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Figure 1: Proposals for sketching commands on spreadsheets: a) Multiplying a cell with the sum of other cells; b) Calculating
multiple sums; c) Sorting a column alphabetically; d) Applying conditional formatting to cells; and e) Deleting a table column

Abstract
Sketching is one of the oldest techniques humans use to express
themselves. We sketch to visualize concepts, externalize memory,
and communicate ideas. However, we barely use sketching to in-
teract with computers. Given how naturally sketching comes to
humans, we believe untapped potential exists in being able to sim-
ply draw commands onto a user interface. In this paper, we present
results of an elicitation study about expressing common operations
in spreadsheets through sketching. Spreadsheets are an interesting
class of applications because they are widely used, support complex
data and operations, and are available on touch-enabled devices.
Our results show that despite considerable variation in syntactic
details, participants gravitate towards recurring patterns (e.g., en-
closures and arrows, examples and cross-references, and temporal
sequences of strokes). The sketch patterns we identified can be a
first step towards developing interpreters of sketched commands,
and thus enable new means of interacting with spreadsheets and
other applications.
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1 Introduction
Sketching – the creation of informal, ad-hoc drawings – comes
naturally to humans and is one of the oldest communication tech-
niques we employ, second only to speech in order to express our-
selves from a young age [9]. We sketch to organize and externalize
our thoughts [42], and to communicate concepts and ideas to our
peers [6], whether in the arts, sciences, or in engineering disciplines.
Sketching also is an essential part of human-computer interaction
(HCI): Most design teams (about 97% [24]) sketch in the early phases
of development projects, and dedicated methods exist for collabo-
rative informal sketching (e.g., [14, 16, 32, 49, 52]).

Digital pens or styluses have been an accessory to mobile devices
since the release of the first personal digital assistant (PDA) about
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30 years ago, but have rarely been used as more than a precise point-
ing device, an emulated paintbrush, or a tool for handwriting input.
Given how naturally sketching comes to humans when expressing
plans and concepts, it is surprising that it is far less common to
express commands through sketching than through keyboard short-
cuts, mouse clicks, or touch gestures. Although the technical means
for sketching on interactive surfaces exist, only few approaches
leverage such input to express commands (see Section 2).

We therefore hypothesize there is untapped potential in enabling
users to interact with applications by drawing directly on their
graphical user interface (GUI) with digital ink, in similar ways
as copy editors annotate printed manuscripts in order to express
desired changes.

1.1 Sketching on Spreadsheets
We focus on spreadsheets as a particularly interesting case for
sketching: They are commonly used by many people [33], can be
quite complex in terms of structure and possible operations [5],
lend themselves to direct manipulation [2], and are available on
touch-enabled devices that can be operated with a digital pen.

However, spreadsheets often display a lot of data and thus require
a lot of screen real estate that, on mobile devices, is severely en-
croached upon whenever users need to use the on-screen keyboard.
We argue that simply sketching commands on the GUI would yield
a better user experience, because it allows users to interact more
naturally and immediately with their data than through complex
menus and the disruptive on-screen keyboard.

As a first step towards enabling interaction with spreadsheets
through sketching in ways that go beyond mere handwriting recog-
nition and visual annotation, we conducted an elicitation study in
which we asked participants to express a variety of common spread-
sheet operations by sketching on top of an application’s GUI (see
Figure 1 for some examples). The insights from our study can serve
as a starting point for understanding how users conceptualize and
visually express complex operations, what variety and commonality
exists in those sketch expressions, and how they can be recognized
and interpreted by the user interface (UI) logic of sketch-enabled
spreadsheets, and potentially other classes of software applications.

1.2 Goals and Contributions
Our study was guided by the following research questions (RQ):

• How would users sketch common spreadsheet operations?
(RQ1) Specifically, how would they:
– edit data in particular cells? (RQ1.1)
– manipulate the spreadsheet’s structure? (RQ1.2)
– format data in particular cells? (RQ1.3)
– visualize data in the spreadsheet? (RQ1.4)
– perform arithmetic operations? (RQ1.5)

• What larger patterns and strategies do users employ in sketch
expressions that may be relevant for their automated inter-
pretation? (RQ2)

As detailed in Section 3, we presented 36 participants with 20
referents, asked them to express the respective operations through
sketching, categorized their proposals for the calculation of agree-
ment rates, and identified emerging patterns. Our results (Section 4)
show that despite considerable syntactical variation in the visual

expression of commands, many participants tended to gravitate
to conceptually similar patterns of sketch expressions. As we dis-
cuss in Section 5, our participants’ proposals provided insights into
larger patterns such as

• how participants used different visual expressions for select-
ing and connecting elements of their sketch and/or elements
of the application’s GUI;

• how participants expressed repetition of commands and con-
tinuations of series in spreadsheets;

• how participants sketched examples to specify desired out-
comes of commands;

• how participants leveraged drawing styles, table structures,
and the temporal sequence of sketch elements to imply in-
formation that was not sketched explicitly;

• when participants fell back to preferring GUI interactions
over sketching commands.

Our contribution to the field of HCI in general and the field of
interacting with interactive surfaces in particular is thus threefold:

• an analysis of agreement across the sketched expression of
20 common spreadsheet commands by 36 study participants;

• specific patterns for the sketched expression of five funda-
mental classes of spreadsheet commands, and general sketch-
ing strategies derived from them; and

• insights into requirements for the sketch recognition and
command interpretation components of future applications.

2 Related Work
Our study builds upon four aspects: Using sketching as an interac-
tion modality (Section 2.1), expressing commands through sketches
(Section 2.2), interacting with spreadsheets on mobile devices (Sec-
tion 2.3), and conducting elicitation studies (Section 2.4).

2.1 Sketching as an Interaction Modality
Sketching can be understood as an interaction on a wide range of
timescales, where the interval between creation and interpretation
of the sketch influences which aspect of the sketch carries most
information.

Some paper sketches may not be revisited, revised or responded
to until days, weeks or months after they have been drawn – ei-
ther by the author themselves, or by recipients unknown to the
author. Dix and Gongora [8, p. 1] describe sketching as an artifact
in a form of externalization, the “active shaping of the world as
an intellectual resource”, where sketches, alongside models and
prototypes, represent an abstraction of a product and serve as a
form of communication with clients or colleagues. They empha-
size how externalizations, and thus sketches, serve as a means of
interaction with the world (e.g., through an architectural model),
with others (e.g., through a diagram), and even with oneself (e.g., by
taking notes). In HCI design, for example, sketches are at the very
core of moving from an idea to a particular solution [3, 11], with
dedicated courses and tutorials existing on how to apply sketching
when developing a suitable user experience (e.g., Marquardt [20] at
CHI’17). For such long-term consumption by potentially unknown
audiences, the sketch needs to be refined to the level of an almost
self-explanatory artifact, or be embedded in rich persistent context.
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In collaborative work on a whiteboard, sketches become part
of a context-laden conversation, being perceived and evolved on
a timescale of seconds or minutes. Such a conversational sketch
might contain minimal explicit information, but rely heavily on the
ephemeral context established between the interlocutors who are
using the sketch to support and focus their conversation [6, 19].

When drawing with a digital stylus in a software tool (such as
the early InkKit [7] and its many successors), sketching becomes
an almost real-time activity: Beyond reacting immediately to some
strokes or shapes (whether by just displaying digital ink, or by,
e.g., highlighting underlying content to indicate the extent of a
selection), the application might wait for the user to complete a
more complex shape or sketch in order to interpret and respond to
it as a whole. In such real-time interaction, the process of sketching
(i.e., the particular spatial arrangement and temporal sequence
of strokes in relation to some substrate) may carry just as much
information as its final outcome, the sketch.

Touch gestures [55] are at the extreme end of this spectrum, as
they typically do not involve the creation of a visual artifact at all,
but transport all their information in their performance. However,
compared to a fingertip, a stylus producing digital ink enables a
much higher precision when relating shapes to each other and
the underlying content, allowing the user to create more detailed,
complex, and substrate-related expressions of intended commands
through sketching than through gesturing [41].

2.2 Sketches as Command Expressions
Sketches have been proposed as a means to convey user intentions
in a variety of domains and forms. In DataInk [51], sketching is
closely integrated into an iterative design process that interleaves
illustration, layout and data binding to define interactive data visu-
alizations. Similarly, Doodle2App [21] lets users sketch GUI widgets
in order to generate working GUI prototypes, and PSDoodle [22]
allows users to sketch a GUI in order to search for similar interface
designs. More recently, Lee et al. [17] have compared sketch-based
and text-based prompts for generative artificial intelligence models,
and describe how both influence the design process of real-world
objects. Such uses of sketching to parameterize operations are con-
venient when the parameters are difficult or tedious to express by
other means, e.g., verbally.

Other approaches use sketches to trigger operations. Taking
inspiration from the traditional process of writing and revising mu-
sical notation on paper, Musink [39] uses an Anoto pen to bridge
the gap between paper and software. The system enables users
to define their own handwritten annotations of musical notation
on paper, and associate those gestures with commands to be exe-
cuted by a music composition tool. This approach is notable both
for employing user-defined sketches to trigger commands, and its
integration of physical and digital media.

KnottyGestures [40] establishes a similar connection between
paper-based content and digital operations on that content. Using a
Livescribe pen, users can add small circles as interactive decorations
to their pen strokes on paper. These “knots” serve as custom, in-situ
UI elements for simple operations such as controlling the audio
playback or interacting with written content (such as performing
mathematical operations on tabular data).

In the domain of data analysis, SketchSliders [38] enables users
to interact with data visualizations by sketching GUI elements that
they would like to use to analyze data on the fly. By creating their
own “data controllers”, users gain freedom to tailor the interaction
with the data to their needs at runtime.

In a similar vein, ActiveInk [29] allows users to examine data in-
teractively, enabling them to sketch on data visualizations in order
to perform actions like isolating (cutting) parts of data for further
processing. It thus shows how sketching can be used to externalize
thoughts during data analysis. However, the externalization behav-
ior of users depends on what analysis stage they are in, and thus
requires consideration during application design [15].

CodePad [25] allows software developers to interact with source
code in an integrated development environment (IDE) through
sketches drawn on a peripheral screen. Similarly, Raab [28] and
Samuelsson and Book [30] explore how sketching can be used to
interact with an IDE by drawing on top of source code.

