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Fig. 1. (A) HeyTeddy overview and its core parts (a screen, Raspberry PI, Arduino, and a breadboard). (B) An example of
conversation with HeyTeddy based on voice or text input (via Web chat). (C) A user’s conversation with HeyTeddy via
Amazon’s Echo Dot about testing an LED.
Physical computing is a complex activity that consists of different but tightly coupled tasks: programming and assembling
hardware for circuits. Prior work clearly shows that this coupling is the main source of mistakes that unfruitfully take a
large portion of novices’ debugging time. While past work presented systems that simplify prototyping or introduce novel
debugging functionalities, these tools either limit what users can accomplish or are too complex for beginners. In this paper,
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we propose a general-purpose prototyping tool based on conversation. HeyTeddy guides users during hardware assembly by
providing additional information on requests or by interactively presenting the assembly steps to build a circuit. Furthermore,
the user can program and execute code in real-time on their Arduino platform without having to write any code, but instead
by using commands triggered by voice or text via chat. Finally, the system also presents a set of test capabilities for enhancing
debugging with custom and proactive unit tests. We codesigned the system with 10 users over 6 months and tested it with
realistic physical computing tasks. With the result of two user studies, we show that conversational programming is feasible
and that voice is a suitable alternative for programming simple logic and encouraging exploration. We also demonstrate that
conversational programming with unit tests is effective in reducing development time and overall debugging problems while
increasing users’ confidence. Finally, we highlight limitations and future avenues of research.
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1

INTRODUCTION

Despite the growing popularity of physical computing in educational programs and in the maker community,
prototyping interactive systems remains a challenging activity. Past research has demonstrated that the main
difficulty novice users experience is the integration of two domain-specific tasks: assembling circuits by physically
placing electronic components and wires (usually on a breadboard) and writing code for embedded systems
such as the Arduino platform. The combination of these two activities makes the process challenging and often
results in users being unable to debug problems [7]. Bugs as simple as identifying misplaced components, missing
connections, and "crossed wires" [7] represent obstacles difficult to overcome for beginners because they cannot
determine whether the source of the problem is software or hardware related.
Several hardware debugging tools have emerged in the form of modular electronic toolkits and testing devices
that lower the barriers of circuit assembly and provide richer debugging information. LittleBits [4], Bloctopus [38],
and Data Flow [8] simplify prototyping using standalone physical blocks that can be connected to program
complex behaviors. However, while easy for novices to learn and use, these systems also limit what users can
accomplish. Scanalog [41], CurrentViz [45], and Toastboard [10], on the other hand, provide users with detailed
information about the electrical status of a live circuit, helping them to pinpoint the source of a bug. These
debugging tools empower expert users but are not suitable for beginners.
This paper is, therefore, motivated by the need to create a general-purpose prototyping tool for software and
hardware that does not inherently limit what users can accomplish but also simplifies prototyping and debugging
for novices. Inspired by recent work on conversational agents for programming applied to agriculture [18],
medicine [20], and statistics [12], we developed HeyTeddy, a conversational tool for novice users of physical
computing. We hypothesize that conversational programming can reduce the distractions caused by dealing
simultaneously with software and hardware [7] and that conversations can naturally lead to proactive debugging
practices, such as test-driven development (TDD) [5] and teddy bear debugging [24]. Because these practices help
programmers test individual units of code and explain their potentially flawed reasoning, we see an opportunity
to integrate them in a physical computing prototyping task. Therefore, our system HeyTeddy (named for these
practices) autonomously assists users with completing commands, suggests ways to test individual electronic
components, and helps troubleshoot problems.
The contribution of this paper is twofold. We present HeyTeddy, the first general-purpose conversational
programming environment for physical computing prototyping. HeyTeddy is the result of a participatory design
session with ten users over six months. HeyTeddy is a system that supports several basic commands available in
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Arduino as well as basic control-flow constructs. Our first user study highlights the strengths of conversational
prototyping and compares voice and text input modalities. The second contribution is to show the advantages
of conversational programming over traditional prototyping. With our second study, we demonstrate that
conversational programming greatly increases the number of unit tests the users perform and consequently
reduces obstacles, breakdowns, and bugs. Surprisingly, it also speeds up the overall development process by
increasing information retrieving and users’ confidence.
The rest of the paper is organized as such: After introducing related work, we present HeyTeddy, its capabilities,
an example walk-through scenario and the technical implementation of the system. Two studies follow. The first
study aims to compare the text and voice modalities, and the second study shows how TDD practices result in
conversational and traditional prototyping performing differently. Finally, we present the limitations of this work
and future avenues of research.

