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Figure 1: Perpend is a p5.js editor to support users in understanding the material possibilities of their program. Perpend displays 
the visual output of many possible modifications to the user’s program at the cursor location. We call this approach Programming By 
Scaffolded Demonstration because it scaffolds a user in navigating their program’s space of possibility by displaying a range of valid 
expression modifications and their outputs. Selecting a pane in the gallery makes the corresponding modification to the user’s program. A. 
Perpend highlights the part of the program for which modifications are currently displayed. This is selected using the cursor. B. A gallery 
displays a range of parameter modifications to the program AST at the selected region, displaying the visual results above the textual change. 
C. Perpend also displays the results of new statements appended after the currently selected line in the user’s program. D. Artwork created 
with Perpend. 
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Abstract 
Output-centric programming paradigms such as Direct Manipula-
tion Programming, Programming By Demonstration, and Program-
ming By Example enable users to author programs by constructing 
an intended output. However, sometimes the purpose of a pro-
gramming interaction is to discover an “intended output” in the 
first place (e.g., exploratory data analysis, improvisational creative 
coding, early-stage prototyping). We argue that one role for output-
centric programming here is scaffolding the user in demonstrating 
their next program editing step by selecting among possible mod-
ifications to their current program. We call this Programming By 
Scaffolded Demonstration (PBSD). To explore PBSD, we built Per-
pend, a programming environment for p5.js. In a user study with 
nine artists, we juxtapose Perpend with an existing Direct Manipu-
lation editor, exploring how participants used Perpend to situate 
themselves within a space of possible programs, shift focus be-
tween program text and visual output, and shape their exploration 
by modifying their program structure. 

CCS Concepts 
• Human-centered computing → Interactive systems and tools; 
Human computer interaction (HCI); • Software and its engineering 
→ Development frameworks and environments; • Applied comput-
ing → Media arts. 

Keywords 
End-User Programming, Creative Coding, Output-Centric Program-
ming, Direct Manipulation Programming, Processing, P5.js 
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1 Introduction 
Output-centric programming paradigms such as Direct Manipu-
lation Programming [14, 30, 59], Programming By Demonstra-
tion [1, 27, 33], and Programming By Example [35, 36, 97] create 
programs that are consistent with a user-provided target output. 
These outputs take the form of, respectively, direct manipulation 
edits to an artifact (often a graphical image), demonstrations of a 
procedure, or a set of input-output examples. However, in some 
situations (especially common in domains like data science [43, 87] 
and creative practice [66, 93]), users do not always have a target out-
put in mind. In these cases, the purpose of the programming work 
is to determine such an output. This style of programming has been 
discussed in a variety of ways: Kery et al. describe it as “exploratory” 
programming, where “the practice of designing the goal at the same 
time as experimenting in code is a defining feature” [8]; Brandt et 
al. discuss the closely related concept of “opportunistic program-
ming”, or programming to “prototype, ideate, and discover" [9]; 
Shaw phrases the idea as: “Much software is developed to discover 
what it should do, not to satisfy a prior specification” [82]. In each 
case, the work of programming is coextensive with the work of 
finding out what the programmer intends the final outcome to be. 

This raises a central question we address in this paper: What might 
be the role of output-centric programming when users do not have a 
target output in mind? 

We rely on the ideas of anthropologist Tim Ingold [37, 38] to 
propose an answer: helping the user understand the space of nearby 
possible programs given their programming language. As we discuss 
in Section 2, our key insight is to view programming languages 
as materials as understood by Ingold: something to be followed 
and responded to rather than something to force into a predefined 
form. To explore this idea, we introduce a programming interac-
tion, Programming By Scaffolded Demonstration (PBSD), so called 
because it scaffolds a user in understanding the possibilities of 
their programming language as a material by displaying a range of 
valid programs reachable from small textual edits and their outputs. 
If, following Ingold, the role of a user’s intentions is not to serve 
as a specification on the final output (but, rather, as an evolving 
sense of direction), then the system’s aim should not be to align 
with a hypothesized target output that may or may not exist in 
the user’s mind. Neither, on this picture, should a PBSD system 
impose metrics or dimensions on which to evaluate generated out-
puts (e.g., diversity, complexity, interest etc.). Rather, the aim of a 
PBSD system would be to help a user in exploring their program as 
a material: the space of programs to which the user can possibly go 
next with small textual edits, as determined by the design of their 
programming language. 

To explore PBSD in practice, we developed Perpend, an editor 
for the creative coding library p5.js (Processing) [77]. Perpend 
displays (i) a range of small program modifications and (ii) the 
visual outputs generated by applying those modifications to the 
user’s program, then running the modified programs. We juxtapose 
Perpend with an existing Direct Manipulation editor for p5.js 
to understand their different and, as we found, complementary 
roles. In our user study, we asked nine expert p5.js programmers 
to use each interface for ∼45 minutes on work of their choosing, 
with a ∼30 minute interview about their experiences. We found 
that Perpend helped participants expand their sense of possibility 
across different moments of creative “momentum,” work across 
their textual program and visual output, and expand their own 
Processing vocabularies. In summary, we present the following 
contributions: 

(1) Programming by Scaffolded Demonstration—a new 
output-centric program construction approach that does not 
require users to provide desired outputs. 

(2) Perpend, a programming environment that instantiates Pro-
gramming by Scaffolded Demonstration for p5.js, which 
presents galleries of paired code edits and output previews. 

(3) A qualitative analysis that puts Perpend in conversation 
with an existing Direct Manipulation creative coding inter-
face [64], with findings discussing how programming sys-
tems can better accommodate a programming as a manual 
practice and programming languages as materials. 

2 Background and Key Idea: Programming 
Languages as Materials 

This work explores how programming interfaces might support 
users in what Tim Ingold terms “following [their] materials.” In this 
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section, we describe how we used Ingold’s ideas to propose one way 
a programming language might be thought of as a “material” in this 
sense: as the space of programs reachable from individual textual 
modifications given the structure of the programming language. 
This perspective will be the foundation for defining Programming 
by Scaffolded Demonstration. 

Materials. Ingold argues that we should think of a practitioner’s 
intentions and their engagement with the world as interdependent 
and mutually-informing [37, 38]. In other words, when the purpose 
of practitioners’ work is to discover an intended outcome through 
the work itself, their intentions may not function as specifications 
on the final result. Rather, practitioners’ intentions motivate engag-
ing with parts of their world as a material; that is, as something to 
be followed and responded to rather than something to force into a 
predefined form. (“Material,” for Ingold, does not indicate a class of 
things, but names the parts of the world with which a practitioner 
has this relationship of following and responding.) Practitioners’ 
engagement with their materials, in turn, shapes their intentions 
over the course of the work. The role of a practitioner’s intentions, 
on this view, would then be as a sense of direction—continually 
evolving through the act of navigation—rather than a specification 
of a final destination. Ingold provides a helpful example: a woodcut-
ter may intend to cut timber with an axe, but the task of splitting 
the timber is not one of imposing an abstract imagined shape onto 
passive wood. Rather, the woodcutter “follows the grain” of the 
wood, adjusting and developing their intentions with each swing 
in response to the variations of the wood as a material. 

Itineration. In Ingold’s words, following a material “is a matter 
not of iteration but of itineration” [37]. “Itineration” is the essential 
improvisation work required to respond to the world as a material— 
we develop (and re-develop) our intentions for the work in order 
to continually adjust to the contours of our materials. From an 
observer’s perspective, the carpenter might appear to be repeating 
the same motion in splitting the timber (i.e., iteration). But for the 
carpenter themselves, “who is obliged to follow the material and 
respond to its singularities” [37], splitting the wood is itineration: 
they continually improvise the next step in response to the last and 
“as a preparation for the one following” in response to the variations 
and idiosyncrasies of the material at hand. 

Key Idea. But do practitioners engage programming languages 
as materials like they do wood or clay? Do programming languages 
have a “grain” to be “followed”? In this paper we argue yes, and 
that one way to think about the material possibilities of a program 
is what the programming language makes possible. The space of 
possibilities for a given program is the set of modifications that are 
valid given the design of the programming language. The role of an 
output-directed programming system in “following the grain” of a 
program would then be to help the user answer the question: “Given 
my programming language, where can I go next with my program?” 
A system could do this by showing the user a range of possible 
small modifications to their current program and displaying the 
resulting outputs. If our interpretation of Ingold is right, we might 
expect that helping a user understand the space of possibilities 
around their program (understanding their programming language 

as a material) could change how they discover what they intend 
(how they itinerate). 

We introduce Programming by Scaffolded Demonstration as an 
approach to output-centric programming systems design which 
supports a user in understanding their programming language as 
a material. It does so through generating and displaying a range 
of small textual edits given what the programming language makes 
possible, rather than mutating a program in order to search for a 
target output of some kind. The motivating question for PBSD that 
we address in this paper is then: How might we use output-centric 
programming and program generation techniques to bring users 
closer to their programming language as a material, rather than 
abstract away from it by directing their focus to only inputs and 
outputs? 

3 Related Work 

3.1 Working with Materials 
In HCI literature, Benabdallah and Peek [7] discuss Simondon’s no-
tion of “technical materiality,” urging that “systems research should 
support . . . the conditions of production and not just the realization 
of computational designs.” Due to Ingold’s significant inheritance 
of Simondon’s arguments, we see our work exploring precisely 
this suggestion in the case of programming languages and tools. 
Other engagements with Ingold in HCI have investigated fabri-
cation among maker communities [94] and explored fabrication 
systems in which “the maker grows with a set of materials and prac-
tices, becoming attuned to their properties or forces and generating 
knowledge that carries through their practice” [15]. We continue 
this important line of thought by considering the materiality of 
programming languages themselves. 