Transferring these approaches to spreadsheets, we pursue the
same goal of using sketching as a command-expression modality:
We hypothesize that users might find it intuitive to sketch on a dig-
ital spreadsheet like they would on a printed table, e.g., using lines,
arrows, and enclosures, in order to express desired modifications,
calculations, and other operations – especially in the absence of
traditional input modalities such as a mouse and keyboard.

2.3 Interaction with Spreadsheets
Spreadsheets have been reported to be hard to comprehend [36],
which, among other things, is due to their visual expansiveness, the
amount of data contained in them, and the conceptual and formu-
laic relationships between their cells. Spreadsheets have therefore
received plenty of attention from the HCI community, e.g., to sim-
plify formula programming with natural language [35]. For the sake
of brevity, we will focus our review on gesture-based interaction
on mobile devices and the use of pens for sketching.

Perelman et al. [26, 27] propose to use a smartphone as an ex-
tension for a tablet to decouple the command layer from the visual-
ization layer. Others have introduced gestures into spreadsheets,
which we consider closely related to sketches as they build upon
a similar kind of spatio-temporal input. Burnett and Gottfried [2],
for example, introduce self-defined gestures into spreadsheets to
create and manipulate graphical objects, and Takayama et al. [37]
elicited mid-air gestures for operations such as inserting, deleting
and sorting cells.

Other works have introduced basic sketching to simplify spread-
sheet creation. With Tableur [54], users can quickly sketch outlines
of spreadsheets and use a gesture to solidify the sketch into a spread-
sheet. The tool also allows users to write simple formulae that are
converted with the help of handwriting and math recognition into
executable parts of the spreadsheet. Gesslein et al. [10] move the
interaction into virtual reality, motivated by the availability of un-
limited screen real estate, and propose to use a (real) pen that is
mapped into the virtual reality to interact with spreadsheets.

However, the focus of these approaches remains on using the
pen as an alternative for touch input, handwriting and menu inter-
action, not for expressing commands in immediate relation to the
spreadsheet contents.
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Cavez et al. [4] argue that spreadsheets present a unique chal-
lenge for interaction design as they consist of three layers – grid,
value, and navigation – that interfere with each other when it
comes to user input. As a consequence, even simple tasks such as
selecting elements can become frustrating. Based on an elicitation
study, they introduce dedicated interaction modalities for differ-
ent aspects: Using the pen to select, single-touch to manipulate,
and multi-touch to navigate. Most notably, they use pen input for
fine-grained selection not only on the grid level (i.e., single cells),
but also on the value level (i.e., parts of a value). Their study is
focused on different direct manipulation tasks, emphasizing what
users could be capable of if application providers would implement
all possibilities. Some of their findings are also reflected in our data,
e.g., that users commonly employ encircling and underlining for
selection, but our study extends the use of pens beyond selection
and introduces sketching as an alternative interaction modality
enabling users to express a broad variety of complex commands.

2.4 Elicitation Studies and Agreement Measures
Elicitation studies – studies where participants are presented with
a system’s action and have to propose a suitable interaction – have
become exceptionally popular in recent years, especially in the
area of gesture-based applications. Since their introduction in 2005
as a guessability study [47] and the first incarnation in the area
of gesture-based interaction by Wobbrock et al. [48], a plethora
of elicitation studies have been conducted in areas as diverse as
eliciting gestures for police officers interacting with drones [13],
analyzing differences in gestures performed by different age groups
[12], identifying mid-air gestures for interaction with spreadsheets
[37], and interacting with source code through sketching [30, 31].
Villarreal-Narvaez et al. [45] reviewed 216 gesture elicitation stud-
ies, emphasizing their popularity, but also highlighting several
concerns, especially regarding participant selection.

Vatavu and Wobbrock [44] describe in general how elicitation
studies should be evaluated with regard to calculating agreement
measures under different circumstances, and how to perform subse-
quent statistical evaluations. Our approach to analyze the gathered
data follows their recommendations (see Section 3.5).

3 Method
To answer our research questions, we conducted an elicitation study,
inspired by approaches for identifying suitable gestures with users.
While alternatives, e.g., an exploratory study, would also have been
suitable, we opted for an elicitation study to benefit from the es-
tablished analytical framework and the similarities of gesture- and
sketch-based applications. Furthermore, we were curious about
similarities in responses, whose analysis is at the core of elicitation
studies. In the following subsections, we describe our participant
cohort (Section 3.1), the referents we prompted participants to
propose sketches for (Section 3.2), the application used for data
collection (Section 3.3), the setup and process of the elicitation ses-
sions (Section 3.4), and our approach to coding and categorizing
the participants’ proposals (Section 3.5).

3.1 Participants
We recruited 36 volunteers; 18 from Germany and 18 from Iceland.
Four additional participants (two from either country) piloted the
study to test and refine the methodology and phrasing of tasks, but
their responses were removed from the result set.

A key criterion in selecting the participants was their prior ex-
perience with spreadsheets. All participants confirmed having at
least basic knowledge and some practical experience with using
spreadsheets. While some participants had extensive and long-term
experience, others’ spreadsheet experience was limited to basic
functions.

One participant indicated having experience with using spread-
sheets on a tablet, and three participants indicated having used
spreadsheets on other touch-enabled devices such as smartphones.
Twenty-four participants reported owning a private tablet, 11 of
which mainly use their tablet for surfing the Internet. Seven in-
dicated that they predominantly use their tablet for work, while
others use it for gaming, reading books, and consuming other media
(two each). Fifteen participants indicated they had experience with
using a pen or stylus on a tablet.

Seven participants were 18–24 years old, 18 were 25–30 years
old, and 11 participants were 30–40 years old. Twelve participants
were female, 23 were male, and one identified as non-binary. Three
participants were left-handed, and 33 were right-handed.

The study was approved by the ethics committee of the Faculty
of Business Administration and Economics at the University of
Duisburg-Essen in September 2023. All participants consented to
the anonymous collection of ink strokes, survey responses, and
screen recordings. Participants did not receive any compensation
and could withdraw from the study at any time.

3.2 Tasks
We asked each participant to solve a set of 20 tasks involving com-
mon spreadsheet operations (see Table 1). We designed the tasks to
cover five different types of operations:

• Data Edit (RQ1.1): Operations to change cell contents, e.g.,
entering or deleting values (Tasks 1, 2, 3, and 14).

• Structure Change (RQ1.2): Operations to modify the structure
of the spreadsheet, e.g., inserting, transposing, and sorting
cells (Tasks 5, 6, 7, 15, and 16).1

• Formatting (RQ1.3): Operations to modify the visual presen-
tation of cell content, e.g., framing or coloring cells (Tasks 9,
10, 11, and 19).

• Visualization (RQ1.4): Operations to govern graphical repre-
sentations, e.g., creating charts (Tasks 12 and 13).2

• Calculation (RQ1.5): Arithmetic operations that involve the
contents of several cells, such as adding or multiplying val-
ues (Tasks 4, 8, 17, 18, and 20).

1One might argue that the distinction between modifying cell contents and altering
spreadsheet structure is fluid. For example, sorting and transposing cells may be seen
as either localized value changes or broader structural modifications. We classified
operations as “data edits” when they would change the data, while operations that
merely changed the data’s organization but not their values as “structural changes”.
2Formatting and visualization are related but distinct: formatting concerns the ty-
pographic presentation of raw values, while visualization represents values in non-
alphanumeric forms like charts.
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Table 1: Elicitation study tasks (annotations in [ ] indicating action and parameter components were not shown to participants)

Task Title Prompt Task Type / RQ Group

1 Change value Enter the value [A] 100 [P1] into cell F9 [P2]. Data Edit (RQ1.1) W
2 Delete value Delete the contents [A] of cell E8 [P1]. Data Edit (RQ1.1) W
3 Delete values Delete the contents [A] of cells J7–J11 [P1]. Data Edit (RQ1.1) A
4 Add two values Calculate the sum [A] of cells I8 [P1] and J8 [P2] in cell K8 [P3]. Calculation (RQ1.5) A
5 Insert column Insert a new column [A] between columns B and C [P1]. Structure Change (RQ1.2) A
6 Remove column Remove the whole column [A] B [P1] from the table. Structure Change (RQ1.2) A
7 Move cells Move [A] cells A15–C15 [P1] to H3 [P2]. Structure Change (RQ1.2) A
8 Add multiple values Calculate the sum [A] of cells E7–E11 [P1] in cell E13 [P2]. Calculation (RQ1.5) B
9 Format values Format the values [A] in cells C7–C11 [P1] as Dollar amounts with two decimal

places [P2].
Formatting (RQ1.3) B

10 Frame cell Add a single frame [A] around cells A15–C15 [P1]. Formatting (RQ1.3) B
11 Transfer formatting Transfer the formatting [A] of cell A13 [P1] to cells E13–J13 [P2]. Formatting (RQ1.3) B
12 Create pie chart Create a pie chart [A] from the values in cells E8–J8 [P1]. Visualization (RQ1.4) B
13 Create bar chart Create a bar chart [A] from the values in cells C7–C11 [P1]. Visualization (RQ1.4) B
14 Continue series Continue the series of values [A] in row 6 (E6–J6) [P1] up to cell M6 [P2]. Data Edit (RQ1.1) B
15 Transpose values Transpose [A] the names in cells A7–A11 [P1] to row 17 [P2]. Structure Change (RQ1.2) B
16 Sort data Sort the data [A] in rows 7–11 [P1] alphabetically [P2] by the employee names

in column A [P3].
Structure Change (RQ1.2) C

17 Calculate multiple sums For each month, calculate the sum [A] of all employees’ hours [P1] in cells E13–
J13 [P2].

Calculation (RQ1.5) C

18 Construct formula For each employee, calculate [A] the gross hourly rate in column D [P3] by
factoring the overhead cost percentage from cell C15 [P2] into the net hourly
rate in column C [P1].

Calculation (RQ1.5) C

19 Conditional formatting Define a conditional formatting rule [A] for cells C7–C11 [P1] so values greater
than 200 [P2] are displayed in red but others in green [P3].

Formatting (RQ1.3) C

20 Multiply values Calculate [A] the total salary of employee Smith [by multiplication of cell C7 [P1]
with the sum of cells E7–J7 [P2]] in cell L7 [P3].