2 RELATED WORK
2.1 Tools for Beginners in Physical Computing
The following section is a summary of recent research achievements regarding prototyping toolkits for physical
computing.
Several researchers have proposed systems that reduce or eliminate the need for programming. This is
often achieved through a modular design, with physical objects encapsulating predefined behaviors that can
be combined to produce programmable actions [4, 8, 38]. For example, LittleBits [4] are physical blocks with
built-in input/output capabilities that can be snapped together to create complex prototypes. Data Flow [8]
relies on wireless modules for sensors and actuators that enable event-driven and user-customized behaviors.
Bloctopus [38] is another modular electronic prototyping toolkit and uses USB connectors and LEGO blocks
as physical interfaces. All of these systems foster tinkering and support learning by allowing users to create
programs by connecting modules instead of writing code.
Alternatively, several researchers have proposed systems for physical computing that reduce the complexity of
writing programs (e.g., through visual programming) or have better real-time debugging features. The LearningArduino-With-Rules Introductory System (LAWRIS) [2] is a Web-based environment with Blockly1 visual editor
for Arduino programming. Splish [23] is a visual programming environment that translates connections between
visual icons to code executed in real-time on the Arduino platform. The system Trigger-Action-Circuits [1]
shares similar objectives and functionalities, but it also generates Fritzing2 schematic diagrams and assembly
instructions for building the circuit.
Other systems focus on improved real-time debugging features. Scanalog [41] visualizes the inner state
of hardware components within a Field-Programmable Analog Array (FPAA) and translates the results into
Fritzing schematics. VirtualComponent [25] allows for the interactive placement and modification of the value of
electronic components in software, resulting in immediate changes to the physical components’ values in the
circuit. CurrentViz [45] uses a graphical interface to display the flow of current inside a circuit, and Toastboard [10]
visualizes the voltage levels for every node of the circuit on the schematics and in the hardware.
The tools described in this section share with our system the common objective of simplifying programming
and debugging by using real-time execution of codes through physical proxies. Our system borrows some of
these features (e.g., simplified programming language, real-time execution of instructions, and visualization of the
hardware’s inner state) but primarily relies on conversation with an agent for programming and executing code.

1 https://developers.google.com/blockly/
2 http://fritzing.org
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2.2

Conversational Interface for Data Exploration and Programming

Past researches on conversational interfaces for programming have highlighted the benefits of voice over typing
for making data explorations and programming easier for beginners and more accessible to people with special
needs [33, 42] or little programming experience [e.g., 18, 40]. Data exploration through voice interfaces can
significantly lower the barrier for those users unfamiliar with programming and querying large datasets. For
example, both FarmChat [18] and Jone et al.’s work [20] introduced conversational agents for farmers and
biomedical researchers to interact with specific domain knowledge and massive databases. Other work targeted
more general usage of conversational agents for data visualization [21, 40] by supporting custom and interactive
queries. Finally, Iris [12] is an agent that performs open-ended data science explorations and, unlike other agents,
combines commands using nested conversations.
Voice programming can also significantly lower programming barriers for nonexpert programmers [3, 34–37].
For example, Repenning et al. [34, 35] proposed a conversational agent system to assist novice programmers with
proactive debugging capabilities that aim to reduce discrepancies between the intended and actual code. Voice
has also been briefly introduced to physical computing for simple prototyping tasks. Jung et al. [22] presented
a mockup prototype of a conversational agent that interacts with and guides a user in building a circuit and
programming an Arduino. They do not focus on presenting a working system but rather demonstrate through a
Wizard-of-Oz study how a voice companion fosters users’ concentration and engagement when they are building
a physical computing prototype.
Our work differs from the above by presenting the first working example of a voice-based programming
system for physical computing, hence handling conversations to issue commands that are translated into code
and executed in real-time.