Although we work with Ingold in this paper, Schön [80] and 
Suchman [88] present ideas which have much in common, but with 
markedly different emphases. Schön’s “reflective conversation with 
materials" [80] is described in terms of an “experiment" through 
which a practitioner develops a better theory of the design situ-
ation: the reflective practitioner “must learn by reflection on the 
situation’s resistance that his hypothesis is inadequate, and in what 
way, or that his framing of the problem is inadequate, and in what 
way” [81, 153]. Ingold might then categorize Schön’s “conversa-
tion with materials" as a picture of “iteration," in contrast to his 
view of “itineration," the latter of which emphasizes the essential 
improvisation in responding to the unique features of the work 
rather than the gradual refinement of a specification through re-
peated experimentation. Suchman, by contrast, does seem to argue 
for an itinerant position, but just has little to say about materials 
themselves—her focus is on understanding plans as “resources” for 
attending to materials [88]. She includes an illustrative example of 
navigating rapids in a canoe: “The purpose of the plan in this case 
is not to get your canoe through the rapids, but rather to orient you 
in such a way that you can obtain the best possible position from 
which to use those embodied skills on which, in the final analysis, 
your success depends" [88]. 

Ingold’s conception of materiality is offered as an alternative 
to other discussions which bring attention “not to the vitality of 
materials but to the agency of objects" [37]—namely Latour’s Actor-
Network Theory [46], but might also include more recent examples 
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in HCI [23, 92] and Cognitive Science [57]. While we personally 
found Ingold’s interest in skilled practices on making with materials 
to be the most illuminating for our work here, other perspectives 
on materiality have certainly been found useful elsewhere in HCI. 

In domain-focused studies, HCI researchers have also studied the 
relationship practitioners have with their materials: ceramic [67], 
clay [15], wood [16], digital drawing [40], and creative software [93]. 
We hope to add to this conversation, studying how Processing artists 
use their programming language as a material in creative practice. 

3.2 Output-Centric Programming 
A variety of programming systems—such as Direct Manipulation 
Programming, Programming By Example, and Programming By 
Demonstration—center program outputs in the program construc-
tion process. We call such systems output-centric programming 
systems. To date, output-centric programming systems enable users 
to construct programs by having the user provide intermediate, 
partial, or full target outputs. 

Direct Manipulation Programming [14] augments traditional 
programming languages with the ability to directly manipulate [83] 
outputs. Typically, Direct Manipulation Programming systems aim 
to automatically alter the user’s program in response to users’ 
direct manipulation actions using techniques like program syn-
thesis [14, 30, 31], a mapping between GUI actions and specific 
program transformations they should trigger [25, 31, 32, 44, 54, 
64, 99, 108], bidirectional evaluation [59, 106], and model-view-
update for live programming [71]. Researchers have successfully 
applied Direct Manipulation Programming systems to graphic cre-
ation (e.g., SVG) [14, 18, 30, 31, 64, 106], data analysis and visu-
alization [44, 99, 108], document preparation [25, 59], and even 
general-purpose programming [31, 71]. Programming By Exam-
ple systems generate programs that satisfy provided sets of input-
output examples, dating back to the seminal THESYS system in 
1977 [89]. Since then, the programming languages community 
has developed many Programming By Example synthesis tech-
niques [1, 6, 20, 21, 27, 33, 34, 49, 55, 65, 68, 69, 72, 84, 90, 102], and, 
in recent years, the HCI community has developed novel interac-
tions with such systems [17, 60, 74, 96, 104, 105, 107]. Programming 
By Demonstration systems generate programs that generalize one 
or more actions performed by the user. For example, the semi-
nal SMARTedit system [47] generalizes repetitive text edits, and 
CoScipter [50], Ringer [5], Rousillon [13], and ScrapeViz [45] gener-
ate programs for web automation tasks. Programming By Demon-
stration has also been applied broadly in the domain of robotics [4], 
as well as in other areas of HCI like making “mashups” [53, 97] and 
spreadsheet programming [12]. 

In all of these tools’ respective settings, users struggle not with 
knowing an intended output, but with constructing a program that 
produces that output. In this work we seek to extend output-centric 
programming to contexts where the situation is reversed, and the 
user’s primary difficulty is not in writing a program suitable to 
a specification, but in working with a program to discover what 
they intend their program to do. Therefore, we do not argue that 
Programming by Scaffolded Demonstration competes with existing 
output-centric approaches, or that it is applicable to the same do-
mains in which those approaches have found success. Rather, we 

offer Programming by Scaffolded Demonstration as an extension of 
this line of work to situations where users face the question of how 
they might discover what is possible to accomplish with a program, 
and, through doing so, what they might wish to program. 

3.3 Example and Design Galleries 
Previous work in example galleries and design galleries has focused 
on helping users search for relevant examples, tune numerical pa-
rameters in their programs, and explore natural language image 
generation. For example, researchers have created such systems 
to create galleries of stylistically-relevant webpages [48, 78] and 
to synthesize example API usage snippets [24] While these works 
recognize, as we do, that understanding many different possibilities 
can be valuable for a user, these systems focus on finding and dis-
playing relevant examples of the work of others from existing corpi. 
Similarly, Subbaraman et al. [86] discuss the “collecting’ behaviors 
of users on the OpenProcessing platform, using the gallery to visu-
ally navigate through examples of work from other users. In our 
work, we’re interested in helping the user explore the possibilities 
of their own program. 

Parametric generation of designs has been explored in computer 
graphics [58], 3D modeling [91], parametric design [103], and data 
science [98]. Like interactive numerical sliders or color pickers (as 
we see in our study), these systems help users explore a variety of 
constants that can be used for a given argument—e.g., values rang-
ing between 0 and 1 used as a smoothness parameter. In contrast 
to our system, these tools do not explore possible expressions, only 
constants. Recent work has also used a design gallery approach for 
natural language image generation Dreamsheets [2]. Parametric 
design works share our focus on supporting exploration, but their 
interactions revolve around defining particular, fixed axes on which 
a design can be permuted—then permuting the designs by selecting 
from a set of numerical constants or selecting from a set of related 
natural language texts. 

In a data science context, Voyager [98] uses a design gallery 
much like the parametric design tools described above, but with 
the fixed axes defined in advance by Voyager. Specifically, the items 
that can be permuted are: (i) what data attribute is mapped to the 
x and y axes, (ii) features of marks added in the visualization, and 
(iii) faceting of the graph by rows and columns. The tool automati-
cally generates a data structure representing a range of choices for 
each of these axes, and the resulting visualizations are displayed in 
a gallery. Another tool that uses fixed axes (this one specifically for 
algorithmic art) is GenerativeGI [22]. Like Voyager, GenerativeGI 
uses a fixed set of axes chosen by the tool’s designers, but it uses 
a much larger set of axes. For example, one of the author-written 
axes offers the option to use either ’edgy’ or ’curves’ as the 
’flow-field-type’. The authors provided a separate set of axes 
for each of 15 different art “techniques.” Although GenerativeGI 
does not show a gallery (instead the end user provides the fitness 
function that the tool should optimize for, and GenerativeGI outputs 
the highest-scoring variant), the overall fixed-axis approach is simi-
lar. When the tools described in this section explore possible values 
for a given axis, they essentially substitute constants—numerical 
constants, strings from a set of strings, data attribute names from a 
set of attribute names—into a configuration file. In contrast, a PBSD 
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system uses the design of an existing programming language to 
modify and extend arbitrary and complex programs. With Perpend, 
for example, users can insert new expressions into any JavaScript 
program: writing new functions, using Perpend inside the function 
body; writing loops, then use Perpend in the loop body; and intro-
ducing not a fixed number literal or string literal, but an expression 
that uses the user’s own variables (as we saw in our user study). 
As we discuss in Section 7.2.1, a key reflection from our study is 
that the design of a user’s general-purpose programming language 
(thought of as a material) already decides dimensions upon which 
valid expressions can be composed, and revealing those dimen-
sions to the user without imposing additional constraints can be a 
valuable aim of programming interface design. 

Edgeworth [70] generates a gallery of visualization variants for 
use as the answers for multiple choice exam questions. The input 
is the correct visualization, and the output is a set of similar but 
ultimately incorrect visualizations. After visualization generation, 
the user sees a set of visualizations, then picks the ones they want to 
use in their multiple-choice question. Although each visualization 
was generated by a Penrose [101] program, the user does not see or 
directly interact with the programs. The single-shot visualization 
generation process applies randomly selected mutations across the 
correct visualization in order to generate new programs, which 
then generate new visualizations. Our goal with PBSD was to study 
an interaction loop for authoring programs, where a system would 
provide the user with a set of modified programs and their outputs, 
and the user would be able to edit their program both manually 
and by selecting a displayed modification from the system. While 
Edgeworth uses program variations to produce a gallery, it does 
not offer this program authoring loop. 

3.4 Creative Coding 
Digital drawing systems have explored how to support users in 
writing programs which complement their manual practices of 
digital drawing [39, 40, 51] and specifying procedural behavior 
of visual elements through direct manipulation [29, 41, 42, 100]. 
Jacobs et al. [39] explore the relationship between programming 
digital brushes procedurally and the manual use of those brushes; 
as we discuss in Section 7.2.1, we extend this distinction to the 
activity of programming itself, showing how procedural and manual 
aspects arise in authoring programs which generate visual images 
in addition to serving as tools for use in later creation. 