Calculation (RQ1.5) C

These tasks were chosen to represent a broad variety of opera-
tions, including commands that are:

• common in many applications (e.g., Task 1), or spreadsheet-
specific (e.g., Task 15)

• variations of the same operation (e.g., Tasks 2, 3, and 6)
• referring to different aspects of a spreadsheet – its con-
tents (e.g., Task 4), its grid (e.g., Task 5), its formatting (e.g.,
Task 10), or its semantics (e.g., Task 14)

• tied to concrete visual anchors (e.g., Task 7), or rather ab-
stract (e.g., Task 19)

• traditionally GUI-centric (e.g., Task 9), keyboard-centric (e.g.,
Task 20), or mouse-centric (e.g., Task 14)

• varying in complexity (from Task 1 to e.g., Task 18)

Despite this variety, we strove to include only tasks that we
assumed most participants would understand without further ex-
planation, and refrained from including more tasks in order to avoid
participant fatigue. We consider the resulting task set as a starting
point that can help us identify which types of commands would
merit deeper examination – for example, to explore how partici-
pants would express different types of formulae, or how they would
deal with challenges such as references to off-screen cells, highly
parameterizable operations etc.

To familiarize participants gently with the idea of expressing
commands through sketches, we grouped the tasks according to
their difficulty. Two almost-trivial tasks (Group W) were used to
help each participant “warm up” for their session. The remaining

tasks were assigned to three groups (A, B, C) based on our sub-
jective impression of their difficulty. We considered tasks more
difficult if they involved abstract concepts (e.g., Task 11), uncom-
mon operations (e.g., Task 15), or many parameters (e.g., Task 20).
These difficulty groups were used to roughly align the progression
of tasks that participants saw to their expected learning curve and
increasing familiarity with sketching, as detailed in Section 3.4.

All tasks referred to the same spreadsheet (Figure 2) showing
a simple budget calculation for a fictional IT project. We used the
same spreadsheet with a common scenario for all tasks in order to
minimize participants’ mental effort in orienting themselves in the
spreadsheet, and to help them focus on conceiving suitable sketches
for the shown referents. Participants from Iceland worked with an
English version of the spreadsheet and tasks while participants
from Germany used a translated version.

3.3 Application
Rather than letting participants sketch on a familiar, working spread-
sheet application, whose complex GUI and live feedbackwould have
been distracting, we presented our participants with a static im-
age of a spreadsheet, and asked them to show us how they would
sketch on this spreadsheet if it was a live application. We instructed
participants to assume that all their sketches could be automatically
interpreted correctly by the hypothetical spreadsheet application,
in order to discourage them from censoring their ideas to accommo-
date any imagined technical properties or limitations of the sketch
interpretation component.
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Figure 2: Screenshot of the English survey app with naviga-
tion bar, task prompt, and sketch area with static spreadsheet

To collect all relevant data, we developed a survey app3 specifi-
cally designed to conduct elicitation studies. For each task, the app
displays a referent above the static spreadsheet image (as shown
in Figure 2) and records the participant’s sketch proposal in the
form of digital ink strokes, as well as (given consent) their audio as
they think aloud about their sketch. In addition, the app collects
demographic information and feedback on each sketch.

Participants were free to navigate the app without help from the
experimenter. Using the buttons above the spreadsheet, they could
move between tasks, discard their current sketch via the Reset but-
ton to start over with a task, skip a task, or exit the study entirely.
Since our app did not feature an eraser tool, participants typically
used the Reset button to start over when they had misdrawn some-
thing. No participants used the opportunity to skip a question or
exit the study mid-way.

The survey app was implemented as a web application using
the Angular framework, allowing us to run the survey on a variety
of devices such as tablets, touch-enabled laptops, or wall-mounted
interactive displays. While we may use this cross-platform compat-
ibility for future studies, all participants in this study used a tablet
with a digital pen.

3.4 Sessions
We met with each participant in an individual session. Except for
the experimenter and the participant, no further observers were
present during each session. All sessions lasted approximately 25
to 35 minutes and were led by experimenters M.K. or T.M.E. in
German or English language, depending on the participant’s choice.
Each session was divided into three phases:

(1) Familiarization. We provided participants with a tablet with
the survey app and a digital pen, and verbally introduced
them to the research objective and the idea of sketching as an
interaction modality in general. We also explained the study
process and the collected data. We furthermore encouraged
participants to articulate their thoughts at any time (think-
aloud), particularly regarding the rationale for their sketch

3Publicly available at https://github.com/mhesenius/elicitation-ui-web

solutions, and any issues they encountered. Participants were
at this point asked whether they consented to participate
in the study, and could only proceed after acknowledging
the consent form and information sheet displayed in the
app. Subsequently, we explained the UI of the survey app,
and participants were given the opportunity to familiarize
themselves with the UI by toying around with the pen under
the experimenter’s guidance. Once they were ready, par-
ticipants could start the study themselves and navigate it
independently.

(2) Sketching tasks. In the study’s main part, the survey app
showed participants a sequence of 20 tasks that they could
navigate freely. To accommodate participants’ learning curve
and increasing familiarity with sketching as the study pro-
gressed, while at the same time avoiding biases potentially
introduced by the order of tasks, the survey app showed the
task groups in order of increasing difficulty (W, A, B, C), but
randomized the order of tasks within each group. The exper-
imenter would assist the participant in case they struggled
to understand a referent, but did not provide suggestions
on how to respond to it. No time constraints were imposed,
allowing participants to control the study’s pace themselves.
Once a participant completed a task and proceeded to the
next one, an intermediate questionnaire asked them to rate
the perceived difficulty of the task and their satisfaction with
their sketch.

(3) Demographic survey. After the final task, the survey app
prompted the participant to provide demographic informa-
tion regarding their age and familiarity with tablets and
spreadsheets. Recorded data was stored in pseudonymized
form.

A common problem in elicitation studies is legacy bias, i.e., the in-
fluence of experience with existing applications and established HCI
techniques. Morris et al. [23] propose three techniques to counter
legacy bias: priming (focusing on the possibilities of the interaction
technique), production (creating multiple solutions), and partners
(teaming up with a partner). We focused on priming during the
sessions to stimulate the participants’ creative ideas and specifically
instructed them to distance themselves from traditional mouse and
keyboard interaction. We also deliberately conducted the study on
a tablet rather than a pen-enabled laptop, so participants would
not expect to have a mouse and keyboard available, and we used a
screenshot of a spreadsheet without GUI widgets, so participants
would not be drawn to familiar buttons and menus. We also dis-
cussed sketching as a means of human interaction, aiming to give
participants a clearer idea of what sketching entails. Furthermore,
we allowed participants to generate multiple proposals and reset
their current sketch at any time, supporting production as a strategy
to mitigate legacy bias.

3.5 Analysis
To identify patterns in our participants’ sketched proposals, and to
analyze if certain patterns were favored, we calculated agreement
rates for each task’s proposals, as described by Vatavu and Wob-
brock [44]. To define what constitutes agreement, we expanded

https://github.com/mhesenius/elicitation-ui-web
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upon an approach inspired by Shneiderman’s Object-Action princi-
ple [34]: Like any interaction modality, sketching is used to express
commands, i.e., directives to perform specific operations. We con-
ceptually break commands down into actions and parameters, and
then categorize participants’ proposals according to how they visu-
ally expressed those command aspects. For example, the command
“Move cells A15–C15 to H3” (Task 7) comprises the action “move”
with the range A15–C15 as parameter P1 (“what?”) and the cell H3
as parameter P2 (“where?”). Samuelsson and Book [31] suggested a
taxonomy of elements that can be used to encode how participants
express actions and parameters in a sketched command. We adapt
and extend their taxonomy as follows to encode the proposals that
our participants produced:

• TXT: Handwritten alphanumeric characters including punc-
tuation and intermittent symbols such as arithmetic opera-
tors, e.g., “Σ(E7,E11)”.

• TXD:Decorated TXT, i.e., handwriting with additional mark-
ings or embellishments such as underlining or enclosures,
e.g., “SORT” or “®”.

• SYM: Freestanding symbols to which participants ascribe
meaning, e.g., “?” or “⊲”. Arithmetic operators such as “+”
were coded as SYM when standing on their own, but as TXT
when part of a formula (e.g., “I8+J8”).

• CON:Connections such as lines or arrows between cells, GUI
widgets, and/or sketched shapes. Arrows were only coded as
CON when their start- and endpoints carried meaning, but
as SYMwhen the locations of their start- and endpoints were
irrelevant. We designate the start and end of a connection
as CON.START and CON.END.

• SEL: Selections of one or more cells, e.g., by encircling or
underlining. Such shapes were coded as selections (SEL)
when applied to spreadsheet content, but as decorations
(TXD) when applied to handwriting.

• EXA: Sketched examples of a desired command outcome or
parameter, such as “$123,00” to describe the currency format
in Task 9, or a pie chart to describe the visualization in Task
12. While one might argue that such sketches could also
be coded as TXT or SYM, we considered the drawing of
examples to be such a sketch-specific technique that cannot
be as easily integrated in other input modalities that we
felt it warranted its own code, expanding the taxonomy of
Samuelsson and Book [31].

• LOC: Locations of sketch elements whose placement carries
meaning. For example, if a participant wrote “100” into cell
F9 in response to Task 1, the “what” parameter of the “en-
try” action is expressed by the handwritten digits (coded as
“P1:TXT”), while the “where” parameter is expressed by the
location of those digits (i.e., P2:LOC.P1).

• GUI: Non-sketch interactions with GUI elements, such as
taps on buttons or menus. While some participants sketched
GUI widgets in response to tasks, the audio recordings and
researchers’ notes made clear that they were just illustrat-
ing what they expected to see, but did not consider those
sketches as command input. This code corresponds to the
NON code used by Samuelsson and Book [31], which we

renamed to GUI because all non-sketch interactions we ob-
served involved GUI elements.

• IMP: Implied information, i.e., any action or parameter that
was not explicitly sketched but could be inferred from other
sketch elements or context. For example, if a participant
crossed out the contents of cell E8 in response to Task 2, we
considered the “delete” action to be implied by the style of
the selection used to express the “where” parameter P1.

