached through the process
of problem formation. While problem formation remained central to my analysis and my
methodological approach, | now had the term exploration to describe a larger process in which it
took place. | also now had a clearer conceptualization of the tensions that were at stake in the
organization of a research software system, and my concern was more clearly focused around
the issue of unplannability, allowing me to be more specific about the aspects of software
engineering practices (long-term planning and design processes) that mattered to this study.
This resulted in my final set of research questions:

(RQ1) How does software become a tool for exploratory work?

(RQ2) How do researchers reconcile flexibility and rigidity in their software tools?

(RQ3) How does a research group incorporate software planning and design processes
into their research work?
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These questions served to prompt and shape the conceptual development that occurred in the
final writing process, and particularly the connections that were developed in that process

between my own findings and relevant concepts in the literature.

3.4 Terms

Based on the literature laid out above, and the methodological context provided in this section,

there are a number of terms worth clarifying.

The Radio Group themselves switch between vague and extremely specific language
depending on the context, and here | have chosen a middle ground between these things. For
instance, interferometers of the type considered here are most accurately described as arrays,
but members of the project frequently refer to them simply as “the telescope”, and | will do that
as well. The group has highly specific language to describe the dipole antennas elements which
do the actual collection of data, but for my purposes | will refer to them as “antennae.” Most of
the interferometer projects are termed as “experiments”, which distinguish them in important
ways from the concept of an observatory, but here | will usually refer to them in a more general
way as “projects”, given that my interest is in particular on the work and organization of these
projects over time. The group works in a larger field of astrophysics, although they sit in the
physics department, and identify in a number of ways with the field of physics. | will refer to their

work at the high level as cosmology, within a larger field of astrophysics.

Rheinberger uses the terms “experimental system” and “experimental situation”, but my notion
of a research software system is somewhat broader than this, comprising not just the objects
that researchers manipulate but also the processes of work and coordination through which
differential reproduction plays out. | will use the terms “instrumental system” to mean something
similar to Rheinberger’s “experimental system.” The notion of the experiment has particular

connotations in the philosophy of science that diverge quite strongly from the kind of data
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analytic work that the Radio Group pursues, if not from the larger framing of their interferometer
“experiments.” An experiment in classical understandings is a justifying activity, usually with a
clear hypothesis (see Steinle, 1997), and it relies on intervention on the scientists’ object of
investigation. Rheinberger’s work takes place in the heyday of experimental biology (see also
Strasser, 2019), and he also takes a very different meaning of the activity than in these
understandings of experiment. For my purposes, however, the term “instrumental system” helps
avoid discussions about the status of data analysis or simulation and modeling as experiments

(Tamborini, 2020), which | do not intend to weigh in on.

A major aspect of this dissertation is a set of practices which are understood to be established
in a sphere of industrial software development which are often recommended to scientists as
minimal and basic practices that they can adopt to improve their work. These are often referred
to as “best practices” and they vary somewhat in their content. Here | will follow Heaton and

Carver (2015) in calling these collectively “software engineering practices.”
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Chapter 4:

Exploration and the development of problems

The first thing that is necessary to understand the research software system is to make
exploratory programming visible as an aspect of scientific work. Kery and Myers’ (2017) account
of exploratory programming provides some essential aspects of the activity, including that it
involves tradeoffs in code quality, frequent backtracking, the retention of unused code options,
and difficulty in collaborative work due to the “informal” practices frequently used. Here | will
look at a couple more characteristics that fit this kind of exploratory programming work into a
larger process of exploration in research work. First, exploratory work is organized around
epistemic objects and problems rather than requirements. While problems do not provide
detailed specification of what software should do or what outcomes it should produce, they do
provide a basis or framework for designing new trials and tests. Problems are constituted by a
relationship between a researcher and some experimental apparatus, and often they are
centered around anomalies, things which are determined to be “out of line” (Star and Gerson,
1987) with regard to some particular operations of a system. Such anomalies are epistemic
objects (Rheinberger, 1992a; Ewenstein and Whyte, 2009): they are characteristically
incomplete or only vaguely apprehended by the researcher. Precisely because of their
incompleteness they precipitate their own further development or unfolding. It is through

interaction with these incomplete objects that researchers organize and structure their work.

Additionally, exploratory work involves engaging these anomalies through open-ended tests,
which differ from most tests typically involved in a software engineering process. Exploratory or
open-ended tests are run in order to see what happens. They do not have specified
requirements against which the output will be evaluated, but rather the output is intended as a

point of departure for a sensemaking process (Weick, 1995). This defines a particular
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orientation towards running software, which involves among other things a great deal of

retrospection on what happened in a given test.

Although this exploratory process is inherently unpredictable, it is nevertheless structured in a
number of ways. It is important to clarify, first, that researchers do engage in many kinds of
planning, from planning new tests for the next week to the multi-decade project of detecting the
21cm line. However, unplannability as it is meant in both the science studies literature and the
software engineering literature does pervade their work. Specifically they cannot draw on any
clear script or blueprint for designing their software or carrying out their interactions with nascent
phenomena. Nevertheless, researchers are able to structure or systematize their work in a
number of ways. Exploratory tests do not have predefined outcomes, but they are shaped by
established practices, techniques, or repertoires (Ankeny and Leonelli, 2016). Moreover,
anomalies are “managed” (Star and Gerson, 1987) through an iterative process of reproduction
that is routinized, but nonetheless generative of new interactional possibilities. Lastly, although
researchers do not know where their research projects will take them or how long they might
play out, they can structure their investigation within a regular rhythm of lab meetings and

development work.

In order to demonstrate these aspects of exploratory work, | follow a couple examples of
problem formation in the Radio Group. These are research projects which unfold from the
appearance of an anomaly and research problem, through a process of reproducing and
transforming the anomaly and ‘the problem’, towards points of relative closure where what were
previously anomalous interactions of the group’s instrumentation are turned into regularized or
productionized software tools. In particular my analysis focuses on techniques for the detection
of radio frequency interference (RFI). This is one strand of research that the group pursues, but
it is one amongst a number of others. For the sake of simplicity and continuity across examples,

| have scoped the discourse to this part of the research.
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Section 4.1 will trace the larger process of generative reproduction that is at the center of my
account of exploratory work. It also demonstrates how this activity is organized around
anomalies and problems rather than plans or requirements. Section 4.2 will look more closely at
the process of exploratory testing, and how different components of a larger research software
system are problematized and re-problematized in the research process. Section 4.3 will look at
how this exploratory process is organized in time, how it comes to take on a particular rhythm
despite its uncertain direction and time frame. Lastly, in section 4.4 | will summarize some of
these characteristics of exploratory work and its implications for our understanding of scientific
software. Throughout these sections, it will become apparent that understanding how the Radio
Group’s exploratory work is accomplished requires understanding also their processes for

productionizing software. This is where | will turn in the next Chapter.

4.1 The generative reproduction of anomalies

A primary characteristic of exploratory programming is that it is centered more around problems
and anomalies than requirements or plans. As has been outlined by others, anomalies are a
ubiquitous part of scientific work, and the day-to-day activities of research involve the
manipulation and management of anomalies (Star and Gerson, 1987)". The argument here is
that anomalies and the problems that emerge around them are the sites of growth or change in
an instrumental system. Anomalies are places where a system escapes or diverges from a prior
state of working order. That is, where it does something new. They are not only new, they are
also not entirely definable or explainable. In this sense they are epistemic objects (Rheinberger,
1992a; Ewenstein and Whyte, 2009): they are characteristically incomplete, and they prompt

further development and unfolding precisely because of this incompleteness. Anomalies are

! Imre Lakatos used this point to argue against Popper’s understanding of falsificationism, pointing out
that any trivial refutation of a theory is not necessarily an empirical failure because in practice “research
programmes grow in a permanent ocean of anomalies” (Lakatos, 1989, pg. 6).
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also typically problematic. While some anomalies might simply be ignored, many obstruct or call
into question the larger project of the researcher. In this way, like a breakdown (Star and
Bowker, 2006), an anomaly prompts (or demands) reflection on a situation and potentialities, as

well as active efforts to understand ‘the problem.’

It is through interaction with these epistemic objects that researchers come to organize their
work without the ability to define stringent plans or specifications. While epistemic objects are
not scripts (Schmidt, 1997) and they cannot define clear next steps, they can nevertheless help
shape the trajectory of an investigation through the generation of questions, curiosities, and
problems. In this sense problems and anomalies in fact bear some similarity to plans and
requirements in the specific sense that they can be resources for the projection of future action,
although they are used in quite different ways. Another way that this could be framed is that in
the absence of detailed plans or requirements anomalies and vaguely defined problems are
what researchers have to work with. While this is a fair characterization, it is important to note
that researchers actively seek out those parts of their system that are anomalous or not yet
understood. As | will argue here, anomalies or research problems are points of departure for
new research projects, and as such researchers operate around them more as resources than

as obstacles.

Here | will describe how the Radio Group organizes their work around anomalies and problems,
specifically through a process of producing and reproducing anomalies. Where the typical notion
of reproduction or replication is intended to mean doing the same thing again, what | mean here
is a process of re-enacting a previously observed anomaly in a new way. In this sense it is not a
process of testing or demonstrating established understandings, but rather a process of probing
the interactional possibilities of a system. In this meaning reproduction is a process of carefully

and strategically doing new things (see also Feinberg et al., 2020).
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| will examine this process through the work of Noah, a graduate student in the Radio Group.
Noah’s work took up anomalies that had appeared in a prior student’s research and used them
as a jumping off point to refine the group’s ability to detect radio frequency interference (RFI).
RFI refers to any kind of signals, often but not always produced by humans, which might be
detected by their antenna array and therefore interfere with their ability to detect their signal of
interest, the 21cm signal. All of the interferometers (antenna arrays) that they work with are
placed in very radio-quiet parts of the Earth, but nevertheless they can still pick up signals from
distant TV broadcast stations, strange ionospheric interactions, airplanes flying along the
horizon, and satellite constellations moving overhead. All of these signals can interfere with or
“contaminate” the data in the sense that they can either block out a potential detection of the
21cm line or introduce confounding signals that could be mistaken in analysis. For this reason
they need to be detected, identified, and removed from the data, a process the group referred to

as “flagging.”

Noah started his investigation with a problem that was left over from the dissertation work of a
prior student, Mason. Mason had developed some Python code called cosmo-rfi which would
search the group’s data looking in particular for kinds of RFI that were flickering or moving. Part
of the algorithm that Mason wrote involved performing time-based subtractions which would
remove features of the data that were not changing rapidly (most stars and galaxies, for
instance) and leave things that were likely sources of radio interference. Mason has
successfully detected a number of new kinds of interference with this technique. He was able to
demonstrate, for instance, that TV broadcasts were reflecting off of airplanes moving along the
horizon and getting caught by the antenna array. His software was able to identify these and
many other features in the data and “flag” them, such that future analysis could avoid that

interference in the data.
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However, in completing his dissertation analysis he had also been able to demonstrate that
there was still some kind of interference he was not catching. Some portions of the data he was
using showed clear interference even though his flagging software did not detect anything in
those segments of data. This appeared as “excess power” in the final analysis results Mason
had produced. This excess power was an anomaly in the sense that it could not be properly
explained, categorized, or managed within the present working order of Mason’s RFI detection
software. When run, cosmo-rfi produces an outcome which is outside of what members
presently understand about RFI and its interaction with their detection software. Mason’s work
had generated “answers” about previously unknown RFI, but it also generated new anomalies

and new problems.

It is worth reflecting on how these kinds of research problems are managed as resources within
the group. Problems such as Mason’s “extra power” might be recorded in publications
(especially dissertations) or “memos” created by researchers who found them. Importantly they
were remembered by more senior members of the group, especially by Magnus, the head of the
group. They were then given to new students as the starting point for new projects. As Magnus
put it, “the good news is we have no shortage of problems.” As he went on to explain, what
defined the research project that a student took on was an “admixture” of concerns, including
the landscape of available problems (of varying urgency), the strengths and skillsets of
students, and what kind of “portfolio” of work they would need, which depended on what they
were hoping to do after graduation. Moreover, Magnus described how in his experience large
experimental physics collaborations often had some negotiation over which topics would be
taken on by which students, especially for dissertation projects:

“But if they want to do a more academic path and postdocs or things like that, or go for

prize fellowships, they want to have really meaty science in their thesis, but in order to

get that topic, they have to have done something really useful for the collaboration. And
all of this is behind the scenes and kind of quiet and kind of, | mean, | try and be explicit
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with the students, but there's this little quiet horse trading that goes on...” (Magnus,
professor).

Often new students would do “something useful” for the collaboration in the early part of their
Ph.D. and their ability to work on a prestigious or “meaty” scientific topic for their dissertation
work was dependent to some degree on this kind of service work that they would perform for the
collaboration. This service work might include chasing down more minor anomalies or building
out new computing resources, such as setting up cloud computing services (Sutherland et al.,
2024). More meaty science meant pulling the group’s entire analysis infrastructure together to
perform a fuller analysis of the data, and to mark down a new overall sensitivity of the

instrumentation towards a possible detection of the 21cm signal.

My goal here is to demonstrate how problems are used to organize and delegate future
investigations. Problems are starting points that can be maintained and delegated amongst
researchers. They might have more or less prestige, or fit better or worse with different kinds of
skillsets. They also provide direction and shape to nascent investigations. Mason’s excess
power anomaly, for instance, appears in data products that the cosmo-rfi software has
designated as clean. This is a vague indication of a problem but it does have shape. It indicates
interference in the data, and it indicates that this interference is something other than the
particular kinds of features they have already looked for: it is something else from previous
phenomena. This ‘else-ness’ is not much to go on but it is a lead, a resource with which to
shape new tests. As we will see, Noah is able to transform this anomaly and develop its

characteristics. This in turn helps shape new tests.

Noah first processed the data to a further point in the group’s analysis pipeline in order to
produce actual images of the data projected on the sky as it might be seen from the array’s
perspective (Figure 4). Mason’s approach had essentially looked for RFI across the whole sky,

but through the imaging approach Noah might be able to locate spatially where this new kind of
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RFI was emerging on the sky. This would allow him to develop more targeted statistical tests,
which would have a better chance of identifying it. Noah leveraged the group’s primary analysis
software, a very large and complicated piece of software written in IDL, in order to process the
data to the point where an image could be constructed. He then wrote some code in Python to
plot the outputs of that processing “on the sky.” This produced a circular view of sources on the
sky, and in certain circumstances Noah was able to see some effects that looked like RFI
(Figure 4). In particular this included long strands of black dots running towards the rim of the

plot, the horizon, where the telescope should not even be particularly responsive.
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Figure 4: Plots of data “on the sky”, with the circular region of the plot representing a view
upwards from the point of view of the telescope, with the rim of the plot representing the
horizon. Noah points to a long streak of data points indicated in black, which is likely produced
by RFI contamination.
While this “imaging” approach did show the effects of RFI in certain circumstances, it also had a
number of drawbacks. It was not a viable approach in the long term because it was
computationally “wildly expensive” as Magnus, the head of the group, put it. This was especially
problematic because sections of the data would simply be thrown out after the processing had
been applied. In this sense the imaging approach was not a very “do-able” (Fujimura, 1987) way
of framing the problem of RFI detection in the long term. More importantly, however, they were
not able to get detailed detections of the RFI they were looking for:

“...s0 we tried imaging. It didn't work very well. Imaging the UV plane was, there's a bit

of that that was, maybe there's a way of finding the signal there, but a lot of it was ‘why

wasn't the imaging working?’ Well, to be honest, | still don't know why the imaging wasn't

working as well as it is. And we talked about looping back and looking into that sort of
thing” (Magnus, Professor)

Noah was able to see some RFI in certain cases, but he was not finding very much RFI that was
not also caught by Mason'’s earlier algorithm. This definition in the negative was all the group
had of their present object of research, and the imaging approach had given them no new

handle on that object.

At this point the group heard from collaborators at another university that an RFI detection
technique they were developing was seeing traces of RFI in observations (segments of
collected data) where cosmo-rfi had not seen any. Importantly, their approach was also a full
sky approach, suggesting that it was possible to find this new RFI without trying to localize it
spatially. By looking at the approach that this other group had developed, members of the Radio
Group got the idea that perhaps this RFI they were looking for was not caught by cosmo-rfi

because it was not moving or changing quickly. They knew that the cosmo-rfi algorithm would
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decrease the “power” or strength of RFI features in the data overall, and so it might be

systematically overlooking features that were not moving in space or changing rapidly.

This idea led Noah to a new approach. He started working with the “visibilities”, lower level data
products that Mason had also used in his detection strategy, but developed a new detection

algorithm. Where Mason’s “sky subtraction” method was optimized for finding rapidly changing
features, Noah developed a new algorithm, or “statistic”, focused on identifying slowly changing
features in the data. Running this new system against the data produced a number of new
phenomena, including a feature that the group called the “evil cow” (Figure 5) and one that they
called the “stratospheric clouds” (Figure 5), among 4 or 5 others. The evil cow was so called

because it consisted of a sinister pattern of red and blue in the blob-like shapes of a cow’s

spots.

These new phenomena represented a major breakthrough in the investigation because they
concretely transformed the problem that the group was encountering. Initially, the anomaly was
only understood as some kind of interference not caught by an algorithm looking for rapidly
changing or moving sources. The group then developed the idea that they were looking for RFI
that was not changing rapidly in time, which gives some further potential shape to their object of
investigation. With Noah’s new algorithm, the anomaly splits into many, and takes on concrete
shape and character in the dimensions of time, frequency, and power. The evil cow, for
instance, tended to appear in certain frequency ranges associated with digital television
broadcasts, it tended to occur over long time periods, and it exhibited changes in power that
varied by frequency. This was not conclusive about the nature of this phenomenon, but the
character of the group’s anomaly, and the character of their problem, had been transformed

significantly.
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“Evil cow” detection with Noah’s algorithm |

cosmo-rfi detection |

Figure 5: A plot produced by Noah’s software, showing data collected from the Group’s array
by time on the y axis and frequency on the x axis. Columns indicate different analysis
algorithms. The most recent iteration on the left clearly shows the phenomenon the group calls
the “evil cow”, while the second from the left shows the same phenomenon appearing faintly in
an earlier iteration of the algorithm.



“Stratospheric clouds” phenomenon.

Figure 6: A plot similar to figure 5, showing time on the y axis and frequency on the x axis. This
section of data produced the “stratospheric clouds” phenomenon, so called because of its
unevenly distributed horizontal lines.

This progression of developing a vague and poorly understood anomaly into a more concrete,
comprehensible phenomenon is the basic pattern of the Radio Group’s research work. Through
iterative software enactments members of the Radio Group can transform the anomaly itself as
well as the ‘the problem.’ In Noah’s work this is a move from a vague problem of “excess power”
in observations that were supposedly clean, to a more specific problem of the “evil cow”, which

appears in particular ways and suggests new avenues of investigation. Moreover, the problem

has multiplied, producing not only the evil cow but also a number of other phenomena. These
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other anomalies were out of scope for Noah'’s dissertation work, and would have to be picked up

by future students as points of departure for new investigations.

In this process they are not working from plans or requirements, as there is little understanding
of what the software should do, or what outcomes or phenomena should emerge. However,
they can look retrospectively on past enactments of the phenomenon in order to design new
tests. This is what was done with Mason’s initial excess power anomaly, and the evil cow is, at
the time of writing, shaping new tests that Noah is pursuing. This is a more general pattern of
the group’s interaction with anomalies. For instance, if a feature in the data changes based on
directionality, it may prompt the group to look further for a phenomenon that might be occurring
on site, in the area around the array. If it does not have directionality in the data they may go
hunting for a bug in the software or hardware processing system. These are somewhat
simplistic examples, and it is often a complex process to figure out exactly what next steps

might be warranted by the appearance of a given phenomenon.

It is in this way that anomalies function as epistemic objects. In their incompleteness they
prompt, and provide some direction for, new investigations or tests. As Rheinberger (1992a)
puts it, they are question generating machines. The Radio Group’s assemblage of software
resources not only constitutes these objects, but also provides the basis for interacting and
engaging with them. It is through a kind of “conversation with the materials” (Schon, 1983) that

anomalies take on new shape and researchers change their understanding of the problem.

What is important to recognize here is that members of the Radio Group spend a lot of time with
these kinds of anomalous objects. Provisional, incomplete objects, such as the “evil cow” take
up the lion’s share of the Radio Group’s efforts and concern. These kinds of nicknames were
extremely common in the Radio Group, and often projects or long-running problems were

referred to this way, including “worms”, the “one third line”, “stratospheric clouds”, the “icicle”,
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and so on. Paine (2016) further describes investigations of the “fourth line bug.” Especially in
the study of RFI, these names often reflected a particular appearance of the phenomenon in
one or another kind of plot. In other cases they had less to do with the appearance of the
phenomenon and simply operated as handles to distinguish them from one another. One
previous student had been working on features that appeared in different “flavors” of cable used
on site at the array, and so she began to refer to the features using flavors of icecream, such as
“rocky road.” All of these nicknames reflect the status of these phenomena as provisional
objects, objects which can be described or apprehended in particular ways, but which escape
definition or causal explanation. In some cases they are intentionally used to prevent the
researcher from leaping ahead to complete explanations of what caused a phenomenon, a

situation | will describe further in the next section.

This process of iterative engagement with an anomaly is like a process of reproduction in the
sense of that term usually associated with the sciences. Reproduction, or more often replication,
is often meant as the exact re-enactment of an experiment or analysis for the purpose of
checking the results or demonstrating findings (justificatory purposes). However, work has
shown that reproduction is also often about extending prior experiments, about doing something
in a similar way but also differently (Feinberg et al., 2020). In this sense it is closer to a notion of
reuse or repurposing. This is a rationale for extending or building off of prior work, but also for
demonstrating the robustness or persistence of a phenomenon across slightly different contexts

(Schmidt, 2009).

Whether we refer to this as reproduction, reuse, or repurposing, my argument is that we can
consider it as an iterative, generative kind of improvisation (Weick, 1998). As Weick (1998) has
pointed out about improvisation, improvising does not mean generating new actions randomly
from whole cloth, but rather drawing on routinized activities and learned, structured protocols as

resources in the assembly of new activities. In this same sense reproduction of an anomaly may
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be an unplannable new engagement with a phenomenon, but it draws on established, routinized
protocols and techniques. This highlights on the one hand that although Noah and the rest of
the Radio Group are doing something new, they are drawing on a great deal of routinized
activities and resources. The general approach of detecting, modeling, and flagging RFl is an
established practice in the group. Plotting nascent phenomena against the dimensions of time,
frequency, power, and directionality is a common technique in the group for giving these
anomalies shape and character, and Noah reuses large swathes of the group’s analysis code

as well as Mason’s previously developed software in order to perform these techniques.

At the same time the tests that Noah and others run remain open to the generation of
unexpected things. The literature on routines and improvisation render these activities as
performative, meaning that a routine or re-enactment is always a new performance and has the
capacity for producing new things. In this sense although routines are understood as a kind of
repetition, and can be a source of organizational inertia and inflexibility, they can also be the site

of change and novelty (Feldman and Pentland, 2008).

This is where the notion of reproduction should place us, in a space of doing new things through
the variation and extension of established tools. By varying and reconfiguring established
resources and protocols in new ways, the Radio Group is able to produce new enactments of
phenomena. They are able to transform anomalies and problems into new kinds of things. This
is similar to what Rheinberger (1992a) means by a notion of differential reproduction. For the
Radio Group, and for an increasing number of research groups across the sciences, this kind of
differential reproduction is done in large part through the variation and recombination of
software. Whether we consider software to be part of a repertoire (Ankeny and Leonelli, 2016)
or grammar (Pentland and Rueter, 1994; Olson et al., 1994) for scientific work, we must
consider it as a key part of the essential resources with which the Radio Group can assemble

new enactments of physical phenomena.
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It is important to outline this iterative process of reproduction because it is a particular kind of
strategy of work that is geared towards working with epistemic objects. It involves sequential
running of tests which cannot be made according to a plan, but which can be strategized based
on past outcomes and which can take on meaning in relation to those past outcomes. This is
clearly visible in Figure 5, where Noah has plotted the results of his algorithm (on the far left)
next to the results of cosmo-rfi (second column from the left) on the same data. His new
algorithm shows a clear detection of the feature, but juxtaposed with cosmo-rfi’'s results it is
possible to see that cosmo-rfi saw the phenomenon similarly, but much more faintly and without
detail. The character of a phenomenon is established not through one conclusive test but
through its trajectory of development across many tests: its responsiveness to different kinds of
probes, its record of differential appearance or non-appearance. As Weick (1998) indicates,
citing Gioia’s (1988) discussion of jazz performers, the improviser cannot look ahead and work
from a plan, but can look backwards at notes that have just been played. In this case those
‘notes’ are prior enactments of phenomena accomplished through the variation of software

components as well as many other potential aspects of the group’s experimental system.

A closer look at the use of software in this reproduction process is warranted. In the next
section, | will examine how exploratory work leverages the performativity of writing and running

code.

4.2 Exploratory testing

The process of reproduction | described in the last section hinges on the ability of software tools
to produce novelty. When code is run, the interaction it produces cannot simply meet the criteria
of predefined requirements; it needs to have at least the potential to produce outcomes that are
outside the present working order of the system. The research software system needs to

function as a “generator of surprises” (Rheinberger, 1992a). How do researchers use software
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in this way? The short version of the answer that | develop here is that they use software to
perform exploratory tests. Members of the Radio Group in fact call individual iterations of their
analysis process “tests.” Often what the Ph.D. student or research scientist is doing from week
to week is running a test or a series of tests. These tests, however, different somewhat from
most kinds of tests recommended as good software engineering practice. They do not have a
gold standard against which the outcome of the test will be evaluated, but rather the outcome
will be the point of departure for a sensemaking (Weick, 1995) process. In other words they run
the test in order to see what happens. It is in this sense that the researchers’ tests are open
ended (see also Kery and Myers, 2017). This can be contrasted with running software in a
contractual way, where the proper operations and outcomes of the software have been defined,

and its status as a working system can be evaluated against those gold standards.

The idea that exploratory tests produce novel events could suggest that running code in a
contractual way cannot produce novelty. This is certainly not the case. The stance | take here is
that running software is a performative act, meaning that the running of the software is always
done again in slightly new conditions, with new data, new parameter settings, a new researcher
in the chair, a new version of an underlying dependency, new hardware, or some other minor
shift in context. For this reason even established software and well-tested software can break its
contract, so to speak. It might diverge from its definition or requirements and result in surprising
and novel outcomes. This is the nature of all kinds of bugs and breakdowns that occur in
computing systems broadly. However, the researcher does not typically wait for random
arrangements of a system to produce novel interactions that might (or might not) be interesting.
Rather, they actively vary components of the system with the intention of producing outcomes
that will give them new information about an anomaly. The exploratory test is carefully designed

and reflects the intentionalities of the researchers who design it.
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The content or shape of an exploratory test is always specific to the systems the researcher is
working with, and does not lend itself to generalization. However, in this section | will walk
through an example involving some of the Radio Group’s techniques for running tests in open-
ended ways. This project, which was pursued by a Ph.D. student named Stella, was also
focused on detecting radio frequency interference, but it began unexpectedly following the
breakdown of the cosmo-rfi software. As described in the last Chapter, the cosmo-rfi software
was the product of Mason’s prior work on RFI detection and had become an established tool for
detecting RFI for the group. Mason had put the cosmo-rfi code into a repository on Github, and
had applied some of the practices that the group associated with production software, including
unit tests, some documentation, and a process for creating and reviewing code contributions
(“pull requests”). The cosmo-rfi software had then been used by a number of other Ph.D.
students in the group to identify and flag RFI in their data. It would typically flag some portion of
the data as containing RFI, and the researcher could then remove that data and use the rest for

their analysis.

The breakdown occurred when Stella used the cosmo-rfi software to flag a dataset that had
been collected much more recently from one of the group’s arrays. Stella’s primary research
topic was not on RFI at all, but rather on artifacts introduced in the low level signal processing
stage. However, in order to evaluate the effect of her work on that topic she needed to bring
together the group’s whole analysis pipeline to perform a full analysis of the data. This involved
running cosmo-rfi to detect and remove RFI, but when she ran the software on her newer
dataset it did not perform like it had in many prior cases. It flagged almost all of her data as
contaminated, leaving her nothing to analyze. This threw Stella's (and the group’s) extensive
instrument and processing pipelines into jeopardy: it could be that something had changed with
the hardware of the instrument, or that some bug had been introduced into the code, or that the

“RFI environment” at the telescope site had gotten worse due to the introduction of more radio-
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emitting sources. The group knew that the RFI environment was getting worse in general, due
for instance to the growth of Starlink satellite constellations (see also McDowell, 2020), but such

a huge change seemed unlikely.

This discrepancy between past flagging operations and Stella’s new effort was an anomaly. It
contraverted the established working order of the cosmo-rfi software, and an explanation was
not readily apparent given prior understandings of the RFI environment and the operations of
the flagging software. Importantly, this anomaly appeared in software that was understood to be
in working order. While RFI detection is far from a settled issue, the cosmo-rfi software was well
tested and its general functionality was thought to be well understood. Stella initially ran the
cosmo-rfi software in a contractual way. The software has an understood or expected outcome,
and its status of working or not working can be evaluated against that expectation. If the
outcome converges with these expectations or requirements then it is in working order, whereas
if it diverges from them then it is in error. When confronted with a new dataset, however, this
well established software produces unanticipated results that throw into question the issue of
whether the software is working or not. There was then some uncertainty about the proper
interaction that the flagging software should have with the RFI environment, and this throws into
question both the software and the environment. This is what | mean by the fundamental
performativity of running software, that even well stabilized software, run in a new context, can

produce novel interactions.