Node-based p5.js environments include Stamper [11] for pro-
gram composition, Spellburst [3] for program generation via natural 
language prompting, and Quickpose, for version control [76]. Jux-
tapose [28] supported interaction designers to experiment with 
program alternatives for interface development. While such sys-
tems aim to support what Ingold would call “iteration” [37] via a 
node-based composition environment, Perpend aims to support 
users in understanding the range of possible edits to their pro-
gram text through visualization, leaving the p5.js composition 
environment otherwise unchanged. 

Domain-Specific Language (DSL) contributions in creative cod-
ing include danceON [73], which supports motion-tracked visual-
izations, and P5fab for 3D fabrication [85]. Because Perpend makes 

an orthogonal contribution, we could imagine Perpend being used 
in tandem with these domain-specific interventions. 

Generative artists’ discussions of experimentation and discov-
ery especially resonate with Ingold’s idea of following materials. 
Hobbes describes the process of narrowing a “messy idea" from a 
multi-dimensional space of possibilities into a final artwork through 
sampling and exploration of the space of possible outputs from any 
single program [95]. Maclean discusses the importance of a “brico-
lage” style of programming in creative coding [61], characterized 
by a tight loop of action and observation, similar to Schön’s idea of 
a "conversation" with materials [80]. These authors both emphasize 
an ongoing responsiveness for practitioners of generative art. With 
Ingold in mind, we suggest that, among other things, generative 
artists are responsive to their program and programming language 
as a material, which is to say, in terms of how the textual program 
may be edited and the consequences of that change on the output 
of the program. While Hobbes focuses on how generative artists 
understand the space of possible outputs generated by individual 
programs, in this work we consider how programming systems can 
support practitioners in exploring their space of possible programs. 

Li et al. explore the values and motivations of visual artists [52]. 
We see PBSD as aligned with their call for software tools which do 
not “hinder how artists traditionally learn through manual engage-
ment with materials”—in our case, the material is the programming 
language. 

Recently, a system featured in a study by McNutt et al. [64] 
introduced many direct manipulation features for a p5.js web 
editor for educational purposes. Because we juxtapose Perpend 
with this system in our user study, we defer to Section 5 for a 
longer discussion of the differences between these two systems. 

4 System Design and Implementation 

4.1 System Design 
4.1.1 Gallery. Our implementation of the gallery view is a scrol-
lable grid. The first row displays program edits that can be inserted 
at the user’s current cursor position. The following rows display 
edits that insert function calls one line above or one line below 
the user’s current cursor position. Each row corresponds to a sin-
gle function; each item in a row uses different arguments for the 
function. By visualizing a row of possible patches with the same 
API call, we aimed to help the user develop an intuition about the 
possibilities of their current program at the cursor’s position. 

4.1.2 User Control of Patch Location. The gallery refreshes patches 
whenever a user clicks a location in the program text with their 
cursor. Rather than introduce a separate interaction, we wanted 
the gallery to ambiently update as the user navigated their pro-
gram. With the current system and representative sketches from 
our study, edits display within the range of 440 milliseconds to 560 
milliseconds after a click or selection. 

The user’s cursor location controls which subtree of the pro-
gram’s Abstract Syntax Tree (AST) will be altered by Perpend’s 
candidate modifications. Some patches replace the AST subtree as-
sociated with the particular expression in which the user has placed 
their cursor. Other patches leave that AST subtree untouched but 
insert a new subtree as a neighboring branch of the AST. 
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Figure 2: The Perpend Interface On the left side, the interface includes a code editor with the user’s program and a preview showing the 
visual output of the user’s current program, similar to the existing p5.js web editor. On the right side, the interface contains a gallery-style 
visualization of possible changes (that we introduce as “patches” in Sections 4.1.2 and 4.1.3) to their program. To invoke and refresh the 
gallery view, the user clicks on a location in their program text. When the user clicks on an expression within their program (e.g., i * 50), 
each gallery item displays its patch applied to that expression (e.g., (i * 50) * mouseX); each gallery item also displays the visual output 
produced by running the user’s program with the patched expression in place. 

Figure 3: Perpend’s Interaction Flow: On the first screen (left), Perpend displays the visual output of possible modifications at the 
user’s current cursor position in their program. When a user selects a modification from the grid of possibilities (A), Perpend applies that 
modification to the user’s current program. On the second screen (right), the new program change is highlighted in the user’s program (C), 
and the updated program is now displayed in the main render window (B). 
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4.1.3 Generating Patches. Perpend displays single-location, syn-
tactically small patches to the program text. By only changing the 
program in the area that the user specifies, we hypothesized that 
the system would help users both more easily understand the ef-
fects of a single change and understand the possibilities of their 
program through the gallery as a whole. In contrast, DM program-
ming tools (e.g., [32]) ensure that program changes correspond to 
output changes, but this can result in complex changes to multiple 
locations in the program. We aimed to introduce small changes at a 
single location, to support users in quickly grasping the relationship 
between the displayed output, the candidate edit, and their current 
program. 

Each patch is an AST subtree that can either be substituted for 
an existing subtree of the program AST, or else inserted as a new 
subtree within the program AST. We chose to limit Perpend to 
patches that require only a single-location AST manipulationin (i.e. 
ruling out p5.js functions like beginMatrix(), etc.) and individ-
ual arithmetic operators (*, +, etc.). Because we are not trying to 
predict or suggest an outcome the user intends, but rather trying 
to visualize possible next edits to the program text at a specific 
cursor location, we chose small program edits that would result 
in a runnable program, based on the syntax and semantics of the 
JavaScript language and p5.js library. We also included patch con-
ditions that ruled out insertions which would be guaranteed to not 
visually affect the output, such as adding fill() calls when no 
fill-able shapes had been added. 

Patches use a range of constant values which would be significant 
in the context of many Processing API calls (e.g., 0, 1, -1, 100) 
alongside any user-defined variables in scope at the current cursor 
location, which can be automatically identified via analysis of the 
AST. In addition, we included commonly used built-in p5.js global 
variables (e.g., frameCount). See the Appendix A for a table of 
functions, variables, constants, and operators used in Perpend edits. 

Figure 4: With a Programming By Scaffolded Demonstration 
(PBSD) system, a user navigates a space of possible program 
modifications. 

4.1.4 Sampling and Displaying Possible Patches. To display pro-
grams to the user, Perpend takes a random sample of generated 
patches and applies them to the user’s current program. That is, 
Perpend either inserts the new AST subtree into the program AST 
or replaces an existing AST subtree, then executes code generation 
to acquire a complete JavaScript program. For each patch, Perpend 
runs the complete, patched program in order to generate the corre-
sponding output. 

4.2 Programming By Scaffolded Demonstration 
in Context 

4.2.1 User-Provided Outputs Not Required. As we reviewed in Sec-
tion 3.2, Programming By Scaffolded Demonstration (PBSD) is situ-
ated in a long, rich tradition of output-centric programming tools, 
including (1) Direct Manipulation Programming, (2) Programming 
By Example, and (3) Programming By Demonstration. While we 
see PBSD as an extension to this line of work, there is a key differ-
ence between PBSD and these existing approaches: PBSD does not 
require that the user provide partial or full desired outputs. 
In all other output-centric programming systems, the user must 
provide a partial or full desired output, which a user may not be 
able to (or want to) provide. 

(1) In Direct Manipulation Programming, users use direct 
manipulation interactions (interaction with canvas elements, 
menus, etc.) to tweak the program’s current output directly. 
The system returns a corresponding modification to the pro-
gram itself. If the program 𝑝 produces output 𝑜 (that is, if 
𝑝 () = 𝑜), and then the user tweaks 𝑜 to make 𝑜 ′ , then the 
system generates 𝑝 ′ to ensure that 𝑝 ′ () = 𝑜 ′ . For example, 
a user may drag an element on a visual canvas to change 
that element’s position. The new canvas with the updated 
element is 𝑜 ′ , and the programming system generates the 
corresponding program 𝑝 ′ which generates the new canvas 
with that element’s position changed (so that 𝑝 ′ generates 
𝑜 ′). The user is required to specify the new updated canvas 𝑜 ′ 

themselves as a direct specification of what the new program 
should generate. 

(2) In Programming By Example, users provide pairs of input-
output examples. The system returns a program 𝑝 that meets 
the criteria that for all input-output pairs (𝑖, 𝑜 ) the user pro-
vided, 𝑝 (𝑖 ) = 𝑜 . For example, the user might provide ex-
amples of a desired text transformation to capitalize the 
first letter of each word, providing input-output pairs (𝑖, 𝑜): 
(cat, Cat), (hat, Hat). The system returns a program which 
generates each output given the paired input. The user is 
required to specify the input-output pairs (𝑖, 𝑜) themselves 
as examples of the desired program behavior. 