• MIS: Missing information, i.e., any action or parameter that
was not explicitly sketched and could not be inferred from
other sketch elements or context. Since we instructed parti-
cipants to assume the hypothetical spreadsheet application
could easily interpret any of their sketches, we were quite
generous in considering not explicitly sketched command
aspects as IMP, unless there was no way of plausibly deriving
them from the existing sketch.

• SKP: Skipped tasks that a participant declined to provide a
proposal for. (This did not occur in our study.)

After completing the sessions with all 36 participants, we re-
viewed all 720 responses and coded them according to our taxon-
omy. Where participants had reset a task and started over with their
sketch, we disregarded obviously incomplete sketches and only eval-
uated their final, complete sketches.4 The coding was based on the
screenshot of each proposal, if its interpretation was obvious and in
line with the task. In other cases (e.g., unclear meaning, command
aspects not expressed explicitly, or any other uncertainties), we
reviewed the screen and audio recordings for clarification.

The collected proposals were initially roughly clustered into
visually similar groups by one author (M.K.), and then coded ac-
cording to the aforementioned taxonomy by two other authors
independently (M.H. and M.B.). Their codings were subsequently
compared and discussed in detail. While mostly consistent, several
discrepancies had to be resolved and aligned across the whole set
of responses. Another author (V.J.V.) finally reviewed the aligned
codings and the resulting categories for consistency.

To define what constitutes “agreement” for the purpose of our
analysis, we generally assigned proposals to the same category if
they received the same coding across all command aspects (i.e., if
the actions and all parameters were expressed in the same way).
However, in cases where the process for interpreting the sketch
would be similar despite a participant using a slightly different
visual syntax, we combined several codes into one category.

In the interest of reflecting only those differences between parti-
cipants’ proposals in the agreement rates that are actually relevant
to sketching, we took the following additional steps in assigning
the proposals for each referent to categories:

• All proposals involving a GUI code were assigned to a single
category, regardless of differences in their non-GUI com-
mand aspects. This was done so that high levels of disagree-
ment between proposals that did not use sketching (i.e., did
not follow our instruction to express the command through
sketching) would not obscure the level of agreement be-
tween sketched proposals. However, we did not exclude the

4Participants produced only one valid proposal for almost all referents. Only in rare
cases did a participant produce two distinct complete sketches for a task. If the audio
recording confirmed that the participant considered both sketches as viable alternatives,
we included both of them in our analysis.
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GUI-reliant proposals from the agreement rate calculation
entirely, but included them as a single category, so those
participants’ choice not to pursue a sketch-based solution
would remain represented as one variant in the agreement
rate.

• Proposals involving missing command aspects (i.e., a MIS
code) were removed from the agreement rate calculation, as
they did not constitute a valid command. This also applied
to the rare cases where participants had obviously misun-
derstood a referent.

• In the few cases where one participant offered two valid
proposals for a referent, we included both of them in their
respective categories.

Given these simplifications, we are confident that the agreement
rates we report below reflect the diversity in how our participants
actually sketched valid commands, without being biased by the
diversity in invalid or non-sketch-based proposals.

4 Results
We used the categories that we obtained through the classification
process described in the previous section to calculate agreement
rates (AR) according to the method of Vatavu and Wobbrock [43].
Following the guidelines of Vatavu and Wobbrock [44], we chose
AR over other agreement measures for the following reasons:

• While the agreement rates of most tasks were calculated
based on a total of 36 proposals per referent, some were
based on a slightly lower (if invalid proposals were excluded)
or slightly higher total (if participants offered multiple valid
proposals), as explained in the previous section. We chose
AR over agreement scores (A) to ensure that our measure of
agreement was comparable between referents despite this
variation in the number of proposals.

• Our taxonomy of sketch expressions for command aspects
provides a straightforward way of coding proposals based
on clearly distinguishable visual cues. We therefore chose
AR over consensus (C) as a measure of agreement.

For each task 𝑡 , we calculated the proposals’ agreement rate 𝑎𝑡
as denoted in Equation 1, where 𝑆𝑡 is the set of proposals for task
𝑡 , and 𝑆𝑡,𝑐 is a subset of proposals within 𝑆𝑡 that were assigned to
the same category 𝑐 through our coding process. The AR can range

Figure 3: Agreement rates for all tasks

from 0 (total disagreement) to 1 (total agreement). Figure 3 shows
the resulting AR of all tasks.

𝑎𝑡 =

∑︁
𝑆𝑡,𝑐⊆𝑆𝑡

1
2
|𝑆𝑡,𝑐 | ( |𝑆𝑡,𝑐 | − 1)

1
2 |𝑆𝑡 | ( |𝑆𝑡 | − 1)

(1)

Vatavu and Wobbrock [44] aimed to determine the most precise
test across multiple statistical tests to validate agreement scores.
In their results, the percentile bootstrap [46] had the lowest error
rate, and as result, they recommend it for use in elicitation studies.
Vatavu and Wobbrock [43] also distinguish between low (< 0.1),
medium (0.1–0.3), high (0.3–0.5), and very high (> 0.5) agreement.
Although such classifications are valuable for interpreting elicita-
tion results and provide a tangible metric, they should not be used
to draw definitive conclusions or compare to other studies using
ARs [44]. Several of our ARs are classified as “high”. In accordance
with the recommendations of Vatavu and Wobbrock [44], we used
the bootstrap percentile test to calculate the mean AR and confi-
dence intervals of our results with 95% confidence level. The test
resulted in a mean AR of 0.2888, with lower and higher bounds
of 0.245 and 0.338, respectively (Figure 4). This suggests that our
mean AR is classified as “medium”, although quite close to high
agreement.

For each task, Table 2 shows its AR as well as the breakdown of
the proposals into categories, their codes and sizes (i.e., the number
of agreeing proposals in each category). For the sake of brevity,
this table lists only categories comprising more than two proposals,
and shows only the most prevalent code for categories in which
multiple codes were combined. The complete list of categories for
each referent that was used to calculate the agreement rates can be
found in Table 3 in Appendix A. Examples of proposals representing
the largest categories are available in Appendix B. (For the sake
of brevity, we do not include examples of proposals involving GUI
elements, as those were not intended by participants as command
sketches, which are the focus of this study.)

Figure 4: Mean agreement rates across all tasks
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Table 2: Agreement rates of tasks and breakdowns of categories with more than two proposals

Task Title AR A P1 P2 P3 Proposals Example
1 Change value 0.22 IMP TXT SEL 14 Figure 20

IMP TXT LOC.P1 11 Figure 21
IMP GUI SEL 5

2 Delete value 0.59 IMP SEL 27 Figure 22
GUI SEL 7

3 Delete values 0.37 IMP SEL (range) 21 Figure 23
GUI SEL 8
IMP SEL (cells) 4

4 Add two values 0.22 TXT TXT TXT LOC.A 13 Figure 24
SYM SEL SEL LOC.A 10 Figure 25
GUI SEL SEL SEL 6
TXT SEL SEL LOC.A 4
SYM LOC.A LOC.A SYM 3

5 Insert column 0.22 GUI SEL 12
IMP SEL 9 Figure 26
SYM LOC.A 9 Figure 27
TXT SEL 3

6 Remove column 0.28 IMP SEL (header) 16 Figure 28
IMP SEL (range) 12 Figure 29
GUI SEL 9

7 Move cells 0.43 CON SEL CON.END 21 Figure 30
GUI SEL SEL 8

8 Add multiple values 0.36 SYM SEL LOC.A 20 Figure 31
GUI SEL SEL 8
TXT TXT LOC.A 5

9 Format values 0.33 IMP SEL GUI 16
IMP SEL SYM 12 Figure 32
TXT SEL SYM 5

10 Frame cell 0.29 GUI SEL 15
IMP SEL 12 Figure 33
SYM SEL 4
TXT SEL 4

11 Transfer formatting 0.22 GUI SEL SEL 12
CON+TXT SEL SEL 7 Figure 34

TXT SEL SEL 5
IMP SEL SEL 3

12 Create pie chart 0.33 GUI SEL 15
EXA SEL 14 Figure 35
TXT SEL 5

13 Create bar chart 0.31 GUI SEL 15
EXA SEL 14 Figure 36
TXT SEL 7

14 Continue series 0.39 IMP SEL SEL 22 Figure 37
GUI SEL SEL 5

15 Transpose values 0.16 GUI SEL SEL 12
CON SEL SEL 6 Figure 38
TXT SEL CON.END 5 Figure 39
SYM SEL SEL 4 Figure 40

16 Sort data 0.23 GUI SEL GUI SEL 16
IMP IMP TXT SEL 5 Figure 41
IMP SEL TXT LOC.P2 5 Figure 42

17 Calculate multiple sums 0.23 SYM SEL SEL (column) 14 Figure 43
GUI SEL SEL 9
TXT TXT SEL 5
SYM SEL LOC.A 4
SYM SEL SEL (table) 3

18 Construct formula 0.12 GUI SEL SEL SEL 9
TXT TXT TXT SEL 7 Figure 44
SYM SEL SEL SEL 5 Figure 45

19 Conditional formatting 0.30 GUI SEL GUI GUI 14
IMP SEL TXT TXT 11 Figure 46
TXT SEL TXT TXT 10

20 Multiply values 0.16 SYM SEL SEL LOC.A 8 Figure 47
GUI SEL SEL SEL 8
TXT TXT TXT LOC.A 7 Figure 48
TXT TXT SEL LOC.A 6 Figure 49

CON+TXT SEL SEL CON.END 4
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Figure 5: Participants’ perceived difficulty of referents

In addition to capturing the sketches drawn by participants, we
also asked them about the perceived difficulty of each referent and
their satisfaction with their proposal on a five-point scale ranging
from very negative to very positive ratings. Figure 5 shows the
distribution of referents’ perceived difficulty, while Figure 6 shows
the distribution of participants’ satisfaction with their proposals.

5 Discussion
To look at agreement not only from the the perspective of tasks
but of participants, we broke down the sizes of the categories that
participants’ proposals were classified into (Figure 7). This chart
reveals that seven out of 36 participants (19%) tended to produce
rather individual proposals for at least half the referents, each of

Figure 6: Participants’ perceived satisfaction with proposals

Figure 7: Breakdown of size of categories that participants’
proposals were assigned to

which were in agreement with less than six other participants’ pro-
posals. On the other hand, 58% of participants produced proposals
that were in agreement with at least 33% of proposals for at least
40% of referents.