Given the appearance of the flagging anomaly, Stella switched from a contractual orientation
towards the cosmo-rfi software to an exploratory orientation. She wrote some plotting code
which would plot her data against a number of dimensions that are salient in rendering
interferometric phenomena: time, electromagnetic frequency, power (the strength of the reading
on the antenna), and polarization (representing directionality of the reading) (Figure 7).

Additionally, she plotted these next to plots showing what parts of the data cosmo-rfi had
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flagged, as well as the category of interference that the software had identified. This allowed
members of the group to see what kinds of things had appeared in the data, how cosmo-rfi had
categorized them, and what specific parts of the data it had flagged. These are not accidentally-
chosen dimensions to use in rendering the data. They are typical modes that the group uses for
diagnosing or characterizing emergent phenomena. Understanding a phenomenon’s shape in
frequency and time, for instance, can go a long way towards characterizing what kind of thing it
is. Something which moves in frequency is unlikely to be a TV broadcast station or a satellite,
which usually emit in a specific range of frequencies and do not deviate. Knowing whether a

feature varies by directionality might help distinguish whether it is a source of interference on

site or a bug in the data processing.
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Figure 7: A collection of plots Stella produced in order to investigate the flagging problem. The
four on the left show raw data, and the four on the right show the data after the application of

the flagging analysis algorithm. The four distinct plots on each side show the same time

sequence, but show different polarizations (reflecting directionality). If a phenomenon varied by
direction it would appear differently in the vertically-oriented plots. The plots on the right display

the “breathing” phenomenon, a gradual progression from blue to red.
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Figure 8: Plots similar to those in Figure 7, in this case showing the “one third line”

phenomenon on the right hand side.
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“breathing”, which appeared as gradual changes in the power of the data over time (Figure 7).

Another was the "one third line" (Figure 8), which was a blue line, indicating a strip of low power

(Stella called it a "negative chunk"), which was very thin in time but extended horizontally in

frequency. In every case this blue line extended across exactly one third of the frequency band.

The one third line was a new phenomenon to them, and its consistent and sharp extent in

frequency was strange. Breathing was in fact a feature that the Radio Group was well-familiar

with: it was a pattern that appeared in the data due to the functioning of cooling units on the

antenna array itself. Data from subsets of the antennae were collected together at intermediary
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points across the array for preliminary processing, and these intermediary points had cooling
units to maintain the temperature of the computers which were performing the processing. The
breathing feature appeared in the data because these cooling units would turn on and off over
time, changing the temperature in gradual ways, which affected the analog processing of the
data. The presence of the cooling units therefore showed up in the data as gradual rise and
then fall in power over time, across all frequencies (Figure 7). While this was a well understood
phenomenon, the group noticed that where there was breathing the flagging software was
throwing out the entire observation. Breathing was a relatively benign feature which did not
warrant tossing out all of the data affected. The anomaly in this case was not breathing itself but

an unclear interaction that it was having with the flagging software.

In what way was this second test of Stella’s exploratory? As | stated above, the specifics of what
makes a test exploratory are always entangled with the specific materiality of the instrument
being leveraged, and they will vary depending on whether one is using a centrifuge, a magnetic
needle, or a piece of flagging software. Stella performed a kind of battery testing, in which the
interaction between the flagging software and the data was rendered against a variety of
different parameters that are typically significant in characterizing interferometric phenomena.
This is specifically a kind of test to be done with a poorly-understood anomaly. The group did
not have a specific hypothesis to test, and as | will discuss below they actively avoid such
hypotheses in these early stages of analysis. Their goal is more open ended. They can render
the data against the dimensions of frequency, time, power, and directionality in order to give
shape to an anomaly that does not yet have much shape at all. In this sense battery testing is
specifically tuned to open-ended investigation. The breathing and one third line anomalies are
new transformations of the original flagging anomaly that have emerged in response to a

broadly (but strategically) constructed probe.
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The difference between running software in an exploratory or contractual way is a matter of
orientation, and we can see the difference in the way that the researchers operate around the
test and its outcomes. The outcomes of Stella’s tests were analyzed through an activity that the
group calls a “data rampage”. The data rampage involves laying out a very large number of
plots across multiple tables (Figure 9), often in columns by night, and within columns by time
(Figure 10). This setup allows the group to walk up and down along the table as a group and
look across a large amount of data at once, looking for patterns and categories of phenomena.
Combined with the dimensions rendered on the plots themselves (time, frequency, power,
directionality), this arrangement scaffolds the use of the output of the software as a site for
sensemaking. Group members can point each other’s attention to particular examples, and
once a category has begun to be described members can hunt across the other plots quickly,

looking for other instances.
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Figure 9: Photo of a data rampage. Plots are laid out on the table in columns by observing
night, and proceed vertically in time, such that plots at the bottom of the table (the right side in
this photograph) are later in the night. Group members have written “to dos” on the whiteboard
at the back.
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Figure 10: Schematic diagram of the layout of plots. Each column contains data from a
particular night, and within each column plots are organized by time.

The data rampage proceeded first with people looking for kinds of features, features that had
similar characteristics and could be grouped together, which would result in categories that
would be written up on the whiteboard. In Stella’s case these included the one third line and the
breathing phenomenon. The Radio Group regulated their interactions around these novel
phenomena in particular ways. At the outset of one data rampage, Magnus explained the
process for new students in the lab and for my sake. He said that the idea was to “let the data
speak to you”, and that they would not be talking about "theories." By theories he did not mean
grand physical theories, but rather explanations about what interactions or phenomena had

caused the features they were seeing in the data. The rule against developing explanations or
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"theories" was to slow down the process of interpretation. During one data rampage |
transgressed the moratorium when we looked at some patterns of "breathing" in the data. | had
seen that feature in an earlier data rampage, and so when they referred to it as "breathing" in
this instance, | quickly suggested "isn't that the refrigerators?" Magnus and Mila both nodded,
but Magnus said that was "usually" the case, adding back a qualification, and he and others
continued to use the term "breathing." | realized that | had provided a theory rather than

remaining on the level of phenomena-in-plots, on the level of "breathing."

After categories had been largely developed in the data rampage the group would discuss
"things learned" about the features, and planned next steps. "Things learned" included, for
instance, that certain features appeared in certain frequencies or that they often appeared over
long periods rather than brief occurrences. Members of the group would discuss this and then
plan new tests. This involved planning tweaks to an algorithm that the student had written or
using different parameters with the group's primary analysis software. It also might involve
selecting particular nights of data where there were a lot of features for further analysis. These
practices were present in different ways in the group’s weekly lab meetings, which would often
consist of group members standing around a Ph.D. student's computer, examining plots they

had produced, and discussing what they might try next.

Further investigations allow for further transformations of the problem. For the "one third line"
this was fairly quick, as Magnus, the head of the lab exclaimed during a meeting that it was
likely "packet loss." This was a likely explanation because there was a part of the processing
chain on site in which data was separated into three cables by frequency, and so occasional
dropped packets on one of those cable connections would neatly explain the extent of the line in
frequency, its brevity in time, and its low power. Similarly, through further tests after the data
rampage Stella was able to establish that the breathing feature was being miscategorized by

cosmo-rfi as a television broadcast, which always required throwing out the entire observation
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that had been contaminated. The sudden appearance of this issue in Stella’s data was
attributed to the replacement of an essential processing component on the array. The new
model was theorized to be producing new kinds of breathing patterns which had interacted with
the cosmo-rfi software’s established thresholds for identifying TV broadcast features. This
meant that a relatively benign feature was being miscategorized as a pernicious one and a great
deal of data was being flagged unnecessarily. These observations again transformed the Radio
Group’s flagging problem. The “one third line” became “packet loss”, and the “breathing”

interaction became a specific kind of miscategorization event.

It is with these framings that Stella’s work with the flagging software returned from exploratory to
contractual. Once the "one third line" has been transformed into "packet loss", an available
course of action is to simply flag this new kind of feature in the data. Stella made a pull request
(she contributed some code) to the cosmo-rfi repository, in which she was able to express her
requirements in fairly specific terms: "Provide the option for flagging shapes only if the
computed significance value is negative." This would enable cosmo-rfi to check whether a
feature it detected in the data was negative, rather than just considering an absolute value,
allowing it to detect instances of packet loss specifically. Not only were the requirements for this
piece of code now clear, but Stella also now oriented towards the output of the code in a
contractual way: by simulating a packet loss feature she is able to write a unit test that defines
whether the code is working. Mason reviewed the code and it became part of the cosmo-rfi
software. In a similar way, once the breathing feature was understood in terms of
miscategorization, Stella was able to change the thresholds that cosmo-rfi used to detect
different categories of interference. These changes collectively allowed her to use around 75%

of her data, resolving her initial problem of having no usable data.

With Stella’s contribution back to the cosmo-rfi software, she closed one full arc of a research

project on RFI: the appearance of a surprising anomaly, the generation and refinement of ‘the
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problem’, and the cosmo-rfi software’s return to working order. There are a couple of aspects of
exploratory testing that become clear in this project. First, running even established or
productionized software can produce novelty or surprising anomalies. Software can be
stabilized and standardized to a great degree, but running software is a fundamentally
performative act. Just as with other kinds of artifacts, the software is not just a container for
already conceived mental models (Schmidt and Wagner, 2002). The running of software has the
potentiality of producing surprising outcomes. That said, the notion of the exploratory test turns
on the idea that the researcher can actively prompt or seek out emergent anomalies that escape
their present understanding. Anomalies can emerge not as unsolicited surprises but rather in
response to tests designed to elicit them. Although the outcome of the exploratory test cannot
be predefined, they can be actively designed around epistemic objects, things which are
characteristically incomplete and poorly understood. The researcher therefore orients towards
that output as something to be learned from, the point of departure for making sense of a larger

situation.

Despite this open-ended orientation towards running the software, Stella’s example
demonstrates how these novel and poorly understood outcomes are nevertheless (and
necessarily) produced using established routines and techniques. The one third line and the
strange interaction between breathing and cosmo-rfi became visible within plots constructed
according to established techniques within the group. This includes a great deal of underlying
software dependencies, such as the plotting libraries that correctly align axes on plots, for
instance. However, as Ankeny and Leonelli (2016) point out, researchers’ “repertoires” include
not only material resources but also the experience and know-how in bringing them together. In
the Radio Group the ability to develop and design plots is a conspicuous skill necessary to
constitute and reconstitute phenomena (see also Paine and Lee, 2017). Moreover, the practice

of plotting data according to particular dimensions, as well as using different algorithms for
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rendering features in the data are all techniques that, although established or routinized in the

group’s work, can be used to produce new phenomena.

Considering these aspects of routinization or technique, it is clear that exploratory testing is not
a matter of random flailing about. Exploratory tests are carefully and intentionally designed, and
it is as much this intentionality and systematicity as their novelty that makes them useful.
Without continuity with past ways of working and established techniques any novelty produced
in running the code is meaningless or incoherent. The one third line or the evil cow, for example,
are novel phenomena but they bear continuity with established modes of engagement, plotting,

rendering, and representing in the Radio Group’s longer trajectory of work.

Another aspect of exploratory testing is that it entails retrospection. The general goal is to run
the software and see what happens, which means instrumenting some particular interaction or
event such that what happened can be apprehended in some way. This is the reason that the
Radio Group has such an emphasis on creating and inspecting plots, because it enables them
to reflect on what has occurred in past action. This retrospection is an essential part of
sensemaking and other pragmatic understandings of design and organizing (Weick, 1995;
Schon, 1983). Here it is also a practice and concrete aspect of what an exploratory orientation
towards software entails. In general the process of exploration is aided by any scaffolding that

can be assembled around the interpretation of past action.

There are also a couple aspects of the larger exploratory process which are exemplified in
Stella’s work. Firstly, it highlights a distinction between exploratory and contractual orientations
towards software, and the way in which those orientations shift over time. The cosmo-rfi
software began as code written in Mason’s exploratory work on RFI, but as he reached greater
confidence in what it was able to detect and remove from the data, he turned the software into a

more robust tool that could be reapplied or repurposed again and again by other members of
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the research group. In this way the software becomes a technological object, as Rheinberger
(1992a) puts it, which can be reapplied in new exploratory settings. With Stella’s initial flagging
discrepancy, the cosmo-rfi software once again came under issue. Given the erratic outcome of
the flagging operation the group can no longer take it as assumed that the cosmo-rfi software is
in working order, at least not in the context of Stella’s new data. They then had to reorient
towards the software, treating its outcomes as the things to be figured out. With Stella’s
eventual contribution to the cosmo-rfi repository, the software came back, once again, into
working order. A point of significance here is that code does not move unilaterally from
problematic object to production tool, it is reproblematized and re-productionized in an ongoing
way. This is a kind of vacillation between the consideration of phenomena as outcomes of the
group’s instrumentation and the infrastructural inversion (Bowker, 1994) of that infrastructure,

which involves re-examining parts of the software and taking its functioning as problematic.

In doing exploratory testing the researchers are working with software as an ensemble
(Howison and Herbsleb, 2010). Stella’s initial goal was to test one piece of code that she had
written in the course of her work on low level artifacts in the signal processing chain. However,
‘the software’ is always many things operating together, and in testing one part of the software
another part broke down and became problematic. In order to examine or isolate one part of a
much larger codebase for inspection, the researcher needs to be able to rely on many other
components working as expected. Every test the group runs relies on a vast network of
operations, such as basic mathematical transformations performed by underlying mathematics
packages, and the correct rendering of data along axes performed in plotting packages. This is
a relationship between stability and flexibility in infrastructure that | will return to in the next
chapter. Here it is enough to point out that exploratory work involves problematizing and

reproblematizing different components of a larger infrastructure over time.
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In returning to working order, cosmo-rfi is not returning to the same working order that was
obstructed by Stella’s initial discrepancy in flagging. The cosmo-rfi software is now newly
capable, or rather the capacities of action that the Radio Group can undertake with their
collected instrumental arrangement has changed. The cosmo-rfi software can now identify and
remove new kinds of interference. This will ultimately, they hope, allow them to see something
else, the 21cm signal. The instrumental system has become more refined in the sense that it
has become more discerning in its engagement with celestial objects. The interaction between
the instrument (interferometer and software) and electromagnetic radiation has come to reflect a
more refined intentionality on the part of the researchers about what it is that they want to

capture.

4.3 Iteration and the indefinite rhythm

Despite its inherent unpredictability, research work can be structured temporally. By "structured"
I am referring to specific patterns of routinized activity, by which the Radio Group organized
their work in a way that is responsive to the unpredictabilities of their research. In particular
members of the group put a premium on rapid iteration and they carried out a kind of indefinite
rhythm, in which projects were not timebounded but proceeded in an extremely regular
cadence. | argue that these are patterns of activity which are intentionally suited to facilitate the
retrospective processes | described in the last section, and to work through the problem of

uncertainty.

Because the group's work is built on the production of surprises, they must deal with a great
deal of uncertainty in the direction and length of their projects. Danielle, another student in the

group, described this dynamic:
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"Every time something surprises me, | need to do something new about it. Every single
time my data looks different than I'm expecting. | need to ask a question of it | wasn't
expecting to ask, which requires new code" (Danielle, Ph.D. Student)

Danielle here captures the dynamic of needing to redirect work upon seeing the outcome of an
analysis. She also related that her own primary research project had been intended to be a one
year effort towards the beginning of her Ph.D. career, but it had turned into a project that
spanned her Ph.D. career:
"But all of that was always with the purpose of making the [pipeline] that our group uses
work for [dataset] and be able to do an imaging power spectrum. That was always the
goal of what | was doing. So it's been kind of an iterative process of let me run [the
dataset] through [the pipeline], see how things are looking, and then every time | would
do that, | would find some sort of problem with the data and it would kind of circle me
back to the commissioning side of things. And so then | would kind of iterate, be like, oh,
let's go figure out what's wrong with the telescope that's causing this. Try to get the
commissioning team to work on it; Lather, rinse, repeat, try again. And so the initial goal,
| think when | joined was that | would create an imaging power spectrum in the first year,

and I'm yet to make one because there were so many problems..." (Danielle, Ph.D.
Student).

Here Danielle describes running data from one antenna array through the Radio Group's
primary analysis pipeline, which had been developed for data produced by another array. They
had expected this to take about a year, but because of all of the unexpected problems they had
encountered it had taken much longer. The group is often engaging poorly-defined problems,
and their work proceeds on the basis of interpreting outcomes of exploratory analysis efforts.
For these reasons it is difficult for them to predict or plan the direction or timeframe of their
projects. In other words, because the group’s exploratory work proceeds through the production
and interpretation of surprises, their work takes on a process-level uncertainty in direction and

timeframe.

This situation represents a particular kind of unpredictability that plays out across successive
testing activities. As in Kery and Myers’ (2017) description, this work involves a great deal of

backtracking or changing direction, but it is also important to point out its seriality. The group's
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work becomes serial in the sense that one analysis has to follow a previous analysis. Often this
was done through a rhythm of weekly lab meetings, in which students would bring results from
the past week's analysis efforts to the lab meeting, the group would collectively evaluate it, and
based on that evaluation they would plan the next week's efforts. Additionally, this seriality was
necessary because members of the group did not know what later steps would be until they
interpreted the outcomes of the present step. This is different from seriality produced by a kind
of functional dependency, where, for instance, one task might rely materially on the output of a
prior step, but the different steps and their order are relatively well-defined. The Radio Group,
however, drives their work through the engagement of surprises, meaning that future courses of
action only take shape in the retroactive evaluation of current testing activities. As Danielle put it
above, they need to ask a question of the data they were not expecting to ask. It is in this sense

that the seriality of the work is epistemic.

It should be noted that this seriality is a matter of degree. There were often situations in my
observations in which researchers could pursue multiple lines in inquiry at once, especially if
they were investigating multiple different problems. Additionally, members of the group,
especially more senior members, often had hunches or vague plans about what they would try
next. Nevertheless, furthering a given line of inquiry always required successive iterations of
running code and interpreting outputs, and the redirection of projects based on these outputs
was a regular, and often expected, event. Indeed, uncertainty was a matter of course for
members of the lab. During one lab meeting a student reported that he was working on a
particular mathematical transformation and said, cautiously, that he thought this was probably
the last problem and then he could move on. Magnus joked that that is "what keeps
experimentalists alive, the idea that it's always the last problem." This joke plays on precisely

the seriality of their work, the idea that future problems are obfuscated behind the current one.
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Because future action was dependent on the outcomes of present tests, there was an emphasis
on how quickly they could try something new and see what happens. Magnus described this in
comparing the work of the Radio Group to another research group he was familiar with:
"...so0 we don't- we have a much tighter computational budget, but we are optimized for
testing speed. And they have just been hampered by the fact that, you know, when we're

in major cycles we'll be testing two or three changes a day. For them a test is a two-
week process. It's just a lot harder" (Magnus, Professor).

Here Magnus is referencing the fact that the Radio Group works in higher level programming
languages (IDL and Python), whereas the other group's work involves a much lower level
programming language. They also have a much larger budget for running large scale
computations. Despite this benefit, as Magnus argues, the other group has a hard time iterating
on an analysis and running large processing jobs to get back results. For him this is the main
criterion: the ability to iterate on an analysis, get back results, and learn from them. Moreover,
the importance of this process of iteration is precisely connected to the uncertainty of the work:
"If we had known what we were doing from the beginning and had specs and just wrote
it down they would have won, because they have a higher compute budget [...] but

because we don't know what we are doing [laughing], testing becomes the limiting step”
(Magnus, Professor).

Because the group's work has a high degree of unpredictability, both at the individual analysis
level and at the larger process level, the ability to try new things quickly and see what happens
is a primary motivation. As Magnus says, the group's work is "optimized" towards this purpose.
This is a similar focus on rapidity of iteration embedded in the notion of "knowledge turns"

discussed by Goble et al. (2011).

This process of iteration typically unfolded through a rhythm of weekly lab meetings. Lab
meetings were not unlike the data rampage described in the previous section in that they were
an occasion for the group as a whole to try to make sense of the students’ work over the last

week. Meetings typically proceeded with the students taking turns to show plots, often on their
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laptops with others standing around looking over their shoulder. Senior members of the group in
particular would try to interpret the outcomes and then suggest new tests to run for the following
week. This constituted a rhythm of testing, retrospection, and the projection of new tests through
which the process of reproduction was organized in time. In some cases the iteration needed
had to do with the plotting of the data or something else that could be changed rapidly. In these
cases students would sometimes rewrite the code on the spot, while the lab meeting proceeded
to other students, and they would return to that student at the end. From my perspective this
always seemed like a lot of pressure, to try to rewrite complicated plotting code in real time, but
being able to see and interpret the results meant that they could figure out what to do next, and

so the quicker that they could see new results the more quickly they could figure out next steps.

While this process of iteration had a great deal of uncertainty in direction and timeframe, the
pattern of lab meetings made it extremely regular in time. Students did not always have new
plots to show, and on a few occasions lab meetings were canceled, but for the most part the lab
meeting provided a regular structure to research work across my 6 years of observations. In this
sense it was an indefinite rhythm, which was not timeboxed to a definite deadline, but which

was regularized in cadence.

4.4 Some commitments of an examination of exploratory
programming

Across the previous sections in this chapter | examine the Radio Group’s work as a kind of
exploratory programming, and | outline some of its processes, goals, and rhythms. A large part
of my goal in this dissertation is simply to make exploratory programming visible as an
intentional kind of work that researchers do, which has some of its own processes and criteria

distinct from software production. Here | will summarize some of the commitments of my
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account of exploratory programming in the research process, describe what | mean by making

it “visible”, and weigh some of the potential implications of that visibility.

The first commitment of this account of exploratory work is the idea that anomalies and
problems are points of growth or change for a system. Although the researcher may express
exasperation or frustration with a particular problem or anomaly, they operate around them as
their primary resources for organizing research projects and designing new tests. In a practical
way, problems and anomalies serve as starting points for new projects, they are the basis for
designing new tests, and they serve as handles or provisional caricatures of phenomena-in-the-
making. This is an ‘anomaly-positive’ model of scientific work in the sense that it positions
anomalies not as hurdles that must be overcome but rather has emergent handles that
researchers use to grasp and manipulate as of yet unknown objects. | take this stance in part
because | am looking at somewhat prosaic kinds of anomalies. Kuhn (1962) acknowledged the
ubiquity of anomalies in science but focused to a large extent on the persistent, paradigm-
breaking anomalies that cause widespread divergences and conflict in scientific communities.
This is a paradoxical role of anomalies that | do not attempt to untangle here. Anomalies are
unwelcome to scientists in the way that they overturn and trouble existing understandings, but in
precisely that role they are also resources for doing new science and for securing scientific
prestige. Nothing is more important in science than having a significant and meaningful problem

to work on.

In my account | have used the terms production and reproduction, which are an odd way to
describe the emergence of anomalies and problems. Rheinberger (1992a) also confesses that
he is somewhat uncomfortable with the word, but uses it nonetheless. | also use it because it
captures the intentionality with which researchers bring anomalies into being, despite the fact
that they do not know what they will look like. Moreover, it captures the fact that anomalies and

phenomena are enacted and not just stated or theorized. Researchers use a variety of tools to
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make phenomena, anomalous or not. This is not to assign complete agency to the human in the
situation, but rather to emphasize that the phenomenon produced is an outcome rather than a
readymade resource for scientific activity. As in Kohler’'s (1991) usage, these aspects of the
word production do come in some way from its reference to systems of producing material
goods, but it should not imply any particular economic theorization of scientific work. Its
commitment is more towards science as practice (Pickering, 1992), and the day-to-day

manipulations of instruments as epistemically potent aspects of scientific work.

On this last point concerning science as practice, my account of exploratory programming takes
software in particular terms. | am taking software in terms of its workability (Spencer, 2015), or
as a manipulable system (Turnbull and Stokes, 1990). This involves looking at how researchers
turn software into a set of tools which can, in a better or worse way, facilitate the ongoing
manipulation and refinement of their objects of investigation. This framing finds overlap with the
concerns of software engineering more than with many other areas of computer science. It
concerns in particular the way that people work with software as a material for making things,
how they manage its multiplicity and its interconnectedness. This is not, for instance, an
examination of a digital transformation of scientific work or an analysis of the formal

representation of scientific concepts in code.

As with other treatments of science as practice, this account also goes some way towards
demystifying the processes of science. Like Star and Gerson’s (1987) account, my account of
researcher’'s engagement with anomalies casts it as a relatively prosaic thing. Engaging
anomalies through software looks a lot like simple debugging or troubleshooting. | think this is a
feature rather than a bug of the consideration of science as practice, so to speak. Debugging
and troubleshooting are terms that have come to be largely reserved for interactions with
software, but doing science with air pumps (Shapin and Schaffer, 2011), for instance, involves a

great many mundane activities that could be described as troubleshooting or debugging. The
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apparent strangeness of considering debugging as scientific activity has more to do with the
longer-term obfuscation of technician work in the literature (Shapin, 1989; Barley and Bechky,

1994) than with some fundamental division between IT work and science.

Outlining these characteristics of exploratory programming help make it visible as an aspect of
scientific work. By “visible” | mean both that we can take exploratory work seriously as its own
process with distinct kinds of criteria, but also that we can make software visible as an
epistemically potent tool in scientific work. On the first point, examining exploratory
programming work in the sciences is important because when scientific software is discussed in
the literature it is often discussed in terms of software production. This is understandable given
the urgency of problems around sustainability, reproducibility, and reuse that processes of
software production often address. However, the contingencies and unpredictabilities of
exploratory work are often couched as obstacles to the central effort of software production.
One of the benefits of focusing on exploratory work itself is that, for instance, it can be informed
or designed for. The improvisational and contingent processes of exploration can take on some
of the qualities traditionally associated with the context of discovery in the sociology of science,
that it is a magical or arbitrary process intractable to rational analysis (Popper, 1961). Kery et al.
(2017) have already made contributions to informing and designing for exploratory activity, and
the organizing routines and techniques such as those used by the Radio Group are things that

can be shared and adapted between research groups.

Making exploratory work with software can help us understand some of the mysteries that
surround software production in the sciences. For instance, it is important to observe that the
unplannability of scientific work does not inhibit them from structuring and routinizing that work.
Indeed, members of the Radio Group organize their activities specifically to deal with high
degrees of uncertainty in the running of tests. Greater engagement with the literature on

organizational learning, which has described various configurations of a tension between
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routines and improvisational work (e.g. Gersick, 1994; Obstfeld, 2020), is needed to further this

understanding of research software development.

An important follow-on to this observation is that although the practices of writing code that
researchers use in the research process are unorderly within a regime of software production,
they are nevertheless orderly with regards to a process of research. Seeing the Radio Group’s
work with software as a structured research activity rather than an unstructured software
development activity changes our view of what the path towards research software
infrastructure might look like. Any intervention into the work of scientists that has the goal of
improving the way they develop software will need to be reconciled with their established
patterns and rhythms of work, which are intentionally structured and not orthogonal to the work
of writing code. In the case of the Radio Group, programming is already deeply embedded in
the research process. The uptake of new practices for software development, then, looks more
like an integration of different kinds of practices rather than the adoption of development
procedure into an unorderly or amethodical space. The details of this integration in the case of

the Radio Group will be discussed in Chapter 7.

Without looking at exploratory programming, discussions of research software seem to start
where the work of figuring out or investigating ends. This places a core aspect of scientific work
outside of or away from software artifacts. My observations with the Radio Group stand in direct
contrast to this view. Software is the means by which the Radio Group enacts the "working
objects" (Daston and Galison, 2007; cited in Strasser, 2019) of their research. Even anomalies
and errors must be made or produced within a research system (Star and Gerson, 1987), and
they appear only in relation to that established system. More specifically, exploratory work is a
process that makes novel or problematic objects “organizationally real” (Jsterlie and Monteiro,
2020), meaning that they can be incorporated into organized processes and manipulations of a

group. Seeing software in this way is an alternative to seeing it as a substrate for science.
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Seeing it as a substrate means seeing it as a technical underpinning which is necessary, and
could potentially slow or expedite science, but which is essentially discrete from the epistemic
work of science. In contrast to this view, the writing and rewriting of software should be seen as
constitutive of successive enactments of a phenomenon, and of successive framings of ‘the

problem.’

Last, and most important for my purposes here, making exploratory work visible allows us to ask
questions about how this exploratory work fits in with, or becomes complementary to, processes
of software production. For the sciences, whose work centers primarily on exploratory work but
who are increasingly enjoined to take up software engineering practices, this is an urgent

concern. | turn to this interrelationship in the next chapter.
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Chapter 5:
Software production and the research software

system

In the last chapter | argued that a process of exploration can not just produce new phenomena;
it must do so within frameworks, routines, and techniques that establish continuity and
coherence with a longer-running trajectory of research work and instrumental development.
From this perspective we can reproach the problem of building research software infrastructure
by asking how researchers both accomplish stability in their routines and software resources
while also accomplishing flexibility in the pursuit of new research problems, new phenomena

and new stakeholders.

In this Chapter | argue that the Radio Group does this by accomplishing a distinction in their
work between processes of exploration and processes of software production. These are
distinct regimes of work that operate on different temporalities, have different criteria for what
constitutes good work, and pursue different goals. Where exploratory work proceeds through a
kind of indefinite rhythm, as described in the last section, software production typically involves
longer-range planning and may have time-bounded development goals. Where exploratory work
prioritizes rapid iteration and the ability to make changes quickly, software production prioritizes
the robustness of software across stakeholders, its sustainability, and its ease of use and
interpretability. Where exploratory work is focused on changing understandings of phenomena
and the capacities of the researchers’ instrumentation, software production is focused on

entrenching understood capacities in robust and sustainable ways.