(3) In Programming By Demonstration, users provide 
input-output examples, as in Programming By Example, 
but they also provide the sequence of steps they take to 
transform the input into the output, which can make it 
easier for the system to find a program that matches the 
input-output pairs. The system ensures that for every 
demonstration (𝑖, intermediate1, . . . , intermediate𝑛, 𝑜 ) 
the user provides, 𝑝 (𝑖 ) = 𝑜 . For example, a user demon-
strates how to scrape the total number of publications 
for a handful of authors in a publication database (𝑖 = 
name, databaseEntryForName, statsTableForEntry, 𝑜 = 
numberOfPublications). The system generates a pro-
gram which produces the correct output for each 
corresponding input, guiding its synthesis using the 
intermediate steps. The user is required to specify the 
input-output pairs and the intermediate steps between 
(𝑖, intermediate1, . . . , intermediate𝑛, 𝑜) as demonstration of 
the desired program behavior. 
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Figure 5: One interaction loop of Programming By Scaffolded Demonstration (PBSD), Direct Manipulation (DM), Programming 
by Example (PBE), and Programming by Demonstration (PBD). In DM, PBE, and PBD, the user provides some form of output to the 
system. In PBSD, the user provides a program and selects an output without providing an output themselves. 

In contrast, users of Programming By Scaffolded Demonstration 
select between possible intermediate values by selecting possible 
modifications (See Fig. 4). At each step, a PBSD system generates a 
range of possible program modifications and their outputs as can-
didates for possible next steps (a system-provided analogue to the 
user-provided intermediate𝑘 steps in Programming by Demonstra-
tion, as shown above). The user then selects among those options, 
and the selected candidate becomes the user’s new current program 
and output, and the interaction loop starts again. In this way, PBSD 
systems do not require a user to provide intermediate𝑘 or any other 
user-specified output 𝑜 or 𝑜 ′ themselves. In Perpend’s case, users are 
only required to specify a location in the program text at which to 
introduce modifications, and a gallery of corresponding possible 
modifications and their outputs is displayed (although the user 
remains free, of course, to edit the program text themselves). 

More formally, in PBSD the user provides a work-in-progress 
program 𝑃 , and the system, given the structure of the programming 
language, provides a set of small textual modifications 𝛿1, . . . , 𝛿𝑚 
with corresponding updated programs 𝛿1𝑃, . . . , 𝛿𝑚𝑃 and generated 
outputs 𝑜1, . . . , 𝑜𝑚 . The user then selects among these modification-
output pairs—say, (𝛿𝑘 , 𝑜𝑘 )—to arrive at a new program 𝑃 ′ = 𝛿𝑘 𝑃 
(such that 𝑃 ′ () = 𝑜𝑘 ). This process can be repeated as desired and 
interleaved with arbitrary program edits. PBSD can therefore pro-
vide an output-centric programming experience even when the user 
cannot provide a desired output themselves. PBSD thus comple-
ments the wide variety of existing output-centric approaches that 
excel when outputs are known ahead of time, supporting a different 
group of users rather than competing with existing approaches. 

4.2.2 Program vs. Output “Continuity.” Perpend offers different 
guarantees than other output-centric programming tools. For ex-
ample, in Direct Manipulation programming systems, the system 
guarantees that running the program will always produce the same 
output that the user created via direct manipulation; the program 

can change arbitrarily to meet this goal. We might think of the 
program output as “continuous” from one modification to the next 
in this case, in that the user can understand the new output as the 
result of a small (or single) modification to the previous output. 
But because the resulting program can change in arbitrary ways 
to produce the new output, the program text would not always be 
continuous, in this sense.1 In contrast, with Perpend, the possible 
modifications displayed to the user are syntactically small program 
transformations. Perpend therefore provides a “continuity” of the 
program text, while allowing drastic changes in the visual output. 
Because the goal of PBSD systems is to help users understand their 
possible next steps in editing their program text, we limited the 
displayed modifications to the smallest textual modifications which 
would still produce complete programs: modifying and adding to 
individual arithmetic expressions, and adding individual API calls. 
As we discuss in Section 7.1, Perpend’s small, local edits seemed to 
support participants in maintaining a sense of program-continuity 
(and, perhaps as a result, program understanding) as they edited 
their programs through the interface. 

5 User Study Design 
To understand the role of Perpend as a Programming by Scaffolded 
Demonstration tool in users’ programming and artistic practice, 
we asked nine Processing artists to use Perpend in a user study. 
Because we argue that a key difference between Perpend and Di-
rect Manipulation programming systems is that Perpend generates 
many contextual, possible modified program outputs in contrast to 
a user manually constructing a new target output, we juxtaposed 
Perpend with an existing direct manipulation p5.js interface [64] 
(referred to as DMEditor here) to understand their differences in 

1Some systems, like Sketch-n-Sketch [14, 30, 32], attempt to make these potentially-
large edits as logical as possible by preserving the structure of the original program to 
the greatest extent possible, but even sensible and readable program edits can result in 
large textual differences to the program. 
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Figure 6: The Direct Manipulation p5.js interface (DMEditor) we juxtaposed with Perpend in our user study. A. DMEditor includes 
a direct manipulation shapeToolbox, which enables users to place and modify vector graphics onto the canvas which are automatically 
updated within the program text (B). C. DM’s slider abstraction, which can replace any numerical value. D. DM also includes a direct 
manipulation color picker. 

practice. Besides the inclusion of formative research, this study 
aligns well with the principles of Comparative Structured Obser-
vation [56], especially in our emphasis on participant reflection 
between the two interfaces and our aim to understand how PBSD 
and Direct Manipulation Programming can be valuable concepts 
for the design of programming systems rather than experimentally 
validating which design was better suited to a pre-defined task. 

5.0.1 DMEditor. DMEditor includes three main direct manipula-
tion features: a direct manipulation shapeToolbox, which the user 
instantiates by writing Editor.shapeToolBox() and clicking the 
“open” button, and enables them to place and modify vector graph-
ics onto the canvas which are automatically updated within the 
program text; a Slider abstraction, which the user instantiates 
by Editor.slider(start, end, current) and can replace any 
numerical value; and a direct manipulation color picker we denote 
ColorPicker, which displays either a continuous color range or 
a preset selection of colors such as “orange" and “red." Aside from 
these features, the editor includes a text editor pane and a live 
preview of the program’s output. 

5.0.2 Participants. We recruited participants from social media 
(Reddit and Instagram) in addition to academic email lists. A screen-
ing survey was used to select for participants who had experience 
with Processing and identified as artists or creatives. On a scale 
of 1-10, participants self-reported a mean of 5.3 for their Process-
ing experience (min 3, max 8), and on a scale of 1-5 their mean 
self-reported programming experience was 3.5 (min 3, max 4). All 
participants reported using Processing for art practice, interaction 
design, or design work. See Appendix B for additional participant 
details. Perpend is designed to help practitioners understand the 
space of small modifications to their program text, and not primarily 

intended as an education tool for novice users to learn either pro-
gramming or p5.js specifically. We therefore selected users with only 
significant programming experience and prioritized users with p5.js 
expertise. See Appendix B for participant’s self-rated programming 
experience and creative coding background. In a counter-balanced 
design, participants used each interface for ∼45 min, and described 
their experiences in a semi-structured ∼30 min interview at the 
end. We asked participants about their experiences with both in-
terfaces (they were not told which interface had been made by the 
researchers until the conclusion of the study), and to contextualize 
what they had made in the session. Many decided to vocalize obser-
vations or experiences during their working sessions, although they 
were not required to do this. Participants were given the choice to 
start a new project or continue existing work, but were otherwise 
given no direction for how they should use either interface besides 
a small tutorial in each interface’s functionality. Participants were 
compensated for their time with a 60 USD gift card at the conclu-
sion of the study session. Interviews were recorded on Zoom and 
transcribed for analysis. Figure 8 shows participants’ answers to the 
screening survey. Columns 2 and 3 report measures of self-reported 
p5.js and programming expertise, following the question design 
in [19]. The last two columns’ questions were open response and 
similar answers were grouped into categories (e.g., “Art,” “artistic 
practice,” and “art practice” were grouped into “Art practice”). 

5.0.3 Analysis. We analyzed the data through a reflexive thematic 
analysis (RTA) [10]. After transcribing the interviews we gener-
ated an initial set of codes. Because the recordings also included 
participants’ programs and their programming behaviors, we con-
tinually consulted the video recordings themselves to contextualize 
verbal statements within the programs and programming behavior 



CHI ’26, April 13–17, 2026, Barcelona, Spain Angela Bi, Eric Rawn, Justin Lubin, and Sarah E. Chasins 

Figure 7: Illustration of the Different Functionalities of DMEditor and Perpend. Top: A user’s program which includes a circle() 
call which they can explore with either tool. Left: DMEditor’s Slider enables the user to change the third parameter of circle(), the 
radius, through direct manipulation, changing the value of a numeric constant. Right: When a user places their cursor on circle(), Perpend 
displays possible expression modifications to each parameter field, utilizing arithmetic expressions (/ and %) and p5.js global variables 
(frameCount and mouseX ). 

those statements occurred in tandem with. We then began itera-
tively developing themes while returning to the data to recode and 
recontextualize. Because our analysis included how participants 
used the features of both interfaces and the programs they wrote 
alongside an interview, we developed our initial themes from either 
codes from the transcription or codes associated with programming 
behavior. Part of our iteration on themes identified connections 
between these, and we generated new themes which captured both. 

6 Findings 
6.1 Characterizing User Stories 
Before exploring our more analytic themes, we begin with a brief 
characterization of user stories as a way to describe the interfaces 
in more concrete detail. 

6.1.1 DMEditor. All participants used shapeToolBox in some 
form. P6 used shapeToolBox for the majority of their session, cre-
ating and moving a large number of circles and bezier curves. Other 
participants (P1, P2, P9) used shapeToolBox at the beginning of 
their sessions to create initial arrangements of three to five different 
shapes, which they utilized in their later (textual) program devel-
opment. P4 and P7, who created simple drawing interfaces, and P3, 
who worked on their code from Perpend, used shapeToolBox the 
least, only using shapeToolBox once or twice in the session. 