The breakdown of participants’ perceived difficulty of refer-
ents (Figure 5) and perceived satisfaction with their proposals (Fig-
ure 6) shows that perceived difficulty tends to grow with increasing
task number, indicating that our assignment of tasks to the difficulty
groups W, A, B, and C was largely accurate. Perceived satisfaction
tends to be higher than perceived difficulty, suggesting that partici-
pants generally did not feel overwhelmed by the tasks.

Examining the participants’ sketches in the light of our research
questions, we can identify a number of patterns in how users ex-
press their command intentions. We next discuss these (Section 5.1)
and also comment on more general observations we made across
tasks (Section 5.2), as well as anecdotal observations that might
seem like individual participants’ idiosyncrasies, but highlight inter-
esting mental models or approaches to sketching that are worthy
of further investigation (Section 5.3). We finally discuss legacy
bias (Section 5.4) as well as limitations and threats to validity (Sec-
tion 5.5).

5.1 RQ1: Common Sketched Command
Expressions

Although the agreement rates we observed can be considered
medium to high according to Vatavu and Wobbrock [43], we ob-
served clear diversity in the visual syntax of our participants’ pro-
posals. While their general idea may often be the same, their visual
execution often differs, as can be seen e.g., in the various styles for
selecting cells (Section 5.2). Deriving a set of user-defined interac-
tions, as is common in the elicitation of gestures, seems therefore
infeasible for sketched commands. We instead need to abstract from
the individual ink strokes, and consider the shapes they form, their
relations to each other, and the meaning that users assign to them
in the context of the underlying spreadsheet substrate.
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Figure 8: Examples of common proposals for Task 1

We do this first in the following subsections by identifying pat-
terns that answer our RQ1.1–1.5 about common expressions of
different types of commands, and then examine the more general
implications for RQ2 in Section 5.2.

5.1.1 RQ1.1: Editing data. The proposals for Task 1 (Enter value)
largely fell into one of two categories: Participants either over-
wrote the previous cell contents with the new value (Figure 8a), or
struck through the old contents and wrote the new value beside the
cell (Figure 8b). This is in line with how one would correct a value
on paper, and how most participants also expressed local edits in an
IDE [30]. Surprisingly, however, a number of participants came up
with solutions that seemed unnecessarily complex, e.g., invoking
classic UI elements or drawing explicit instructions to express the
replacement of a value, which yielded an unexpectedly low AR of
just 0.22. This may have been due to participants still warming up
to the idea of sketching right on the spreadsheet.

Agreement within Tasks 2 and 3 (Delete value[s]) was higher,
with most participants simply striking through the content to be
deleted (Figure 9a), but even here, several participants wanted to
invoke a GUI to complete the task. One participant proposed a
sketch resembling a touch gesture that “pulled the old value out of
the sheet”. For deleting a range of values (Task 3), some participants
just crossed out the whole range (Figure 9b), while others struck
through every cell individually (Figure 9c).

In contrast to manymore trivial editing operations, Task 14 (Con-
tinue series) has no direct paper equivalent. Despite this, it yielded
a quite high AR of 0.39, with many participants employing arrows
to convey the direction and extent of the desired continuation of
the series (Figure 9d). We discuss repetition patterns in more detail
in Section 5.2.

5.1.2 RQ1.2: Structural changes. We asked users to perform two
kinds of structural changes: Tasks 5 and 6 dealt with inserting

Figure 9: Examples of common proposals for Task 2 (a), Task
3 (b, c), and Task 14 (d)

Figure 10: Examples of common proposals for Task 5 (a) and
Task 6 (b, c)

columns into and deleting them from the grid. These commands
were often expressed like one might mark up a printed table, i.e.,
by using insertion markers for Task 5 (Figure 10a) and either cross-
ing out a column’s header (Figure 10b) or striking through all its
cells (Figure 10c) for Task 6 (Remove column). Innovative individual
solutions for Task 5 (Insert column) included expressions for mov-
ing an existing empty column to the insertion location or drawing
an example of an empty column.

In contrast to these manipulations of the grid itself, Tasks 7, 15,
and 16 involved rearrangements of content within the grid, i.e.,
changes to the data’s tabular organization. The proposals for Task
7 (Move cells) exhibited a quite high AR of 0.43 and were largely in
line with the arrow notation favored by IDE users for the same pur-
pose [30] (Figure 11a). Participants seemed to struggle considerably
more with Task 15 and Task 16, though: For both tasks, proposals
involving GUI usage represented the largest categories (though not
the majority). For Task 15 (Transpose values), the proposals appear
quite diverse when focusing only on the coding, but the large major-
ity of sketch-based solutions in fact follow the same basic pattern
of selecting the (vertically oriented) cell range to be transposed, and
relating it to the (horizontally oriented) destination range by means
of a connection, text, or symbol (Figure 11b). For Task 16 (Sort data),
the sketch-based proposals are more fragmented in both visual and
coding terms. Some of this diversity is certainly due to the fact that
with an increasing number of parameters, there is more opportunity

Figure 11: Examples of common proposals for Task 7 (a), Task
15 (b), and Task 16 (c)
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for slightly divergent solutions. Looking at the proposals through a
less precise lens than the individual codes though, the three main
strategies to solve this task were reliance on GUI elements, selection
of the affected cells and writing a textual command, and (in the
minority of proposals) a comparatively simple symbolic expression
of the sort operation and direction (Figure 11c).

This indicates that although an elegant and visually lightweight
sketch expression for the sorting command could be conceived,
many participants shied away from the operation’s perceived com-
plexity and resorted to executing it via a GUI or describing it textu-
ally. We hypothesize that the leaner visual solution would likely
be favored by users over the more complex GUI- and text-based
solutions once it was presented to them, and that it would be adopt-
able with low learning effort. A follow-up study that presents a
curated set of sketches to participants and asks for their rating (as
Samuelsson and Book [31] conducted for sketching on IDEs) would
be an interesting subject of further research.

5.1.3 RQ1.3: Formatting. Our study covered a quite diverse set of
formatting tasks, ranging from rather trivial operations such as
framing a cell (Task 10) to more complex formats such as curren-
cies (Task 9), and operations without a static target format such as
transferring an existing format to other cells (Task 11) and defining
a conditional formatting rule (Task 19). Interestingly, for each of
these tasks, about 40% of participants produced proposals relying
on GUI elements rather than resorting to sketching.

To our surprise, this was even the case for the almost trivially
sketchable Task 10 of drawing a single frame around a cell. Our as-
sumption is that this is indicative of heavy legacy bias – users likely
remember border-drawing as an operation that involves complex
dialogs in classic mouse-driven UIs and might therefore consider
the task too complex to sketch. A related explanation might be that
users are so familiar with this feature’s potential complexity that
they thought too much about extensions of the task beyond the ref-
erent, and did not deem sketched commands capable of expressing
all that variety, even when it was not asked for here.

When designing this task, we were mostly wondering if and
how participants would disambiguate between selecting cells and
framing cells, when the most obvious expression for both would
be sketching an enclosure around them. Most participants do not
seem to have bothered to make this distinction (which is a fair
approach, given that we instructed them to assume that sketches

Figure 12: Examples of common proposals for Task 9 (a), Task
10 (b), and Task 11 (c)

Figure 13: Examples of common proposals for Task 12 (a) and
Task 13 (b)

would automatically be interpreted correctly by the hypothetical
tool). Those users who did take steps to distinguish framing from
selection did so by adding a command text or symbol (Figure 12b).

In Task 9 (Currency format), most participants who pursued
a sketch- rather than a GUI-based solution simply expressed the
format by writing a currency symbol – some with the assumption
that this would imply the common two-decimal format, while others
spelled that format out in examples such as “$,00” (Figure 12a). The
fact that 44% of participants nevertheless produced a GUI-based
proposal is an indication of the power of legacy bias that prevents
participants from conceiving much simpler command expressions
than their familiar interaction modalities provide. This observation
was repeated in Task 11 (Transfer formatting), where one third of
participants explained how they would use somewhat awkward
and platform-atypical GUI menus to accomplish what the sketch-
based solutions simply expressed through two area selections with
a command word in between (Figure 12c).5

In line with our expectations, Task 19 (Conditional formatting)
was rated by participants as the most difficult task of all, presumably
due to its complexity and lack of obvious symbolic representations.
Proposals were split between 39% GUI users and 61% sketch users,
who employed more or less verbose textual formulae to describe the
formatting condition and outcome (with the most concise idea, and
the authors’ favorite, employing the ternary conditional operator
available in many programming languages (Figure 1d)).

5.1.4 RQ1.4: Visualization. We included the two very similar tasks
of creating a pie chart (Task 12) and a bar chart (Task 13) from a
given range of data to examine how consistent participants would
be in their proposals (since they would not see these tasks back to
back but interspersed with others, due to the randomized sequence
within the task groups). In both cases, the proposals were almost
evenly split between participants expecting to use a GUI for this pur-
pose and participants sketching an example of the chart (Figure 13b),
plus a few participants who simply wrote a textual command to
create the chart (Figure 13a).

While the textual command might initially appear to under-
utilize the expressive power that the sketch modality offers (by
foregoing the ability to sketch the example chart in the desired
style, such as in 2D or 3D, horizontal or vertical), we speculate that
some participants who wrote a simple text command might have
understood this as a first step in an iterative-interactive process of

5In Task 11, we excluded four proposals because the participants solved a different
task than prompted: Seeing that the source cells were in bold face, they sketched a
command to format the destination cells in bold face as well, rather than sketching a
generic command to transfer any kind of formatting.
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Figure 14: Examples of common proposals for Tasks 18 (a) and Task 20 (b, c, d)

visually refining a diagram proposed by the tool – by e.g., adding
perspective to it, adding or striking out labels, etc. Such iterative
refinement of charts towards the look desired by the user currently
requires tedious navigation of menus, but could be achieved quite
intuitively through sketching on top of the intermediate visualiza-
tions. Exploring effective ways for implementing this process will
be an interesting area of future research.

5.1.5 RQ1.5: Calculation. Calculations are the core feature of any
spreadsheet application and undoubtedly the most powerful and
complex one. Yet, despite the central importance of this feature
and the obvious high mental load involved in conceiving, writing,
debugging, and maintaining formulae in spreadsheets, the UI for
interacting with them in common software tools is a tiny single
input line that is already challenging to handle in a desktop environ-
ment, and almost unusable for non-trivial formulae on a touch-only
device such as a tablet.