These distinct regimes of work are mutually interdependent. What | mean by interdependent is

not necessarily a strict functional interdependence, but that they are defined in part in relation to
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the other and each benefits and is promoted by the other. For instance, software production
does not only contribute to a software tool’s sustainability or usability as a standalone product; it
also contributes to and facilitates the process of exploration. Moreover, exploratory work feeds
novel capacities into the process of software production, defining requirements for new

development of established software tools. This latter dynamic | will take up in Chapter 6.

The distinction between exploration and software production is not a readymade, inherent
distinction in kinds of work. Rather it is the outcome of boundary work (Gieryn, 1983). Members
of the Radio Group and the larger CDA negotiate the boundaries of these regimes in an ongoing
way, defining the when and the where of exploratory programming and software production. In
particular, they refer to the categories of “research code” and “production code” (or
“collaboration code”), objects of work which align with exploratory work and software production
respectively. Over the course of the last decade the Radio Group and the CDA developed
distinct associations and ways of working with these categories of software artifacts. | take

these perspectives and actions as a point of departure for my own analysis of these categories.

Looking closely at this distinction between exploration and production also begins to tell us how
the CDA came to integrate software engineering practices into their work. Rather than
universally applying such practices wherever they work with code, they designate specific
contexts to the use of engineering practices. This is the basis for talking about research
software systems that contain within them heterogeneous and interdependent kinds of work.
Specifically they encompass the mutually interacting processes of exploratory programming and
software production. The notion of the research software system draws on Rheinberger’s
(1992a) notion of the experimental system in focusing on the generative potential of the
interaction between well-understood, ready-to-hand infrastructural resources and fundamentally
unfinished and problematic objects. However, the research software system is focused more on

processes of work by which these interactions are enacted and re-enacted over time.
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Such a system still entails significant work in the learning and adaptation of software
engineering techniques and the extra work (Trainer et al., 2015) they require, a topic | engage
more closely in Chapter 7. It also, however, entails articulation work in successfully connecting
these distinct regimes. Articulation work (Strauss, 1988) is the work of connecting different tasks
and sequences of tasks and ensuring that these different activities function well together.
Making a research software system go well entails not just defining different regimes but also
work to connect and transition between them. As | will argue, maintaining two distinct modes of

work with software within a larger collaborative milieu brings a certain amount of complexity.

5.1 Production code, flexibility, and the wild west

Members of the Radio Group and the larger CDA generally made distinctions between
“‘research code” and “production code” or “collaboration code.” My analysis of exploration and
production center around these categories respectively. At the center of these distinctions were
rationales about the flexibility and rigidity of the work that they performed with software. These
rationales were multifaceted and reflected a number of different stances on the tradeoffs of
using software engineering processes. Here | will explore the distinction that researchers
developed around the notions of research code and production code. In particular, researchers
understood these designations and their tradeoffs in terms of the flexibility needed for highly
uncertain, exploratory work and the rigor and consistency provided by software production
methods. These were complex, multifaceted ideas, but they provide the basic rationales for the
organization of a research software system, which attempts to maintain spaces for both

production work and exploratory programming.

In examining the designation of production code, | will focus on a particular software package,
called pycosmo, which became an exemplar of production code. Pycosmo was a Python

package initially developed to act as a format interchange or “clearing house” for data formats,
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as one researcher put it. Researchers in the field commonly used a number of different data
formats to store and share data, depending on their own preferences or projects that they had
previously worked on. Pycosmo was written to convert data between these different formats,
accounting for different conventions in representing, for instance, the numbers of antennas or

the polarization (directionality) of the antenna elements.

Pycosmo is illustrative of the broader phenomenon of production code for a couple reasons.
Firstly, production code was closely associated with the scale of its use across a wider
collaborative milieu. The interchangeability of the terms production code and collaboration code?
is indicative of this. The idea of applying software engineering techniques to software work was

closely dependent on the number of people who were expected to use it in the future.

While this association is not novel to wider discussions about research software, it is important
to substantiate how these collaborative needs became a motivation for researchers in this case.
The motivation for pycosmo had emerged at the beginning of the CDA, and it was associated
with new collaborative demands that project created in the field. As Mila, an early developer on
the project, put it, she and a number of other members of that project realized that conversion
between formats was going to be a significant barrier, and that the existing scripts used for that
purpose were “fiddly and not robust, research-level, one-off, get-the-job-done kind of scripts.”
The format conversion process would need to be done consistently and reliably across the
many researchers invested in this new project. Pycosmo was built with this purpose of data
exchange in mind, but once it was built the developers realized that it was a good place to
develop many other kinds of functionalities that one might want to use while manipulating,

inspecting, and plotting data. As a generally useful tool, pycosmo came to be an essential

2 “Collaboration code” sometimes referred to code specifically associated with one particular
interferometer project, but it was also used to describe code intended to support wider collaboration more
generally.
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dependency for a great deal of the software in the CDA collaboration, as well as at least one
other research group working in the field. It also was picked up by the High Altitude Low
Frequency Observatory (HALO), another interferometer project that was not focused on 21cm

research.

Spaces for the development of production code took on this quality, both of being intended for a
large group of people but also being developed by multiple people. Pycosmo had around 5
permanent developers, both research scientists and professors, who all came from different
universities. Many of them worked on the CDA collaboration but a number of them worked on
the WRT as well and one worked on HALO. When | asked members of the Radio Group why
pycosmo had such a great deal of software engineering practices used in its development
almost everyone gave the rationale that it was intended to be used by a broader group of

researchers.

Production code involved other people in the development process, but also required
developing the code for other people. Mason, a Ph.D. student, described these considerations

that came to bear on his own contribution to pycosmo:

“And so you know, pycosmo has to take some special care to make sure that their
software is compatible with what the people who depend on them are trying to do, which
is really challenging, | think. Because... | needed this thing for cosmo-rfi, and it wasn't
that hard of a thing. But what it means in pycosmo is I've changed this function so that it
returns this output, which ends up adding these if statements everywhere. If statements
are gross. And then not only that, but | have to go and take this object, and | have to give
it a new attribute that's optional. And | have to make sure that thing is compatible with
what everyone else does. It was kind of like everyone comes to town and they're just
like, ‘Okay, how do we satisfy everyone's needs?”” (Mason, Ph.D. Student)

Discussions of potential contributions (pull requests) often included the meticulous details of
how to phrase warning messages, what parameters people might want on a particular function,
and how to order them in the most intuitive way. Contributions to the software had to include

unit tests, which compared the output of the code against expected output to establish that it



121

was working as expected. These tests were run regularly as part of a continuous integration
system, to check that any new code that was being considered for addition to the repository is

not breaking expected functionality.

It was around this expectation of the tool being a collaborative resource that a number of
understandings of rigidity and flexibility were centered. One particular understanding of rigidity
was associated with this need to have other researchers inspect and sign off on contributed
code. Harvey described this dynamic on some of the CDA’s other production code:
“So a lot of our other analysis codes are pretty heavily tested. And we hold ourselves to
a pretty high development standard, with the branch-pull-merge architecture and you
know, that sort of software development protocol, but that's, that takes a lot of people in

the loop and which is why we do it. But if you're just trying to get plots moving quickly...”
(Harvey, professor).

A high development standard here implies not only a certain amount of “protocol”, and having
people “in the loop.” Specific steps that need to be followed in order to contribute one’s code,
but also the oversight of other researchers. As in the development of Pycosmo, regimented
development required going through processes of code review, redesigning the code to address
the needs of other stakeholders using the software, and providing documentation and tutorials

that would help others use and edit the code.

This association with production code as a collaborative object-both in terms of who it was for
and who needed to be consulted in its development—put it in tension with both a kind of
autonomy and an understanding of speed of analysis work. Diana, another professor, similarly
described the need to coordinate code changes with others:
“But one thing about the passing around scripts that has been easy is flexibility. You
know, | can modify it directly and | don't need to ask anybody's permission, and | can do
things just immediately versus something like [pycosmo]. [...] And so it's been difficult

from a developer point of view in terms of like, it doesn't have the flexibility that | need on
a day-to-day basis to do everything, absolutely everything that | need. But that's also
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kind of like a pro at the same time, because, you know, they shouldn't let me just modify
things, you know, it should go through unit testing” (Diana, Professor).

Diana here contrasts production code with flexibility, where flexibility means the ability to tailor
new code to her specific needs but also the speed to do things “immediately.” At the same time
she designates production code as a place where she, just one specific researcher, should not
be changing code arbitrarily. The implication in her description is that the code is a communal

space, and uncareful changes could affect other users.

A critical point here is that this notion of flexibility is itself closely connected with the situation of
unplannable, exploratory work. This notion of flexibility was repeated across many of my
interlocutors in the field, and it reflected an understanding of the need to try things out quickly, in
an iterative fashion, when one does not know what exactly the end point of the analysis should
look like. Abe, a research scientist, described this as a kind of flailing:
“I know for me personally, anytime I'm trying to solve a new problem | just want to get
our hands on the data and start flailing around with it and, you know, just fail a lot of
different ways until | get to something that sort of looks like it's working. | don't know
about the industry side of things, but certainly on the research side of things, you want

tools that are flexible, and, you know, give you the opportunity to fail fast, in some sense”
(Abe, Research Scientist)

Abe’s phrasing here reflects some self-deprecation and humorizing of his research work, but he
is also trying to capture the situation of not knowing what to do next. “Flailing” reflects the
activity of acting without a clear plan, of trying and failing. In this sense flexibility is a strategy
that is adopted in response to uncertainty. However, it also entails being able to try things
without much overhead of time or labor invested. Abe connected this with the use of Jupyter
notebooks:

“One of my observations is that the use of Jupyter notebooks has kind of exploded.

We're doing kind of, you know, quick analysis and debugging of things because It's, you

know, modular, it lets you change code on the fly without having to recompile the
program and rerun everything. Like you can read data and have the memory change
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what you want to do, visualize it quickly with a plot, and then do something totally
different. So | feel like, even the medium is different in terms of what you're trying to do.”
(Abe, Research Scientist)

The Jupyter notebook provides a coding environment in which blocks (or cells) of code can be
run separately, such that one can try one variation of code quickly and then alter it and try it
again. Here the notebook is closely connected with flexibility, meaning specifically the ability to

try things without much time commitment and then backtrack to try something else.

Computational notebooks were in fact fairly closely associated with the notion of flexibility.
Some members of the Radio Group worked primarily in Jupyter notebooks and used them to
show their code and plots in lab meetings. The different usages of the computational notebook
have been investigated elsewhere (Rule et al., 2018), but here | want to focus on how they
create a space for a particular mode of working with code. Harvey, a professor, indicated this
association in discussing the “nightly notebooks”, a set of Jupyter notebooks in which members
of the collaboration developed tests to be run on data coming off of the array each night:

“The night notebook is interesting, it's kind of the wild west of the analysis, like all of our

other analysis is pretty regimented and sort of carefully tested and, but the notebooks
are just like ‘throw a plot in there. Let's see what it looks like”” (Harvey, Professor).

Here again Harvey emphasizes the ability to try things and see what happens. The nightly
notebooks are a space where members of the collaboration are examining emerging problems
in the data collection process, and this involves writing code and producing plots where they are
not sure what the outcome of the code will be and whether it will be useful in any longer
timeframe. These activities constitute a kind of "wild west" in the sense that they are not
following established rules for the development of software, such as those that exist around
pycosmo. Work in the computational notebook is framed as being low overhead and rapid,

allowing for the kind of exploratory work | described in the last chapter.
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While both Diana and Harvey’s quotations above indicate a desire for flexibility, they also both
indicate a need for regimentation or protocol. In a positive valence, collaboration code
represented the good qualities of reliability, robustness, and trustworthiness. The notion of
flexibility could in fact take on a negative valence by contrast with collaboration code. Lucas, a
professor, connected flexibility with “sloppy” coding:
“My own philosophy is that research code is a different level than production code that
does this- Our research is can you write an algorithm that does this better than any
algorithm has done to date? Where this is a very particular step of the process. And you

know, you have to try things out, you have to be flexible. You generally code in a sloppy
fashion” (Lucas, Professor).

“Sloppy” or “hacky” were common terms for designating certain ways of working in the
collaboration, where work was focused on immediate goals rather than robust design of
software for long-term use. Some members of the Radio Group referenced a retraction that had
occurred years earlier in the CDA, after which there had been an effort to change collective
practice around software. This led, for instance, to a policy that code that was on the “critical
path” to a publication had to have certain practices used in its development, such as code
review and unit testing. In this way the processes associated with collaboration code were
understood as a kind of rigor, whereas the processes of exploratory coding could be seen as a

threat to rigor.

This notion of rigor in software development also tapped into a quite different understanding of
flexibility. Thus far the associations | have discussed have fairly unilaterally aligned the virtues
of flexibility with research code and the virtues of rigor and regimentation with production
software. Production software was also discussed by my interlocutors as being useful for
exploratory work precisely because of its robust and consistent design. Mason, for instance,
stated that one of the benefits of pycosmo was that “...so it is nice to have a data container with

lots of great attributes and methods that just kind of help you arrange your data right. In
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scientifically useful ways.” By “container” here Mason is referring to the data structure at the
center of pycosmo that organizes interferometric data and provides a number of useful functions
for manipulating it. When | asked him what he meant by scientifically useful, he gave the
example of particular low level data products produced by the WRT, which, in their raw form,
were notoriously difficult to parse. Stella had done a great deal of work to figure out a consistent
way to import this data format into pycosmo, where it became a much more usable resource:
“So there is an order [to the raw data products], but it's like whatever the order was on
the chip, when it got written. So [Stella] spent a lot of time figuring out exactly what that
order was, so that she could read them into [pycosmo], where it was in a more user
friendly order so that people could do different operations on it more quickly because the
organization is clear. So | guess what [pycosmo] does is it... it brings a standard to
organizing the data. It says you guys can write your files however you want. And if we

support it with [pycosmo] we'll read it into this object. And this object will be standard no
matter what telescope you're looking at” (Mason, Ph.D. Student).

Once the data has been read into pycosmo, it takes on a form that Mason is familiar with and
which is consistent regardless of where the data came from. Mason uses the word “standard”
here, but it does not imply the burdensome associations that some had towards standard
development protocols. Rather, it designates a “user friendly order” which is ready to hand for
exploratory data manipulation tasks. This was an understanding of flexibility that was produced

precisely as an outcome of the processes of software production.

This understanding of flexibility was also a multidimensional one. It was in part a matter of the
usability of the design of the software. Pycosmo meetings involved a great deal of discussion,
for instance, about what were the most intuitive names for functions and what parameters
should be provided to the user. In a deeper way, however, it reflected the fact that pycosmo
presented modes of processing that were consistent, reliable, and for which researchers
developed familiarity. As Mason indicates, standardization in the design of production code was
a benefit rather than an obstacle to exploratory work. In this framing of flexibility, its opposite

would be the slow, difficult process of doing conversions oneself.



126

Consistent processing also presented an alternative to risk. The pycosmo team called one part
of the software package the “wild west” because it lacked some of the tests and guardrails for
users that the rest of the code had. That part of the code, a feature called pyflagger, had been
tacked onto the pycosmo package at an earlier time and never redesigned. During one meeting
they discovered that the code was not running the standard “checks” of data objects before
combining or manipulating them. This meant that in some cases its processes could fail silently,
producing errors without the researcher knowing that something had gone wrong. This could
cause confusion on the part of the researcher or even situations where they do not understand
that their output is erroneous. This left some members of the group slightly aghast, and they
agreed that Pyflagger was “the wild west.” This understanding of the wild west was slightly
different from Harvey’s usage. It referred to a situation of risk, where software, if it was not

designed carefully, might put computational analyses into places of error or confusion.

The checks being described here were implemented throughout pycosmo and prevented the
user from doing things like combining data objects in ways that might compromise the outcomes
of the analysis. As Mila describes some people (“black belts” at using the software) wanted to
reduce or remove these checks, as they found them obstructive, but the developers maintained
their stance on it:
“[Others would say] ‘I know what I'm doing with my data. | want to do it. Don't error on
me.” And various things. It's like, no, that could be an error, because that is actually
fundamentally a wrong thing to do. If you want to override it, you can go change the
values or something and make it happen. But we want the casual user not to have
surprising things happen to them. And so there are certain rigidities that are important to

us about making sure that the data is- that everything's coherent and sensible” (Mila,
research scientist).

Here Mila stands by the rigidities of production code as a benefit rather than a drawback. In
particular these are rigidities in use, rather than in development process, and they separate

pycosmo from a wild west where the user is free to do whatever they want, but the software
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might run inconsistently or produce subtle bugs or errors.. Pycosmo was intended to be used as
a piece of infrastructure for other kinds of work, and the surprises that Mila mentions here are
not the generative kind that | discussed in the last chapter, but rather confounding breakdowns

in code that should be held stable. This is discussed further in section 5.3.

| Exploration Software production

Goal Changing understandings, producing Producing robust software
requirements

Anomalies Motive force Obstruction, cause for switching to
exploration

Planning and Improvisation or variation in routine Top down planning: specific

routine milestones with rough deadlines

Table 2: Differences between the processes of software production and exploration.

Production code had particular temporalities not only in the speed with which changes could be
made but also the foresight with which planning could be done. pycosmo meetings involved a
great deal of long-term planning, in which members would create “milestones”, representing the
fixes and feature changes they wanted to make over the next couple of months. Moreover, new
code was contributed as if it would exist in the repository for a long time and be reused by many
people. For instance, the development team avoided making large changes without warning.
They used a deprecation process to warn other users that large changes, “breaking changes”,
would be happening in the future, and they displayed deprecation messages for a long period of
time before they actually made the change. During development discussions, the term “API
change” was often deployed as a warning or caution against a particular design. An API change
meant changing the keywords and methods that others used to interface with the mode,
meaning that it would require changes in other software packages. APl changes could be made,
but members of the pycosmo team were leery of them, and they required significant warrant in
terms of the new functionality that would be added. Stability, and reliability towards other

researchers relying on the code, was a primary criterion. Collaboration code had different
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temporalities in terms of planned permanence (Lee and Paine, 2015), the time range of
planning activities (long term), and the time that was invested into each code contribution.
Where research code had short-term planned permanence, and a rapid cadence of change to
the code, collaboration code was changed slowly, planned over the long term, and was

designed to operate on longer timescales.

Across different people’s accounts, collaboration code and research code were complex
categories, entertaining a variety of associations (Table 3). They differed in temporalities of
planning, planned permanence, and rapidity of changes, with collaboration code engaging many
of the problems of long term infrastructure development (Ribes and Finholt, 2009; Bietz and
Lee, 2009). They also differed in scale (Lee and Paine, 2015), with collaboration code both
requiring the input of a wider group of developers as well as consideration of an even wider
group of stakeholders and their needs. The notions of flexibility and rigidity were understood in
relation to these other aspects. Flexibility implied rapid changes without the overheads of long-
term planning or designing for others, while rigidity implied moving more slowly, investing effort

in the code as something that would be used for a long time by many people.

Research Code Collaboration Code

“Not really regulated” “Software development protocol”
“Get plots moving quickly” “A lot of people in the loop”
“The wild west of the analysis” A “high standard”

“Hacky” “‘Regimented”

“Flexible” “Carefully tested”

“You code in a sloppy fashion” “Validated”

“You have to try things out” “Bulletproof”

“One off” “Rigidities”

“Get the job done”

“Fiddly”

“Not robust”

Table 3: characterizations of research code and collaboration code.
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There was ambiguity in the moral valences of these different ways of working. Flexibility was
sometimes cast as essential to the research process, a quality of work in spaces such as scripts
or computational notebooks that was necessary to “try things out.” It could also take on
associations with sloppiness or “hacky” code, and the risk of errors or lost time. Similarly,
collaboration code could be robust and reliable, essential for critical processes like publication
analyses, but it was also seen as overhead or regimentation that obstructed autonomy and
speed in investigating research problems. The distinction was also not a discrete one. During a
discussion of research code at one of the Radio Group’s lab meetings, Mila pointed out, for
instance, that there were design steps that could be taken even in the research process that
would make it easier to later turn the code into collaboration code. In some cases researchers
had hunches or ideas, even during the research process, of what kind of collaboration code they

might later be able to produce.

Thus far | have discussed primarily how researchers in the Radio Group and the CDA talk about
these different regimes of software work. That is an important dynamic, and while members of
the CDA did not reference explicit development methodologies, their descriptions of these
processes, mobilized between members of the collaboration, and via report to me in interviews,
assert what these regimes should be and variations in those understandings. It also outlines
how these categories fit into emerging understandings of rigor around software work, which will
be discussed further in Chapter 7. However, these understandings or models of software
process are bound up in practice and material enactments (Cohn et al., 2009), and it is the
interaction of these things which constitutes software process for the CDA. Next | turn to specific
practical activities by which these practices were separated from one another and tensions

between them were resolved.
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5.2 Repositories and Border Markers

The distinction between software production and exploratory programming was not just a mental
model. It was enacted in the spaces of the Radio Group’s work with software through boundary
work (Gieryn, 1983), and particularly the mobilization of boundary negotiating artifacts (Lee,
2007). Boundary negotiating artifacts are artifacts mobilized in pushing and redefining
boundaries, rather than just transiting those boundaries in a stable, routine fashion. For the
Radio Group and its collaborators, the software repository, as a collection of interacting artifacts,
became an important point of leverage for changing routines and practices around software
development work. The repository in fact collects together a number of different artifacts
associated with the work of software development, and these artifacts work in different ways
(but in concert) to create a space for a particular kind of development practice. | will describe a
number of these artifacts, including structuring artifacts (Lee, 2007), as well as what | call border

markers and mnemonic artifacts.

The most apparent artifacts associated with the Github repository is its built-in issues and pull
requests system. Issues provide a place for people to describe a problem and to discuss what
should be done about it. It can also be labeled in certain ways to indicate what type of problem it
is (a bug versus a feature request, for instance) among other things. Pull requests constitute a
suggested contribution to the repository, defining the problem and requirements (often based on
an issue), as well as what the contributor has done about it. It also provides a place to discuss
and revise the contributed code before it is finally integrated into the repository. These tools can
certainly be ignored on a Github repository, but on the pycosmo package they are used
intensely. In particular they help constitute a process of planning. The issues define things that
need to be done, and a place for hammering out the details of specific requirements. Moreover,
the pycosmo developers often associated these issues with a milestone, a collection of issues

that should be completed as part of a longer term goal of releasing a new version of the
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software. The pycosmo team adhered to these tools closely, defining their work by picking
issues from the backlog of available ones, and specifically those associated with the current
milestone in progress. They also dedicated certain meetings entirely to planning work, where
issues would be prioritized and added to the current or the next milestone. “Adding” an issue to
a milestone is an action defined in the interface, involving navigating menus in order to add it to

the list of issues under a milestone.

The pycosmo development team had also created templates for the issues and pull requests,
which functioned as structuring artifacts to assert the necessary components of an issue or
contribution. When one makes a contribution to the pycosmo repository they are confronted by
a template, created by the developers, which requests particular pieces of information. These
include a summary of the changes, a more detailed description of the changes, the motivation
or rationale for the changes, an indication of the kind of changes (a bug fix versus a new
feature, for instance), and a series of checklists where the contributor indicates that they have
written tests or a tutorial or other requirements. Caleb, one of the developers, explained to me
that these templates could be bypassed, but helped encourage people to carry out the

necessary practices ahead of time:

"So | have been contributing before we developed that template. And what we noticed is
that sometimes people would make pull requests that didn't tell you what they did or
things like that. And we know, as we want to expand to a larger possible developer
community, we want people to be aware of the kind of expectations we have for their
code. And that's where the template came from. And as |, you know, that's why it has
this "l read the contributing guide," because a contributing guide outlines exactly how the
rest of the managers expect you to prepare your code and or request. Of course, there
are some people who just delete the template entirely and say | did a thing. Now you
can't stop them, right? You never stop that. But it at least helps--you hope that some
order will be instilled" (Caleb, research scientist)

The template can be deleted or ignored, as Caleb points out, but it attempts to enforce a

material structure on the contribution, as well as the different components that a contribution
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should have. In my own contributions to the pycosmo repository, the pull request template
established specific obligations, empty sections of checklists, which | felt obliged to address.
While details of contributions are often negotiated by the reviewers of the code, the template
provides a preliminary structure for what a good contribution should look like, to which the
contributor is obligated to respond. As Jack Goody has pointed out about the materiality of
tables and checklists, "a table abhors a vacuum" (Goody, 1987, pg. 276; cited in Schmidt and
Simonee, 1996). These tables or checklists might be simply written out textually, but they

nevertheless enact a structure, through spacing and itemization.

Another structuring artifact on the pycosmo repository was more aggressive. Part way through
my observations the group adopted a formatting tool that would format code contributions in an
automated way. When one contributes new code to the repository, the formatter automatically
reprocesses the code and changes the formatting to conform to a very specific standard for the
Python programming language. This formatter could error and demand that the contributor
make certain changes, but for the most part it took no input from the contributor and simply
reformatted what they had written. Like the pull request template, this artifact helped assert a
particular shape for the contributions to the repository, prior to any negotiations with code

reviewers.

The pycosmo repository also included what | call mnemonic artifacts, which were used to
maintain awareness of produced code without having to maintain complete knowledge of or
attention to every software component at all times. These artifacts do not themselves remember
or record information, but rather provide shortcuts for the attention of the researcher or
developer. In the instances considered here they operate through a process of rapid automated
checking, in the moment, but they function as an aide-memoire in that they allow the researcher

to forget (see also Shankar, 2007), or simply to not hold in their mind the details of a large
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opaque system. Among other things, they help make the ongoing practical development and

use of a modular system possible.

A common type of mnemonic artifact is the unit test and the continuous integration (Cl) tools
that are a common part of the software engineering repertoire. On software like pycosmo, which
used ClI tools, new contributed code would be run against a suite of tests to make sure that the
new addition did not break the functionality of the existing code. Specifically, the developers
wrote unit tests which defined the proper outcomes of each particular function in the code given
particular inputs. When presented with new changes, the continuous integration system would
take the new version of the code and run all of the unit tests. If the changes that the contributor
has made had interrupted, interfered with, or broken the functioning of some other part of the
larger codebase then the test would ideally “break”, meaning that the expected outcome of the
unit tests, given some established input, would not match the established gold standard. When
this happens it notifies the developers on the Github webpage where the new changes are

being discussed (Figure 11). The contributor is then required to fix any conflicts that have come

up.

In some cases | watched developers of pycosmo remember, unaided, what conflicts some code
they were writing would have elsewhere in the codebase. They have worked on many parts of
the code and they are able to anticipate where these conflicts will be. However, the software is a
myriad of interconnected parts, and it is impossible to remember all of the places that a given
change might find conflict with existing code. Moreover, there are many parts of the code that
they have not interacted with, and which they do not yet know will be affected. The mnemonic
artifact allows the developer to recall the code that matters in a given instance, without having to
keep it all in mind. In actual operation, the CI tool does this by running to code to see whether
any unit tests break. Nevertheless, the artifact allows the researcher to forget the specific

contents of the code, but to bring their attention back to the specific place where it is needed.
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Add more commits by pushing to the [ R >ranch on NG

This pull request is still a work in progress

Draft pull requests cannot be merged.

Ready for review

Some checks were not successful Hide all checks
1 failing, 1 expected, 2 in progress, and 9 successful checks

X 9 cifcircleci: linter — Your tests failed on CircleClI LELTNIET ) Details
codecov/patch Expected — Waiting for status to be reported
f I [ progress — This check has ... Details

lf_mac_tests Python27) In pro... GELIIEEY Details
v @ I Successful in 13m ... Details

v oD )  Siccessful in 10m Details

You can also open this in GitHub Desktop or view command line instructions.

Figure 11: Continuous integration checks on the pycosmo repository block my pull request.
This was a later stage when most of the tests were passing, but the system had previously
required me to resolve conflicts with other parts of the code.

In ‘reminding’ the developer about specific lines of code, the Cl tests are not just bringing
particular bits of a software artifact to attention, but also the interdependencies in group and
development efforts that hold around them. As described previously, the CDA collaboration had
a large number of software tools that had come to be closely dependent on the pycosmo
software. As Abe, a member of the CDA collaboration, described it, “[pycosmo] is the beating
heart that runs through all of our [CDA] analysis.” Cl tests would resurface these interactions
because members of the pycosmo development team had set up tests that would check new
contributions against other projects being developed in the CDA. In the same way that the
continuous integration system would run tests within the pycosmo codebase to establish
whether something had broken, it would now retrieve (download) other software repositories

that depended on pycosmo and run tests on that code that would establish that this new change

in the pycosmo software had not broken “downstream” code in the CDA collaboration.

Over a messaging workspace, Mila described to me how that arrangement had emerged from a

history of interactions between the development efforts:
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“Pycosmo’s responsibilities towards [the CDA] are a matter of ongoing discussion. Most
of the pycosmo contributors and all of the maintainers are involved in [the CDA] at some
level, and [the CDA] adopted pycosmo as a foundational library early on. We have
agreed as a matter of courtesy to run continuous integration testing against some of their
repos. Failures on those runs don’t necessarily prevent pycosmo's PRs from moving
forward, but they do make us aware of potential issues so they can be addressed as
early as possible. [...] But it came out of some early mistakes we made where we
changed things without having a proper deprecation process and broke things
downstream” (Mila, research scientist).