All participants used ColorPickers to toggle the color of their 
sketch’s background or shapes at least once. For some of these par-
ticipants (P1, P2, P8, P9), this only took a few moments of deciding 
on a color using the tool. P4 and P7, who wrote programs for a 

simple drawing interface, spent more time with ColorPicker to 
change and experiment with the color of their brushes. P6 used 
ColorPicker the most out of all participants, matching colors to a 
reference image and later to adjust the colors of gradients. 

Participants (P1, P2, P4, P7, P8) used Sliders to control numeri-
cal parameters of shape functions such as the radius of circle() 
and the start and end of line(). Most participants used Slider at 
least once in their code; P6 only used Slider once to test it out, P4 
and P7 used Slider to adjust the parameters of one function, and 
P1 and P8 used Sliders the most, creating a collection of at least 
five Sliders and using them for various functions. 

6.1.2 Perpend. All participants used the gallery at least once to 
accept modifications. P1, P3, and P8 spent 15-20 minutes of their 
session scanning through and accepting Perpend edits; P7, who 
continued working on their drawing interface from DMEditor, used 
Perpend’s modifications the least, only accepting a modification 
once to modify their brush; all other participants fell somewhere in 
between. 

Some participants (P2, P4, P5, P6) spent more time in the begin-
ning of their session working on their program text before scanning 
and accepting modifications from Perpend; we noticed that these 
participants also accepted more modifications from the “Modify 
Parameters" row as opposed to accepting modifications that added 
new function calls. Other participants (P1, P3, P8) accepted more 
modifications that added functions early on in their session, result-
ing in longer series of successive function calls. 

P1, P2, P4, and P7 spent 10–15 minutes of their session scrolling 
through the rows of Perpend’s gallery and examining the visual 
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outcome of Perpend’s modifications closely, either before accepting 
a given modification or after accepting a modification, in order to 
explore it further. A few participants (P1, P2) requested more edits 
by clicking the "+" button to see more entries in a specific row, but 
scrolling the gallery was a more popular interaction. 

6.2 “Dialing In" vs. “A Sense of Possible 
Directions to Move" 

Many participants found DMEditor most helpful for moments of 
“dialing-in . . . refin[ing]” (P1) and “honing in” (P3) on small visual or 
program goals; on the other hand, many participants found Perpend 
most helpful for “figuring out what can be played around with" 
(P8) and “expand[ing] my immediate sense of possible directions 
to move." (P1) 

6.2.1 “Dialing In": DMEditor Helped Participants Narrow Possi-
bilities. Many participants found DMEditor most useful for “re-
fin[ing]”(P1) and “honing in”(P3) on a specific visual or program 
intention. For P1, sliders were especially important for small, visual 
intentions for their program, which they called “micro-goals” (P1). 
They expressed that these “micro-goals,” such as selecting a specific 
color, were best accomplished by using DMEditor’s tools to find 
the parameters (and their combinations) to produce the intended 
visual result: “I’m trying to combine my understanding of what’s 
happening with my eyes and my understanding of the system” (P1). 
For P2, using DMEditor required planning ahead—formulating a 
specific intention for both the visual output (e.g., changing the size 
of a circle) and the program (e.g., creating a slider for the third 
parameter of circle()) in order to effectively utilize those tools: 
“I’m thinking really hard about what I want to do, because unless I 
think about it really hard I won’t be able to come up with what func-
tions I’m supposed to use” (P2). Because DMEditor best supported 
exploration along pre-defined axes, participants found DMEditor 
features most helpful in moments where they had clear visual or 
program specifications. 

6.2.2 "A Sense of Possible Directions to Move": How Participants 
used Perpend to Discover New Possibilities . In contrast to DMEditor, 
Perpend’s range of displayed modifications widened participants’ 
sense of what was possible in their program. In this section, we 
explore how Perpend shaped users’ intentions at three different 
moments of creative direction: when participants had a clear di-
rection, seeing Perpend’s possibilities sometimes steered them to 
unexpected places; when participants had questions about a specific 
section or line of their program, they structured their programs 
to bound their exploration with Perpend to those areas; and when 
participants did not have a sense of creative momentum at all, they 
looked to Perpend to find new paths. 

Surprise: Participants Followed Perpend’s Displayed Possibilities 
in Unexpected Directions. Sometimes, even when participants had 
a sense of creative direction while using Perpend, they changed 
course due to a displayed possibility they saw. P1, remarking on 
Perpend’s gallery, said, “these are so cool that I have to click on them 
... even though that’s not really what I have in mind." Even when P3 
thought they “may have screwed up and it’s not doing what I think 
it’s doing," they added “that’s maybe the beauty of it, that these 
actually look pretty interesting ... These are kinda great, actually." 

P5, reflecting on their experience with Perpend’s gallery, said that 
the gallery encouraged them to “try out new functions and new 
ways to put things together." P9 found Perpend’s gallery “so much 
cooler" since the gallery visualizes a space of “multiple options on 
the side" as opposed to p5.js’s web editor, where code “compiles 
at the time that you change your code." Perpend’s gallery widened 
participants’ sense of how possible API calls and expressions could 
change the output of their program, and they sometimes steered 
away from existing directions. 

Bounded Exploration. Some participants (P1, P2, P4) had inten-
tions that surfaced questions about specific lines or regions of their 
program, and they used Perpend to explore these questions within 
the bounds of that part of the program. P1, for example, while click-
ing into a fill() call within a for loop with an index variable i, 
said, “The third parameter, the blue, I’d like to edit the blue, see what 
ideas [Perpend] has. Sick. This is exactly what I’m talking about. 10 
over i. Brilliant!". When P4 looked at their animated arrangement 
of circle() calls in their for loop, they wanted the circles to “in-
teract more," so they clicked one of the position parameters of their 
circle() function. Once they saw an option that visualized the 
result of adding random() around the parameter j * 30, they said, 
“Ooh! randomness. That’s a good idea." When participants did not 
have specific a visual output in mind but had a region of interest in 
their program, they could use Perpend to explore the possibilities 
of their program in a targeted way. 

Participants (P1, P2, P4) actively sought out moments of bounded 
exploration by writing functions with placeholder parameters to 
see what was possible to express with them. For example, P2 wrote 
drawFish(100,100,100) and moved their cursor onto the func-
tion name and its parameters in order to bound their exploration 
with Perpend. P2 described using Perpend in this way as “giving 
[Perpend] a hook into what [they] wanted it to change, as opposed 
to changing the entire thing" and that using Perpend “felt very 
additive" to their existing programming practice, adding a “mea-
sured amount of craziness" (P2) to explore within the bounds they 
expressed with their program structure. In these ways, participants 
could articulate what they intended to explore into the structure of 
their program, bounding Perpend to display the possible edits of a 
function call written in order to explore it with Perpend. 

Perpend Helped Find New Paths when the Current One Ran Out. 
When participants (P1, P2, P7, P8) struggled to find direction, Per-
pend gave them new questions to pose—it helped participants “pick 
up momentum" (P1) when they had difficulty seeing where they 
might go next. By “just clicking" (P8) around their program text, 
Perpend’s continually updating gallery moved P8 to “a good start-
ing point" that they could “start building from" (P8). In P2’s words, 
seeing Perpend’s “visualization of the space of options of where 
I can go next” made “[their modifications on the program] feel 
more like choices, and less like things that happened because [they] 
failed to articulate [themselves]" (P2). Perpend’s gallery provided a 
visualization of possible modifications so participants could better 
understand the space of where they might go next, helping them 
understand what they might intend to express by showing them 
what would be possible to express. Perpend displayed valid mod-
ifications given the design of the language to give participants a 
sense of what might be possible, which, when they had temporarily 
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run out of creative “momentum” (P1), gave them new directions in 
which to continue their work. 

6.3 Shifting Focus Between The Program and Its 
Output 

Some participants (P1, P2, P3, P6) discussed two different ways of 
working with p5.js: First, in a visual-to-program style, where the 
practitioner has a visual output in mind that they seek to instantiate 
with changes to their program, and second, in a program-to-visual 
style, where the practitioner modifies their program to explore its 
emergent visual result. P2 described this distinction as working 
“programmatically” (working with the program to understand its 
possibilities) vs. “thinking like someone who draws” (working with 
the visual output to form intentions for the program). In this sec-
tion, we describe first how DMEditor seemed especially suited for 
this visual-to-program style, finding programs which created target 
visual outputs. By contrast, Perpend seemed to support both styles, 
and additionally seemed to support working between them more 
easily. 

6.3.1 DMEditor Helped Participants Use a Visual-to-Program Style. 
DMEditor’s ColorPicker and shapeToolBox encouraged a visual-
to-program style, which was well-suited to tasks such as matching 
sky and cloud colors to a reference image (P6), or drawing a fish by 
arranging a circle and triangle in the appropriate relative positions 
and sizes (P2) in shapeToolBox. What we call working visual-to-
program, P2 described as “thinking representationally" (P2). As P2 
said sarcastically, “I draw [a] circle... I draw [a] triangle... [It looks] 
like [a] fish now" (P2). Similarly, P6 described how shapeToolBox 
encouraged them to view the code as an afterthought: “I would say 
I almost didn’t pay attention to the code . . . because at that point 
it was just a bunch of numbers and I could just move [the shape 
directly in shapeToolBox]." 