We hypothesize that expressing the structure or outcome of
mathematical operations and other formulae visually, instead of
typing them out on a single line, could be a muchmore user-friendly
way of accessing this core feature (while likely coming with usabil-
ity challenges of its own, such as incorporating cells into a sketch
that are currently off-screen). Sketching could play an interesting
role among the approaches being discussed as alternatives to tex-
tual formula construction (e.g., using natural language [35]), and
certainly offers considerable opportunities for further research.

As a first step that likely only scratches the surface of what might
be possible here, we included five calculation tasks in our study:
Calculating the sum of two values (Task 4), the sum of multiple
values (Task 8), multiple sums of multiple values (Task 17), multiple
products of a value and a percentage (Task 18), and the combination
of a sum and a product (Task 20).

Most proposals for Task 4 (Add two values) and Task 8 (Add mul-
tiple values) involved either selections of the involved summands
and an operator symbol (Figure 15a) or writing out the addition
formula (Figure 15b). Interestingly, several proposals leveraged con-
ventions about the table structure to imply command aspects, such
as foregoing an explicit selection of the summands, but assum-
ing that all values in a column should be added when writing a
Σ symbol underneath them (Figure 15c). Task 17 is an interesting
extension of Task 8 because it performs the same addition multiple
times in adjacent columns of a table. Many participants expressed

this by simply adding a line or arrow across the cells in which the
operation should be repeated (Figure 15d).

Task 18 asked participants to increase each value in a set by a
given percentage. This task was perceived to be the second-most
difficult, and it yielded the lowest AR of all tasks (0.12), as par-
ticipants apparently struggled to express the colloquial usage of
“adding a percentage” that obscures its precise mathematical def-
inition (𝑣𝑎𝑙𝑢𝑒 ∗ (1 + 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒)), as well as the repetition of the
operation across multiple rows. The majority of participants (75%)
chose a more or less complete textual or symbolic representation
of the formula, and represented the repetition across rows graphi-
cally (Figure 14a). A quarter of the participants however wanted to
use some form of GUI for this task, even though menus, buttons
and pop-ups are neither common nor particularly useful means
of constructing arithmetic formulae. We again explain this with
legacy bias – faced with an apparently complex problem, partici-
pants seemed to trust a GUI to be the most suitable way to solve it,
even though most of the GUI-based proposals for this task tended
to be impractical.

Finally, the combination of addition and multiplication in Task
20 was solved by participants in four distinct ways: 45% chose to
express the operation by writing down some variation of the for-
mula (Figure 14d), inspired either by arithmetic syntax or known
spreadsheet functions. 22% wanted to employ some form of GUI,
and 11% connected selections of the relevant values and operators

Figure 15: Examples of common proposals for Task 4 (a, b),
Task 8 (c), and Task 17 (d)
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Figure 16: Examples of selection styles, all taken from Task 2: a) strike (can also be an underline), b) enclosure (typically by
encircling), c) squiggly line, d) X mark, and e) tap (barely visible dot on value 110 in first column)

with lines and arrows (Figure 14c). Another 22% also selected the
relevant value ranges, but placed the addition and multiplication
operators in a seemingly unrelated manner when looking merely
at the static final sketch image (Figure 14b). A review of the screen
recordings however revealed that these participants ascribed mean-
ing to the temporal sequence in which they drew the selections and
the operators, expecting the values to be added and multiplied in
the order that they sketched the respective elements.

Understanding that usersmight employ this strategy is important
for sketch recognizers and interpreters, as they must not only rely
on the finished sketch produced by a user, but need to take the
temporal genesis of the sketch into account. This is not just a
challenge, but also an opportunity, as it allows the tool to provide
visual feedback to the user as the sketch evolves (for example by
calculating intermediate results), thereby showing the user whether
they are on the right track towards achieving their desired outcome.

5.2 RQ2: General Sketch Interpretation
Considerations

In examining the sketched command expressions that participants
proposed for our referents, we observed a number of patterns that
were independent of particular tasks. In the following subsections,
we discuss the strategies that participants (likely subconsciously)
pursued with these, and their implications for the design of sketch
interpretation engines.

5.2.1 Interpretation of arrows. We found that participants used
arrows for a variety of purposes, such as to indicate repetition,
movement, and conceptual relations, going beyond the findings of
Samuelsson and Book [31], whose participants used arrows pre-
dominantly to convey movement of content in an IDE. Besides
this variety in purpose, we also observed a large variety in arrows’
meaning, namely:

• Arrows whose start, end, and path did not carry meaning,
but which were used symbolically or as operators (SYM),
e.g., to indicate a consequence.

• Arrows whose start- and endpoint mattered, but not their
path. These typically indicated connections (CON) such as
the origin and destination of a movement, relationship, or
information flow.

• Arrows whose start- and endpoint were byproducts of their
path, which primarily mattered in order to select (SEL) the
involved cells.

• Arrows that were redundant or did not carry any relevant
meaning at all, but were apparently only drawn by parti-
cipants to make the sketch look more complete or clear to
themselves. These were excluded from our coding, which
was focused on identifying elements that carried the neces-
sary information to interpret a command.

This variety in visual appearance, conveyed information, and larger
purpose makes arrows an extremely powerful syntax element of
sketched command expressions, but also a potentially ambiguous
one, so sketch interpreters will require contextual clues to interpret
arrows correctly.

5.2.2 Selection styles. Participants employed a diverse array of
drawing styles when selecting single or multiple cells and values.
The most common methods included straight lines, such as un-
derlining or striking through content, and enclosing selections by
encircling cells. Lines were sometimes embellished with arrows,
even when used solely for selection purposes, without the direction
indicated by the arrowhead conveying relevant meaning. Some
participants opted for alternative approaches, such as using squig-
gly lines or drawing large X marks over cells. Tapping directly on
individual cells was also a frequently observed selection method,
especially when multiple cells should be combined in an arithmetic
operation. Figure 16 shows the most common selection methods for
a single cell, although in many tasks, participants selected multiple
cells by simply extending their chosen variant (see Figure 17 for
some enclosures spanning multiple cells). Participants were rela-
tively consistent with their individual selection style, but we found
some deviations in the data that hint at opportunities for further
analysis.

5.2.3 Repetition. A common feature of spreadsheets is to continue
sequences, i.e., to infer the content of the next cells automatically.
This can be used to, e.g., define a series of months, a range of values,
or copy a function to multiple cells. Our participants employed
different approaches to express such commands, as can be seen in
Figure 17: repeating the same sketch several times (b); selecting the
area of repetition via an arrow, enclosure, or line (a, c); drawing
brackets (e) or dedicated symbols delineating the repetition (d); or
writing explicit commands like “complete series” or “continue” (f),
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Figure 17: Examples of repetitions, all taken from Task 17 (handwriting in (f) translates to “sum” and “continue”)

also in combination with an arrow. Another notable observation
is that some participants selected all the operands used in every
operation (Figure 17c, d), while others selected only the operands
of a single operation and then indicated the repetition only for the
result (Figure 17a, e, f), so an interpretation engine would have to
infer the relevant input data even if it is not selected explicitly.

5.2.4 Examples and references. In several tasks, participants used
examples to express commands. Examples could either be sketched
expressions (e.g., drawing a stylized pie chart or defining a format-
ting for a currency), or references to other cells. Some participants
also defined content references by, e.g., enclosing an area, labeling
it with a name, and then referencing this elsewhere as a parameter.
Figure 18 shows an example from Task 20: The participant labels
several values with encircled numbers that are used again in cell
K7 to multiply the referenced values. The participant also uses the
numeral 1 as an anchor indicating which values the summation
operator should apply to.

Participants employed a wide range of syntactical variants for
declaring and referring to examples. While such constructs enable
very efficient command expressions (especially for expert users),
implementing an appropriate interpretation engine requires addi-
tional analysis of the underlying spreadsheet, in order to understand
correctly how the referenced content should be interpreted in its
new context (e.g., as a value, a template, in terms of its formatting,
or in other ways).

Figure 18: Example proposal for Task 20 illustrating the use
of references to construct an arithmetic operation

5.2.5 Implied command aspects. Our participants frequently did
not explicitly express all aspects of a command, but left the action
or some parameter without a sketched representation. In most
cases, that information was however not missing from the sketch
expression, but could be inferred from one or more of the following
contextual aspects:

• Certain explicit sketch elements can carry enough meaning to
cover several command aspects. For example, the expression
“A–Z” in Figure 1c denotes both an action (“sort”) and one of
its parameters (“ascending alphabetical order”).

• Certain visual styles of sketch elements carry extended mean-
ing. For example, drawing an X or a squiggly line over
cells (Figure 16c, d) has the strong connotation of deleting
that content, i.e., describing both the “delete” action and its
range.

• The substrate that users are sketching on (in our study, the
spreadsheet) is a particularly rich source of context: Some
participants leveraged conventions about table layout (such
as the common practice that the sum of the values in a col-
umn is usually placed underneath it) to imply the range of an
addition operation that was only designated by a command
symbol (Figure 15c). We conjecture that many more complex
table operations could leverage such implications as well (or
may even only be practically expressible because of them).

• The temporal sequence of sketches can serve as a useful con-
struct to designate relations between command aspects (such
as the operators and operands in Figure 14b) without the
need to sketch explicit connections between them.

In our session recordings, it seemed that participants rarely made
a deliberate decision not to sketch a certain command aspect ex-
plicitly – they rather left those aspects out because the sketch
apparently made intuitive sense to them without them. In con-
trast, a minority of participants tended to “over-engineer” their
sketches by adding redundant elements or explicitly stating that
they included particular elements to clarify command aspects for
the recognition logic. Participant 23, for example, finished every
sketch by drawing a checkmark as an indication that they were
done (see Figure 18 for an example), much like pressing “Enter”
after typing a command-line argument.

Implying parts of a command seems to be a powerful strategy for
making sketched commands more intuitive, efficient and learnable.



CHI ’25, April 26-May 1, 2025, Yokohama, Japan Hesenius et al.