2.3

Test-Driven Development for Software and Hardware

Test-Driven Development (TDD) is a software development process consisting of very short iterative cycles of
code production followed by ad hoc tests to ensure code quality and that any new code addition executes without
introducing new errors. Essentially, the programmer writes test cases meeting specific requirements, and any
successive iteration of the software is validated by passing these tests [5]. TDD has been shown to improve overall
software quality by reducing the complexity of the development and increasing the programmer’s confidence,
resulting in more reliable software and lower rework efforts [5, 11]. Specifically, Williams et al. [44] reported that
software developed through TDD showed almost 40% fewer defects than code developed through the traditional
development cycle, and Bhat et al. [6] presented similar findings through case studies that show significantly
higher quality of code in projects developed using TDD.
Inspired by the advantages that test cases offer to software development, more recent efforts have been made
to also apply TDD to hardware and physical computing prototypes. Specifically, we focus here on reviewing
TDD and similar processes as debugging methods for traditional hardware design involving discreet physical
components, as opposed to discussing programmable hardware test benches for Field-Programmable Gate Arrays
(FPGAs) with hardware description languages [13, 28]. Recently, many researchers have been proposing methods
to help users test circuits and physical computing prototypes. These attempts fall into two categories: systems
that require users to write custom code to test hardware integrity and systems that adopt a tutorial-like approach
to enforce users’ self-assessment of the hardware.
The software d.tools [15, 16] assists users in designing, testing, and analyzing a physical prototype using
both editable code and video logging. Users can add or edit Java code with the API (Application Programming
Interface) system to test the state of a device with specific input and output. Scanalog [41] implements unit tests
by replaying recorded input signals and allowing users to test them with assertions. Users can also implement
custom checks by editing a skeleton JavaScript code from an example and interactively see reports of the results.
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However, these systems require users to directly write the code for the test cases — a difficult task with high
learning barriers for beginners. In fact, past research [7] demonstrated that, beyond the difficulty of learning to
program in a specific programming language, even short code and simple circuits may contain interconnections
with errors spanning software and hardware that are very difficult for beginners to identify. To reduce this
complexity, Bifröst [29] supports tests with automatic code-checker and user-defined functions. In practice, the
user can select an Arduino pin, an edge type (rise, fall, change), and a target line in the test code using a graphical
interface. However, this solution is limited in scope (it only works for edge triggers) and still requires users to
manually write code for the Arduino.
ElectroTutor [43] adopts a completely different strategy by introducing a tutorial with interactive tests. The
user assembles a circuit and writes a program for Arduino following predefined steps. At each step, the user is
prompted with an interactive test requiring manual verification and validation of the results before advancing to
the next step. The merit of ElectroTutor is to simplify learning physical computing through the tutorial’s steps,
but it does not support free explorations and designs or custom test cases for different steps of the tutorial.
The work we present in this paper belongs to a third category, sharing similarities with the two approaches
presented above. Similar to d.tools, Scanalog, and Bifröst, our system allows users to freely prototype beyond the
constraints of a specific tutorial, but at the same time, as with ElectroTutor, it does not require users to write
code in a specific programming language. Instead, we present a general-purpose conversational prototyping
environment with a rich set of commands and customizable test cases.

3

SYSTEM

HeyTeddy is a conversational agent that allows users to program and execute code in real-time on an Arduino
device without writing actual code but instead operating it through dialogue. This conversation can either be
based on voice or text (through a Web chat). Commands spoken to HeyTeddy are parsed, interpreted, and executed
in real-time, resulting in physical changes to the hardware. For example, the “write high” command configures
an I/O pin to behave as a digital output with its internal state set to high (e.g., a 5V logic level), making driving an
LED possible. Hence, the user does not need to write any code, compile it, deal with errors, and manually upload
it on the hardware.
Furthermore, HeyTeddy supervises the user’s choices, preventing incorrect logic (e.g., writing an analog
value to a digital pin), guiding the user through each step needed to assemble the circuit, and providing an
opportunity to test individual components through separate unit tests without interrupting the workflow (i.e.,
TDD functionalities). Finally, the user has the option of exporting the issued commands as a written code for
Arduino (i.e., an Arduino sketch in C++, ready for upload).
The next subsections describe the codesign process utilized to develop the HeyTeddy prototype, a list of the
system’s capabilities, a walk-through example, and the technical implementation details.