Mila describes an evolving relationship between the development efforts of pycosmo and the
"downstream" development of other software in the CDA. The deployment of deprecation
indicates a responsibility for the reliability of the software, that it should not change out from
under “downstream” stakeholders. As Mila states here, however, it also asserts that the
software will change, that it will adapt and engage new use cases with other stakeholders and
members of the CDA will have to adapt to those changes. In this sense the external tests and
the deprecation messages together help shape an interdependency and its mutual
expectations. The software will change to meet the needs of other stakeholders, but it will do so
slowly and with messaging to allow for “downstream” developers in the CDA to accommodate

the changes.

These mnemonic artifacts (the external tests) are a material intervention which surfaces and
resurfaces relationships between different researchers as a live concern. Similar to the way that
Cohn (2019) describes the activity of pulling on a thread in the tangle of software to see what
happens, the Cl tests surface and make present particular interdependencies between groups
of people. These are not only a matter of the interconnectedness of the code, but also of the
histories of tensions and reconciliations between different stakeholders and development
projects in the CDA. The obligations of pycosmo towards the CDA as a whole had been a point
of tension in the past, because much of the CDA’s code relies on pycosmo, but the developers

of pycosmo had previously tried to make it clear that pycosmo was intended to be a more
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general tool, which would support stakeholders outside of the CDA. This had led to frictions in
the collaboration, which were reconciled in part through the use of external testing and
deprecation to make sure that pycosmo development would not have sudden, major changes
on work in the CDA. The historical development of this interdependency in work, then, is tied up
with the narrow technical characteristic of the downstream-ness of the software relationship.

Moreover, the relationship can be reshaped by the deployment of external tests.

In the case of software systems, most mnemonic artifacts also obstruct, interrupt, or warn. ClI
systems, for instance, enforce awareness of particular parts of the code in a blunt way, raising
bright red alert messages and blocking code contributions until the contributor rectifies their
interdependencies with other code before they can proceed (Figure 11). Like with other aspects
of the repository, these tests control action, and a large part of their rationale is to prevent the
developer from overlooking or missing places where attention is needed. Mila expressed this
purpose of unit tests in general:
“If you change an interface to a function, you change the parameters that are taken in, if
you have unit tests, you find out about that immediately, you fix all the relevant places.
You don't have unit tests, like we don't have on [Software package], it all looks okay
because you run a couple examples. You change it where you notice but you don't
change it in the whole codebase. And six months later, a graduate student tries to do
something slightly different than what you did and then their code errors and they don't
know why or even worse, it doesn't error but it gives them some result that is subtly hard

to understand. It's unclear if it's wrong or not. And maybe it's not even clear if it's
different” (Mila).

Mila’s description of the problem in fact outlines a central difficulty of maintaining black boxed
systems. It is always a concern whether errors or subtle influences are being introduced without
the developer noticing or understanding. In these cases, then, the mnemonic artifact is not
leveraged on command, but intercedes, alerting the researcher in moments when they do not

even know that they are overlooking something.
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Another kind of mnemonic artifact was the ‘check’ that was implemented in pycosmo. Many
functions in pycosmo were written such that when the user performed particular operations,
such as adding together two data objects, the software would check different aspects of the
objects to ensure the integrity of the operation. For instance, my own contribution involved a
relatively mundane adding task, but it had to make sure that a large number of parameters on
the data objects, such as the number of antennas represented in the data or the timeframe
covered by the data, were the same. In my case, based on conversation with the development
group during a meeting, | wrote this as a fairly aggressive check that would raise an error (end
the program) if these aspects of the objects did not match up. In other cases the developers
decided to raise a warning that would appear in the output of the code. The pycosmo
developers would often discuss the possible risks of accidentally performing a particular
inappropriate operation. Users who were using the software for simulations, for instance, would
sometimes want to override these checks and perform operations that would be problematic on
real data. Like unit tests and Cl systems, these mnemonic artifacts were focused on maintaining

awareness of a complex and opaque system by directing attention.

Importantly, | do not understand the mnemonic artifact to take on meaning via reference to prior
cultural meanings, as the term has been used elsewhere to to indicate (Ofosu, 2021). In my
usage the mnemonic artifact is ‘dumb’ in the sense that it does not take on shape or meaning
from prior action, nor does it represent or encode that prior action. The mnemonic artifact
recalls, or calls up, the relevant parts of a complex, opaque system at need, such that one can
mitigate the problems of forgetting or not knowing the extent of such a system. Like a kitchen
timer, they allow one to forget, but then to attend to a situation when needed. In this sense
mnemonic artifacts are prompts for the activity of infrastructural inversion. They indicate and
locate breakdowns on the logic that it is better to be aware of disjunctures or conflicts between

different aspects of a changing infrastructure than to have silent failures.
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Lastly, the repository included what | call border markers. Border markers are artifacts
incorporated into a repository that are externally visible, indicating the repository as a coherent
entity, but also indicate the laws of the land, the routines and expected ways of working that
hold when working within the repository. One of the first border markers for pycosmo is a set of
indicators of the current state of the code. When landing on the pycosmo's Github page, one of
the things that stands out first is a set of brightly colored badges. One shows that the
repository's "coverage" is at 100%, meaning that every line of code in the repository is tested in
one way or another by the repository's automated testing suite. Another badge indicates that all
of these tests are currently passing, that there are no unaddressed breakdowns in the most
recent version of the code. A third badge contains a URL to the Journal of Open Source
Software (JOSS), where the software has undergone peer review and a summary of it has been
published. Below these badges is a link to the software's documentation, and in the margin
above them is a logo indicating that the repository has a code of conduct and a BSD-2-clause

license.

Border markers are indicators that a software project is developed in an active and organized
way, and that it has a certain level of commitment towards being a robust and reliable software
tool. Malcolm, who joined the pycosmo part way through my observations, described this

evaluation of the repository:

"And | actually, | viewed the- may be the only person who's ever looked at unit testing
and been excited. But | saw the kind of testing infrastructure that existed, and it kind of
said to me, like, okay, this actually means that there's a certain baseline level of
functionality that will always be expected in the software package. And so if | contribute
something, like there is a hope, that the stuff will actually get maintained moving forward,
like, it's okay, if this is like the contribution | make, and then | don't have to worry about
the maintenance, because I'm trusting that the people working on the software package
will help to carry that forward. It's just part of the normal day-to-day stuff" (Malcolm,
Professor)
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Border markers do not just indicate specific characteristics of a repository, that it has tests, but
also a vague impression of the kind of work that goes on there, its adherence to development

procedures and its likely sustainability.

One the one hand the border marker might be assumed to connote an intimidating or
disciplinary presence, but they are not constrained to such a role. They can also be an inviting
thing, and play a role in establishing coordinative interactions and fields of work. Malcolm, for
instance, was a member of the HALO project and was attracted to joining pycosmo precisely
because it indicated to him a certain amount of stability and sustainability. He had past
frustrations with maintaining code in less formalized ways in the HALO project and came to the
pycosmo project as a place to contribute that code such that it would hopefully become more
maintainable over the long term. In this sense the border marker can play a role in synergizing
(Bietz et al., 2010). As an artifact it can contribute to the establishment or extension of a field of

work, and not just processes of coordination within an existing field of work.

In scientific working environments in particular, border markers such as these cut a strong
distinction against a landscape of code maintained in other ways. Where the nightly notebooks
were a "wild west" of analysis, the border markers attached to the pycosmo repository mark it as
something else, a place where development is planned, designed, tested, and maintained over
longer time spans. It is important to note that artifacts such as border markers are intentionally
leveraged to turn a repository into such a space. Researchers in the collaboration, and
particularly Ph.D. students, had repositories where they kept collections of scripts and plots that
they had produced, but these were not intended to become collaboration code. In an industrial
organization where certain development standards and practices are expected organization-
wide, these markers might be taken as a matter of course. In the larger subfield of reionization

cosmology these markers indicate pycosmo as a particular kind of place, in strong distinction
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with other spaces where research work goes on. In this sense border markers indicate a way of

working, and set expectations for people planning to use or contribute to the code.

Here | have outlined a couple of distinct boundary negotiating artifacts which operate around the
pycosmo repository. These artifacts and their particular usage is not inherent to the Github
repository itself. It is quite possible to use a repository without using these various features.
However, in leveraging these artifacts the pycosmo developers are able to create a particular
place for developing software. By place | mean that the repository, as an extended set of
coherent interactions around a shared collection of artifacts, becomes imbued with particular
meanings and expectations due to repeated patterns of use (Harrison and Dourish, 1996).
There are a couple of different aspects to this. The pycosmo repository comes to be a place
where development work involves long-term planning, and this planning is enacted through
specific issues and milestones. It also becomes a place where development work is intentionally
slowed down through artifacts like continuous integration tests that surface conflicts and force
the resolution of distinct needs and interests. In this way the repository becomes a place where
one must necessarily take others’ use cases into account. Together these aspects of planning
and slowing down development work enforce a particular temporality of collaboration code, a
temporality that emerges from development that is “regimented” and has “a lot of people in the

loop.”

Looking at these various tools associated with software development work as boundary
negotiating objects can help deepen our understanding of how software-related practices
change in a research group, as well as how distinct contexts of work are established in an
interorganizational scientific setting. The actual accomplishment of changes in practice in
scientific labs and collaborations has been a central one in the literature on scientific software,
and closer attention to the usage of the artifacts that surround scientific software (versioning

systems, ticketing systems, testing tools, etc.) can help us better understand that process. In
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this sense the concept of boundary negotiating artifacts can help us better understand specific

empirical cases.

These findings also, however, extend the concepts of boundary negotiating artifacts in a couple
ways. Most directly, they present new, specific boundary negotiating artifacts for consideration.
Border markers and mnemonic artifacts, for instance, are specific ways of leveraging artifacts in
pushing and negotiating boundaries. Mnemonic artifacts are not necessarily boundary
negotiating artifacts in principle, as they can be used by an individual, similar to the way self-
explanation artifacts (Lee, 2007) could be used individually or become a matter of coordination.
However, in the context of the Radio Group’s software repositories mnemonic artifacts such as
the Cl testing suite come to assert boundaries. In particular they force the contributor to make
changes to the software repository with the needs and operations of a much wider set of
stakeholders in mind. They surface and assert points of breakdown in the operation between
designated sets of stakeholders, and in that way assert a development process that is
regimented rather than autonomous with regards to making new changes. Examination of these
specific artifacts, such as the continuous integration system, might be useful in other situations
of scientific software development, but they might just as easily be useful in other cases of

collaborative work.

These findings also extend the notion of boundary negotiating artifacts by extending our
understanding of how they operate in groups. Lee (2007) mentions the possibility of examining
constellations of artifacts that are leveraged around more or less complex projects, and
examining how constellations might comprise both boundary objects and boundary negotiating
objects. Other research in CSCW has also pointed to the importance of considering artifacts in
terms of ecologies (Lyle et al., 2020). My findings point to ways in which artifacts can be
leveraged together to create a place for a complex, multifaceted kind of practice. The kind of

production work demarcated by the pycosmo repository in this case differed from exploratory
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work in its temporalities, the standards it was expected to adhere to, and the protocols for input
and oversight of contributions from collaborators. No one artifact asserts or cajoles all of these
facets, but by leveraging them together a certain kind of space for development can emerge,
even within a distributed collaboration like the CDA. While this gives an impression of what can
be done with boundary negotiating artifacts in a constellation, it does not provide a more
detailed account of changing topologies of artifacts and their usage around the repository. This

is a topic that warrants further investigation.

These artifacts individually enforce different aspects of the development practice that the Radio
Group were trying to integrate into their work, but when all of them are mobilized around the
repository it is structured as a space where multiple dimensions of a process of software
production are enforced. The repository takes on particular temporalities, such as longer term
planning or building to requirements (required by structuring artifacts that connect pull requests
to issues). They also enforce the scale (Lee and Paine, 2015) of the coordination to be
undertaken as being large in the range of stakeholders rather than being a small autonomous
project. They also enforce particular standardized forms for writing and documenting the
software. | have described this as creating a particular “space” for software development work
(one of production rather than exploration), but what | mean by the term space here is more like
a field of work (Schmidt, 1994): it establishes and regulates a coordinative space where actions

are made perceptible and interactable through a variety of artifacts.

It is in looking across these artifacts as they work in conjunction, that we can begin to answer
the question of how researchers accomplish the integration of planning and design work into
their research work (my third research question). The contributor, especially the new contributor
such as myself, encounters these systems together. Creating a pull request and contributing
code requires interacting with all of the artifacts | have mentioned here, moving from border

markers to structuring artifacts in the creation and contribution of code to navigating tests in the
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automated evaluation of contribution (the CI process). The primary development team on a
repository can guide and shape action through the concerted mobilization of multiple artifacts

(Latour, 1992).

The use of these kinds of artifacts (unit testing badges, pull request templates, and continuous
integration systems) are of course ubiquitous in contexts of industrial software production. What
is worth observing here, however, is how they are leveraged as coordinative artifacts in order to
materially delineate kinds and patterns of practice, in this case between exploration and
software production. This is particularly significant in the situation of the scientific community,
which must simultaneously maintain multiple, quite different kinds of processes of software
work. | will return to this issue of how change is accomplished in development work in Chapter

7.

5.3 Robust code, robust phenomena

In section 5.1 | described an understanding of flexibility in which production code was
understood to support flexible, exploratory work precisely because, and not in spite of, its
standardized character. This dynamic is a central one for the research software system and it is
a virtue of production code for scientific work that has not been well outlined. The benefits
typically associated with implementing software engineering techniques in the sciences focus on
issues of sustainability or robustness. These include that robust software is easier to pass on to
others (Hong, 2014; Marshall et al., 2010), that it is more sustainable and requires less work in
the long run (Carver et al., 2021; Ram et al., 2018). There are also some arguments along
epistemic lines, that software engineering practices will produce software that is less prone to
error or to lead to retractions (Wilson, 2014). This latter is close to the issue that | want to
approach here, but it is typically focused on the benefits of production code for checking or

demonstrating activities, such as journal review or post-publication replication. There is an
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important sense, however, in which production code contributes to the exploratory process.
What | mean by this is that in reorganizing around software production researchers are able to

gain new leverage in the process of probing and elaborating poorly understood phenomena.

In order to examine this dynamic, we must look at how researchers build confidence in their
interpretations of outcomes of exploratory tests. In running a test that produces some nascent
phenomenon, such as the “evil cow”, researchers in the Radio Group run different types of
code. Some of this code is research code, in the group’s typical designation, which the
researcher wrote in a tailored way for the purposes of that specific test. This code also,
however, invariably draws on a great deal of other production software packages, from the
plotting libraries the researcher might be using to low level mathematics packages to data
manipulation or conversion packages like pycosmo. This is what Howison and Herbsleb (2010)
mean by considering software as an ensemble artifact, that it is a great many component parts

operating together to perform a singular test or analysis, sometimes to produce a single plot.

Importantly, this software varies not only in how it was produced, but also on the type of
epistemic relationships that the researcher has towards these different kinds of code. Some of
this code they have confidence in because they wrote it themselves, they are still familiar with it,
and they know exactly what it does. They might have confidence in other software components,
particularly a great deal of the production code that they draw on, because it has been used by
many people and there are processes in place to validate and check it against established tests
(e.g. unit tests, among other kinds). This is what Howison and Herbsleb (2010) describe as
personal and external logics of correctness, respectively. This complicates the sense in which

the researcher “knows” their instrument. Paine (2016) has previously described the importance
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to researchers of knowing an instrument “in your bones”, and this sense of familiarity with the

tools one uses is often discussed as a virtue of good research and good researchers.®

This understanding of one’s infrastructure comes to matter directly in the interpretation of
exploratory tests. Small mismatches in standards or small errors in any of this underlying code
affect the nature of the phenomena that a given test brings into being. Harvey, a professor in the
CDA, described a particularly hairy example of this problem. He was attempting to compare
different pipelines that had been developed within the CDA and another EoR-focused
collaboration by switching out different analysis components from the two pipelines. The output
of the two pipelines he ran should have been at least similar, because they were processing the

same data, but the final outputs were not looking similar at all:

"So we were looking at just the XX images, they just weren't the same. There were blobs
here and there's no blob there. There's a blob there, there's kind of the same... but just
not. They're not the same. [...] So we take these- | take these differences and | just get
more shit everywhere, and it was really confusing, and really confusing and really
frustrating" (Harvey, Professor).

Harvey said that he worked on this problem for months before realizing, by accident, that the
conventions used to represent the polarization (directionality) of the antennas in the array was

different between the two software pipelines:

"And then | made a mistake one day and accidentally flipped the indices in my
polarizations, in one of them, and they look the same. And at first | thought | made a
mistake and loaded the same image twice or something... but no there's a little bit of
difference, but not nearly as much. so on a telecon | say um, is this- [sounds indicating
bewilderment]. [...] | said [Colleague] what polarization is XX? And he goes, Well, it's the
polarization aligned with zero angle at this latitude, like all radio astronomy. And, and |
say You know, [Mila] or whoever, what is polarization X for you? And they say, well, it's
the East/West, you know, it's the zero angle. So we literally have just a 90 degree
rotation... took me six months to find it. About standard for me" (Harvey, Professor).

3 McCray (2004; cited in Baneke, 2023) mentions this in the context of large astronomical instruments in
particular.
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Many of the members of the CDA had stories like this, of having lost time and been misdirected
or confused by breakdowns in the quotidian operations of format standard conversion or file
reading. Indeed, hunting down small bugs in underlying processing code was a regular part of

the work of students and research scientists in the Radio Group.

Harvey’s case highlights the fact that in interpreting the outcome of a test, particularly an open-
ended one, one is not evaluating the action of a single piece of code. Rather they are evaluating
a vast network of operations in various software components, hardware components, and
beyond, including interactions the researchers estimate might be happening in the earth’s
ionosphere or at TV broadcast stations near the array. The interpretation of any nascent
phenomenon might be undermined by poorly performed data manipulations or due to the
characteristics of the cables used on site. Moreover, judging the behavior of a phenomenon
between iterative tests in an exploratory process means being able to rely on consistency in the
operation of underlying components between tests. Whether this massive infrastructure of
instrumentation is working as intended cannot easily be deduced from the phenomena that are
produced themselves, as there are no gold standards (no oracles) for outputs in open-ended

tests.

The researcher’s instrument is in this sense engaged in what Rheinberger (1992a) calls a “non-
trivial” interaction between instrument and phenomenon. In most cases, the majority of the
group’s software has defined gold standards, embodied in the unit tests described in section
5.2, and their proper operation is known. In the open ended test, however, this code is
remobilized as an ensemble with new components, including potentially new data, but also new
code that the researcher has written to vary the functioning of this larger infrastructure in some
way. This variation of the operations of this larger codebase is aimed at probing some

characteristically unfinished entity, such as the “evil cow.”
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One outcome of this is that establishing the character of nascent phenomena (and eventually
one’s diagnosis of them) was a matter of building confidence and familiarity with the
instrumental ensemble, rather than any kind of mechanistic proof.* The Danielle described what
this problem looks like in practice:
“But anytime you find something interesting, there's really no way to know, is that
something interesting scientifically? Did | just have a bad understanding and it's actually
not interesting, or is there a bug in the code? You have no idea. And so it can take a
while to answer that question because in order to figure out if there's a bug in the code,
you first have to figure out on a deep level what is supposed to be happening, which can
take a while. [...] And so figuring out whether something is doing what it's supposed to do
is a less trivial question than you might expect. So it can take a while and you want to be
sure, but it's a hard thing to be sure about because there's not necessarily a right answer

a lot of the time. And so it's like | want to have confidence in what I'm making and that
takes a long time to build” (Danielle, Ph.D. student).

Danielle is describing a point in the midst of the iterative exploratory process | described in
Chapter 4, where phenomena are understood only in terms of their immediate characteristics
(e.g. the “one third line”) and it is still unclear what part of a vast infrastructure might explain
their character and appearance. The process of working through this is not a matter of one
definitive test, but of building confidence in one’s understanding of the way this large ensemble
is working. In Harvey’s case, he lost months of time trying to make sense of outputs that had
more to do with the way his code was handling polarization conventions than with any potential

astrophysical phenomena, simulated or not.

The development of productionized software, or collaboration code, helps with problems of the
type that Harvey has encountered because they help build continuity in the “technological

conditions” or “identity conditions” (Rheinberger, 1992) that define a phenomenon. A research

4 This situation of instrumental uncertainty is also part of the basis for Collins’ (1992) idea of the
experimenters’ regress, and he makes a point similar to this that resolving these kinds of bootstrapping
problems between instrument and outcomes is a matter of enculturation into particular communities. My
own explanation will go by way of the notion of Rheinberger’s (1992a) notion of technical conditions or
technological objects.
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software system needs to be able to achieve consistency in its reproduction of phenomena for
an object to take form across sequential tests, and tests between groups or people. In providing
consistency in these identity conditions, a research software system contributes to the closure
of the experimental situation. If the various modular packages leveraged in a test can be relied
upon to be working as intended, to perform the proper transition from input to output, then that
closes down the number of possible understandings we might have for the character of a
phenomenon. If one iterates on a test, they can be more confident that any differences were a
result of changes made, rather than some irregularity in a data manipulation package that is
being leveraged as a dependency. In other words it contributes to the ceteris paribus rationale
of testing or experiment (Pinch, 1993), in which the object of investigation gains coherence

through reproduction based on the idea that everything else has been held the same.

This contributes to coherence not only between successive tests, but also between researchers.
As Stella pointed out about the use of pycosmo in the CDA, the use of standard, codified
processing software (which for the most part performs the same processing on different
computers) contributes to the comparability of phenomenon between researchers:
“...I think that consistency is really important. So having lots of people using the same
tool, again, just makes it a better apples to apples comparison when you're looking at

what results you get, knowing that you've got them in the same way is really reassuring.”
(Danielle, Ph.D. Student)

In the effort to begin developing an understanding of what a phenomenon is, the ability to get it
“‘in the same way” again and again is a critical aspect of coherence. Even in a process of
differential reproduction, where difference or variation is pursued, establishing continuities
between successive tests is a necessity. Robustness and reliability in one’s software
infrastructure contributes to the robustness of their phenomena across time and between

people.
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In the particular context of software systems the effort to maintain a large complex infrastructure
as stable technical conditions for the conduct of exploratory work becomes in part a game of
modularity. What | mean by this is that the dynamic of modularity, which is embedded in many
software engineering practices and recommendations, becomes a primary way of trying to
maintain stability across a complex instrumental system. The original understanding of
modularity pertained to what a developer needs to know about a complex piece of software. If
standard specifications of proper input and output can be asserted between modules then the
developer can work on one part of a system without needing to understand or make changes to
most of this complex system (Baldwin and Clark, 2000). In many classical cognitive models of
modularity the construction of modules allows for the offloading of thinking, it is like the
automation of a routine that allows for the mindless performance of a task (Ashforth and Fried,
1988; Schank and Abelson, 2013). The development of robust modules in scientific software
contributes to an iterative testing process under a similar logic: it allows the researcher to isolate
causes and interactions by attempting to hold stable a large part of infrastructure they draw on
to constitute a phenomenon. This does align to a certain extent with what | mean by the notion
of a contractual relationship with software, that the code has well-defined requirements and one

takes them as given.

This notion of modularity places a great deal of emphasis on a kind of design decision, and
does not account for the relational maintenance work (Bietz et al., 2012) needed to maintain
infrastructural systems in an ongoing way. In order to better characterize this we can consider
the construction of infrastructural software as a process of delegation (Ribes et al., 2013).
Through delegation the researcher can certainly take their mind off of the procedures intended
to be performed by the software, at least to some extent, but the delegation is not
unproblematic. It produces a relation between the researcher and the delegate, which can

degrade or break down and must be re-established in an ongoing way. If we look closely at
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modules we can see that they occasionally break down, and that they are maintained as
working pieces of a larger system through a larger network of actors. Stella made this network
visible when | asked her what she meant when she referred to pycosmo as a reliable software

package:

Will:

“And you said it was reliable. Does that have to do with- what does that mean?”

Stella:

“To me, that means that it usually works. It usually works. And if it's not working, there's
a lot of support for that. So if something isn't working, | know that | can create a PR and
somebody's gonna fix it, you know. Or maybe I'll end up fixing it maybe [laughing], but
that it's fixable. [...] But yeah, it's, it's something that feels- | don't feel worried about it. Or
if | don't understand what it's doing | can look at the code and | can usually tell like, ‘Oh,
this is how it's doing that’ or ‘this is what's going on’ and so | know what's happening if |
feel like | need to.”

This quote captures the reality of the delegation to a module of production level code. Stella’s
understanding of reliability is not a blind trust in the correctness of the code for all instances. Nor
is a matter of knowing the code through and through herself. Rather the code is something that
“usually works” but that can vacillate between working order and uncertainty. The reliability is in
the scaffolding of this ability to reinspect and reinvestigate the code, and to bring it back into a
state of working order. Of particular note in this is the presence of maintainers working on the
software. When we examine the reliability of the software artifact we find behind it the ongoing

work of human actors.

Another point embedded in Stella’s description is that collaboration code sometimes broke down
in new circumstances, and researchers would need to approach it anew as something that
needed to be worked on and investigated. This was of course the situation in Stella’s initial

flagging problem, described in section 4.1. In another instance, Stella discovered that the
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numbers for antennas on the array was being handled differently in pycosmo than it was in their
primary analysis software, meaning that data passed back and forth between the two could
have antennas mislabeled. Stella then had to make changes to the pycosmo software to change

the assumptions that the software made about antenna labels.

Most often, this happened when new stakeholders joined a project or when users started new
projects with new goals. For instance, one member of the pycosmo team began performing
simulations for positioning an interferometer on the moon, which required pycosmo to overhaul
its system for rendering telescope positions. In another major case, a new interferometer
project, called the High Altitude Low frequency Observatory (HALO) joined the pycosmo project.
One of their members, Malcolm, had to make significant changes to the software in order to
make it work for this new instrument. This upended a large number of basic assumptions in the
software, and in the course of doing this Malcolm discovered that the coordinate calculations
that pycosmo was performing were off in certain cases by a few arcseconds. In response to this
Malcolm compared the coordinate calculation code for a number of different libraries and
discovered that a common astronomical software package that pycosmo was using was slightly
off when projecting coordinates into a specific coordinate system. The issue that Malcolm
created for this laid out all of the tests that he had done, including a plot of the comparison of
the accuracies of the different systems. In this investigation Malcolm is running the various
software tools once again in an open-ended way, to see what will happen and to produce

unexpected results.

The point in these cases is that productionized software does not always stay productionized,
but rather it too can come under new scrutiny. The process of software production sometimes
reverted into exploratory work. To be specific, when major breakdowns of these kinds occur, at
least at the outset there is once again uncertainty about what it is that the code should be doing.

In many cases the broader requirements for the code may not ultimately change, but the code
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temporarily falls out of a contractual relationship with the researcher, and it must once again be
run in an open-ended way. Moreover, researchers’ usage of productionized software was not
guided by blind trust. It was more a matter of confidence, which could be shaken or reinforced.
This is the moving target of infrastructure (Star and Bowker, 2004), and it means that
researchers changed their orientation towards different parts of their software (or even towards

broader open source software packages) at different times.

How does this change our understanding of the effort to build robust scientific software?
Latour’s (1987) usage of the black box metaphor provides a useful perspective on this. Latour
marks a transition between the effort to establish and demonstrate the working order of a
system, and the usage of a system on the basis of its working order. In the exploratory work
described in Chapter 4, the working order of particular pieces of software is what is at issue, and
what the labor of the researcher is intended to establish. Such software “cannot convince
anyone”, as Latour puts it (1987). Production software is a reversal of this dynamic, such that it
is the understood working order of the software that contributes to the coherence of the
phenomenon of interest. The researcher can be more confident in the phenomenon because
the software is taken to be in working order. While research code is under examination and its

working-ness is at issue, collaboration code is ideally an authority.

The larger point of these arguments is to specify how the development of robust research
software contributes back to the epistemic work of generating new phenomena and new
capacities. In my characterization it does this by bringing consistent and reliable actors back into
the instrumental system, which helps that system become a technical object in Rheinberger’'s
(1992), which is characteristically determined. For the research software system, this situation
of being characteristically determined was not a matter of just knowing all parts of an extensive
codebase, nor was it a matter of defining modules and forgetting about them. Rather it was an

ongoing activity of maintaining the working order of different modular systems and managing
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new relations that developed between them and new stakeholders, new datasets, and new

software resources.

5.4 Research software systems

This concept of the research software system helps us understand how the Radio Group and
their larger collaboration accomplished the maintenance of software over time as research
problems and stakeholders change. Specifically it answers this by way of coordination: they
established distinct regimes of work in order to designate a place for software production work.
This approach is not, for instance, the unilateral application of best practices for software
engineering. Scholarly discussion has outlined a number of good qualities for research software,
including robustness and sustainability, as virtues of a monolithic category of software (Wilson
et al., 2017). However, the CDA maintains two distinct regimes of software work, where different
virtues or criteria for development work are recognized. Some of the researchers'
characterizations of the regime of research code are pejorative, such as research code being
"hacky", but their larger goal is not to remove the regime of research code entirely. Spaces for
exploratory programming and writing research code are maintained as places with low
coordinative overhead and short-term planning temporalities so that researchers can "get plots
moving quickly" and "try things out." If we take the exploratory mode of research programming
seriously as an essential process in scientific work, but also recognize its interconnection and
embeddedness in processes of robust software production, then we must consider a research
software system, with heterogeneous parts, rather than scientific software as a unitary category

with a singular set of criteria.