However, implication poses challenges for sketch recognition and
interpretation components in future sketch-enabled spreadsheet ap-
plications because they need to consider a number of very different
contextual cues (ranging from the spatial and temporal coordinates
of ink strokes to the layout and possibly domain-specific semantics
of the underlying spreadsheet) in order to derive the implied infor-
mation, resolve potential ambiguities, and correctly interpret the
sketch.

5.3 Unorthodox Uses of Sketching
While most participants followed our instruction to express com-
mands through sketching (aside from occasionally falling back to
GUI-based interaction), two participants consistently envisioned
unique interaction modes that deviated from the others.

Participant 9 refrained from sketching graphical elements for
most referents, and instead relied on handwriting formulae into an
imaginary input field above the spreadsheet, mixing mathematical
and programming notation (Figure 19a). Participant 35 in contrast
used another recurring scheme for each referent: While they typ-
ically used a sketched enclosure to select the main subject of the
command, they expressed the action by drawing a box resembling
a terminal or chat box on the screen and filled it with a natural-
language command (Figure 19b).

It seemed that both wanted to “talk” directly to the application
to perform some action, albeit in different ways: While Partici-
pant 9’s style seemed to be influenced by their apparent technical
background, Participant 35’s approach reflects the idea of having
an interactive assistant, which would be feasible today given the
advances in large language models (LLMs) and handwriting recog-
nition. The LLM would require capabilities to process the context
of the rather unspecific textual commands, i.e., spreadsheet and
sketches, but this should be possible with multi-modal LLMs or
effective pre-processing of the sketch to identify the relevant data.

Figure 19: Examples from Task 6 for two participants con-
sistently deviating from the instructions: Participant 9 (left)
relying on written formulae, and Participant 35 (right) using
sketching for selection and an envisioned text box to “chat”
with the application (handwriting in (b) translates to “delete
column”)

Uttering the commands that Participant 35 handwrote into their
envisioned chat box as voice commands (similar to, e.g., Grid-
Book [35]) would offer another interesting potential for direct in-
teraction using multiple modalities.

5.4 Legacy Bias
While elicitation studies as a form of empirical work are prone to
several limitations and threats to validity (see Section 5.5 for details),
an effect known as legacy bias stands out in our observations. There
is a tendency for participants in elicitation studies to subconsciously
rely on familiar patterns from previous tasks and experiences when
faced with new tasks, especially if they refer to already known
applications. Even Wobbrock et al. [48], which can be considered
the progenitors of elicitation studies, reported that participants fell
back on elements known from classic desktop computing, although
they had specifically designed their study not to resemble well-
known computing environments. With this in mind, spreadsheets
must be extremely prone to legacy bias as they have been around
for decades (the first applications can be traced back to the 1960s)
and are a common application in many workplaces today.

Our data reveals the presence of considerable legacy bias, as
many participants fell back on GUI components such as buttons
andmenus evenwhen other participants came upwith quite elegant
sketched commands for certain tasks. While GUI usage was lowest
for most tasks in the groups we considered easiest (Groups W and
A), it turned out that more participants relied on GUI elements
for the tasks in Group B than Group C, despite Group C being
considered more difficult.

Notably though, the tasks with the highest ratio of GUI-based
proposals (39% and more) are those that involve complex GUIs in
common spreadsheet applications, such as defining number formats
(Task 9) and conditional formatting rules (Task 19), creating charts
(Tasks 12 and 13) and sorting data (Task 16), or even just framing
a cell (Task 10). In contrast, the ratio of GUI-based proposals for
arithmetical tasks was 26% or less, even for the most complex calcu-
lations such as Tasks 17 and 18 – most likely because participants
are not used to solving these tasks using GUI menus and buttons.

Therefore, while we had expected GUI reliance to be largely
influenced by task complexity, we found legacy bias to be a stronger
factor among our participants. It will be interesting to study if this
bias can be overcome by presenting users with attractive (i.e, easily
learnable and efficient) sketch-based alternatives to the GUI-based
commands they are used to.

5.5 Limitations and Threats to Validity
Like many empirical studies, our elicitation study also is subject
to some limitations. Our participants were aged 18–40 and there-
fore on the younger side of the age spectrum; a common issue in
elicitation studies [45]. As differences in elicited gestures between
age groups have been observed [12], it remains unclear how this
affects our results.

Instead of presenting participants with a referent showing the
state before and after their interaction, as is common for gesture elic-
itation studies, we opted to use a textual prompt referring to a static
image of the same simple spreadsheet throughout the study. This
was done as we felt the visual impact of showing two spreadsheets,



Sketching on Spreadsheets CHI ’25, April 26-May 1, 2025, Yokohama, Japan

and letting participants understand the differences between them,
would have been overwhelming. While this meant that participants
had to map the textual prompt to the structure of the spreadsheet,
and especially identify the affected cells, we observed only very
few cases where participants clearly misunderstood the prompt
and solved a different task than intended. Furthermore, showing
two large spreadsheets (before and after) would reduce the screen
real estate available for sketching massively, which would elimi-
nate the main benefit of sketching as an interaction modality that
does not require any screen real estate to be taken away from the
presentation of the user’s document.

In our study setup, the sketching area available to the partici-
pants measured about three quarters of a 12.4” tablet’s screen.While
we assume that this is one of the most common hardware environ-
ments in which participants would work with a stylus, sketching on
spreadsheets is also conceivable in different environments covering
a large range of form factors, e.g., on pen-equipped (potentially
foldable) smartphones, on 2-in-1 laptops that can be folded like
tablets, on large wall-mounted interactive displays, and potentially
even in augmented or virtual reality environments. It is important
to note that even without an on-screen keyboard encroaching on
the available sketch space, the different sizes of these devices would
likely influence the level of precision, detail, and complexity that
users can achieve in their sketches. We hypothesize that many
of the basic patterns we have discussed in the preceding sections
are device-independent. We would therefore discourage the design
of different sketching languages for different screen sizes. Rather,
we envision a sketching language whose basic constructs are ex-
pressible on any screen size, but that allows for richer command
expressions on larger screens. The design of such a visual command
language for spreadsheets is a major goal of our ongoing research.

Regarding our study setup, it is also important to note that we
used a static image of a sample spreadsheet as the substrate to
sketch on, so our application was not interactive in the sense dis-
cussed in Sect. 2.1, as it did not provide immediate feedback beyond
displaying the digital ink. This is an intrinsic limitation of elicitation
studies, where the participants’ responses cannot be anticipated.
Our participants did not seem to be disturbed by this though – from
the think-aloud recordings, it rather became clear that they imag-
ined the application responding in certain ways, and sketched their
interaction as it would proceed with a responsive application. This
was especially apparent with participants who favored GUI-based
solutions, and would often include several consecutive interaction
steps in the same sketch of their imaginary GUI. While we did not
see multi-step interactions expressed as explicitly among the parti-
cipants who drew sketches rather than GUI elements, we assume
they would have been able to make this leap of imagination as well
if they had considered it necessary. In future usability studies of
truly responsive prototypes of sketch-enabled applications, it will
be interesting to contrast single- and multi-step sketch interactions.

While not a limitation per se, we lastly note that our partici-
pants were end users and thus laypeople with only little to no
experience in interaction design. While this is the core idea of
elicitation studies, it might also explain the extent of legacy bias
we observed. However, different approaches to the design of e.g.,
gesture-based interaction have been proposed [50] – expert-led,
user-led, or computationally-based – that we argue can be applied

to sketch-based interaction as well. Elicitation studies fall into the
user-led category, but interviews with expert designers might yield
other ideas of how sketching can be used as an interaction modality.

6 Conclusion and Future Work
We presented results from an elicitation study that examines how
users would express commands for manipulating a spreadsheet
by sketching directly on the application’s GUI. Our results indi-
cate that while users can envision syntactically quite diverse ways
of expressing the same command, the conceptual strategies and
patterns they employed to convey meaning in a visual way were
quite coherent. We highlight several such patterns, e.g., to convey
selection, repetition, and strategies (such as the use of examples,
references and implications) that are of central importance for the
design of sketch recognition and interpretation components in
future sketch-enabled user interfaces.

Our study highlighted several aspects that require further re-
search on the way towards such interfaces:

Regarding the elicitation and definition of patterns (or even a
visual language) for expressing commands through sketches, we
have only explored a fraction of the functionality of spreadsheets
or other applications. Considerable potential exists in examining
how more complex operations (in particular, spreadsheet formulae)
could be expressed through sketching, and how sketching might
be used in multi-step interactions, such as iteratively refining the
visual representations of data in charts.

One of themain design considerations for such a visual command
language needs to be its ease of adoption and use, i.e., its learnability:
Given how natural it is for humans to pick up a pen, we would want
them to be able to sketch most commands without having to think
about them – either because they can use common paper-based
expressions (like scratching out a value to be deleted), or because
they can combine or interpolate known command expressions (“if
I can modify single cells like this, I can probably modify a whole
cell range in the same way”), or because they can understand and
remember a command at first glance when they look it up (“right,
of course you’d draw an arrow to move what you’ve selected”).

We speculate that especially for some classes of complex formu-
lae, sketching a desired operationmight be easier than remembering
the relevant functions and constructing a syntactically correct for-
mula from them. For more trivial operations, users might still favor
sketching over other input modalities on devices without a classic
mouse and keyboard (i.e., most mobile devices and wall-mounted
displays), where using an on-screen keyboard would be too cum-
bersome as it typically obscures a large part of the content that the
user is trying to work with. The convenience afforded by sketching
in such environments that lack other precise input modalities might
provide additional motivation for users to learn sketch commands.

To enable sketch-based interaction with software tools in prac-
tice, suitable sketch recognition and interpretation components
are needed. Since the design of the command language will imply
requirements for the interpretation technology, and the choice of
interpretation technology might impose constraints on the proper-
ties of the visual language, these two endeavors need to proceed in
close coordination. It will be interesting to examine whether it is
possible and useful to create precisely defined sketching languages
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that can be interpreted based on concrete heuristics, or whether
the breadth of functionality and visual variety necessitates the de-
velopment of interpretation approaches based on machine learning
and artificial intelligence.