3.1

Formative Study

HeyTeddy was informed by running a formative study over 6 months. We recruited from KAIST, Korea, 10 design
students (7 male) aged 21–29 (M = 25.9, SD = 2.1) with basic physical computing knowledge gained through their
coursework, such as some programming background (e.g., Arduino), prototyping with breadboards, and reading
Fritzing pictorial schematics. Eight participants were graduate-level students, and two were undergraduate
students. In terms of spoken language capabilities, two were native English speakers, and the others reported an
average TOEIC score of 877.5 (SD: 62.5).
To facilitate the participatory design task, we developed an initial prototype of the conversational system
and provided it to the users as a technological probe [17] for triggering reflections while completing a physical
computing task [39]. The capabilities of this prototype were selected to offer the participants a realistic experience
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Fig. 2. Iterations of the codesign process with resulting features.

with a working device without limiting their ability to provide suggestions and comments [17]. With this initial
system, each user was involved in two open-ended prototyping sessions in the lab, distributed over at least a
week.
Each session lasted about two hours and consisted of an ice-breaking introduction with the moderator
(10 minutes), a prototyping session with the system (50 minutes), and a post hoc interview (up to 1 hour). The
exercises were based on three combined tutorials from the Arduino Projects Book included in the Starter Kit3
(Spaceship Interface, Light Theremin, and Motorized Pinwheel). Participants were compensated with 50 USD
in local currency per session. At the end of each session, we collected the participants’ comments, extracted
requirements and suggestions, and implemented them as features for the next version of the prototype.
This process resulted in six iterations (V1-V6), where V1 is the original design of the conversational system, and
V2–V6 are the codesigned iterations. Specifically, for every iteration of the system (except the first), we collected
the comments from four participants: two participants were new, and the other two had already experienced the
previous version of the system (Figure 2). By having a mix of new and returning users for each iteration, we
aimed to collect comments reflecting both a fresh perspective and a more critical account of the implemented
changes from the previous version. In total, we had eighteen sessions.
From the formative study, we collected and analyzed 22h 52m of videos (13h 38m of interviews) and 9753
lines of log files from the system’s commands history. We transcribed the interviews and analyzed them with an
affinity diagram, and then further distilled the requirements and features to iteratively add to the final design
(V6). Figure 2 shows in detail each feature and when it was added, while minor improvements and polishing are
omitted.

3.2

System Capabilities and Language Details

The system capabilities were designed based on the users’ feedback gathered through the participatory design
process as explained.
Overall, HeyTeddy supports many Arduino commands and programming constructs. The user can set the
electrical state of a specific pin (input/output) or reset its value. The user can read a value from analog and
digital pins and write analog output (e.g., Pulse Width Modulation or PWM) and digital values on a pin following
the Arduino pinout convention. The system allows users to pulse a pin at specific frequencies or for specific
durations, or to virtually connect the output of a pin as input to another pin (pass data command). In terms
3 https://store.arduino.cc/usa/arduino-starter-kit
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Fig. 3. The diagram describing the basic commands and language capabilities of HeyTeddy. Keywords (in black) are described
as sequences of commands in white boxes and are grouped per type (actions, control flow, conversation control, unit test and
information searching). Commands include tokens (in white circles) and references to simpler commands (defined in gray
boxes).
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of control flow, HeyTeddy supports multiple level branching using if statements that enable arbitrary (nested)
branching instead of simple trigger-action mechanisms [1]. Finally, HeyTeddy supports scheduling an action
after a specified interval of time with the do-after command.
The input commands are not required to follow a specific order as long as HeyTeddy can capture the user’s
intent (e.g., with keywords). The result is a rich set of phrases all mapped to execute the same commands, like a
conversation with an agent, rather than a list of commands in a specific order. Users also do not need to remember
all of the different options associated with a single command because HeyTeddy can ask for more details when
presented with ambiguous or incomplete instructions. Moreover, the system is also capable of autonomously
inferring from the context the correct options when no ambiguity arises.
For example, if a user issues the command “If pin 5 is high, then write pin 3,” HeyTeddy will assume that pin 5
is a digital pin (because high is a digital state). However, the “write pin 3” part is ambiguous, and HeyTeddy will
prompt “what value?” Depending on whether the user replies with a digital value (high or low) or a numeric value
(a number between 0 and 255), HeyTeddy will perform a digital or analog (PWM) writing operation on pin 3.
Following the same logic, the user who wants to read a value from the analog pin 1 can provide a completely
unambiguous command (“read value from analog pin 1” or “read from analog pin 1”) or a partial command (“read
from pin 1” or “read”), and HeyTeddy will ask for clarifications (“analog or digital?” or “what is the pin number?”).
A full description of the commands and the language associated with them is presented in Figure 3.
HeyTeddy also provides some visual feedback to help users remember the issued commands and navigate the
interface. The graphical interface includes a history of the issued instructions, a help window with the possible
voice commands, and a diagram of the Arduino pinout layout that shows with color-coding whether a pin is
active or not, its electrical properties (input or output pin), and its state (low, high, or an analog value in the
range 0–255) (Figure 4).