The notion of the research software system is not a prescriptive model of a simple binary
system. A given collaboration or research group may distinguish different understandings of

what contexts count as exploratory and how they relate to specific other contexts that count as
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production. What is essential about the research software system is the effort to distinguish
different processes of work in order to reconcile the needs for flexibility and rigidity in software
systems. It is an organizational method for accomplishing flexible yet coherent and consistent
research tools in an ongoing way. In this sense it is an effort to resolve, in the specific context of
developing and using software tools®, tensions that are common to research infrastructures
(Bietz et al., 2012; Ribes and Polk, 2015). The Radio Group has done this through the
distinction of two roughly defined regimes which have some overlaps and which have their own
internal heterogeneity. There are, for instance, different kinds of activities that fall under
exploratory work, such as group programming in notebooks over a call or individuals trying
things out in personal scripts. Members of the Radio Group and the CDA know this, and do a
great deal of boundary work to determine whether something should be worked on in an
exploratory way or in the mode of software production (see section 6.2). They nevertheless

discuss and use rough categories of production code and research code.

Another significant aspect of this heterogeneity is that what we consider 'good' research
software development cannot be limited to a single set of characteristics (robustness,
sustainability, etc.), but rather it must consider distinct kinds of work on software and the
coordination of these different kinds of work. Baker and Bowker (2007) have made a similar
point about memory in information ecologies, that it is enacted in different ways and that these
different modes for memory interoperate. Similarly, scientific software is enacted in different
regimes, and these regimes must interoperate. Bietz and Lee (2009) have also observed the

heterogeneity of databases which are pulled together in scientific work, despite researchers'

® This situation of researchers developing their own software is often described as end-user development.
End-user development or software engineering is usually designated as the situation where a person is
developing software for their own use, and conversely they are the primary intended user of the software
they write (Ko et al., 2011). In a number of ways the Radio Group departs from this category because
they develop code for their collaborators. However it is important to note that this mode of managing
flexibility and rigidity in infrastructure is one specific to this situation where the researchers are also
building the software, rather than having, for instance, an external company do it.
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references to a singular "Database" (pg. 2). Scientific software pipelines, too, are often
referenced in the singular but enacted in the plural, with multiple different kinds of software

needing to be pulled together to make an analysis go well.

The notion of the research software system not only asserts heterogeneity, but also points out
attention to the articulation of these distinct kinds of work. In describing an effort to ‘maintain the
technological conditions’ | characterized one essential way that the work of software production
contributes to the work of exploration. This is, in part, the local articulation work of making
software tools robust and usable for their application in future exploratory endeavors. In the next
chapter | will outline a process of graduating code, by which exploration contributes to the work
of software production. A key aspect of this interaction is the graduation of code, the transition
of a code from the context of exploration to some specific repository (or a new repository) where
it enters a context of production. Determining how to do this, when it should happen and where
it should go and what specific practices should be applied to it, is a nontrivial kind of metawork

(Gerson, 2008).

The move towards consideration of research software systems has implications for how the
social studies of science, scientists, and science policy makers might better support and plan
the work of research software infrastructure development. In particular it moves our attention
from the implementation of practices for writing and designing software towards the scaffolding
of the articulation work (Schmidt and Bannon, 1992) that enables heterogeneous research
software systems to work smoothly. Importantly, this is not repudiation of the adaptation of
software engineering knowledge for the sciences. While much can be learned about supporting
coordination from the field of CSCW, the techniques and understandings of the field of software
engineering have always been matters of organizing work and not just writing code. This issue

that surrounds current engagements between software engineering and scientific work is that in
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the context of ‘best practices’ it has been framed as being minimal and codified (Wilson, 2006a;

Wilson, 2006b), in part as a way to minimize the overhead of adopting new practices.

Based on the case | have developed here, | would argue for engagements with software
engineering knowledge which are expansive rather than minimal, and adaptive rather than
codified. By expansive | mean, for instance, that researchers might move past the minimal and
most accessible techniques of software design for a deeper engagement with software
engineering methodology and more abstruse techniques of the profession. By adaptive | mean
that these techniques are not best engaged as pre-packaged black boxes for software work, but
rather as resources that scientists can freely adapt to their own problematics. An example of
both of these characteristics is the example of the use of deprecation described above. The
members of the pycosmo team take up the practice of deprecation (which is not included on
most lists of best practices) and use it to re-negotiate the responsibilities that hold between
development groups in the collaboration. This is a deeper engagement with one of the more
abstruse techniques of software engineering, but it is also adaptive of that technique to the

specific coordinative tensions of the CDA.
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Chapter 6:
Code growth and the development of novel

capacities

The research software system is a system for producing novelty, and an important object that
this makes available to us is dynamics of development in the system as a whole. This is not the
primary objective of this study, but | will engage it here both to demonstrate it as a space for
future work, and to fill out certain aspects of my answer to my second research question: how

the Radio Group maintains software over time as problems and stakeholders change.

The immediate question is what exactly is developed in the development of a research software
system. My answer to this is that it is capacities for engaging and interpreting phenomena that
develops. However, this occurs hand-in-hand with the development of different kinds of
software. Prior work has looked at how software in open source contexts builds up, how new
functionality comes to be added to existing functionality (Howison and Crowston, 2014). It is
worth asking a similar question about scientific software, not only about the robust repositories
of well-tested code but also about the large amount of research code that is produced in the
research process. In section 6.1 | will focus on the latter. | will discuss the tendency towards
growth of research code, as well as the notion of residual code, which occupies a grey area
between code that is dispensable and code that will ‘graduate’ to become robust collaboration
code. This will lead us into discussion in section 6.2 about this process of graduation itself, both
as a transition between ways of working with software and as connected with understandings of
rigor, but also as a point of tension in the organization of a research software system. Last, in
section 6.3, | will discuss capacities, what they are and how they build up. | will further discuss

how the examination of capacities can bolster certain approaches in science studies.
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6.1 Code Growth

One way to understand how the research software system proceeds through time is to look at
the accumulation and maintenance of lines of code. As | will discuss in section 6.3, this may not
be our preferred measure because it is centrally focused on how the software changes,
potentially framing the creation of a software product as the primary goal of the research
software system. Nevertheless it is a useful thing to consider because the development of the
software artifact itself is essential to the development of novel capacities and because it gives
us insight into how researchers extend and update their instrumentation. Here | will argue that
the exploratory programming process has a tendency to generate a great deal of code without
clear stopping points or end points. Moreover, researchers maintain this code through

somewhat bifurcated modes of preservational versus revisionist habits of maintenance.

Research code, which was produced in the unpredictable and winding process of exploration,
had a tendency to pile up. As described previously this work was oriented around epistemic
objects (Rheinberger, 1992a; Ewenstein and Whyte, 2009), which precipitate unfolding or
alteration. For instance, long-running research projects center around objects like the “evil cow”,
which are materially enacted in the group's instrumentation, but prompt or raise poorly formed
questions. They help project work by shaping curiosities and unknowns. Additionally the
investigation of problems around these objects often raises new problems, which also demand
investigation. Working in this context, researchers move easily from iteration to iteration,
pursuing the unfolding character of their research problems without finding clear stopping
points. Danielle described how this dynamic could become a problem for the process of

graduation:

"...but then | think part of what happens is you run into problems where you start a piece
of code that it's just supposed to do something small, and then it slowly grows and grows
and becomes something really useful. And then all of a sudden other people want to use
it, and then they're adding to it and then it becomes like this messy, messy thing that you
wish you've done better, but you didn't realize how useful it would wind up being or that
other people would ever see it. And then it's really hard to go back and retrofit it. And |
think that's probably exactly what happened with [Analysis software], was that no one
expected it to be as good as it was? And then once it was, everyone wanted to use it
and it wasn't built for other people to use it" (Danielle, Ph.D. Student).

Danielle’s point here is connected with the improvisational nature of research work. Because

research work does not proceed by plans, it does not project ahead what the proper form of the
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software should be. Rather this emerges in trials from one iteration to another as researchers
gain a better understanding of their problem. Moreover, there are not good stopping points in
this process, as Danielle indicates. As indicated by the notion of the indefinite rhythm, discussed
in Chapter 4, research work did not have distinct end points, but simply proceeded from one

problem to the next in a regular cadence of work.

Within this improvisational mode of work, research code takes on some strange temporalities. In
the midst of investigating a problem, the researcher cannot have a strong sense of what code
might end up being more broadly useful. For this reason all of the code they create has low
planned permanence (Lee and Paine, 2015). However, research code is often something that is
kept around for quite a while after its creation, because group members often wanted to keep
track of what had been done at past steps in their analysis, or they may want to run that test
again for a new problem. This created a phenomenon of residual code, which is code that
inhabits a grey area between deletion and a transition to production code. Although not useful
enough to turn into robust software that must be maintained, it provides promise for potential

future use, or simply reference, which warrants keeping it around.

This residuality became visible by contrast with a process of graduation, where code would
proceed into a process of being productionized. During an interview Noah showed me a script
where he had organized a kind of history of his past analytical work under different if-statements
(Figure 12). This function structure provides an informal trace of the exploratory process and its
transition to production code. The first clause indicates a kind of baseline, the established
cosmo-rfi approach that Mason had developed, while the second two clauses represented the
‘imaging’ and ‘uv plane’ approaches that Noah had taken, as discussed in Chapter 4. As he had
proceeded on to new techniques, he had put this code behind an if-statement as a way of

‘commenting it out.” ‘Commenting out’ is a frequent practice in programming where lines of

code can be marked as comments, such that they won’t run when the program is executed, but
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they can still be read by the programmer. This is typically supposed to be used by messages
aimed at other humans, but it is often used to suspend or shelve certain lines of code that one
does not want to run but which might be needed again. Noah’s somewhat irregular use of the if
statement performed a similar function. The if statement makes it such that Noah could provide
different keywords that would trigger code written for different testing approaches (1, 2, 3, or 4 in
Figure 12). At the point of our conversation he was not using this code from the earlier tests,
and in fact admitted that it probably would no longer work because he had changed things
elsewhere. This informal design, however, holds that code in abeyance: it is present and could
be picked back up if Noah had to return to that approach for some reason, but it does not run
unless explicitly called. It is not an essential or working part of the larger codebase at this
moment. Code retained in this way could also be inspected again, to remind oneself of what
they had done in a previous iteration. Because of the uncertain path of exploratory work, it was
never entirely clear when one might be totally done with particular code. When | asked if they
would ever come back to that code and reuse it, Noah was uncertain. He said that he or a future
student might come back to that approach. It was hard to know. Noah was keeping the code

around just in case he needed it.



161

X €8 8 1 X8 X £ 8 X8 B A R BN XXX £ 25 7 £ £ X818 XX EAEEX TN ETE A ex X2k XA
for obs_id in obs_id_list: S b s T

if int(obs_id)>=skip_point:

print(f'making {plot_types} plots for: {obs_id}')

plot_check =False
errors = False

if 'HEE' in plot_types:
try:

im_an_plt.make_ssins_wrapper(obs_id, uvfits_folder, output_path)
plot_check=True
except Exception as error:
print(f'Error making ssins plots: (o!ﬂr)')
errors = True
'image' in plot_types:
try.1._m|_pl.t.makc_phwt(e»lu_ld, uvfits_folder=uvfits_folder, cube_folder=cube_folder, output_path-output_path, save_data dict-F

atse)

plot_check=True

except Exception as error: .
print(f'Error making image plots: {error} )
errors = True

‘uv' in plot_types:

(ryzu_ln_plt. uv_plots(obs_id, cube_folder=cube_folder, output_path=output_path)
plot_check=True

except Exception as error: A
print(f'Error making uv plots: {error}')
errors = True I

'movie' in plot_types or ‘spectra’ in plot_types:

if Iulml_lod'::'rrue:]
print(‘here') o
;l;.s:p{otting.vis_ptot(ing(nhs_id, plot_types, uvfits_folder, output_pa

elses

£ uvfits_folder, output_path)

vis_plotting. vis_plo(ting(obl_ld, plot_types,
plot_check-
ept Exceptio error: i ;

cxczp‘. in (:?[rrar making movie/spectra plots: {error}')
¥ s occurred)
pes QF that RO erFFars
e se check @ ent passed to plot_types

11 glatcegsln ) 4d), please check argume

g s created for {obs_id}, P
print (f'No plots cre

t lot obs, ind e type) rega ess of dele » settings')
{obs_id} {file_type) i\ 0 letion se

e o ving

f'Error eating ot

bad, uvfit!_l“t..mwnu(obl_ld)

Figure 12: One of Noah'’s scripts, where he has organized different analytical approaches under
different if-clauses. The clauses marked by the ‘image’ and ‘uv’ variables were older
approaches, which no longer worked. The clause identified by ‘movie’ or ‘spectra’ contained
code that Noah planned to contribute to a repository.

By contrast, the last if statement in Noah’s script represented his most recent approach which
had produced the “evil cow” and “stratospheric clouds” phenomena, among others. This had
turned out to be a useful algorithm, due to its effectiveness in detecting these new kinds of RFlI,
and Noah was planning to contribute that particular part of the code back to the cosmo-rfi
repository, to be used in a more permanent way. It is this way that certain code comes to be
selected out of the accumulation of research code and moved into a production context. This
evaluation is made based on the perceived usefulness to others or on how frequently it will need
to be used in general, but the judgement is typically made in retrospect. More senior members

of the group often had a broad vision about how the goal of a project such as Noah’s might
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result in a useful, general tool, but specificity in code and technique was only reached through

iterative development.

In the Radio Group, plotting code had a particular tendency to become residual. Plotting code
was code used to create and configure the plots and visualizations that were at the center of the
Radio Group’s exploratory work. There were certain categories of plots that were frequently
used in the group’s work, such as those showing RFI features in low level data products, but
often these required a high degree of tailoring to specific research questions at hand. Stella
described the situation this created for maintaining or saving this code:
“And | know there's been a couple of plots that | have generated recently when [Magnus]
and [Mila] have been like, ‘oh, this is a plot that we should make. Where does that code
live?” We don't actually have a place of ‘here are these 20 plots that we would like to
really see or that we found really useful, and here's kind of the code that you can use to
build them.” So that's something that I'm noticing now because they're like, ‘oh, we don't
want to lose this plotting code that you've written.” And I'm like, okay, but what do you
want me to do with it? That's a little- so that's something that | think isn't contributed as
much, or we're still trying to figure out how to preserve that. And we did recently, in the
last couple of years, create a repository for student projects, and my plan is to take the

various Jupyter notebooks that I've used to do stuff and just throw them in there and be
like, ‘good luck’™ (Stella).

Stella recounts the more senior members of the lab being interested in maintaining this plotting
code that Stella has built up as a kind of organizational knowledge. From my own perspective,
Ph.D. students in the Radio Group had significant capability for designing and programming
plots, and it constituted one of the primary skills necessary for work in the lab. The ability for the
group to make sense of some emergent phenomenon depended on a matter as simple as a
color bar. Magnus often requested highly complex visualizations, involving multiple plots aligned
in time or in frequency, metadata or labels indicating categorizations or IDs of the data, and

highly specific color bars and axes.
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Given the work that went into the production of these plots it made sense to understand them as
a resource that could be leveraged again instead of reinvented by new incoming students.
However, as Stella indicates, there was no explicit method in the lab for doing this. Elsewhere in
the collaboration they kept exploratory plotting code in repositories of computational notebooks
with chronological titles, such that the code was still available, if not easily navigable. While
walking through some of these notebooks, Harvey pointed out to me that it is very difficult to test
plotting code, and so it was often not ‘graduated’ to be production code. This, combined with the
fact that it was typically tailored to specific cases, made plotting code a particularly difficult kind
of resource to maintain over time, but one that was essential to the exploratory process. It was

essential both as a record of results but also of kinds of strategies that might be reused.

The notion of residual code highlights a dynamic of divergent rationales in the recordkeeping
around code in the collaboration. Shankar (2007) has highlighted the importance of how
scientists manage the huge accretion of notes, results, and data in order to create a functional
record, particularly through activities of synthesis and selection. Cases such as Noah'’s
demonstrate a divergence in the Radio Group around the rationales that should guide the
maintenance of different kinds of materials. In the case of plotting code and most research code
the guiding rationale is preservational, whereby members attempt to keep code around, but they
keep it largely as is, unsynthesized and only lightly labeled. These resources are things that
they might need to revisit, or that might be taken up again, but they are not likely to be used
again soon or very frequently. By contrast some code produced in the exploratory process was
maintained under a revisionist rationale, by which the code was moved, rewritten, reformatted,
redocumented, and perhaps refactored in order to make it part of a more robust software
package. Shankar (2007) points out how activities of standardizing and formalizing make the
record conversant in a larger, official record, such as that of published scientific papers. The

revisionist rationale is similar in that the software is first selected out of accumulating research
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scripts, and then remade into standardized, interoperable forms in order to integrate into a
collective software package. There it functions as both resource and as record, codifying at

least one ‘correct’ and canonical version of an operation.

Another aspect of this distinction is that for the most part research code was developed in a
personal way. Research code was sometimes visible to the rest of the Radio Group during lab
meetings when a student would make small changes or double check particular parameters
they were using, but it was not typically inspected in detail by others. As described in the last
chapter, the act of contributing involved working in public, making contributions that would be
reviewed by others, and writing documentation or tutorials that would be used by others. This
connects with what Kery and Myers (2017) have pointed out about exploratory programming,
that it often is difficult to do collaboratively, in part because of its high ‘viscosity.” Viscosity in this
case refers to how difficult it is to make small changes to a codebase (Green and Petre, 1996).
This becomes more difficult, for instance, in non-modularized codebases where changing one

part of the codebase requires altering many others as well.

This distinction between preservational and revisionist rationales is a kind of bifurcation, in
which resources in the lab either undergo an extreme amount of synthesis or almost none at all.
This bifurcation is one aspect of the distinction between research code and collaboration code
made in the last chapter. In the next section | will look in particular at the ‘selection’ activity, the

point of divergence between research code and collaboration code.

6.2 Graduating Code

The process of graduating code is a point of transition between exploration and production, and
it is the primary way that exploration comes to shape and influence software production. Put

simply, graduating code is a process of taking a particular software-based technique that has
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emerged in a process of exploratory programming, and turning it into a "robust" or "validated"
piece of collaboration code. This is in some ways a fairly prosaic activity of redesigning or
refactoring the code itself. However, it is an important process to examine for a couple reasons.
It is the point of transition between epistemic objects and “technological objects” (Rheinberger,
1992). In this sense it is a process by which technological actors-under-examination become the
black boxed resources which undergird future work (Latour, 1987). It is also a point of
articulation work (Strauss, 1988) and particularly metawork (Gerson, 2006) in connecting
exploration and production work. Here | will examine this transition point as a site of work and a

point of tension in the research software system.

Researchers often had hunches or vague plans about what kind of useful tool might come out of
their exploratory work (such as some new RFI| detection technique) during the process of
exploration, but for the most part graduating code was something that looks back on code
written in the exploratory process and sought to refactor it or rewrite it to be a more robust tool.
When one was embroiled in the research process, it was often not clear in specific terms what
would emerge from the process as a more useful or more permanent piece of code that might
need to be reused. For this reason, when researchers did perform graduation, they were often
returning to code that had already been produced in an exploratory mode. Lucas, a professor in

the CDA described this situation:

"l think the model 10 years ago, five years ago, was a graduate student comes up with a
code that, on one particular case that they've studied, seems to do something good, they
publish a paper about it, and then they move on. And the hard part is getting them- we
want graduate students to publish papers and get results out and do science. But
making sure we keep them around for an extra month or so, before moving on to a new
project to say, ‘okay, you've got this code, it's exciting, let's make it production level code
that can integrate with everybody else's pipeline when everybody else can try this out
again,’ in that sort of controlled way, and exploring whether it's something that they really
want to make a default part of our processing" (Lucas, Professor).
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Lucas here marks a point after the release of a publication, where the student returns to code
that has been produced in order to turn it into a more sustainable resource. The notion of a
"default part of our processing" captures well the way that things learned in the exploratory

process can become more reliable components of new investigations.

Lucas' statement highlights another aspect of graduation, which is that it was often framed as a
matter of discipline. Prior work has highlighted the fact that applying practices of software
engineering retroactively is much more difficult than doing it from the beginning (Heaton and
Carver, 2015; Basili et al., 2008), and this is in some sense the obstacle that researchers must
navigate in the graduation process. The tendency of research work would be to leave code
produced in the exploratory process unchanged once some scientific aim has been
accomplished, but the researcher needs to make time and cajole themselves into returning to
the code. This frames the work of graduating code (going through code review, writing tests and
documentation, etc.) as being added or extra work (Trainer et al., 2015). It is necessary but

secondary to a primary activity of science.

In this way the post hoc approach to graduation balanced an ethic towards disciplining software
practice with an understanding of the necessity of flexible development work. Members of the
collaboration would sometimes gripe about others who they felt were writing "hacky" code.
When this came up during one of the Radio Group's lab meetings, Magnus associated with the
writing of hacky code, saying that he himself had written a lot of hacky code in the past and he
understood the need to avoid too much overhead on exploratory development work. However,
he added that you have to have "that checklist" of things that you return to later on. In this way
the notion of graduation was a particular balancing or articulation of research programming and
collaboration code development. Collaboration code development followed research
programming sequentially in time, and research activities remained sequestered from the

overheads of software production. There were some caveats to this. For instance, during a
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different discussion in a lab meeting Mila pointed out that there are certain things you can do
even in research work that can make it easier to improve the code later on. She presented this

as an exception to the larger dynamic, however.

The process of graduation was not a natural, automatically occurring phenomenon, but rather a
kind metawork (Gerson, 2006) had to be actively pursued. In particular researchers needed to
step back from the process of exploration and reflect on when and where they should stop
exploration and move novel capacities into a context of production. When, and to what degree,
code needed to move towards being collaboration code was not always obvious, and navigating
that transition was a developed expertise. For instance, graduating code involves a process of
selection (see also Shankar, 2007). This involves identifying parts of the code that are produced
in the course of exploration that are good candidates to be productionized. This was a
discretionary activity that involved a great deal of judgement on the part of the researchers
about what code contributed a good candidate. The criteria for this are discussed in Chapter 5,
but they typically include code that many others will want to reuse, or code that will need to be
reused by at least one person many times. The code and its purpose also had to be relatively
well understood. In other words it had to be at the transition point between successive framings
of a problem and the emergence of requirements. In this sense selection often occurred at the
end of an exploratory process, or rather it helped define an endpoint for at least some aspect of

exploratory work.

The skillset and familiarity needed to do this metawork often came with experience in working
with a research software system (and not just experience with software production). Within the
Radio Group, Mila often performed this role of navigating when software was fine remaining in a
hacky condition versus when it needed to have further software practices applied. For instance,
one student was working with software that had been written by a prior member of the lab to

perform a new calibration technique, and the group discussed during a lab meeting the
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prospects for improving the code. They had created a repository for the code, to, as Mila put it,
"collect things together", and she suggested to the student that he could look at changing some
of the function names, as that was a relatively apparent problem that could be fixed more easily.
However, Mila said that "there might be a time where there is a little more structure... but that
time is not now." Magnus agreed that at some point in the future they would need to write it in
"an incredibly defensive way", but he made it clear that this, meaning the present instantiation of
the code, was "research code." The student's work with the code was still in a regime of
research, and although some changes, such as creating a repository and changing terminology
used in the code, were worth making now, more thorough productionization of the software was
not worth the labor at this point. Magnus pointed out the prematurity of trying to apply these
other techniques at this point, saying "if you design it now you will have to design it again."
These negotiations render graduation as a subtle process, which is dependent on estimations of
the code's broader potential usefulness, but also on self-awareness about the stage of work that

one is in, and when certain changes to the software are worth making.

Points of graduation were also transition points between ways of working, and therefore could
be sources of tension between the practices of research and software production. Mila for
instance described a situation where she had pushed on graduating code and received some
pushback. The situation had occurred on a conference call with other members of the CDA,

where they were all working on some code in computational notebooks:

"So originally, when they wrote the notebooks it was like huge code blocks, and then the
plot, and then huge code blocks. And I'm like, god, you gotta get these code blocks out
of the notebooks. You got to put it somewhere else, and then call them from the
notebooks. [...] Well, it's no longer just plotting code. There's like actual complicated
analysis including taking delay spectra and massaging them and doing cleaning on them
and all this other stuff, [...] As we dug deeper and deeper, it was like, nobody quite knew
exactly what the code did. It wasn't really well documented. It was all of these bad
problems that happen when people write code quickly and don't think about reusing it,
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and it was now getting used for something other than what | was doing originally" (Mila,
Research Scientist).

Mila describes and unease with the way the code has grown in the context of the notebook.

Although there has not yet been any explicit error or breakdown, Mila senses that the code has

transgressed the boundaries of the research programming environment. This is in part due to

the fact that it is performing sophisticated analysis but the developers are unsure of exactly what

it is doing, and in part because it is being used for a new purpose without having undergone the

process of becoming collaboration code. Mila described pushing pretty hard on this situation:
"And | came down like a ton of bricks. And then | backed off, because Harvey pushed
back pretty hard on me. He said, ‘Look, this is just commissioning data. This isn't actual-
really processing data. This is we're trying to figure that stuff out. This is okay.” But

absolutely acknowledged that as this stuff becomes more mainline it needs to move into
other repos and get really validated" (Mila, Research Scientist).

In describing this to me | got the impression that Mila regretted somewhat pushing on her
collaborators as hard as she did, but also felt that the issue was an important one, that the code
was in a risky place. Harvey responds to this with his own contention for the bounds of research
code and collaboration code, admitting that it does need to move into a repository to get really
"validated", but also arguing that this code is not yet being used for publication analysis or to
process "real" data. In this way negotiations over the graduation process were negotiations over
where research code ended and where collaboration code began, and the understandings of

rigor or validity that undergirded those transition points.

This example demonstrates another aspect of the graduation process, which is that it leverages
the differentials established by the repository. What is at stake in this interaction is the
movement of code from one established space to another, from notebook to repository. Given
the construction of these spaces as being for different kinds of practice, the CDA has practical
and relatively clear processes for moving from one kind of practice to another. In order to "really

validate" a given piece of code, one moves code from one context to another, and in so doing
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one will be required to pursue specific practices for rendering “research code” into “collaboration

code.”

6.3 The development of capacities

The research software system is not primarily a system for producing software, but rather it is a
system in which developing software is a primary way to develop new modes of encountering
and rendering phenomena. Consequently, if we want to understand how a research software
system develops over time, we must look at how it produces new modes of engagement over
time. This is akin to approaching the accumulation of software in terms of the growth of its
functionalities rather than the growth of the lines of code. Looking at the emergence of
capacities can help us do this in the context of the research software system. Capacity is a term
that has a broader scholarly usage, particularly in actor network approaches, but here | am
looking at specific kinds of capacities that researchers can develop by designing and building
new instrumentation. In this section | take a retrospective view of the development of the Radio
Group’s capacities for RFI detection and its relationship with the cosmo-rfi package. Through
this example we observe a couple of characteristics of software instruments and capacities.
While this view may be less useful to those focused on the architectures of software
components, it is perhaps more useful to the historian or sociologist of science, whose
consideration might be on the productivity and development of instruments in research

programs.

The notion of capacities takes the phenomenon and instrument together. In doing this, the
notion of capacities is similar to a great deal of prior work which has tried to move from reduced
or isolated conceptions of artifacts towards consideration of the relations in which they are
constituted (Star and Ruhleder, 1994; Jewett and Kling, 1991). This is a crucial shift from

software as a generic artifact towards software as embedded in and constituted by broader
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trajectories of action. Looking at development in the number of lines or the number of file
interdependencies can be valuable ways of seeing change in software, but looking at capacities
allows us to see software in relation to a developing research program. In Figure 12, for
instance, we can see how the research projects of different graduate students produce new
techniques for identifying and removing RFI and how these new capacities can be incorporated
and maintained over time. While this is certainly not a thorough historical ontology of RFI
phenomena, it does capture in broad strokes a process of technoscientific change (Ribes and

Polk, 2014) in the objects and techniques of RFI detection.

However, the notion of capacity is useful also because it adds a consideration of the instrument
to the discussion of scientific phenomena. Capacities are also not just phenomena or the
“galilean objects” (De Boer, 2021) of science, divorced from the instruments through which they
are known. This is visible if we look at some of Mason’s early work on RFI. Through his work he
established that particular features in the data were digital television (DTV broadcasts) that were
reflecting off airplanes moving along the horizon from the array’s perspective. If we took the
capacity to be only the thing produced, an object made separate from the conditions of its
production, then it would be very hard to understand what has been gained by the detection of
an airplane. However, the airplane-as-seen-by-the-interferometer, the interferometric airplane, is
a new production. The capacity that has been developed is a novel thing. Looking at this form of
novelty, rather than only at entirely new entities, allows us to see change in ways of engaging
and interpreting the world, and not just change in the major ontological categories of science. In
this sense, my usage of the word capacity is trying to make good on a historical ontological
commitment towards the collapse of epistemological and ontological concerns (Daston, 2014).

In other words, capacities capture ways of knowing and things known as a package.

The development of a capacity is more like a refinement than an addition. Phenomenological

accounts have argued that technologies mediate human engagement with the world by
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“opening and closing possibilities of experience and interpretation” (pg. 34), which is the
amplification-reduction movement of technological mediation (lhde, 1979). | agree with this
position in a broad way, in that the development of new capacities becomes a more specific way
of engaging the world. The attempt to detect the 21cm signal is perhaps the ideal example of
this. Across the contributions in Figure 13, the Radio Group’s instrumentation becomes able to
identify and then remove more and more kinds of RFI, from digital television broadcasts to
packet loss to evil cows. Stars, too, must be modelled and removed from the data. The research
projects of students center on learning to identify and engage entities such as airplanes, but the
capacities that they build into their software are oriented around removing these features and
sharpening their detection of a potential something else. Capacities are in this sense directed or

intentional, rather than the gaining of a more complete set of capabilities.