6.3.2 Perpend Supported Participants in Both Visual-to-Program 
and Program-to-Visual Activities. In contrast to DMEditor, Perpend 
supported participants both when focusing on program output, 
“working backwards" (P3) to program text (visual-to-program) and 
when focusing on modifying their program to see the visual result 
(program-to-visual). 

How Participants Used Perpend in a Visual-To-Program Style. 
Many participants (P1, P2, P3, P4, P7) accepted modifications from 
Perpend’s gallery based on visual output, and “work[ed] backwards” 
(P3) to understand how the program modifications produced that 
visual change. When clicking on the fill() function, P7 tested one 
modification, saying “This [modification] kind of works though. I 
think it’s color-coded based on what frame we’re on? It’s actually 
kind of helpful." After accepting modifications to their circle() 
function, P7 looked at the result and said “these are quite inter-
esting. I think it’s this rotate that’s doing something strange with 
the log(). Oh, and there’s a mouseX involved, so it should depend 
on where I am." Reflecting on this visual-to-program interaction, 
P3 pointed out the work required to regain an understanding of 
their program after they had accepted a modification: “. . . You’re 
just trying to look for interesting aesthetics. And you can work 
backwards from the interesting aesthetics, like ‘That’s great, how 
did the system that created it get [to the visual output]?’" 

How Participants Used Perpend in a Program-to-Visual Style. Some 
participants (P1, P2, P4) explored intentions for their program text 
with Perpend’s gallery. These intentions could be expressed through 
Perpend by clicking on a specific parameter such as “the x-position 
of the circle function" (P4) and “[seeing] what [Perpend is] chang-
ing" (P4), or “The third parameter, the blue, I’d like to edit the blue, 
see what ideas [Perpend] has” (P1). Another notable example of this 
was when P2 made the drawFish(x, y, width, height) function 
and clicked on it to bound the edits that would appear in the gallery. 
In each case, Perpend helped users explore questions originating in 
the program text through the display of visual possibilities. 

6.3.3 How Perpend Supported A Synergy between The Two Styles. 
While the previous sections discussed visual-to-program and 
program-to-visual separately, our findings also suggested that Per-
pend supported participants in more flexibly moving between these 
styles in the course of their work. By displaying the visual results 
of small programming changes, Perpend helped P2 use p5.js “like 
a drawing tool” (P2) and “a programming tool” (P2) simultaneously: 
“. . . I have both interests [in] being a . . . visual artist and also a 
programmatic—‘What will happen if I use math in this way?’— 
[artist] . . . and sometimes I have trouble meshing those two things 
because I think [p5.js] interactions are built for doing it one way 
or the other. I like how [Perpend] encouraged me to be able to 
do both.” P2 mentioned that “[With Perpend,] I still feel like I’m 
making those visual artistic choices” (P2) with their textual pro-
gramming without “getting lost in a documentation page trying 
to figure out what order parameters are supposed to be in" (P2). 
Many participants (P1, P2, P4, P5, P8, P9) mentioned the usefulness 
of Perpend’s gallery in selecting modifications from visual interest, 
so they could, as P4 put it, “see visually, ‘Oh! I like that. Let me 
do that’" (P4). Characterizing this interest as visual in contrast to 
an interest in the program would be misleading, however, because 
participants seemed to be interested in the visual outputs because 
they corresponded to interesting programs. In contrast to DMEditor, 
where “what you see [is] what you get" (P1), Perpend’s gallery of 
edits prompted questions about the underlying programs which 
generated the displayed visual outputs: “You can work backwards 
from the interesting aesthetics, like ‘That’s great, how did [Perpend] 
get [to the visual output]?’" (P3). For P3, “interesting aesthetics” 
were ultimately in service of exploring the possibilities of the pro-
gram: “There’s not only the space of what your code is actually 
outputting, there’s the space of what’s possible with a very small 
change, and you also want to explore that. And that’s something 
that [Perpend] can do really well.” In contrast to thinking about 
p5.js as a purely visual medium—“This can just be like Illustrator 
but 10 thousand times slower . . . that’s fine, but that’s not the best 
way to use the tool” (P1)—the unique aspects of p5.js as a pro-
cedural medium were exemplified for P1 by Perpend’s gallery of 
visually-discontinuous, but program-continuous possibilities: “I see 
[Perpend’s gallery] and I’m like ‘Yes, take me to that weird flying 
triangle’" (P1). 

6.3.4 Shifting Between the Output and the Program Required Main-
taining A Working Understanding of the Program. While some par-
ticipants enjoyed focusing on the displayed outputs of Perpend 
over the code modifications themselves (Section 6.3.2), participants 
(P1, P3, P4, P6, P8) still required a working understanding of their 
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program in their explorations. P1 said “I feel like there’s a limit to 
how many suggestions I can accept before I lose my mental model.” 
P4 emphasized this point by discussing how manually writing a pro-
gram was directly tied to their working understanding: “It seems 
like the process of being able to create the code and decide the 
arguments yourself is pretty important to maintaining this mental 
model in your mind of, ‘this is where everything is.’ It’s only possi-
ble because I’m the one who originally put [the code there]” (P4). 
Although these participants still chose to explore visual possibili-
ties and integrate modifications into their programs with Perpend, 
they emphasized a need for a working understanding of Perpend’s 
program modifications before continuing. 

6.3.5 Participants Tweaked and Reused Perpend’s Modifications; 
DMEditor Distanced Participants From Their Program. 

DMEditor Distanced Participants From Their Programs. Partic-
ipants (P2, P5, P6) sometimes struggled to connect their work 
in DMEditor back to their program text, as DMEditor seemed to 
encourage working only in terms of the visual output. P6 said, 
“[shapeToolBox] took away the association of what’s on the screen 
and what’s [in the code].” P2 created a visual representation of a 
fish using shapeToolBox but, when they tried to animate the fish 
in their program, ran into problems creating a suitable abstraction. 
They struggled to associate the visual representation with the pa-
rameters in the corresponding program text in order to abstract 
the numbers in circle()’s and triangle()’s fields into function 
parameters. P5 created a bezier curve petal in shapeToolBox but 
failed to rotate the petal around its center because they struggled to 
understand the eight fields in the bezier() function and their rela-
tionship to the orientation and position of the curve overall. While 
DMEditor enabled participants to create new programs through 
Direct Manipulation, the distance between the visual interface and 
the generated code gave some participants difficulty in utilizing the 
generated program text. 

Participants Tweaked, Reused, Repurposed Perpend Modifications. 
We observed that many participants (P2, P5, P6, P8) altered, re-
peatedly used, and ultimately repurposed constructs they first dis-
covered in the Perpend gallery. Some participants discussed how 
Perpend’s modifications expanded their p5.js vocabulary with new 
concepts and constructs. P6 described how seeing Perpend’s modifi-
cations in the context of their program gave them an understanding 
of how various expressions (i.e. sinusoid functions, temporal vari-
ables like frameCount, and modular arithmetic) could be applied 
elsewhere in their program. They said this differed from using an 
example found on the internet because Perpend was displaying a 
modification to their current program, and so they could more easily 
apply “the concept” to other places. Specifically, they pointed to the 
importance of seeing the visual result of using a sin() function 
around an existing expression they had selected within their current 
program—not understanding what sin() does abstractly in the 
general case, but understanding how it transformed an element of 
their own program: “Because it’s not just the code, it’s the intention 
behind choosing to put something within a sin()” (P6). P2 men-
tioned how Perpend broadened their p5.js vocabulary, analogous 
to other resources for learning about p5.js: “So sometimes I want 
[p5.js] to visually do something. I don’t really know how to do 

that, so I look for example code...and I’ll have the same feeling of 
like, ‘What the heck does that do? Let me just copy and paste that 
in, and then see what it does to mine.’ And [Perpend] feels like that, 
but faster . . . ” Overall, Perpend’s gallery of possible modifications 
to participants’ programs helped some participants incorporate 
Perpend’s modifications as new additions to their creative program-
ming pallette. 

7 Discussion 

7.1 Output-Directed Programming Without 
User-Provided Output Specifications 

7.1.1 Programming by Scaffolded Demonstration in Other Domains. 
While Perpend was designed for creative coding with p5.js, Ingold 
argues that understanding the possibilities of one’s materials is not 
unique to artistic domains, and is rather a part of any domain of 
skilled making. But where might PBSD be most useful? Reflecting 
on our study findings, we propose four characteristics for domains 
which might be well-suited for PBSD systems: 

(1) Domains in Which Users Write Programs to Discover. 
As we discussed in the introduction, PBSD aims to support 
output-centric programming in contexts where the task of 
writing a program is “to discover what it should do” [82]. We 
might expect, then, that PBSD might be most applicable to 
domains in which users author programs in order to explore 
what they intend for those programs to do. Domains such 
as exploratory data science [8], software prototyping [9], 
and web and interface design [28] are promising candidates. 
Additionally, we might expect domains where users can eas-
ily express the intended outputs of their program but have 
difficulty expressing the program itself (domains to which 
existing output-centric approaches are well-suited) to be 
less-promising domains for PBSD systems, as we see PBSD 
extending the range of applications of output-centric pro-
gramming rather than to compete with existing approaches. 
As we found in our comparison to DMEditor, however, some 
domains may fall somewhere in between. Users in these do-
mains may be best supported with a range of output-oriented 
ways to author programs—PBSD being one of them—and 
moving flexibly between approaches as their work changes. 