Fig. 4. HeyTeddy uses both conversation and a graphical interface to let the user know about the hardware inner state.
(A) Numbers and overlays on the pins are used to indicate the pin mode (input/output) and state (high/low or numerical
values). (B) A log console, and (C) a Fritzing schematic diagram are shown as well on the GUI, while the user can focus on
assembling the hardware: anemometer (D), LEDs (E, F), photoresistor (G) and a switch (H).
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HeyTeddy also includes features to support debugging and TDD. The user can test specific components without
interrupting the programming task by issuing at any point the command check or test. HeyTeddy requires
clarification of the component to be tested and its placement. It then attempts to read a digital or analog value in
the case of input components (e.g., sensors) or to drive them with a digital or PWM signal for output components
(e.g., LEDs or motors). After testing that the component works, the user can decide to move further or follow
HeyTeddy’s suggestions for troubleshooting.
Another feature is triggered by the how to use command, which allows users to ask for clarification about
how to use specific components. HeyTeddy responds by showing a Fritzing diagram with an example of how to
hook up the component. It also implicitly defines a context so that if the user tries to move on by asking how
to use another component, HeyTeddy prompts a sequence of suggestions for testing the component in action.
HeyTeddy currently supports the following 12 components of a different type (input/output, analog/digital),
with different numbers of pins and interfaces: LED, RGB LED, hall effect sensor, tilt sensor, piezo speaker, flex
sensor, anemometer, temperature sensor, servo motor, push-button, potentiometer, and photoresistor. This list
can be customized by the user without the need for writing code but by using a graphical interface instead
(Figure 5). With this interface, the user can create a new component by name, specify its behavior from checkboxes
(input/output, digital/analog), customize dialogues, and upload an image with the wiring details.

Fig. 5. The graphical software used to create and customize the behavior of additional components.