That said, capacities developed around one general purpose can always become productive in
new ways when turned towards other purposes. This is one of the benefits of tracking new
modes of engagement rather than just their outcomes, the concepts of an intellectual history of
science. This is captured in the somewhat different notion of the “dual use” of technology, by
which technologies for war could be repurposed into instruments for radio astronomy (Baneke,
2023). More germane to this study, this is a characteristic of the experimental system
(Rheinberger, 1992), that it remains open. Capacities that emerge from the research process

can feed back into it in the production of yet new interactional possibilities.

The cosmo-rfi software is both a resource for and outcome of these processes of working out
new capacities. As Star and Gerson (1987) point out, even anomalies must be actively
constructed by an extant system. Moreover, new changes to the system make possible the
engagement of new anomalies and new research questions. For instance, Mason’s
development of the detection algorithm for rapidly changing or moving RFI solidified certain

phenomena (airplanes) but it was from that perspective, from that state of the instrument, that
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the initial anomaly that would become the evil cow came into view. This highlights the
importance of reuse or repurposing not in contexts of proof or justification but in the extension of
prior work (see also Feinberg, 2020). This is similar to a notion of knowledge turns (Goble et al.,
2011), but it centers particularly on the reuse of instrumentation and not just on the feedback of

findings.
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Figure 13: The development of capacities for detecting RFI and their inclusion in the cosmo-rfi
software. Outcomes or incidental needs of different research projects in the lab resulted in code
being graduated to the cosmo-rfi software, extending its capacities in a piecemeal fashion.
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Capacities in my usage are robust and repeatable forms of action, but they are also
performative. By this | mean that when the researcher goes to engage a phenomenon or data
again (to reproduce or replicate it) they are conducting a new action in a new context, which
introduces the possibility of variation or departure from some script that might be defined for this
or that capacity. In actor-network terms, the goal of production oriented activity is precisely to
create robust networks of actants and to hold them together over time. A capacity is something
that researchers understand can be done again with a particular piece of software. It has been
accomplished previously and they are operating on the idea that the software will be a reliable
resource for similar action in the future. Nevertheless a capacity must be performed again each
time, and as described in Chapter 4 each new performance comes with the possibility of
variation or breakdown. As with the concept of affordances (Gibson, 1979), capacities are things

which must be accomplished each time again.

Figure 13 also illustrates the larger dynamic that robust research software is intended to
accomplish in scientific objects over time. Mason’s RFI detection strategies were at one point
problematic, as were the mysterious objects he was investigating. However, later they return to
new research projects as well-ordered capacities, which are ready-to-hand for new
investigations. That is, unless they break down for one reason or another given the novelty of
the new situation. What was the problematic object of one research program becomes a stable
performance for new research work. In this sense the research software system is not just about
producing new objects but also about hardening, bolstering, and maintaining networks of

actants (Latour, 1987).

A core dynamic for the research software system is accomplishing what Ribes and Polk (2015)
call “technoscientific flexibility” (pg. 235), the ability to prepare for ontological change. The
development of new capacities requires finding ways of breaking out of present states of

working order. However, in order for these things to become capacities, which can be assigned
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to a given software package as a quality that it has, they must be re-performable and coherent
across different instances. This is a tension that the research software system navigates over
time, the intention towards robust, reliable production of phenomena in well-understood ways,
and the need to exceed or escape these well understood pathways in order to further the
development of the instrument’s capacities. For instance, Noah’s algorithm for detecting RFl is
built in direct comparison with a prior method, and the growth of that capacity relies on Noah
being able to re-perform Mason’s earlier RF| detection strategies in a robust way, but also to
vary a key part of that analysis in order to perform an action that is both similar and different. In
the research software system, where production work has been distinguished from research
work in process and place, this is also a tension between different ways of working. The balance
of durability and novelty in phenomena is accomplished through coordinative means, as

described in Chapter 5.

Moving to include the ways of knowing in our account also allows us to examine the long game
of scientific change. Critiques have long been made of the act of discovery as a singular
momentous act (Woolgar, 1976), and studies of phenomenotechnique highlight that scientific
objects emerge “in a long and tedious historical process of purification and ordering”
(Rheinberger, 2005, pg. 321). Stories of science, however, are most compelling and seemingly
most about ‘science’ when they involve the emergence of a wholly new object, a quark or a
pulsar. None of the epistemic objects | have described here have been disclosed as such
entities, a new signal, astronomical body, or rule about the operations of the universe. Looking
at these engagements, however, allows us to view the mundane side of epistemic work, the
successive efforts to break out of prior states of working order to produce novelty in one’s
interactions with the world. Any view of the cosmic dawn that the field might eventually produce

will come only as the culmination of decades of this development of capacities.
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Chapter 7:
Reorganizing rigor in software practice

Part of my goal is to characterize how the Radio Group and the CDA integrated software
engineering practices into their research work. This is addressed in part through the distinction
of regimes of research code and collaboration code that | described in the last section. That
scheme describes how software engineering comes to take a place within the organization of
work in the CDA. However, it does not describe how this uptake of practices was accomplished
by the actors involved. The typical understanding of how this might happen in the literature is a
kind of adoption model, in which researchers take up an explicit set of practices on top of or in
addition to their existing practices of research work (e.g. Wilson et al., 2014; Wilson et al.,
2017). This uptake is obstructed by misalignment in incentives and reward structures in the

sciences, as well as by the problem of unplannability, as discussed earlier.

Here | want to complicate the notion of adoption by pointing out a couple aspects of how the
Radio Group went about integrating software engineering practices into their work. First, while
my findings certainly bolster the idea that there are conflicts between software engineering work
and the reward structures of the sciences, | also point out places where software work becomes
a matter of rigor, which brings software engineering under a category of scientific work. In
section 7.1 | outline some of the complex interactions between understandings of pride in
software and understandings of software work as a matter of discipline. These understandings
represent shifting orientations towards software work (see Howison and Herbsleb, 2011), but

also shifting understandings of scientific rigor.

Second | argue that the uptake of software engineering practices is not a matter of personal,
dyadic decisions where an individual researcher encounters and evaluates a given practice.

Rather there is a sociality to this process, in which practices are shared, demonstrated, and
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pushed through multiway interactions between researchers. In section 7.2 | examine an
interpersonal process of championing, by which this happens, and then look at the role of
repositories as collections of artifacts used to push and define certain kinds of practices in a
larger collaboration. Last, in section 7.3 | explore the agency of collections of artifacts—the
repository and its interconnected development tools—for shaping and spreading development

practice across a larger scientific community.

7.1 Pride and self-discipline in software practice

Prior work has highlighted the disjuncture between reward systems in the sciences and the work
of software engineering, as well as the variety of stances that researchers might have vis-a-vis
that work (Howison and Herbsleb, 2011). In the Radio Group’s efforts to change their practices
around software, software work came to be framed in terms of rigor, where software quality, as
evaluated in terms of the application of specific software engineering practices, came to be
understood as a scientific or epistemic virtue. This was not a unilateral framing, as people often
understood that work as being a matter of discipline, warranted only in specific circumstances.
Nevertheless, this was a shift in researchers’ own understandings of the ancillarity of software
development work. Moreover, it constitutes a shift in understandings of rigor, in what constitutes
good scientific work. In this section | outline these understandings of discipline, pride and rigor,
as well as their interaction with repositories as spaces for public contributions of code within the

collaboration.

The Radio Group was part of a larger, active effort to change the way they build software. After
one paper in their larger collaboration had to be amended after publication, there was an effort
to change various aspects of the collaboration’s research process. While this publication error

was mostly due to a mathematical issue, software was wrapped up in this larger movement. As

Harvey explained, there was an agreement at the collaboration level to write “good quality
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software,” and this resulted in rewriting some of the collaboration’s primary software packages
“from scratch.” It also involved instituting specific standards for software packages that were to
be run on data used in a publication. This included documentation, unit test coverage above

95%, code formatted to a standard, and processes of code review.

| approach this transition as a matter of rigor because it approaches the understanding of quality
in scientific work as a matter of sensitization to the materialities and procedures of software
development work. As described in Chapter 5, the methods that researchers used to
understand the quality of software could not be personal knowledge of the code at a low level.
Impressions of quality came from knowledge of how the software was developed, as well as
indicators like the presence of unit tests or the number of other people who had used it
successfully before. In some cases this was a matter of sensitivity to risk in the development of
software (see also Kelly, 2015). Harvey, for instance, described this feeling:

“Well, | think a lot of us have a sense of, | don't know, incompleteness. You know, they

say when you see something safe, you know it or not. That's not safe. You kind of know

it in your gut, right? [...] So | think a lot of us had that sense, and | think some of us more

than others because we'd been burned by various problems maybe more than others”
(Harvey, Professor).

The term rigor as | use it here is meant to capture this “gut” feeling aspect of scientific work. It is
a way of accessing researchers’ own understandings of what constitutes good scientific work for
a view of science as practice (Pickering, 1992), rather than for an intellectual or conceptual
history of science. Rigor is about learned experience with the peculiarities and behaviors of an
instrumental system. In the Radio Group’s context this meant sensitization to risk in the material
practice of software development. We can see this, for instance, in Mila and Harvey’s tensions
over graduating a particular piece of code (discussed in section 6.2), where the urgency for
graduating the code turned on the organization of the code in a notebook and the fact that

nobody could remember what code was actually running. In these circumstances, nothing
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explicit has yet gone wrong, but members of the CDA had a sensitivity to conditions that are
conducive to silent bugs or other time consuming software issues. This is both in the long-term
possibility of having a retraction, but also in the day-to-day work of trying to make sense of

tenaciously incomprehensible anomalies.

To be clear, all of the researchers | encountered in the field were long-time programmers and
were not developing these sensitivities due to a new uptake of programming in general. Rather,
old understandings of dangers and breakdowns in software systems came to be reframed in
relation to practices for developing “good quality software.” As Kongsvik et al. (2020) describe in
the context of seamanship, the concept develops in its content in response to the movement of
new actors, in their case specific seafaring technologies and proceduralization. In a similar way,
good scientific software development took on new associations and performances in the Radio

Group and CDA.

In particular, rigor in software practice was often discussed as a matter of discipline in the sense
that they were understood as something that ought to be done, but which were hard to motivate
oneself to do. Noah, for instance, described how most of his code was sitting in a "working"
directory and he wanted to contribute some parts of it to the cosmo-rfi software repository, but
that was something that "I kind of keep putting off." He said this to me as he was showing me
one of his scripts where he had been working on a particular research problem, as if to explain
that he knew he really should have contributed it already, but it was something that he simply
had not gotten around to. This would have been an instance of graduation, involving all of the
overhead of writing unit tests and tutorials and so on. The moral imperative towards this kind of
infrastructuralization of software was placed in opposition to the demands of ongoing work. In a
similar way, Lucas described how software engineering practices were often seen as a

"nuisance," but it potentially prevented disastrous outcomes in the long-run.
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This latter sentiment highlights a sense of good software development being a matter that
comes to bear on the quality of software that is produced in the collaboration. Lucas discussed
“doing things right” with regard to software development practice:
“I think the way the [CDA] analysis has gone has shown that it's a slow process and
takes care. And | think everybody's on board with that now, but it felt like there was a
time where there really was a drum beating that doing something right was the enemy of

getting things out quickly. And so, you know, we wanted- [pycosmo] was about doing
things right” (Lucas, Professor).

Here Lucas avoids a distinction between moving quickly and moving slowly, but rather asserts
development practice as a matter of rigor, of "doing things right," which is not necessarily in
tension with moving quickly. This was not a universally held ethic, as Lucas himself asserts, and
in my observations the deployment of software engineering methods as being unnecessary
overhead or necessary kind of rigor that saves time in the long run was variable. Indeed, the
notion of graduation described in Chapter 6 is precisely the navigation of these different

framings, and in some cases they played out between researchers.

The notion of software engineering work as a matter of rigor also came with understandings of
pride in having developed robust and reliable software tools. Abe, for instance, expressed pride

in the work that he and others had done on pycosmo:

"It's high quality code that we build and really is just a way that you know, we can make
sure, that we're doing good science and we have traceability and repeatability and all
these sorts of things. So, | think it's-I'm honestly pretty proud of [pycosmo]. | think we've
done a pretty good job putting it together. | think it is a good model for other repositories
to follow. So | myself, when | write other repos, | try to make sure it has good doc strings,
good test coverage, things like that. And I think it's just kind of the model that we as a
collaboration should be shooting for. So | think it's pretty good...” (Abe, Research
Scientist).

Here again, Abe connects good software engineering practice to “doing good science.” This is
significant in this case because pycosmo was considered by many to be “glue code,” software

that enables conversion between formats, connecting pipelines, and generally wrangling data.
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However, in working with an instrumental system constituted by many distinct, interoperating
pieces of software, Abe takes an inclusive view of the kind of work and the kinds of software
that make good science. It is not just the new algorithm developed by a researcher working on a
particular problem, but also the many transformations and interoperations that need to happen
to bring the data to the place where some new algorithm can be properly applied to it. Within
this scoping, the careful engineering of the pycosmo software falls within the remit of science
and constitutes a matter of pride as good scientific work. The development of collaboration code
was seen as a matter of discipline but also of rigor, of building tools that would be sound rather

than "hacky."

There were also sentiments of obligation towards software engineering practice that were
connected with collaboration code as a public and collaborative endeavor. A number of
members of the CDA, particularly Ph.D. students, discussed their software work with a self-
awareness about it potentially being critiqued. For instance, Stella, a Ph.D. student in the Radio
Group, described making what she felt were compromises in a contribution she made to
pycosmo:
"Okay. And even still, like I'm thinking there are parts of the code that | feel like are kind
of clunky that | don't really like. Especially after it's been- | think it merged in December.
So it's been a couple of months, and I'm looking at it. I'm like, 'oh, boy, that's kind of
rough.' But for me at least | hit a point where | was like, | just want this thing to work. And
to be part of the thing. And then ready for something else. But now | look at it. I'm like,
'Oh, | will probably rebuild this whole chunk. And | might rebuild this whole chunk.'

There's actually a couple of pretty big chunks in it, that | think maybe could be done
better" (Stella, Ph.D. student).

This self-awareness of code quality was particularly around code that was contributed to a
repository as collaboration code. As mentioned in Chapter 4, the Radio Group operated around
research code as a quasi-private artifact. Lab meetings involved inspections of the output of the

code but not often inspection of the code itself. In contributing code to a repository researchers
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were moving from this relatively private space to a space where their code was able to be

inspected by others.

| felt a similar sense of self-awareness in my own contribution to pycosmo. | worried that the
code | had written would be sub-par or that | had introduced some kind of hidden error into the
code. On a couple of occasions when errors turned up in development meetings, | felt a brief
sense of panic that it might have been introduced in the functions that | had added to the code
base. A number of the other Ph.D. students expressed similar feelings of exposure or self-
awareness about contributed code. Ellie, a Ph.D. student at another laboratory in the CDA
expressed some amazement that Mila would frequently code live during pycosmo development
meetings, sharing her screen to work on a problem while others watched. She also felt some
embarrassment because she felt behind in developing parts of the code she had been assigned
to work on:

"...whenever anybody mentions [pycalibrator] | will just start cringing because it's like, oh,

I'm supposed to be doing [pycalibrator]. Oh, no, this is my fault. Of course it isn't, but..."
(Ellie, Ph.D. Student).

It is worth surfacing these sentiments because they capture the way that collaboration code
entails understandings of responsibility. The act of contributing was to make one's work visible,

and in some sense to make it liable for the quality of analysis done with the code.

Kery and Myers (2017) argued that it is difficult to do exploratory programming collectively and |
have noted a similar distinction between research code and collaboration code. Research code
is often written by and for a specific person, and it is personally maintained and organized.
Students would bring research code to meetings, and it was occasionally inspected (rather than
the plots it produced, which was more frequent), but they were generally left to their own
devices to organize and maintain that code how they saw fit. Collaboration code on the other

hand constitutes a more public space. It is not only for a broader group of people, it is also
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visible to a broader group and it undergoes review by other researchers. There were a couple of
instances of software in the group’s larger field that had been written by a single individual and
that were largely maintained by that person, but these were uncommon, and the term

“collaboration” in collaboration code typically implied a collectively developed tool.

Understanding these associations with software engineering practice are critical to
understanding how it comes to be justified and mobilized within the research group and
collaboration. In some cases software engineering work came to be categorized as a kind of
work in tension with science in the sense that it obstructed getting things done quickly.
However, in other contexts it was framed as within the work of science as a matter of rigor, as
well as an investment of labor that would save time in the long run. The shifting between
software work as external or internal to the scientific concern was a kind of boundary work
(Gieryn, 1983) that sought to define what aspects of infrastructural work were in or out of a
primary project of science, with ramifications for justifying and validating that work.
Nevertheless, through activities of championing and the development of exemplar repositories,
members of the CDA do posit a model of scientific rigor in which moving slowly, taking care, and

following procedure are epistemic virtues.

Overall it did not quite accomplish the holistic transition in understandings that Kongsvik et al
(2020) describe, where seafarers shifted their understandings of personal competence to a kind
of capability distributed through various technologies that had entered their workplace. As they
argue that case involved a fundamental shift in understandings of role and competence. The
Radio Group and CDA did not see fundamental shifts in their understanding of competence or
rigor, and there remained some vacillation and contestation over understandings of how ‘good
scientific work’ related to software development. Nevertheless, where software engineering
work was incorporated into an understanding of scientific work it entailed pride, obligation, and

discipline towards software work despite the fact that researchers were not working in a
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software subfield where software products were their primary output. While this definition of
software work as germane to scientific concerns is not a solution to the underfunding and
recognition of software development work amongst scientists it is an important aspect of shifting

motivations and justifications of that work.

7.2 Championing

In discussions about the adoption of software engineering practices, often rationales for the
adoption of such practices are provided (sustainability, reproducibility, and so on) but a lot is left
to the imagination about how such adoption might actually happen within a larger scientific
community. This leaves one to imagine that researchers will encounter these practices in
principle, see their potential value, and then go figure out how to implement them. There are
some discussions of adoption at a community level (Koehler, 2020), but still does not get us
much further towards understanding how such practices get taken up and spread amongst a
community. In the Radio Group and amongst its collaborators, the uptake of software
engineering practices was a complex matter, involving social processes of sharing and
demonstrating development practices and tools, as well as certain people taking on distinct
roles in promoting software development. In other words there are a number of complex
dynamics to how a research collaboration takes up practices, understands how to do them,
understands their emergent usefulness to scientific work, and begins to actually commit to the

work of implementing it on a regular basis.

One central aspect of these dynamics was championing, a process by which certain members
of the collaboration took on a role of promoting software development techniques. This could be
as simple as advocating for paid time for software work from grants funds, a point which was

ascribed to certain Pls. More often it was a matter of calling for or advocating for the use of



186

particular software engineering practices in certain contexts of development, such as in when to

graduate code.

Championing also involved learning new practices or techniques for software development and

bringing them into the collaboration. Abe pointed this out about Mila's involvement in pycosmo:
"l mean, again, | think the main driver has been pycosmo. Mila leading the charge,
learning something new, seeing how it could be useful. And, you know, | think the
response of a lot of people would have been well, that's just seems like a nuisance, and-
putting it in anyway, and then a year later saying, 'Wow, that just saved our butt, and

prevented us from making a big mistake by catching this bug that somebody introduced."'
Once they prove their value, there's other adopters" (Lucas, Professor).

Part of Lucas's characterization is, again, a matter of discipline, a matter of doing work despite
seeing it as a nuisance. However, another critical part of this is a process of learning and
implementing. He references Mila learning external practices, but also figuring out how to
implement them in local sites of work. Mila's time was in fact split between the Radio Group and
an organization called the Data Science Institute, which was focused on developing
computational methods in the sciences. In explaining the development practice on pycosmo,
she ascribed it in part to her interactions there:

"And both Lucas and Harvey were aware that there were good practices in Python
around testing and quality of code that weren't necessarily being followed in [CDA]. And
they didn't necessarily know all of them but knew some of them. And | just moved up to
[the Data Science Institute], and | was becoming aware of some of these things. [...] And
in that process we rewrote the code that they'd written over the summer to make it much
more robust. And | learned Python, and how to write tested Python code in that process"
(Mila, research scientist)

Mila ascribes the work of Lucas, Harvey, and herself in part to an awareness of external
practices, and in her own case the process of learning testing practices on an external project.
This aspect of championing is more like a process of organizational learning or boundary
spanning, by which certain individuals adapt practices from elsewhere into local contexts of

work, where they might be more easily picked up by others.
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An important aspect of this process of sharing practices was a process of evaluating and
weighing the value of tools that could potentially be picked up. In one lab meeting Mila told the
group about a talk she had seen on using a Git-like versioning system for data. Aware of her
own role as somebody who often brought these kinds of tools back to work in the group, she
indicated a number of times that she was initially skeptical of its usefulness, but that she could
see some value after the talk. In discussing this with Magnus they seemed to agree that the
potential value of such a tool would be in its “high level” functionality, which would make dealing
with the nitty gritty of versioning easier. In the end they simply decided to keep an eye on the
tool in case a more serious need for it came up. This kind of haggling over what a tool
specifically does and what it might be useful for was a critical part of what a champion did, but it

had little to do with implementing or writing code itself.

| have termed these kinds of things championing to indicate that they are activities that are done
in certain circumstances, and | saw a number of people amongst the Radio Group’s
collaborators perform championing in a number of different contexts, but championing was also
something that was associated with particular people, who were frequent and vocal proponents
of software practice. 4 or 5 other members of the CDA referenced Mila as one who frequently
promoted new development practices. Harvey indicated that it was Mila, in part, who "has us
doing this good stuff", and Danielle referenced Mila as one reason why pycosmo was developed

the way that it was:

"l think it's probably partly just the people who wrote them. You know, Mila has very
good coding practices and | think has pushed really hard on pycosmo to be a useful and
well-documented tool" (Danielle, Ph.D. student)

A number of other names were mentioned as well in explaining the general uptake of software
engineering practices in the larger collaboration, but it was something that became a persistent

role in the community.



188

The most active champions of software practice were research scientists. Howison and
Herbsleb (2011) observed differences in the stances that different research groups have
towards software, such as their working in a software-focused subfield or as a byproduct of
research work. The members of the CDA were almost all researchers first and foremost,
meaning that scientific contributions were their primary object of work. However, smaller
variations of this existed in the Radio Group and the CDA in terms of seniority. As noted
previously the development meetings for pycosmo were dominated primarily by research
scientists and some professors, with Ph.D. students attending occasionally. Almost all students
in the Radio Group contributed at some point to a repository and went through the processes of
code review, writing unit tests and documentation and so on. However, the more senior
members of the group typically directed them towards research work and the investigation of
anomalies, while making occasional contributions to more robust software packages. My
discussions with Ph.D. students had few of the firmly-held normative stances about software
quality that discussions with some professors and especially research scientists did. It was also
in many cases research scientists who brought new development techniques into these
projects. As stated above many of the developers working on things like pycosmo were
research scientists and their week-to-week development of the software involved finding new

tools to support it and making conscious decisions about development processes on the project.

Championing could also be a source of interpersonal tension where the promotion of best
practices became a critique of existing practice. In discussions of championing in the literature,
there is some acknowledgement of resistance to a change, but the depiction tends towards
rosiness in characterizing champions as savvy, resourceful individuals who bring about positive,
generally welcomed change (Beath, 1991). Championing, however, involved contestations over
when to graduate code, for instance, as described in Chapter 6. In discussing these dynamics in

an interview, Mila seemed to regret having come down "like a ton of bricks", but also defended
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her conviction about the importance of the issue. When | discussed software development
practice with Harvey, he mentioned the same incident:
"At some point during last observing season | was showing more plots from the nightly
notebooks, which we were talking about before. And Mila says, ‘wait a second, another
question, where's this code? What repository is this code in? It's running outside, it's
running onsite and it's not in a repository?’ And just kind of that's- the conversation came

about. It's one of those things where, as a group, if we don't point something out right
away, sometimes it just falls away" (Harvey, professor).

Harvey situated this incident in a larger dynamic in the collaboration where different members
will sometimes "hassle" each other over the details of their software practice and the potential
risks. Moreover, these processes are a kind of collective discipline, by which the collaboration
as a group can stay on top of the problem of maintaining software quality. Practices which are
not raised and made visible this way, by a process of championing, can simply "fall away." What
is cultivated here is a kind of attentiveness or discipline, and it is a group effort and not only an
individual one. Harvey described this at a higher level:

"l mean, we have a kind of community marriage, you know, you take turns being the bad

guy. Whoever happens to be most sort of, most recently burned by the particular

problem pointed out... so sometimes it's test coverage, sometimes it's tutorials,
sometimes it's, you know, community stuff" (Harvey, professor)

Championing here implies a kind of agonism, where certain parties are called out for their
practices, and, simultaneously, the champion takes on the role of the "bad guy", one who is

critiquing existing ways of working.

Championing was also often understood as a laborious kind of work, in part because of the
interpersonal tensions that accompanied it and in part because it often implied overhead
development work. In describing champions and championing, researchers’ language tended

towards strenuous effort, describing them “pushing” for better software practices, people
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“hassling” each other, or “fighting” for certain ways of working. Mila referenced this dynamic in

reflecting on change over time in the collaboration:

"...I felt like | was sometimes the one fighting that fight. And now it's like, | don't even
have to push that hard because other people jump in and say 'no, no, that doesn't make
any sense,' because they've all been involved" (Mila, research scientist).

"Pushing" was a term often used to describe activities of championing, capturing a sense of
resistance. It is captured here also in the notion of "fighting that fight." Mila however also
references change in championing-as-tension as more people engage in the promotion of new
development practices. This reflects a change in the collaboration’s collective understanding of

good software practice.

Overall, championing was a dramaturgical® thing, in which certain people took on certain roles
and reputations as promoters of software engineering techniques. This role was in part one of
authority, of being able to influence the way software was built in a larger collaboration and
make calls about the usefulness of different tools. It was also, however, a process that
sometimes involved conflict and pushback. This is a critical dynamic both for understanding
exactly how it is that software engineering practices spread through a collaboration or sub field,
but also in the sense that these kinds of interpersonal tensions are something that any
collaboration hoping to change its practices around software will need to work through.
Navigating such tensions exist over and above the ‘extra work’ of software engineering

practices (Trainer et al., 2015).

® By “dramaturgical” here | mean the way that | came to code these issues as dramaturgical codes
(Saldana, 2021). By using the term championing | moved away from individuals’ decisions to adopt or not
and towards performances, roles, and interpersonal interactions around the process of collective
adoption. | do not mean to leverage the larger machinery of dramaturgical sociology, but | would argue
that it does shift our perspective on what adoption is in a productive way.
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7.3 Champions and exemplars, human and nonhuman

Thus far the championing | have been describing has been about people taking on a particular
role within a collaboration, but nonhuman artifacts had significant kinds of agency in the pushing
and promotion of software practices. First, as described in Chapter 5, constellations of artifacts
embedded in repositories could enforce certain kinds of practices around the code, such as
writing tutorial and documentation or aligning your contributed code with other parts of the
software or other software packages. There are some additional ways that software repositories
performed agency, however. A second way was in serving as an exemplar, an accessible and
well-documented example of how to use particular kinds of practices, what tools to use, and
what ‘good’ software looks like in a practical sense. As an exemplar, a software repository
demonstrates good practice. Third, repositories constitute a place for a particular kind of work,
and in that role they provide the context for discussion, negotiation, and teaching of practices. In

all of these ways it is possible to discuss the repository as a vector for software practice.

The situation of a software repository being an exemplar was perhaps the most direct way that
artifacts played into the promotion of new practices. Harvey particularly referenced Pycosmo as
a software repository that served as a “prototype” for the implementation of new development
practices:
“So we had to start from ground zero. And so we got- recognizing that and | think it [Mila]
went and figured out like how do you do good software engineering and came back and

told us, and then we did it for pycosmo. And that has sort of been a prototype for
everything else that we've done everywhere else” (Harvey, professor).

Harvey here is describing a kind of sharing of software practice, but it happens through a
particular software package standing as an exemplar of how to do good software practice.
Importantly, this is not just a process of naming or identifying the proper practices. Itis a

process of demonstration, in which the practice or tool is shown implemented, indicating not
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only what the thing is (such as “continuous integration”), but how to implement it in a practical

sense and why it is useful. Mila described this aspect of pycosmo as well:
“We adopt things like continuous integration.People see it's useful and go steal our ClI
things and then tweak them to make it work for theirs. We adopt things like pytest as
opposed to nosetest. We figure out how to do it- what the changes have to be, what they
look like, people start seeing it there and they go, ‘Oh, we should be using pytest’ and
then they move their repos to pytest. We adopt Sphinx documentation. And that's been
less- some people have done that, some people not so much, but.... Yeah, people see

things in [pycosmo] and they're like, ‘Oh, that's nicer than what I'm doing. | should do
that.” (Mila, research scientist)

The presence of these documentation and continuous integration tools on pycosmo first
suggests specific tools to use for a given practice, such as continuous integration, and suggests
one that is likely to work and be manageable for similar kinds of software packages and
developers. More than that, however, it shows the tool in its context, in terms of the specific

configuration you have to set up in order to make it work.