(2) Informative Visual Outputs. One reason we chose to de-
velop Perpend for p5.js is that users are already creating vi-
sual artifacts as their program output. For Perpend’s gallery 
of possibilities, the user’s ability to quickly scan outputs vi-
sually seemed essential. We would predict that successful 
PBSD systems in future domains will require ways to quickly 
display informative views of a program’s output so that users 
can understand their possible next steps at a glance. This 
does not mean, however, that PBSD is only suited to pro-
gramming situations which already produce visual images. 
Future work might explore how to build expressive visual-
izations of outputs so that users can quickly read and select 
from many options. For example, for programs that com-
pose transformations on objects like tables or dictionaries, 
we could show visualizations of the transformed objects. 
For programs that return single values (e.g., numeric values, 
string values), we could display the outputs in a sortable, 
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filterable, or searchable table rather than gallery view. For 
programs with location outputs, we could display outputs 
on a map instead of a gallery. Effective ways to visually com-
municate changes in program output are likely to be highly 
specific to a particular domain and use-case, and designing 
them would be an exciting question for future work. Future 
HCI research might also investigate new programming lan-
guages and interfaces for users to specify bespoke output 
visualizations for their unique situations, tailoring the visu-
alizations in a PBSD system to their personal requirements. 

(3) Complex Languages. One key finding from our user study 
(Section 6.2.2) was that users could leverage the features of 
a powerful language like JavaScript to structure Perpend’s 
gallery. Through user-defined functions, for loops, and local 
variables, participants changed the material possibilities of 
their programs—that is, changed what potential next pro-
grams were available through small textual edits. We think 
PBSD is especially suited to contexts where users are build-
ing complex programs, and pre-defined axes to compare and 
generate programs fall short. For example, in a hypothetical 
PBSD system in a data transformation and visualization, we 
might build within a language that has control flow, user-
defined abstraction, and complex data processing (such as 
R [75]) rather than implement a system with a config-style 
specification grammar like Vega-Lite [79]. Crucially, these 
language features would enable users to use the structure 
of their program text as their implicit dimensions for explo-
ration, rather than relying on predefined ones. Because the 
question a PBSD system is designed to answer is not "what 
program produces a desired (or even desirable) output?" but 
rather "what does my language make possible for my cur-
rent program?", we might imagine a PBSD system to be most 
useful in data cleaning and transformation stages, rather 
than visualization, where the question "what visualizations 
are possible given my data?" can lead to perceptually decep-
tive graphics without more structured approaches [62]. In 
this context, a PBSD system might display multiple visual-
izations of table transformations to convey the effect of a 
modification on their data. As we saw in Perpend, we might 
expect users to engage with such a gallery of modifications 
as possibilities which orient users to what program modifi-
cations and constructs are available to them to apply and 
tweak themselves, not as suggestions for literal changes to 
the program which the user accepts verbatim. Interestingly, 
we expect a PBSD tool can be useful in a complex language 
even without covering the whole language. For example, pro-
grammers write React within larger JavaScript programs. A 
PBSD system to support React programmers might trigger 
only when the user is editing the JSX markup (for context, 
React components return JSX markup); when the program-
mer clicks into the business logic above, the PBSD window 
would disappear. Patches in this PBSD system could be lim-
ited to modifying the JSX (including adding or modifying 
React components). The gallery would display screenshots 
of the modified webpages. 

7.1.2 Designing for Itineration, Rather than Iteration. Output-
directed systems have often focused on building ways for users to 
express procedural behavior in radically different ways than writing 
a textual program. By contrast, we argue that Perpend was success-
ful as an interface for “itineration" [37] because it focused on using 
visual outputs to deepen participants’ engagement with the pro-
gram text. In other words, by displaying the edits the programming 
language made possible in the user’s program, Perpend attempted 
to show users “the grain" of the language, without aligning with a 
specification the user had in mind. 

We presented Programming by Scaffolded Demonstration in Sec-
tion 4.2 as a new approach to programming systems design, but the 
questions we have for PBSD systems also change accordingly. If the 
questions Direct Manipulation Programming systems designers ask 
are “What representations of the work does a user already know 
how to provide, and how can a DM system synthesize a program 
from them?” and “What new interactions are possible when users 
can specify procedural behavior through visual manipulation?”, 
PBSD designers might ask “How can a PBSD system better situate 
the user in the possibilities of their language?" 

These questions are not necessarily in conflict. In fact, some of 
our participants (P2, P6, P8) requested using both tools in a single 
system because they were each valuable for separate reasons—to 
use Ingold’s vocabulary, DMEditor for “iteration" and Perpend for 
“itineration" [37], or, in the words of our participants, “dialing in" 
and navigating via a “sense of possible directions to move." Because 
DMEditor and PBSD serve different roles, we envision programming 
systems which include both, supporting users in complementary 
moments of their work. 

7.1.3 Supporting Users in Leveraging Program Structure To Guide 
Exploration. Because Perpend displayed modifications only at the 
cursor’s program location, users intentionally bounded their explo-
ration to specific regions and authored parts of their programs to 
direct Perpend’s gallery (Section 6.2.2). Future PBSD systems should 
consider how they might better leverage program structure to en-
able finer-grained focusing by the user. Perpend used the current 
cursor location, but future systems might experiment with interac-
tions such as dragging over a region, highlighting multiple disjoint 
parts of the user’s program, or selecting based on annotations like 
indentation and comments. 

Another way to do this, we propose, is to consider programming 
language design decisions which enable this finer-grained focusing. 
For example, in p5.js, fill() calls set a global color for all shapes 
that are drawn afterwards until another color is set. This presented 
difficulty for P3 and P5 when they only wanted to change the color 
of a single shape. By changing the language, for example adding an 
optional color parameter to be passed to a shape directly, or a with 
construct which could specify a context, users might have more 
flexibility in how they bound Perpend’s exploration. Language 
design decisions like these could open possibilities for users to 
direct a PBSD system more precisely by writing their program in 
different ways. 

7.1.4 Supporting Users in Expanding Their Own Vocabulary of Pro-
gram Modifications. One surprise from our study was how some 
participants utilized the modifications displayed by Perpend else-
where in their programs. Beyond understanding a single program 
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modification in a sufficient way to continue working, some partici-
pants added those modifications to their own working vocabulary 
in Processing, as P6 did with sin() and frameCount in Section 
6.3.5. We have already discussed how future work could support 
users in understanding modifications selected from Perpend, but 
PBSD could go further: better supporting users in adding new tools 
into their own programming toolboxes. Two potential strengths of 
Perpend in this respect were, first, in displaying the textual program 
change immediately below the visual output, so that users could 
understand the textual change which would lead to that image; and 
second, in changing the program only at the cursor position, so 
that users could understand the consequences of the change in their 
program and at that specific location in the program. In Section 6.3.5, 
P2 described Perpend as an easier alternative to inserting examples 
from the internet into their program. Rather than displaying an 
entirely different program, of which a user like P2 is only seeking 
a small part to integrate into their own work, Perpend displays the 
user’s current program with only the single modification. We think 
this aspect of Perpend played a crucial role for P6, where Perpend 
helped them incorporate sin() into their vocabulary by showing 
them how and why they might use it: “Because it’s not just the 
code, it’s the intention behind choosing to put something within a 
sin()." 

7.1.5 Supporting Perspective-Shifting. As we found in Section 6.3.1, 
participants found DMEditor most useful for working in what we 
called a visual-to-program style, in some cases shifting focus away 
from the program significantly. By contrast, participants using Per-
pend seemed to keep both their program and its visual output in 
focus during their work (Section 6.3.2). Rather than aim to support 
users composing programs through outputs instead of working in 
the program text (as many output-centric systems do), we intended 
Perpend to help users understand their outputs and the correspond-
ing programs as two crucial halves of the programming work. As 
we discussed in Section 6.3.3, for many of our participants, a “vi-
sual[ly]" (P2) interesting image was not in practice separable from 
an image generated by an interesting program. By displaying simple 
modifications at one place in the program, both in terms of the 
textual change and the generated visual output, Perpend seemed 
to support participants in working between both styles more eas-
ily. For domains like Processing, where both the program and the 
program output are meaningful parts of the work, output-directed 
programming systems need to support this perspective-shifting. 

7.2 Understanding and Designing For 
Programming as a Material 

7.2.1 Supporting Programming as a Manual Practice. Jacobs et 
al [40] distinguish between manual practices, such as drawing 
or sculpting, and procedural practices, such as programming. Man-
ual practices, on this picture, are “intuitive” (non-theoretical) and 
learned through “physical practice” and “direct material engage-
ment.” Procedural practices are “analytic” and accomplished through 
theory or formal knowledge. A key argument the authors make 
with their system, Dynamic Brushes, is that “. . . many manual artists 
are interested in both” and that “the right computational interface 
could enable manual artists to bridge analytic and intuitive prac-
tices.” In our study we found evidence for the complementary claim: 

that programming (a “procedural” practice) is in some aspects a 
manual practice, and that the right interfaces (i.e., Perpend) can 
support programmers as well in both the “analytic” and “intuitive” 
aspects of their work. To see how programming can be a “manual” 
practice, we turned back to Ingold. He gives us one way to think 
about the manual/procedural distinction in terms of a practitioner’s 
expertise and their “feel” for their craft: 

The carpenter who has a feel for what he is doing is 
one who can bring the many concurrent variations 
with which he must engage more or less into phase 
with one another. This calls for continual correction, 
in response to an ongoing perceptual monitoring of 
the task as it unfolds. — Tim Ingold, The Textility of 
Making [37] 

Reflecting on our conversations with participants, many high-
lighted this “feel" for their p5.js programs. Ingold helps us see that 
developing such a “feel" might be an important part of their manual 
expertise. P8 told us that their work often consists in “see[ing] 
where [their program] goes" as they are “carving" and “shaping" 
the program’s behavior improvisationally. They prioritized “just 
getting [a program] up" into the editor and “figuring out how to 
work with it once it’s up there" without a “solid idea of what I want 
[my p5.js compositions] to look like in the end." P2 described their 
itinerant work in p5.js rather explicitly: “I actually might want an 
idea that’s different from what I’m envisioning, but is a result of 
what I tried to articulate?" (P2). P1 told us how Perpend prompted 
them to consider the ways that an analytical ideal of working with 
Processing was unrealistic, and reflected on how programming 
with Processing felt like following a material: “[Perpend] sort of 
crushes this idea I have of the platonic, perfect Processing person 
who is able to manifest their vision through code perfectly with no 
major mistakes. They’re just like, ‘I know exactly what ... sort of 
style [or] color thing I want’ versus the person who is like, ‘I admit 
that the world is unknowable, and art is unknowable and what it 
may make me feel is in the hands of others’" (P1). 