While existing techniques from gesture recognition (see, e.g.,
Magrofuoco et al. [18]) can be reused for shape detection, interpre-
tation requires rich and varied contextual information involving
not just the spatial and temporal properties of the digital ink strokes,
but an understanding of the structure and semantics of the under-
lying data in the spreadsheet. Techniques from machine leaning
and artificial intelligence should be helpful here; for example, Xu
et al. [53] review recent advances in deep learning for free-hand
sketching that can be adapted to understand spreadsheets as the
sketching context.

Beyond this, sketching could be used in combination with other
modalities, e.g., touch and sketching, or classic GUI elements and
sketching, to combine their respective strengths. Achieving this in
a natural way involves exploring the advantages and defining the
realistic limitations of what can be accomplished with each type
of interaction (and their combination). We therefore focused only
on sketching in this study, leaving combinations to future work.
Furthermore, combinations with modalities like text prompting or
voice commands, enabling users to e.g., express an intended action
vocally while expressing its parameters by sketching (for example,
encircling a range of cells while saying “add these up”, similar to
Bolt’s famous Put-That-There [1]), offer interesting possibilities. We
speculate that sketching and speaking, humans’ two most natural
communication techniques, could complement each other ideally
to enable the construction of highly effective direct-manipulation
user interfaces, and we are planning to conduct further studies to
explore this vision.
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A Overview of all Sketch Categories

Table 3: Breakdowns of categories for all tasks (excluding proposals missing command aspects or solving wrong tasks)

Task Title AR A expr. P1 expr. P2 expr. P3 expr. Proposals Example
1 Change value 0.22 IMP TXT SEL 14 Figure 20

IMP TXT LOC.P1 11 Figure 21
IMP GUI SEL 5
IMP CON.START CON.END 2
IMP TXT LOC.P1 (2 steps) 1
SYM TXT LOC.A 1
TXT TXT SEL 1
CON TXT SEL 1
SYM TXT TXT 1
SYM TXT SEL 1

2 Delete value 0.59 IMP SEL 27 Figure 22
GUI SEL 7
TXT TXT 1

CON.END CON.START 1
3 Delete values 0.37 IMP SEL (range) 21 Figure 23

GUI SEL 8
IMP SEL (cells) 4
SYM SEL 1
TXT TXT 1

CON.END SEL 1
TXT SEL 1

4 Add two values 0.22 TXT TXT TXT LOC.A 13 Figure 24
SYM SEL SEL LOC.A 10 Figure 25
GUI SEL SEL SEL 6
TXT SEL SEL LOC.A 4
SYM LOC.A LOC.A SYM 3
IMP SEL SEL CON.END 1

5 Insert column 0.22 GUI SEL 12
IMP SEL 9 Figure 26
SYM LOC.A 9 Figure 27
TXT SEL 3
EXA CON.END 1
EXA LOC.A 1
TXT TXT 1

6 Remove column 0.28 IMP SEL (header) 16 Figure 28
IMP SEL (range) 12 Figure 29
GUI SEL 9

CON.END CON.START 1
TXT SEL 1
TXT TXT 1

7 Move cells 0.43 CON SEL CON.END 21 Figure 30
GUI SEL SEL 8

CON+TXT SEL CON.END 2
CON CON.START CON.END 2
SYM SEL LOC.A 1

8 Add multiple values 0.36 SYM SEL LOC.A 20 Figure 31
GUI SEL SEL 8
TXT TXT LOC.A 5
SYM IMP LOC.A 1
SYM SEL SEL 1
IMP SEL CON.END 1

9 Format values 0.33 IMP SEL GUI 16
IMP SEL SYM 12 Figure 32
TXT SEL SYM 5
IMP SEL TXT 1
IMP SEL EXA 1

10 Frame cell 0.29 GUI SEL 15
IMP SEL 12 Figure 33
SYM SEL 4
TXT SEL 4
SEL SEL 1

11 Transfer formatting 0.22 GUI SEL SEL 12
CON+TXT SEL SEL 7 Figure 34

TXT SEL SEL 5
IMP SEL SEL 3
SYM SEL SEL 1
TXT TXT TXT 1
TXT TXT SEL 1
IMP TXT SEL 1

12 Create pie chart 0.33 GUI SEL 15
Continued on next page
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Table 3 – continued from previous page
Task Title AR A expr. P1 expr. P2 expr. P3 expr. Proposals Example

EXA SEL 14 Figure 35
TXT SEL 5
TXT TXT 2

13 Create bar chart 0.31 GUI SEL 15
EXA SEL 14 Figure 36
TXT SEL 7
TXT TXT 2

14 Continue series 0.39 IMP SEL SEL 22 Figure 37
GUI SEL SEL 5
IMP SEL IMP 2

TXT+EXA SEL SEL 2
TXT SEL SEL 2
SYM SEL SYM 1
IMP IMP SEL 1
SYM SEL SEL 1

15 Transpose values 0.16 GUI SEL SEL 12
CON SEL SEL 6 Figure 38
TXT SEL CON.END 5 Figure 39
SYM SEL SEL 4 Figure 40
IMP SEL SYM 2
IMP SEL SEL 1
SYM SEL CON.END 1
TXT TXT LOC.A 1
TXT SEL SEL 1
EXA SEL LOC.A 1

16 Sort data 0.23 GUI SEL GUI SEL 16
IMP IMP TXT SEL 5 Figure 41
IMP SEL TXT LOC.P2 5 Figure 42
TXT IMP IMP TXT 2
TXT SEL TXT SEL 2
TXT IMP TXT SEL 2
IMP SEL TXT SEL 1
TXT SEL IMP TXT 1
TXT IMP TXT SEL+TXT 1
IMP SEL SYM LOC.P2 1

17 Calculate multiple sums 0.23 SYM SEL SEL (column) 14 Figure 43
GUI SEL SEL 9
TXT TXT SEL 5
SYM SEL LOC.A 4
SYM SEL SEL (table) 3
SYM SEL IMP 1

18 Construct formula 0.12 GUI SEL SEL SEL 9
TXT TXT TXT SEL 7 Figure 44
SYM SEL SEL SEL 5 Figure 45
SYM SEL SEL IMP 2
SYM SEL TXT SEL 2
TXT TXT TXT LOC.A 2
CON SEL SEL SEL 2
TXT SEL SEL SEL 1
SYM CON.START TXT CON.END 1
SYM SEL SEL+TXD TXT 1

SYM+CON SEL SEL SEL 1
SYM SEL TXT SEL 1
TXT TXT TXT TXT 1

19 Conditional formatting 0.30 GUI SEL GUI GUI 14
IMP SEL TXT TXT 11 Figure 46
TXT SEL TXT TXT 10
TXT TXT TXT TXT 1

20 Multiply values 0.16 SYM SEL SEL LOC.A 8 Figure 47
GUI SEL SEL SEL 8
TXT TXT TXT LOC.A 7 Figure 48
TXT TXT SEL LOC.A 6 Figure 49

CON+TXT SEL SEL CON.END 4
SYM+TXT SEL SEL LOC.A 2

TXT TXT TXT TXT 1
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B Example Sketches for all Tasks
For the sake of brevity, we only include example sketches for the largest categories not involving GUI elements in the paper. The complete
repository of all participants’ sketches is available from the authors upon request.

Figure 20: Task 1 (Change value) example for category (A:IMP, P1:TXT, P2:SEL)

Figure 21: Task 1 (Change value) example for category (A:IMP, P1:TXT, P2:LOC.P1)

Figure 22: Task 2 (Delete value) example for category (A:IMP, P1:SEL)
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Figure 23: Task 3 (Delete values) example for category (A:IMP, P1:SEL (range))

Figure 24: Task 4 (Add two values) example for category (A:TXT, P1:TXT, P2:TXT, P3:LOC.A)

Figure 25: Task 4 (Add two values) example for category (A:SYM, P1:SEL, P2:SEL, P3:LOC.A)
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Figure 26: Task 5 (Insert column) example for category (A:IMP, P1:SEL)

Figure 27: Task 5 (Insert column) example for category (A:SYM, P1:LOC.A)

Figure 28: Task 6 (Remove column) example for category (A:IMP, P1:SEL (header))
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Figure 29: Task 6 (Remove column) example for category (A:IMP, P1:SEL (range))

Figure 30: Task 7 (Move cells) example for category (A:CON, P1:SEL, P2:CON.END)

Figure 31: Task 8 (Add multiple values) example for category (A:SYM, P1:SEL, P2:LOC.A)
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Figure 32: Task 9 (Format values) example for category (A:IMP, P1:SEL, P2:SYM)

Figure 33: Task 10 (Frame cell) example for category (A:IMP, P1:SEL)

Figure 34: Task 11 (Transfer formatting) example for category (A:CON+TXT, P1:SEL, P2:SEL)
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Figure 35: Task 12 (Create pie chart) example for category (A:EXA, P1:SEL)

Figure 36: Task 13 (Create bar chart) example for category (A:EXA, P1:SEL)

Figure 37: Task 14 (Continue series) example for category (A:IMP, P1:SEL, P2:SEL)
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Figure 38: Task 15 (Transpose values) example for category (A:CON, P1:SEL, P2:SEL)

Figure 39: Task 15 (Transpose values) example for category (A:TXT, P1:SEL, P2:CON.END)

Figure 40: Task 15 (Transpose values) example for category (A:SYM, P1:SEL, P2:SEL)
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Figure 41: Task 16 (Sort data) example for category (A:IMP, P1:IMP, P2:TXT, P3:SEL)

Figure 42: Task 16 (Sort data) example for category (A:IMP, P1:SEL, P2:TXT, P3:LOC.P2)

Figure 43: Task 17 (Calculate multiple sums) example for category (A:SYM, P1:SEL, P2:SEL (column))
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Figure 44: Task 18 (Construct formula) example for category (A:TXT, P1:TXT, P2:TXT, P3:SEL)

Figure 45: Task 18 (Construct formula) example for category (A:SYM, P1:SEL, P2:SEL, P3:SEL)

Figure 46: Task 19 (Conditional formatting) example for category (A:IMP, P1:SEL, P2:TXT, P3:TXT)
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Figure 47: Task 20 (Multiply values) example for category (A:SYM, P1:SEL, P2:SEL, P3:LOC.A)

Figure 48: Task 20 (Multiply values) example for category (A:TXT, P1:TXT, P2:TXT, P3:LOC.A)

Figure 49: Task 20 (Multiply values) example for category (A:TXT, P1:TXT, P2:SEL, P3:LOC.A)