As discussed above, researchers sometimes took pride in the quality of the code that they
produced. In this sense code stood for people and their work, and could itself be a statement
about the importance and the particulars of “doing things right” as Lucas put it. Abe, one of the

developers of pycosmo, described how the software could “stand for” good software practice:

"Because, you know, it was also kind of a way for us to say, 'what do we want our repos
to stand for?' and | think it was good software practices as defined by, you know, good
documentation, high unit test coverage, high quality code that has been kind of
rigorously checked, and has had a lot of eyeballs on it" (Abe, research scientist).

Abe also put this in terms of embodying particular ways of working:

"We, as the [developers], kind of see pycosmo as our flagship repo. We try to practice
what we preach and have best software practices, you know, good docstrings, test
coverage as much as we can write, continuous integration, those sorts of things. So |
think it just like in the sense that we want to, as best we can, embody what we see as
good software practice" (Abe, research scientist).
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As collaboration code, the development of pycosmo is highly visible, and contributors sense
external evaluation of the code, whether in terms of potential embarrassment or in terms of
pride. For researchers who have a strong commitment towards development practices, then, the
development of the software becomes a venue for the statement and demonstration of those

practices.

In embodying notions of "good software practice" a repository like pycosmo becomes an
exemplar. Lucas referenced his own process of having learned from pycosmo as an example,
saying that "for the most part for the astronomers, we've been learning by watching pycosmo"
(Lucas, Professor). He further attributed long-term changes in the collaboration at least in part to
having the example of pycosmo:
"I think the software development practices, which again, | think a lot of people have now
borrowed or learned from their work on pycosmo within these collaborations. If you look
again five years ago, things look pretty different on the software landscape, and it really

was Mila putting these things in pycosmo and other people seeing their value that led to
their adoption" (Lucas, professor).

Lucas again discusses both Mila and pycosmo as strong proponents of software practice, but
he also highlights another aspect of demonstration. As he points out, people not only see things
implemented on the repository, they have also learned how to use them and implement them in
that context, making it easier for them to do it again elsewhere. This happens in particular in the
practical activities of contributing to the repository. |, for instance, had never encountered an
automated formatter, but when contributing to pycosmo | saw exactly how it worked: it ran using
a “pre-commit hook” that would automatically reformat my code before it was committed as a
change to my working version of the software. This kind of demonstration shows a tool in situ,
embedded in a context of use. It also enforces its use on one who may not have even known

about the tool.
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Repositories could also serve as testing grounds for techniques that might be used elsewhere.
This dynamic was not only from pycosmo to other repositories. For instance, on one occasion
when the pycosmo team was looking at how to implement a new packaging system, Mila first
implemented it on another repository with many of the same developers, because that was a
less complicated piece of code which could serve as a testing ground. Once she had worked it
out there it was applied to the more complicated pycosmo. In this way some repositories could

serve as testing grounds or test cases for practices that were as of yet poorly understood.

Repositories could serve as exemplars, but they also served as meeting grounds where
practices could be shared between developers. For instance, during one pycosmo development
meeting Mila showed other members of the team a parameter she had discovered that would
cause the testing process to exit on the first error rather than continuing to run through the rest
of the tests. This saved a great deal of time and allowed focusing on just one failure at a time
while debugging. She was sharing her screen at the time and showed how it worked on tests
that they had just been running. There was a chorus of "neat" and "that's useful" from other
members of the development team. In another instance Mila was adding in a warning message
in a number of places by copy/pasting the message in the relevant parts of the code. Sam,
another research scientist who was on the call watching, said that she could just make a
variable for it, rather than using copy/paste so much. Implied in this comment was the goal of
avoiding copy/pasting code frequently, an often cited best practice (Wilson et al., 2014). One
rationale for this is that copy/pasting would create lots of versions of the message in different
places which would all need to be updated separately or removed when changes are made.
Mila agreed that creating a variable was a better idea than "copy/pasting all over the place" and
switched her strategy. These kinds of interactions are the practical mechanisms by which

development practices spread from one researcher to others, or simply how they are promoted.
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In my own work on the repository | experienced how it could constitute a material basis for
teaching or sharing practices. | was a novice at using Git versioning systems on a collaborative
software project, and so | had very little understanding of how to build up commits in a way that
would produce an interpretable Git history on the repository. While working on a contribution, |
“pulled” the old version of the code into my new version in order to merge it. A few minutes later

| got a message from Mila on the group messaging platform:

Mila:
Hi Will, it looks like you’'re merging master into your branch? that may make the final
rebase ugly.

Mila had apparently seen the changes | had made to the “branch” of the code | was working on,
and had noticed that | had made a move with Git that would cause problems down the road
when | had to reintegrate my code into the main branch of the repository. Through the following

exchange we figured out what | had done exactly and what the preferred approach:

Will
Oh really?
| thought | did a rebase onto master

Mila:
Oh! then you probably did, but at the end you did a git pull instead of a git push -f

Will:

oh, yeah

| pulled my remote branch
is that a bad idea?

Mila:

yeah, the pull merges your remote branch into your rebased branch, which you definitely
do not want to do. It gives you multiples of each commit

It's confusing, because it’s the hint git gives you when you try to push after a rebase

Will:
ah ok, can | undo that somehow?
yeah | think | read that
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Through discussion we identified a specific mistake, that | had rebased my new code on an
updated version of the main branch of the repository and then, following a message in Git itself,
pulled the remote version of my code into my new rebased code. The main point in this is that it
was unnecessary and would create a mess of the Git history by creating duplicate
representations of particular commits. This would be problematic particularly when | went to
merge this messy history back into the main branch of the repository. Over the next 10 minutes
Mila walked me through how to untangle my Git history and then suggested a tool for monitoring

Git repositories that would make it easier to see some of these problems.

Interactions like this highlight how the software repository itself provides a materially agentic
space for the promotion and teaching of new software practices. As mentioned above
repositories like pycosmo required programming in a public way, where others would examine
your code (and Git usage). For this reason my mistake with Git became visible within a common
space, specifically through a shared Git history that we were all working on. Mila can also see
my actions and point to the place where | diverged from desired practice and also explain why it
would become a problem. She could then describe a preferred practice, connect it to the
problem it was meant to address, and see that | did it correctly. Finally, she then recommended
an external tool, which in the context of this mistake | had just made had a clear purpose. It was
now clear to me what such a tool would be for. Putting all of this together, it is important to
recognize how the repository serves as a collection of artifacts around which championing and

teaching of practices can occur.

Lastly, it is worth considering a couple aspects of a repository like pycosmo that make it a good
'vector' for the spread of development practice throughout a collaboration (and beyond). One is
that because pycosmo consists of lower-level format conversion and data manipulation
functionality, it has a large user base. Abe made this point in explaining why pycosmo gets more

"attention" than other repositories:
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"[Pycosmo] gets most of that attention. And | would make the argument that it's justified
because it has the largest user base of any of our software repos. And it has the
greatest probability of being seen and picked up by an external group, for instance the
SMA. They were interested in [pycosmo]. They weren't as interested or maybe hadn't
heard of our simulation package, [software package]. So | think that is so... we want to
put our best foot forward with [pycosmo]" (Abe, research scientist)

As Abe points out, pycosmo is a good candidate for implementing these practices because
many people rely on it, but in its role as an exemplar it also has a large audience. Closely
related to this point is the fact that pycosmo is an interorganizational project. This means that
members of the development team on pycosmo share development practices while working on
that repository and then return to respective labs and development projects and have the
potential to implement them there. While many of the development projects in the CDA are
carried out across labs and universities, pycosmo is particularly interorganizational, involving
contributors from at least 4 universities, who represent three separate collaborations or

telescope projects.

It is important to take seriously the repository, and the project, as agents in a broader change in
software practice. Many of the dynamics of championing described above involved learning and
bringing new practices into the context of the collaboration. The pycosmo repository in particular
created a venue for the initial adaptation of these practices and their demonstration to a larger
group of people. It is important to consider this dynamic in understanding the larger process of

change in software practice in the CDA.



198

Chapter 8:

From scientific software to research software

systems

The primary goal of this dissertation has been to put forward the notion of the research software
system as a way of rethinking software as a tool for scientific work. At the highest level the
concept recasts the problems of scientific software in the framing of research infrastructure, in
terms of how scientific communities reconcile rigidities or perdurance of infrastructural software
systems with change in stakeholders and research topics. In doing this it helps us understand
how researchers build and use research tools in the face of unplannability and the absence of

requirements.

At a lower level, the concept makes a couple of contributions. Firstly, it asserts the existence of
exploratory work as an unpredictable but highly structured activity that is distinct from software
production in its function, temporalities, and outcomes. In doing this it highlights that the issue of
scientific software is not just an issue of production process. In other words, while the problem
of how to get scientific communities to build robust and reliable software is an important
concern, there is another, related concern of how software becomes a tool for exploratory,
epistemic work. This is a slightly different problematic that becomes apparent when we look at

exploratory programming directly.

With the notion of exploratory work characterized to some degree, the concept of the research

software system then also points us to the interactions between that process and the process of
software production. It points our attention to the fact that graduating code, for instance, is a key
point of negotiation and articulation for making the larger research software system go well. This

opens up new points of leverage on the problem of scientific software beyond the codification of
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best practices. It points out articulation work (Strauss, 1988) as a point of difficulty for the
integration of software engineering practices, but also as a place where interventions can be

made to make that integration go more smoothly.

In looking at interactions between processes of production and exploration the research
software system also extends our understanding of how exactly software engineering practices
come to be integrated into scientific work. Prior work has described primarily how such practices
benefit sustainability and collaboration. They have also discussed the validity of software to a
certain degree, but usually with regard to the specter of journal review or retraction. The
research software system helps us develop an understanding of how such practices contribute
to the process of developing new understandings of nascent phenomena, an activity usually

relegated to the context of discovery in science.

Lastly, the research software system can also begin to problematize how exactly practices of
software production might become a part of scientific communities and scientific work. While the
concept does not aim to conceptualize this process directly, it can point us to a couple of places

where our implicit understanding of how this happens will need to develop with future research.

In this Chapter | will draw out some of the implications of these contributions and attempt to give
some scoping to how the sensitizing concepts developed here might become useful in future
work. Firstly, in section 8.1 | describe how the software processes described here are specific to
the Radio Group, both in their history with software work and the nature of their research
programs. In section 8.2 | discuss how the research software system can reframe our
understanding of unplannability in science and its relationship to the work of software
development. In 8.3 | describe some of the ways that we can problematize the adaptation and
integration of software engineering practices into scientific work. In 8.4 | revisit what exactly it is

that concerns us with scientific software as an object of study and how the research software
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system might make that topic relevant in new ways to both social studies of science as well as

to studies of software engineering.

8.1 Software process in and of the Radio Group

While the concepts of exploration and the research software system, as | develop them here,
are intended to be useful in a variety of future investigations, the shape the concepts have taken
is closely connected with the scientific and organizational context of the Radio Group and the
CDA. Here | will walk through a couple of aspects of the Radio Group and their disciplinary and
organizational milieu that were salient in the way that they work with software. The goal of this is
not to delimit the use of the notion of research software systems, or to place stringent boundary
conditions on it. Nor is it intended to be a detailed account of the disciplinary or organizational
traditions of the group. Rather the goal is to help the reader track differences with specific
contexts where they might be looking at processes of exploration or at research software

systems.

First, the larger field of astrophysics that the Radio Group operates in has considered
programming (although not software engineering practices) as an essential aspect of their work
for a long time. During my observations, the more senior members of the lab would respond to
the students’ contemporary software problems in Python with their own stories of problems
encountered in IDL or in Fortran during their own Ph.D. work. While the software engineering
techniques they had taken up in the preceding 10 years or so were certainly novel, this
familiarity with programming as an activity certainly provided a strong foundation that

researchers in other fields may not have (see also Sutherland et al., 2025).

Another aspect of the Radio Group that shaped their organization of a research software system

was the makeup of the field in terms of seniority. Ph.D. students made regular contributions to
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the more production-oriented repositories, but the week-to-week work of managing issues, fixing
bugs, and doing code review fell largely on the shoulders of research scientists and postdocs,
with contributions also from professors. This is a particular delegation of labor that came to work
for the Radio Group and their collaborators, and which depended on the presence of a

substantial population of postdocs and research scientists.

During the period of my observations the Radio Group also worked within a relatively coherent
collaboration context. By this | mean that their group worked with a number of other groups at
other universities on a shared instrument and shared software pipelines. There is some
distinction between the parts of this analytical system that different groups work on, but there
was a shared investment in the hardware of the array as well as certain low-level processing
software. Moreover, papers published within the collaboration that presented scientific results
often included everyone in the collaboration as an author. A collaboration like this, which is
understood to be a shared endeavor to a certain extent, provides a particular context for
building shared software systems. While some software, such as Pycosmo, was intended for
the broader field, most production-oriented software was intended primarily for a relatively tight-
knit group of collaborators and laboratories. Software did not need to jump from being a
personal tool to an openly available system, and discussions around changes in software were
often aided by the participants already having some interpersonal familiarity with each other

(some interactions on Pycosmo being an exception to this).

Much more work is needed to understand how these different aspects of a research group’s
situation might shape their software practice, but here at least they can serve as contextual
information to assist in making use of my findings. Comparative studies or more quantitative

analyses might be useful in examining some of these features across research groups.
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8.2 Unplannability and the research software system

While this study certainly does not find some magical solution to the problems of working
without requirements or oracles, it does help reframe our approach to scientific work with
software in a way that is potentially productive. Considering a larger research software system
can expand our understanding of how tensions between rigidity and flexibility might be
reconciled (or at least managed). As prior work has detailed, software work is often understood
as an alternative or ancillary kind of work (Trainer et al., 2015), which positions it as a drag or
burden on the ability to get things done or “get plots moving” as one of my interlocutors put it.
Additionally, in my own findings the notion of production software has close association with
collaborative overheads. By collaborative overheads | mean that researchers must both consult
others and their needs in the design of new changes. Spencer (2015) also observes this in
describing the bureaucracy of software. In these understandings there is a rigidity to software in
the sense of development process, in the work required to contribute and the slowness with
which it can change. Moreover, robust or production software development is in opposition or

direct tension with flexibility or the rapidity with which researchers can explore new problems.

In line with prior studies of research infrastructures, however, dynamics of flexibility and rigidity
are complex outcomes of organizing and coordinative work (Bietz et al., 2012; Ribes and Polk,
2014). Rigidity can also be described in terms of brittleness (Spencer, 2015) or viscosity (Kery
and Myers, 2017; Green and Petre, 1996), the difficulty of making changes to a piece of code
without breaking things or needing to change a great deal of the rest of code. Under this framing
a software package might be considered as flexible precisely because more overhead or extra
work has gone into it, given that having documentation, modularity, and unit tests makes it
easier (in a particular sense) to change a large, complex software system without introducing

errors. These two framings of flexibility versus rigidity are therefore themselves in tension, such
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that one can mean flexibility in terms of the ability to quickly try new things, or in terms of the

ease of maintaining and extending a larger codebase.

My findings extend these considerations in two ways. First, in Chapter 5 | outlined yet another
sense in which flexibility can be understood in research work. As | argued, the development of
robust and reliable production code contributes back into the exploratory process in that it
prevents artifacts that confound the interpretation of outcome of open-ended tests. That is,
because having reliable, tested code assists in the retrospective assessment of what happened
and the rapid and clear constitution of new phenomena. As Lucas confessed, he lost months of
effort to a bug caused by a mismatch in polarization conventions. When all such conventions
and manipulations can be delegated to robust, reliable software components, the researcher
has more flexibility in producing and reproducing phenomena without needing to rework and
troubleshoot their entire infrastructure. In this sense it is precisely the rigidity of development
process (bureaucratic overheads and extra work) which contributes to technoscientific flexibility
(change in the techniques and objects of science). In other words the regimentation of
production work can give some leverage over the clarity and workability of a scientific

community’s working objects (Daston and Galison, 2007).

In part this means recognizing production software as a resource for exploration and not only a
constraint on it. As D’Adderio (2011) has pointed out we can fall into an assumption that
artifacts are constrainers of action, especially when those artifacts are representations of the
action itself, such as plans or protocols. Rheinberger’s experimental system is once again useful
for reframing this idea. The technological objects in his characterization are the conditions into
which scientific objects can take shape. They “contain the scientific object in the double sense
of the word: they embed it and they restrict it” (Rheinberger, 1992a, pg. 310). The tools that the
researcher works with delimit their capacity for new action—the kinds of questions they can ask

and the kinds of answers they can get—but it also provides the coherence and the mode of
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representation that is needed to establish a robust, recognizable phenomenon, whether it is
well-understood or not. An experimental system without regularity in its functioning does not

produce coherent phenomena of any kind, whether they be anomalies or well-known features.

In D’Adderio’s (2011) terms this means that we cannot account for novelty or generativity in
action just by emphasizing human agency against constraining devices. We must look at a more
complex interaction by which the resources or repertoires of science might contribute to novelty
and change precisely through their regimentation. In my case this creates the somewhat
paradoxical observation that the flexibility of exploratory work is maintained in part by the
regimentation of production work. Situated assessments of software quality, of unit test
coverage or rigor in development process, contribute to the assessment of the outcomes of
instrumental tests. They undergird the evaluation of a bump on a plot as a cosmological bump

or a bug in the system.

In this way the research software system highlights the organizational or coordinative
dimensions of dealing with unplannability, similar to past studies of research infrastructures
(Bietz et al., 2012; Ribes, 2014). In section 8.5 | discuss the value of considering software
artifacts as instances of other categories (such as instruments), and considering the move
towards production software in the sciences as an infrastructuring movement is one way of
doing this. One of the key outcomes of this in my analysis is recognizing flexibility as a complex
outcome of an organizing process rather than as a simple quality of a particular design choice.
To put this a different way, flexibility and rigidity were not associated in a one-to-one fashion
with research code and production code respectively. It is not the case that exploratory work
was flexible in nature while production work was rigid in nature. As pointed out in sections 5.3
and 6.2, for instance, working with code in an exploratory way for an extended period could
result in code that becomes tangled and uninterpretable, without documentation or accessible

design. Accomplishing a codebase that was flexible with respect to ongoing and developing
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research problems was accomplished through the combination and articulation of processes of
production and exploration. This observation is in line with studies of research infrastructure,

and provides an account of software as embedded in processes of organizing.

These slightly different but interacting notions of flexibility and rigidity present something of a
tangle for both the scientist and the onlooking scholar. The second contribution | make to this
set of issues is to present the research software system as a characterization of how a research
community itself manages this tangle of tradeoffs between flexibility in development process
technoscientific change, and so on. As | have argued, the research software system does not
seek to apply the extra work of production software development universally to all software
development work, but rather it designates distinct spaces for work with low overheads and for
more production-oriented work. If this goes well, it enables researchers to make the most that
they can of both software engineering practices and exploratory work. When they need to, they
can work without needing to undergo code review, write unit tests, or write documentation. At
the same time they can take advantage of robust code as a resource for exploratory work and
for the constitution of robust scientific objects. This does not magically obviate the need for extra
work in software production, but it mitigates the problems of having rigidity where it is not

beneficial while employing it where it is beneficial.

In order to make this management of flexibility clear, we can look at where a research software
system fails. In the case described in section 6.2, Lucas and Mila debated whether particular
code that had been written in a computation notebook should graduate or not. The code had
grown and grown in the course of exploratory work to the point that people had a hard time
remembering where different operations were being performed. Mila and Lucas’ confrontation
on that issue was about whether this situation was more appropriately a matter of exploration or
a matter of production. What | want to point out here is what is at stake: if something has gone

wrong it is not that rapid exploratory work has happened at all, but rather that it has continued to
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a point which could be deemed more appropriate for production work. Mila had sensed the
dynamic which | describe above, and which Lucas himself illustrated, that ‘messy’ or ‘hacky’
code could threaten the ability to make sense of new outcomes. Where the research software
system breaks down, then, is when practice occurs out of place. This is a breakdown in

articulation work (Strauss, 1988), in the connection or transition between kinds of tasks.

As a breakdown in articulation work this kind of issue can benefit from explicit attempts to
scaffold articulation work (Schmidt and Bannon, 1992). This could be direct organizational policy
efforts, such as establishing clear criteria (as clear as possible) for when code should graduate.
It could otherwise be reported through tools that support refactoring. This might include, for
instance, tools that produce information about code produced in order to help make decisions
about when to refactor and what parts of the code can be refactored (e.g. Hayashi et al., 2006).
Perhaps the most important observation, however, is that performing the kind of work necessary
to effectively transition from exploratory work to production work, for instance, is a matter of
developed experience, which is not often codified in sets of best practices proffered to
scientists. This experience is something that would certainly be aided by greater experience
with software production work, but it is also a kind of experience that needs to develop to some
extent in the context of a research software system. As described in section 6.2 the metawork of
transitioning out of exploratory modes of work requires familiarity with rhythms of research and
publication, the stopping points where a capacity is ‘done’ or ‘good enough’, as well as the
assessment of what aspects of a research project might be worth productionizing. These are a
kind of skillset that researchers will need to develop in order to make research software systems

go well.

These points concern how the research software system brings organizational work to bear on
the problem of unplannability, but there is another sense in which the concept helps us

understand the researchers’ relationship with unplannability. That is that it highlights the



207

importance of retrospection in the exploratory process. The process of running an open-ended
test is a process of improvisation (Weick, 1995). It relies on the ability to assess the outcomes of
past efforts rather than adhering to the projections of a protocol or plan. On the one hand this is
a shift in perspective from the forward-looking predictive model of science, in which the
movements that matter are the grand, prophetic, and falsifiable hypotheses or claims (Lakatos,
1989; Popper, 2014 [1962]). It is not my goal to examine that shift or its implications here except
to point out that the pattern of tests and retrospection that | describe are not situations where
clear, well-formed hypotheses can be mobilized ahead of time. | would hold with Fleck (1979
[1935]) that the experiments where the outcomes can be defined as a simple “yes” or “no” are
exceptions in a much longer trajectories of exploratory testing and poorly formed hypotheses. In
looking only at clearly-defined hypothesis driven tests, then, we miss out on a great deal of
scientific sensemaking, and that is part of what | have tried to retrieve here. In this sense part of
my argument is that scientists already have developed methods for working through situations
of unplannability (indeed it is their bread and butter), although, as | argue in section 8.3 both
software engineers and researchers have opportunities to learn new things about these

methods as they might implemented in software development and use.

In a more modest way, the acknowledgement of retrospection can also be supported in practical
ways. This could be done through the development of tools such as those that render code
change histories in notebooks (Head et al., 2019; Kery and Myers, 2018). Thinking of scientific
work in terms of specific ‘runs’ or workflows (Goble et al., 2010) could provide a context for
associating specific versions of code with specific outputs, as well as the more general use of
identifiers like Git hashes (Aklaghi et al., 2021; see also Stodden, 2020), which nail down the
specific version of code that was used. An important point to be made with regards to this
possibility is that the use case for one researcher or a small group of researchers hoping to

make sense and keep track of past tests is quite different from the use case of demonstrating or
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reproducing established findings for the purpose of review (Feinberg et al., 2020). This
difference may play out in a number of ways, but one is in the level or immediacy with which
retrospection may need to happen. As Kery et al. (2017) point out, the exploratory programming
process needs an “informal” and short term kind of versioning that typical Git versioning does
not afford particularly well. Their system works with branches and commits in the typical code
versioning sense, but those concepts refer to snippets of code within a notebook rather than

whole files or codebases.

While these kinds of tools may be quite helpful in supporting retrospection, it is also something
that can be worked on through the design of certain kinds of meetings and spatial interactions.
The data rampage, for instance, is a crucial space that the Radio Group uses for retrospection
in particular ambiguous parts of the research process, and while it leverages the production of
particular kinds of plots it relies just as much on their configuration in a room and the phases

and rules of discourse the group uses in the process.

These observations on retrospection and exploratory process bring us back also to the issue of
problem formation. My examination in Chapter 4 uses problem formation as an analytical route
into an exploratory process. In other words, by looking at how problems come to take shape,
rather than starting the examination when the problems are already well formed, we are able to
pull out hugely important aspects of the Radio Group’s work, which are distinct from processes
of software production and could be supported (or break down) in their own ways. This bolsters
the value of problem formation as an analytical tool. While the benefits of a focus on problem
formation are clear in the scientific context, | would argue that they would have value also in
examining industrial contexts of software work and particularly contexts of data analysis.
Indeed, this is a context in which the notion of “problem formulation” is re-emerging (Passi and

Barocas, 2019; Passi and Sengers, 2019).
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My approach also situates problem formation in terms of its material practice. Part of the benefit
of the word “formation” in this usage is that it does not imply a verbal or grammatical mode.
While the verbal statements of problems are hugely important, there are a variety of material
objects and representations that people interact with in forming a problem, from the plots
described here to design drawings (Ewenstein and Whyte, 2009) to prototypes (Vinck, 2011).
Problem formation is certainly about changing people’s understandings of a situation, but they
do so through interactions with the world around them, and “formation” is an apt word to capture
this aspect of the process. Some aspects of these material interactions are captured in prior
considerations of problem formation, such as in Fujimura’s (1987) reference to the outcomes of
tests in a wet lab. However, closer attention to these kinds of material interactions, which are
common in studies of computer supported cooperative work, could be a valuable way of

deepening analyses of problem formation.

8.3 Sociotechnical change in software practice

It is well known that many fields are undergoing significant changes around software and
software development work, but the exact nature of these changes is often discussed in broad
terms or taken implicitly. In part this is because not much work has focused on the process of
adoption or integration of software engineering practices at all. The focus has been instead on
codifying best practices and on identifying barriers. This dissertation certainly does not put
forward a new model of technology adoption or sociotechnical change writ large, but the case
examined here presents an opportunity to do some specifying work about processes of change.
The points that | will make generally fall under a notion of the integration and adaptation of

software engineering practices rather than their adoption.

One primary consideration is that the kinds of changes that research groups or disciplines are

undergoing is situated in a historical engagement with software and development work. Some
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fields are taking up bespoke programming as novel activity altogether, others are shifting from
old languages to new ones (Python or R in many cases), others are looking to adopt software
engineering practices on top of programming practices that are long-established in their field
(Sutherland et al., 2025), and yet others are undergoing broad professional changes as
research software engineers become a part of the research landscape (Sims, 2022; Baxter et
al., 2012; Berente et al., 2017). Most cases are likely a mix of these things. For the most part
this study has focused on the adoption of software engineering practices into a community
already largely familiar with programming. The adoption of software engineering practices is of
course the focus of most of the recent discourse around scientific software, but these other
considerations create differences between cases because research groups are starting in

different places and pursuing different goals in changing their work around software.

This connects with the larger point that the adoption of software engineering practices can
sometimes be taken as a generic process when in fact it will be highly tailored to the situation of
a given research group or collaboration. Prior work has outlined a number of characteristics as
common or essential in some way to the scientific context as it relates to software work. These
include the idea that scientists are often not formally trained in programming or software
development (Heaton and Carver, 2015), that the reward structures of science favor discovery
over toolmaking (Du et al., 2021), and that they have a hard time establishing requirements and
testing oracles (Kanewala and Bieman, 2014), among others. These are valuable guides to the
cultures and landscapes of the sciences, but it is also important to consider the dimensions
along which research groups and collaborations might vary. Sutherland et al. (2025) illustrate
how two research groups take quite different approaches to integrate software engineering
practices into their work, and these different approaches entail different organizational strategies
and outcomes. Howison and Herbsleb (2011) have disaggregated the incentives that

researchers have towards building software, differentiating between, for instance, researchers
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writing software that incidental to their research work versus researchers in a software-focused
subfield, who may receive some direct academic credit for their development work. They too

highlight that cases may be hybrids of the different orientations they describe.

Enumerating all the different things that might shape a research group’s engagement with
software engineering practices is likely a sisyphean task, but there are some usual suspects.
Funding is a factor, both for being able to support work focused on software production but also
for the ability to hire research software engineers whose work focuses primarily on software
development. This may emerge as a matter of the resourcing of one’s institution, in that some
institutions are more likely to be able to support dedicated research software engineering teams
that they might be able to work with. Established practice around software is another factor. The
Radio Group works in a field where programming, if not software engineering, has been an
aspect of day-to-day research for a long time, such that the head of the group worked
extensively with Fortran when he was a Ph.D. student. Closely connected with this is the legacy
systems that the group might be working with. One of the Radio Group’s primary analysis
pipelines was written in IDL because that was the language that the younger members of the
group were familiar with at the time that they started working on. IDL had been popular in
physics for a certain period of time before it required licensing. As | described elsewhere, the
presence of this legacy system shapes how they engage new tools (Sutherland et al., 2024).
Moreover, it affects their ability to refactor or retroactively apply new practices. Although
members of the group said that the software was too large and complicated to rework anyway,

the absence of easy testing systems in IDL did not help.

The integration of software engineering practices into scientific work is likely to be selective
rather than universal across all contexts in which researchers work with software. This is a

direct assumption of the notion of the research software system, and it aligns with points that
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have appeared in software engineering scholarship on scientific software. Judith Segal makes
this point clearly in her examination of scientific software development:
“What | am saying here is that there are at least some situations in which software
engineers should not try to impose the full machinery of traditional software engineering
on scientific software development. It is not the case that scientists developing their own
software in the contexts discussed above are able coders but totally undisciplined, as

was once said to me by a software engineer. They are just as disciplined as the context
demands” (Segal, 2008b).

Segal leverages the notion of context here in the way that | develop regimes of a research
software system. They define distinct spaces where different expectations and criteria for

software work rule.