In each case, their expertise is not only in mastering a set of 
logical rules, but also in knowing how to attend to the programming 
language as a material and to follow its “grain"—in having a feel 
for the program. In this light, we argue that programming should 
be seen as also having meaningfully manual dimension, and that 
this manual aspect of programming can and should be supported 
by programming tools. 

Tool Design for Programming as a Manual Practice. If program-
ming is a manual practice, how might tools recognize and support 
this? One idea came from P4, discussing how they had occasionally 
paused development to regain understanding while using Perpend. 
They described how the manual practice of programming supported 
their working understanding: “Maintaining [a] mental model [of 
the code is] ... only possible because I’m the one who originally put 
that [code there]” (P4). Why did this happen? One explanation is 
that Perpend interrupted their rhythm. Because Perpend modified 
the user’s code directly, the normal rhythm of manually typing 
the program change never happened. If, as we argue, we should 
see programming as partly a manual practice, then P4’s skill in 
maintaining a “feel" for the program could be a crucial way they 
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maintain a working understanding. This resonated with a partici-
pant quote from McNutt et al. [63]: “in the arts, there’s a real value 
to slowing down and taking the hood off things. Because it lets you 
ask critical questions, [such as] if you’re truly engaging with it as 
a medium.” If part of the “rhythm" of programming is learning to 
see the local possibilities and consequences of a program change 
as one is typing it, then it is not surprising that P4 needed to pause: 
Perpend had interrupted their rhythm. 

Thinking about programming as a manual practice prompts us 
to ask how we might study, support, or simply not interrupt a 
programmer’s sense of “rhythm", their “ongoing perceptual mon-
itoring" and “continual correction" as they work. If part of the 
expertise of a programmer is in developing a “feel," in addition to 
formal knowledge or logical reasoning, programming tools need to 
be aware of how they impact both. 

7.2.2 Program(mming Language)s as Materials. We have argued 
that programming is an engagement with a material, namely a 
programming language. The goal of Perpend (and a PBSD system 
in general) is to support users in understanding the “grain" of this 
material, or the space of programs reachable from small textual 
edits, which is determined by the structure of the programming 
language. In this sense, Perpend aims to bring users’ awareness to 
their programming languages as spaces of possibility—with all of 
their contours, rough edges, and well-worn grooves. In the case of 
programming languages like JavaScript and p5.js, the question 
of their “grain"—what they make difficult, easy, possible, or nec-
essary to say—is a question of the choices of a language designer. 
Supporting users in seeing and following these grains would then 
also entail making more visible that programming languages are 
not a neutral substrate, but are designed, and could be designed 
otherwise. 

But drawing a such a stark divide between the user’s program 
and their programming language would be misleading. We argue 
that programmers are already designing their language, and there-
fore, they are already changing their material. An example comes 
from Section 6.2.2, when P2 wrote a new function in order to bound 
Perpend’s gallery to specific parameters: “. . . I even found myself 
writing fill()-something, so I could see what other things [Per-
pend] could give me for fill(), but I could [also] put drawFish() 
[a custom function] and click on it and see what it could give me 
for drawFish(). I think that was me saying, "I want possibilities 
for this specifically" (P2). By creating a new abstraction, P2 added 
a new contour to their programming language in order to direct 
Perpend’s gallery.2 While Perpend focused on helping participants 
understand the programming language as a material, we argue now 
that programs themselves already shape that material. When pro-
grammers “follow the material," they are thus shaping that material 
as well. 

As tool designers, understanding a program as a material might 
suggest building tools which better leverage users’ programs as 
already articulated spaces of possibility. Rather than asking how 
interfaces can provide alternative representations to compose pro-
grams aside from the program text, we might ask how programming 

2Loretta Rose Guarino, in her survey on abstraction: "We can view every large program-
ming project as involving the design, use, and implementation of a special-purpose 
programming language." [26] 

tools can better respond to, and be shaped by, the structure of the 
user’s program itself. The user’s program, in this sense, is already 
a rich articulation of where they wish to go. 

8 Limitations and Future Work 
The primary limitations for this study were the duration of the 
study session and only having a single session per participant. Un-
fortunately two hours was the most we felt comfortable asking 
participants to schedule without burden, but it was very short from 
the perspective of observing artmaking. Future work should ob-
serve tool use over a longer continuous duration. Secondly, we were 
also limited in the number of sessions. Running multiple observa-
tions with each participant would allow us to see if participants 
responded differently to DM and Perpend as they became more 
comfortable with them. While of course more participants would 
help us see a more diverse set of artists, we do not expect artists 
to be a homogeneous group, nor would we expect any sample to 
be representative of artists as a whole. That being said, studying 
a greater number of participants would have let us observe more 
perspectives and more ways of using Perpend. 

While Perpend was not designed to help novice programmers 
learn Javascript or p5.js, future PBSD systems might explore how 
to help novices discover new features of their languages or refine 
fluency with existing concepts. As we saw in Section 6.3.5, Perpend 
seemed to support some participants in deepening their under-
standing of p5.js constructs. For users unfamiliar with more basic 
programming constructs however (e.g., control flow, abstraction, 
variables), displayed edits to introduce those constructs may not 
be very effective if they require significant modification of a user’s 
program at multiple places in the program text. On the other hand, 
supporting expert users for long-term engagement with PBSD sys-
tems might be best accomplished by supporting users to author 
their own (and perhaps more complex) rewrite rules and support 
user-defined palettes of insertions from existing code in a user’s 
corpus. 

9 Conclusion 
This work explored the role of output-centric programming for do-
mains where the user writes a program "to discover what it should 
do, not to satisfy a prior specification" [82]. We found that one 
answer is to support the user’s interaction with the programming 
language as a material: as a space of possibilities to be followed, 
rather than a substance onto which a prior intention is imposed. We 
introduced Programming By Scaffolded Demonstration to help users 
navigate this space of possibility opened by their language, enabling 
users to compose a program through selection of valid textual mod-
ifications and their resulting outputs. While other output-directed 
systems often seek to mediate between a user and their textual 
program, our study on Perpend showed that output-directed sys-
tems can instead support the programming text itself as already a 
rich site of surprise and exploration for both the program and its 
output. We found that Perpend supported users in taking up their 
own programs as spaces of possibility, modifying their program 
structure to change the space of possible programs which Perpend 
displayed. By displaying small modifications to the program text 
given the structure of their language, Perpend helped users engage 
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with their programs not just as efficient means to a desired output, 
but as an expression through a specific material—a language—with 
its own syntactic and semantic contours. 
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A Functions, Variables, and Operators used in 
Perpend Modifications 

Shapes, lines, and 
related functions 

scale, rotate, stroke, 
noStroke, ellipse, 
fill, noFill, 
translate, line, quad, 
triangle, erase, 
noErase 

Sinusoids and numerical 
distributions 

sin, cos, tan, noise, 
random 

Variables frameCount, mouseX, 
mouseY, 100, 200, 
User-defined variables 

Arithmetic Operators *, +, -, /, % 

Figure 8: A list of functions, variables and operators used in 
Perpend’s patches. 

B Participant Programming Background and 
p5.js Experience 

Self-Rated 
Processing 
Experience 
1 (Beginner) 
10 (Expert) 

Self-Rated 
Programming 
Experience 
1 (Beginner) 
5 (Expert) 

What do you use 
Processing/p5.js for? 

What types of media do 
you make with 
Processing/p5.js? 

P1 7 3 Art practice, graphic design, 
interactive tool programming 

Printed textiles, 2D and 3D art, 
interactive interfaces 

P2 6 4 Art practice, teaching, for fun 2D art, animated art, 
interactive art 

P3 4 3 Generative art 2D art 
P4 3 4 2D Art 2D art, interactive interfaces 
P5 4 4 Art practice Interactive interfaces 
P6 4 3 Art practice, school 

assignments 
2D animated art, interactive 
art 

P7 8 3 Art practice, school 
assignments 

2D art, interactive art 

P8 7 4 Art practice 2D art 
P9 5 4 Design work, interaction 

design 
Sound, interactive art, 2D art 

Figure 9: While our participants used p5.js for a diversity of use cases, each had significant experience with both p5.js and 
programming in general. 

https://Processing/p5.js
https://Processing/p5.js
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