The integration of software engineering practices is also unlikely to be a bilateral process, where
individual researchers encounter the existence of practice, as it is described in writing, and then
take it up in their personal work. Some prior work has framed uptake instead as a matter of
collective integration and adaptation of practices (Easterbrook and Johns, 2009), and these are
the kind of dynamics | identify as well. A key point here is that there is a complex sociality to the
sharing and integration of new practices. Actions like championing and demonstration involve
not only the uptake of some practice but the performance of it in ways that are seen by others
and responded to in an ongoing interactional negotiation of good, proper, or useful ways of
working. Part of the significance of this is simply the interpersonal tensions that can arise
around these interactions, and considering them explicitly in efforts to navigate change around
software practice. It is also an important consideration in any effort to understand diffusion of

technologies or techniques.

Another aspect of the sociality of adoption is that it should turn out attention to processes of
boundary spanning. Many members of the CDA referenced Mila’s presence at a data science

institute as an early source for the kinds of software engineering practices that they took up.
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This process of specific people bringing practices from one context and adapting them and
demonstrating them in another context is an important place to look to understand how software
engineering practices might actually get taken up and integrated successfully into scientific
communities. Moreover, the demonstration and sharing of such practices is a potentially critical

aspect of the work of research software engineers.

Another consideration is that the uptake of software engineering practices can have constitutive
change to scientific work itself. This may seem obvious, but the lion’s share of the literature on
scientific software has been focused on how to promote or facilitate the uptake of software
engineering practices, rather than on what kinds of changes these practices might have on
scientific work once adopted. There are usually understandings embedded in these discussions
that adopting engineering practices with expedite science: it will be roughly the same kind of
science but there will be faster and more correct results (Wilson et al., 2006). There are,
alternatively, propositions that science will be radically transformed by increases or innovations
in software and data technologies (Djorgovsky, 2005; Brescia, 2017). Studies of escience and
cyberinfrastructure have looked at the shaping of science by tools such as bespoke software
(Paine and Lee, 2015) and databases (Hine, 2006). This of course draws on broader and

longer-running conceptions of science as practice (Pickering, 2010; Knorr, 1979).

If we take the idea that software constitutes the working objects of science, as | have argued
here, we must lean into this latter view of the entanglement of ‘science’ with software practice
and look at the ways that changes in software development practice change ‘the science’ in one
way or another. This is a huge topic that could run a broad range of understandings in what
constitutes ‘the science.” One route into this consideration is the one that | have taken here,
which has to do with the workability (Spencer, 2015) of software as a tool for epistemic work. In
this understanding software has materiality in both use and development (and patterns of

iterative use and development), which is captured in terms like viscosity (Green and Petre,
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1996), brittleness (Spencer, 2015), kleenex code and so on. This materiality affects the way that
novel phenomena can be rendered and apprehended (perhaps detected) by the researcher but
also the interactivity that the researcher is able to establish with these phenomena. As |
discussed in Chapter 4 this includes the rate at which they are able to develop new probes and
see new outcomes. Examining knowledge turns (Goble et al., 2013), for instance, would be one
route into this understanding of ‘the science.” The recognition of software as partially constitutive
of scientific practice should open the door to many more kinds of considerations of how science
changes with the change in software practice, from citation networks to professional identity.

These possibilities will be discussed further in the next section.

There is one last point worth making about the efforts that members of the Radio Group made in
changing their practices around scientific software, which is that it takes a great deal of
reorganizing to accomplish changes in the materiality of a few large codebases. As MacKenzie
(2006) argues, code can certainly be wildly mutable, but in particular understandings of the
materiality of changing it and extending it over time it can be almost immovable, requiring huge
efforts and significant changes in the way work is done in order to accomplish a sense of agility
or flexibility. This is perhaps a familiar problem in industrial contexts, but it does problematize
the idea of minimal changes in practice as the route forward for change in scientific software
work. Best practices are certainly useful entry points and may be enough for some groups, but
there is a larger problematic of reorganizing around software that some collaborations will need
to engage. Longer running and more laborious relationships with legacy software are another

sphere of concerns research communities need to navigate (Cohn, 2016).

8.4 Reapproaching scientific software

Scientific software is a topic that should interest both those interested in processes of software

engineering as well as those interested in processes and material practices of the sciences.
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Part of my goal has been to make the category of scientific software visible to both of these
groups in new ways. In this section | will discuss the category of scientific software and some
connections to these two broad disciplinary interests. One goal of this is to describe the extent

and potential usefulness of the sensitizing concepts described here.

The first boundary that should be addressed is the one between scientific activity and non-
scientific activity. This study has focused on exploratory work in the sciences, and the sciences
are one place where the implications of my findings might be most useful, but it is relevant to a
much broader set of activities that involve a large degree of exploration using software tools.
There are many of these kinds of activities in the world. Kery and Myers (2017) have discussed
a number of these, including the creation of art through programming, learning programming
itself, and more generally in software design and development. Anyone who has programmed
has likely performed small open-ended tests aimed at learning how something works rather than
at building enduring software. In this sense the project of science is not a special ontological
category where special kinds of sensemaking and development activities exist. The work of the
Radio Group likely diverges from many software production contexts in the degree and duration
of exploratory work that they engage in, or in the amount of time that they must spend working
with incomplete epistemic objects’. Moreover, particular situations in the sciences may be
unique in the sense of everything being uniquely situated in its historical context, but they do not

constitute fundamentally discrete categories of action.

It is important to note, however, that the sensitizing concepts that | have developed here point
our attention specifically to situations where there is a great degree of exploratory work. The

notion of the research software system points in particular to the bounding and articulation of

" There have been many efforts to demarcate a special logic or process for science of course, but there
are also many designations of science as being different by degree in one respect or another. Polanyi
(1945) does this with the degree of “autonomy” of the profession of science and Nersessian (1988) does
something similar with scientific reasoning.
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different regimes of practice. This might be a useful guide in situations where exploratory, open-
ended testing work is significant enough that it is worth designating as a distinct regime of
practice. For instance, Middleton et al.’s (2020) study of sports analytics presents some
similarities in that analysts need the flexibility in changing research questions and exploring the
significance of different analyses. Communities such as these may need to maintain space for a
great deal of exploratory work, and consequently need to manage the articulation of production
and exploration processes. Where such an articulation has not happened, the notion of the
research software system might point one’s attention to how it could be done. Passi and
Sengers (2020) have described the need for greater attention to problem formulation in data
science contexts, and consideration of the research software system in those contexts might
point one to building out dedicated contexts explicitly oriented towards figuring out what it is that
the system should be doing, as well as how that work connects with the work of production and

implementation.

This relation to software production can be seen by comparison with Agile methodology.
Easterbrook and Johns (2009) have outlined both similarities and differences between the way
scientists develop software and Agile (citing once again the absence of oracles in verification
processes). | also see similarities between Agile and the process of exploratory programming
that | develop here, particularly in its amenability to changing requirements and its focus on
rapid implementation and ‘seeing what happens.’ One point of difference is that Agile, as a
whole, is oriented towards production. A tenet of the methodology is that the primary measure of
progress is working software (Beck et al., 2001). The process of exploration | have outlined here
is focused primarily on the development of new capacities, which involves software, but is not
defined solely by working code. It also encompasses new understandings of interactional

possibilities. It also does not immediately demand robust and reliable, well-tested code.
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This could set up a distinction in which software is used on the one hand to learn new things
and on the other hand to build products that ‘do’ things in the world. This might put activities like
science and learning to program on one side and industrial software development of the other.
This might be a useful distinction in some cases, but it does not hold up well in my model of the
research software system. Firstly, as | argued in Chapter 4, running even the most robust
software in new contexts has the potential to generate new problems. For this reason, any kind
of design and development work involves learning new things about the interactional
possibilities of the product under development. While | am primarily talking about the capacities
of instruments in this case as well as the development of new understandings of scientific
objects such as the 21cm signal, any effort to build a software system might involve learning
new things about the people who use it, its objectives, and the possibilities of its intervention in
the world. Agile is designed precisely with this in mind. It assumes that the developer does not

already know everything about what the system should do at the outset of development.

There is also, however, a very important sense in which learning new things relies on some
concern or attention to the production of one’s tools and materials. My understanding of the
process by which researchers figure out new things is one embedded in their concrete
interactions with a situation, and in particular with systems of instrumentation. In other words, in
learning about a phenomenon they are learning about their own potentials for interaction with
that thing, how they can produce it, interact with it, use it for other purposes, and how it
responds to different kinds of probes. The researcher learns about a new phenomenon as an
interlocutor in a “conversation with the materials,” so to speak (Schon, 1983). Greater attention
to the production of software tools in this sense refines the researcher’s ability to pursue that
conversation, to define better tests and to understand their outcomes. This is another point

which is embedded in the notion of the research software system, and it is what undergirds the
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argument above about the re-organization of development work contributing to the ability of

researchers to accomplish flexibility in technoscientific change.

Both of these points help break down a harsh distinction between contexts of industrial software
production and scientific research. The distinction that remains is that researchers are likely to
spend a great deal of time with highly incomplete and uncertain epistemic objects, and that their
activities emphasize learning new things about the interactional possibilities with regards to

these uncertain entities.

This discussion concerns the issue of whether science is really a special kind of work with
software, but we can also reapproach software as a topic relevant to social studies of science.
There have of course been a great many investigations in science studies which take as their
object things that are software (Lynch and Edgarton, 1987). The issue here really has more to
do with what software development or software engineering specifically might mean to social
studies of science, rather than just the artifact of software itself. Specifically, the thing that
matters in the discourse that has recently arisen around scientific software is a kind of end-user
development situation, in which writing code and reusing it is a primary way that a researcher

engages their objects of study.

There are some ways in which this situation can become more visible in accounts of scientific
work and culture. For instance, Baneke (2023) places the contemporary ‘big science’ mode of
astronomy at the historical conjunction of the instrument cultures of optical astronomy, space
science, and radio astronomy. A historical account such as this rightfully comes to focus around
the large hardware components that shaped these particular traditions. More and more,
however, our accounts of instrument cultures will need to account for software tools as points of
confluence of communities of researchers as well as potent agents in shaping the kind of

science that gets done. Such analysis can certainly look at readymade applications that come to
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be used in scientific contexts, such as Excel (Vertesi, 2020), but there are already long
traditions that have formed around tools designed by and for researchers in particular
communities and fields. These software components are not only common resources but also in
many cases common investments and matters of collective design.® This kind of project has
already begun around data and data formats (Scroggins and Boscoe, 2020). For instance,
Strasser’s (2019) examination of the shifting moral economy of data creation and access in
biology takes data as a matter of common investment as well as being at the center of changing

traditions of experimental work.

Software is also becoming extremely significant in scientific work as a matter of profession. The
notion of research software systems is not designed to address this issue, but some of my
findings do raise some questions about it. For instance, my observations capture programming
as a constitutive skillset for doing work in Radio Group and the larger collaborations it engaged
in. In exploratory work this was primarily a matter of being extremely capable with data
manipulation and mathematical tools and perhaps most importantly being proficient in plotting
packages in Python. However, amongst research scientists in software production contexts
there was substantial interest in new tools for code formatting, unit testing, or package
distribution (tools for distributing code as a self-contained package to users). These tools were
more relevant to the kind of software engineering that is usually considered as ancillary to
scientific concerns. At least in this case, the people who were most savvy in finding and
adapting these kinds of techniques were research scientists, in part perhaps because more
senior members tried to protect Ph.D. students from having to do a great deal of “IT work”

(Sutherland et al., 2024).

8 In the context of radio astronomy the AIPS software (Wells, 1985) is one example of a long-running and
commonly used tool. Such tools interact with the communities that develop around hardware
instrumentation, as, for instance, AIPS was developed around the Very Large Array (VLA) but with a
generality in design that was intended for a larger radio astronomy community (Greisen, 2003).
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These observations represent certain shifts in the content of the material practice of science.
Galison (1997) points out how physicists working with bubble chambers and cloud chambers at
different points in time would need to develop understandings of the essential materials of their
work: the plastic lexane and its qualities, film and photography, or how to harden electronics
against radiation (pg. 8). In a similar way members of the Radio Group increasingly find the
need to understand unit tests and packaging systems, the use of deprecation and the benefits
and dangers of computational notebooks. Part of the significance of my argument about the use
of production code in exploration is that these assessments play into researchers’ assessments
of the outcomes of tests. It is part of what makes up their professional vision (Goodwin, 1997) in
the estimation and explanation of particular features on a plot, but also in subtle assessments of

the quality of a software tool as a reliable instrument.

Another issue raised by recent movements towards research software engineering (RSE) is the
role of the RSE in the research lab or university. The work of technicians has a number of
associations in prior literature, such as being a point of communication between a scientists and
the empirical content of an instrument (Barley and Bechky, 1994): they do the reading and
assessment of whether a tool is working properly or discarding outcomes as anomalous.
Technicians are also often invisible subordinates in the research lab (Shapin, 1989), as the
association goes. In my case the work of software engineering was taken on entirely by
researchers themselves, but as described the typical researcher at the research scientists level
became partially embedded in the world of software engineering. The professional identities in
that space remain under construction (Berente et al., 2017). One member of the CDA, who was
a frequent champion of software engineering practices, said that they were familiar with
research software engineering as a movement but could not associate with it well because that
movement had chosen the word “engineer” as the descriptor, which they did not align with. It

also seems unlikely that software engineers entering the sciences from software industries will
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take a role typically associated with the technician. The way these identities develop will,

however, shape relations central to knowledge production.

8.5 Conclusion and limitations

This study has developed the notion of research software systems both as a way of intervening
in a long-running discourse around research software, and as a way of inspecting software as a
tool for exploratory research work. The concept has promise as a way of understanding all kinds
of exploratory work with software, and in considering the many different ways that software
might be used as a research tool. There are, however, a couple of blindspots to the concept as

it is developed here, which would make excellent points of departure for future work.

The first of these is that while | develop a notion of heterogeneity in the concept of a system,
this case does not more deeply explore the extent of heterogeneity of software as it could.
There is also, for instance, the notion of scientific software ecosystems (Howison et al., 2015),
which presents its own consideration of heterogeneity. These two concepts are doing something
slightly different in that the notion of research software systems is preoccupied with the
epistemic role of a larger software system from the perspective of a specific research group,
whereas the ecosystems notion is focused on the broader landscape of producers, providers,
stewards, and funders. Nevertheless, it would be productive to pursue what possible new

questions open up when juxtaposing these concerns.

Another area opened but not engaged deeply by this study is the notion of instruments as
ensembles. The notion of a research software system forces the idea that the ‘instrument’ used
in a given test is in fact a vast network of associated actants, which hold together or do not hold
together. | also point to the notion of modularity as one place where the struggle with keeping
this vast array in order plays out. However a much more developed theorization of this dynamic

is needed. While the notion of instrument points our attention to certain epistemic aspects of
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tools, the notion of instrument itself tends to move towards breaking down into concepts more
like machineries (Monteiro, 2022) or infrastructures (e.g. Edwards, 2013). Of particular interest
to the notion of research software systems is where the involvement or investment of the
researcher leaves off in this vast infrastructure. In some ways the researcher cannot ignore any
aspect of that vast system, but in others there are practical dropoff points where the software
used falls out of the scientific endeavor and into the concerns of industries or open source
communities. My conception also, for reasons of scope, also leaves off at the edge of the
software system. McCray (2014) points out how already in the 1970s the hardware instruments
of astronomy were becoming hybrids of hardware, software, and databases. It would be

valuable to approach the tools of science as hybrids and not strictly as software components.

This introduces another important limitation of the concept of the research software system. The
research software system forefronts software as an object of concern and as an object of work
and negotiation. In doing so it parallels the concerns of the Radio Group, the CDA, and much
broader discourses in the sciences (e.g. Joppa et al., 2013). A risk that comes with this focus is
the naturalization of “software” as an innate category of the world, which entails its own kinds of
activities and processes. Such a view would suggest that between the 1970s and the present
historical moment the sciences have transitioned from one fundamental category of activity to a
software activity, and software now defines what science is and how it proceeds. Something like
this animates discussions of data-oriented revolutions in the sciences, where the use of large
datasets is posited as a “fourth paradigm” of science (Hey, Tansley, and Tolle, 2009),

progressively succeeding prior modes of scientific inquiry.

The problem with this is that software, and a few specific ways of working around it, come to
stand in for a diversity of complex hybridities that actually constitute the sciences. Taking
scientific work as a research software system in a narrow sense could flatten the activities of

science to simply being software processes, and reduce even those processes to a few
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prescribed by industrial contexts of software production. This could further designate authority
and decision making in the sciences to those who have expertise in particular ways of working
around one object of science, its software. In other words, the notion of the research software
system puts software in focus, where it has often gone unobserved, but it runs the risk of
reducing scientific activity if that focus is taken as an immovable characteristic of the world

rather than an aspect of my methodological approach.

There are a couple remedies for this problem. The first is to take the concept as a sensitizing
concept, as | present it. The research software system would then not define science holistically
in terms of software-related activities or categories, but rather provide a lens for inspecting
particular kinds of material practices that are increasingly essential to scientific work in a variety
of fields. One would not expect to find the same system in different cases. There are other ways
of using these findings that would turn the research software system into a more nimble
conceptual tool. For example, one thing that characterizes the concept as | have developed it
here is as a re-situation of production processes in a larger heterogeneous arrangement, which
also considers exploration. This is an approach that could be taken in other contexts where a
production process is the implicit assumption, regardless of whether they revolve around
software. In other words, the research software system might point one towards software, but it
also might point one towards exploration or problem formation, the interaction of these with

production work, or towards the articulation of these different processes.

This latter approach can be pursued by taking the findings here into cases beyond software.
What can be learned, for instance, by looking at continuities and divergences between research
software systems and production and exploration with other kinds of objects, such as
telescopes, centrifuges, and thermometers? Sepkoski (2017) takes an approach along these
lines in addressing the database in paleontological work, describing practices for compiling and

organizing data prior to the general uptake of computers in paleontology. The goal of such an
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approach is not anachronism, applying concepts developed for software and data systems to
practices employed prior to the ‘computer era.” Rather the goals are a) taking software and
other objects under a larger category of interest such as modes of collection and mobilization of
evidence (in Sepkoski’s case), and b) accounting for how communities of people integrate and
adapt new technologies into existing practices and understandings (which often change in the
process), rather than taking on ways of working that are somehow innate to the materiality of an
object. Such an approach would present the research software system as entangled with other
aspects of scientific work and other scientific tools, and it would also recognize variety in how
research software systems might be enacted across different fields and disciplines with different

histories of material practice.

A last point is that this case presents perhaps an exemplary case of an end-user development
scenario, but this may not be a good representation of the wider variety of research software
systems. In the Radio Group and their larger collaborations software work was taken on by
researchers who were still for the most part focused on scientific outcomes. However, many
other fields are finding preferred arrangements through the delegation of work amongst
research-focused work and the more software-focused work of research software engineering
(e.g. Sutherland et al., 2025). Studies of the dynamics of coordination and professionalization
are certainly important routes forward on that topic, but it would also be worth examining the
different configurations a research software system takes in the various delegations of work that
might play out with the growth of research software engineering. This is a way of keeping our
eye on the relationship between the organization of the lab and collaboration and the dynamics

of epistemic work.
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Exploratory testing

Collaboration
software

Elaborating the
phenomenon /
Transforming the
problem

Seeing what
happened

Anomaly

Testing rate

Reproduction

Planning
development

Elaborating the phenomena describes the iterative process of
establishing new characteristics of a poorly understood
phenomenon. This was a state of interaction between the
researcher and an object of investigation and the researcher
might remain in this progressive but indeterminate state for
great lengths of time.

An essential characteristic of exploratory work is that the group
must closely examine what happened post hoc. This is a kind of
retrospection that guides future action. Activities such as the
data rampage are facilitated, intentional processes in this
direction.

Anomalies are disjunctures in the working order of an
instrumental system. They are also points for potential
expansion of the system. Often, they were the centerpiece of
investigations in the Radio Group, providing warrant for further
investigation as well as incomplete but engageable shape,
which could help shape future action.

Because the Radio Group had little clarity about the future
directions of their work, they placed a premium on being able to
try things out and see what happens. In particular this was a
matter of having a rapid testing rate. In the context of high
performance computing this notion of rate can be seen as an
alternative to being able to run large, monolithic tests that
require lots of computing power. The key aspect is the iteration.

The Radio Group iterates on tests and on phenomena. They do
this by drawing on established code and routines for testing and
plotting phenomena. This process is one of reproduction, but in
a way that leverages routine action in an intentionally
generative way.

In the context of collaboration software the Radio Group
actively planned development of the tools well in advance. This
was done primarily through the collection of "issues" into
"milestones." This is a notable difference from exploratory work,
which usually had a central anomaly and a larger end goal, but
little clear view of what the software ought to be doing.
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Established and well-tested software sometimes became
problematic once again. This could happen when robust code
was used in new circumstances, especially with new datasets,
but it also happened whenever the software now needed to
accommodate a new stakeholder. New stakeholders brought
with them new goals and intentionalities, which meant the
software was now being used in engaging new problems.

Collaboration software was built between multiple contributors,
and contributing to such a software project involved
programming under the view of others. It also entailed working
through certain kinds of contribution requirements and
standards that had been set up around repositories.

"A lot of people in the loop" is an in vivo code that | adapted
from one of my interlocutors in order to make sense of things
that many people said about contributing to collaboration
software. That is that in doing software production, building
collaboration software, one has to engage and negotiate with
others, making their code accommodate the needs of other
users and not obstruct other purposes of the code. A lot of
people in the loop capture the collaborative framing of
production code but also the coordinative overheads that
researchers associated with this kind of software.

The reliability of research software is a complex concept. It
involves understanding of consistency in processing, a kind of
reliability embodied in unit testing and continuous integration
practices. The notion of consistent processing had replicative
benefits in that the researcher can get a phenomenon again or
in a similar way to a previous test. However, it also meant that
they could "have" it the same way that a collaborator had it,
implying consistency across researchers. Reliability was not
just a matter of conformity to unit tests, but also the situation of
development and maintenance on the software project, such
that a researcher knew that even if software broke it could be
investigated and fixed by dedicated developers. In this sense it
was the reliability of a network of actors.

What the research software system develops over time is new
capacities for experiencing and interpreting the world. These
are performative interactional potentialities, which take the
instrument and the phenomenon together.

Research software used for iterative reproduction of anomalies
were designed with knobs or parameters that could be used to
slightly adjust or reconfigure tests, allowing for the production of
phenomena in ways that were similar but also different from
prior tests. These knobs accumulated over time and were hard
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to keep track of, in part because it was not clear when one
would need them again and whether they could be removed or
redesigned.

Graduating code was a movement between distinct ways of
working with software. It first relies on a process of selecting
functionality that is worth turning into collaboration software
(see defining collaboration functionality). It then involves
rewriting, redesigning, documenting, testing, and contributing
code in order to turn it into collaboration software. This is the
transition to a mode of software production and it was a
negotiated thing when and whether to graduate code.

Researchers wrote a great deal of code in the course of
investigating anomalies and research problems. Residual code
refers to a situation where this code inhabits a grey area where
it is not obviously useful enough to warrant graduation and
frequent reuse, but it also could be useful again or might be
needed as a record of tests performed.

Defining collaboration functionality was the process of selecting
functionality that was worth graduating to collaboration code.
The primary criterion for this was whether something that would
be reused frequently would be reused by others. However, in
the course of exploratory work sometimes functionality was not
understood to be collaboration functionality until it began to be
reused by people.

One of the primary threats to the working of an instrumental
system was the possibility of a bug being introduced and the
researcher not realizing that it had happened. This was a threat
to potential outputs of the Radio Group's analysis software, but
perhaps more importantly it could lead to misleading or
confounding results in the exploratory process, precisely when
the researchers were trying to achieve clarity about
phenomena.

Mnemonic artifacts are artifacts which enable the researcher to
forget the details of the software, or simply not have them in
mind, because they make parts of a large, opaque system
available when they become relevant to ongoing work. They do
not themselves remember or encode past action, they simply
alert and direct the attention of the developer.

Members of the Radio Group would contact or confer with
others who wrote a particular piece of code or who were there
when decisions about it were being made. This was in part an
alternative to and in complement to mnemonic artifacts as a
way of maintaining understanding of a large complex software
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system.

Members of the radio group would write memos about the
design of particular parts of their software system in order to
leave a record of why certain decisions were made and what
the rationale for the design was at a particular time. This was a
way of maintaining documentation external to the code itself,
but they were often kept within the software repositories to
which they were relevant. It was done in particular for complex
pieces of code or for operations which had rationales grounded
deeply in physics.

Members of the Radio Group and their collaborators had a
variety of terms and descriptions of software which emphasized
different materialities and moral valences that they embodied.
These terms and nicknames were ways of differentiating a
general category of material for their work into different kinds of
entities with different uses or challenges.

Software packages that were developed using software
engineering practices such as unit tests and continuous
integration could become exemplars of how to use those
practices and of what 'good’, reliable research software should
look like. Exemplars served as demonstrations of what these
practices looked like and how to implement them.

In the course of working together on software packages or in
helping others contribute to software, researchers would share
tools and techniques for software development. This was a way
that such practices moved throughout the Radio Group's larger
collaboration. Through this process the repository became a
place or venue for the promotion of new practice.

Researchers understood learning and implementing software
engineering practices as a matter of discipline: something that
they ought to do but which was difficult, labor intensive, or a
nuisance. Adhering to this discipline became the basis for both
rigor and pride in software-related work.

Facilitating and teaching others in new software engineering
practices occurred in part through the activities of soliciting,
guiding, reviewing, and structuring (providing templates for)
contributions to repositories. Encouraging this activity and
making it easier encouraged others to use these practices, but
it also created the occasion for people to learn and implement
these practices.
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Appendix B: Glossary of terms

Term Description

Array

The interferometers that the Radio Group uses collect data through a
large array of radio antennae, which operate together as a single
instrument. The “array” refers to a specific set of antennae operating
together in this way, and by extension to the hardware used on site to
capture and record data from the antennae.

Best practices

A number of papers have presented best practices for software
engineering. These practices are intended to reflect the experience of
the authors as software engineers and are meant to provide simple and
minimal rules that researchers can follow to improve the way they work
with software.

Commissioning

A process that an interferometer goes through early on to establish that it
is in working order and can collect data. It involves working out major
bugs and breakdowns in both the hardware and software.

Continuous
integration

Continuous integration describes a development practice and a suite of
tools to support that practice. The practice itself involves making frequent
code contributions and testing new code early in the development
process. The suite of development tools include systems for automated
testing of code based on unit tests that have been written. These can be
run by Github automatically whenever a new pull request is created on a
repository. These tools are often referred to themselves as “Cl tools.”

Cosmic Dawn

One of the interferometer projects the Radio Group works with and their

Array (CDA) most current project. Involves a number of research groups at different
universities, who work on designing, operating, and analyzing data from
a single hardware instrument.

Flagging A process of marking parts of a data set with “flags” indicating that the

data is contaminated with radio frequency interference or has some other
quality that the researcher should be aware of.

High Altitude LOw
Frequency Array
(HALO)

An interferometer facility that collects data for a wide variety of science
cases. While it has no particular connection to the science of reionization
cosmology, certain members of the facility committed to using pycosmo
as a stable software package for manipulating and working with their
data.

Interferometer

A type of instrument used in radio astronomy which comprises a large
array of antennae operating together as a single detector.
Interferometers are used elsewhere for other purposes, but they are a
common instrument in radio astronomy and the center of the Radio
Group’s work.

Issue

The code host website Github provides a ticketing system whereby
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problems or bugs with existing code can be logged. In Github’s
terminology a record of a bug or requested change to the code (or some
other aspect of the repository) is referred to as an “issue.” Developers
need not use this system, but it is common practice to write issues in
order to maintain a backlog of things to work on, or requests or bug
reports from users. Issues can be linked to pull requests (described
below) and are “closed” if a pull request addresses them.

Oracle

A term used in software engineering to describe a gold standard that
defines the output of a piece of software is correct given a particular
input. This term is often used in the context of testing and is sometimes
referred to as a testing oracle.

Pull request

A standard operation that can be performed on the software repository
host Github. A pull request puts forward a new version of the codebase
with a person’s changes included. A webpage is created where the
requester and developers on the project can see specific points of
change in the code and they can discuss the changes. This is often the
point at which tests are run to indicate whether the new changes break
other existing parts of the code. If the changes are approved they are
applied to the codebase and the pull request is “closed.” Other code
hosting systems may not use this term “pull request”, but they facilitate a
similar operation.

Pycosmo

A software package developed by researchers from a number of different
labs and universities, most of whom work in the field of reionization
cosmology. Pycosmo was intended as a data format converter and data
manipulation tool (“glue code”) that could be used potentially with many
different kinds of interferometric data. The package became an exemplar
of good development practice for the Radio Group and their collaborators
in the CDA.

Radio Frequency
Interference

Low frequency emissions of any type that might be collected by an
interferometer or other radio telescope and interfere or obstruct the
researcher’s ability to see what they are looking for. In most cases radio
frequency interference refers to human-made emissions from TV
broadcasts, satellites, and other sources. A large part of the Radio
Group’s work is detecting and flagging parts of the data that have this
interference, such that they will not be used in analysis.

Requirements

Requirements are specifications of what software should do and under
what constraints it should do it. It includes an array of different kinds of
specifications, from specific outputs to descriptions of certain priorities
that the software must work with, such as not using much memory or
being highly optimized, or working on particular operating systems.

Widefield Radio
Telescope (WRT)

One of the interferometer projects the Radio Group works with. In
contrast to the CDA, the WRT is an interferometer that is used for a
number of different kinds of science beyond reionization cosmology.
There are, however, a number of other research groups in the field that
the Radio Group has interacted with through the WRT, and a large part
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of their data analysis software was developed initially to process data
from the WRT.
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