3.3

System Walk-through

We illustrate with an example how Alice, a novice user, converses with HeyTeddy to build the prototype of a
lamp that turns on when it is dark and automatically adjusts the brightness depending on the ambient light. The
lamp can be switched off by blowing it like a candle.
Conversational Programming: Real-Time Execution and Visualization. Alice prepares the hardware components (an anemometer sensor, a toggle switch, and a few resistors, LEDs, and jumper wires) and starts up HeyTeddy
with a vocal command. She wires a resistor and an LED to the solderless breadboard. After connecting the LED’s
anode to digital pin 11 of the Arduino board (D11), she says, “I want to write high to pin 11,” and the LED turns on.
She continues by wiring the photoresistor to analog pin 1 (A1) and instructs HeyTeddy to “Hmm... try to read from
pin 1,” to which HeyTeddy requests clarification of whether the pin is analog or digital. After specifying that the
pin is analog, Alice uses her hand to partially cover the sensor and sees in real-time a numerical value on the screen
next to the Arduino pin A1’s graphical representation. Finally, Alice uses the readings from the sensor to adjust the
brightness of the LED by simply saying, “Pass data from pin 1 to pin 11.” Now Alice can control the LED’s brightness
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by partially covering with her hand the photoresistor cell. Before moving on, Alice tests another LED with the pulse
command by saying, “If A1 is greater than 120, then pulse D10 every 200 milliseconds.”
The system supports twelve different commands (Figure 3), including reading and writing IO pins, passing
data from an input to an output pin, pulsing, resetting, branching, and scheduling actions. All commands have
an immediate effect, and the users can see the results in real-time, both directly on the hardware and on the
graphical interface that shows the state of every pin. The voice recognition system allows users to speak naturally
without having to remember precise sentences. HeyTeddy is capable of automatically inferring the meaning of a
command even if the parameters are presented in the incorrect order and surrounded by emphatic interjections
(e.g., “Hmm” or “Uh”) or phrases (“Try to” or “I want”). In the case of an ambiguous or incomplete command,
HeyTeddy asks the user to clarify it and to provide additional details.
Error Detection Instructions and Inferring from Context. Later on, Alice wants to test analog writing (PWM)
with an LED. After connecting the anode of the LED to pin 12 (which is a digital pin without analog output capabilities),
Alice says, “I want to write the value 200.” HeyTeddy prompts, “What is the pin number?” and she replies, “Pin 12.”
Understanding the mistake, HeyTeddy replies, “This is not possible. I wrote the digital value high on digital pin 12
instead.” Alice also understands the error, resets the current state, and tries again with pin D10, which supports
analog output.
As with the regular Arduino board, a limited subset of pins is capable of analog input (A0 to A5) and analog
output (D3, D5, D6, D9, D10, and D11, as indicated with a ∼ in the GUI). While generally any pin can perform a
digital read/write operation, only designated analog pins can perform analog output (PWM) or input operations.
Specifically, output operations map a value between 0 and 255 to a 0–100% duty cycle, while input operations
digitally convert a voltage in the range 0–5V to a number between 0 and 1023. HeyTeddy understands when the
user accidentally attempts analog operations on digital pins and can alert or correct the user.
HeyTeddy prevents logical errors by notifying users of a possible misuse of pins such as using the numeric
value on digital pins, the digital value on analog pins, or “pass data” between different types of pins. Moreover,
the system is capable of autonomously inferring the correct options when no ambiguity arises. For example,
if a user issues the command “If pin 5 is high, then write pin 10,” HeyTeddy will assume that pin 5 is a digital
pin (because high is a digital state). However, the “write pin 10” part is ambiguous, and HeyTeddy will request
clarification. Depending on whether the user replies with a digital value (high or low) or a numeric value (a
number between 0 and 255), HeyTeddy will perform a digital or an analog (PWM) writing operation on pin 10.
Assisting Users by Providing Information on Request & Test-Driven Development. This is the first time
that Alice uses an anemometer. Not knowing how to connect it, she asks, “How do I use an anemometer?” HeyTeddy
displays on the screen a visual example of how to wire an anemometer using Fritzing schematics and then explains
each step with voice.
The last step of the process is to add a toggle switch for power. As in the previous step, Alice asks HeyTeddy how to
use the switch. HeyTeddy infers that the task with the anemometer is complete and suggests she check whether it
works: “Would you like to test the anemometer first?” Alice replies “yes” and further tells HeyTeddy to which
pin the anemometer was connected. Without adding any additional code, HeyTeddy allows Alice to blow in the
anemometer and numerically visualize on the screen the sensed value. It also asks the user to verify whether the
device is working or not. If it is not working, HeyTeddy suggests a list of possible troubleshooting actions. When Alice
is satisfied with the result, she stops the test and moves to the next task.
HeyTeddy allows users to gather information and test any components of the circuit. HeyTeddy contains a list
of predefined parts and assembly instructions, but the user can define his or her own additional components
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and specify assembly instructions, dialogues, modes of operation (input/output and analog/digital), and troubleshooting suggestions. These changes do not require users to write code but can be formed through a graphical
interface that reads and updates the database of parts.
Tests can then be initiated directly by the user with the test/check commands or can be autonomously
prompted by HeyTeddy based on the current context. For example, when a user asks for instructions on new
components, HeyTeddy simply reminds the user to check her work so far. HeyTeddy then attempts to write or
read a value on the pin of the component under test and asks the user to verify whether it works or not, without
impacting the logic of the rest of the program.
Completing the Prototype. The prototype is finally complete, and the programming logic is running on HeyTeddy.
The lamp changes intensity depending on the ambient light, and Alice can switch it off by blowing into the anemometer.
Now Alice can download the whole program running on HeyTeddy as a single Arduino code file (written in C/C++).
After manually uploading it on the Arduino device, Alice can bring the lamp to her bedroom for usage.
HeyTeddy provides the user with the option to convert the resulting interaction into code as an Arduino sketch
file. The user can then either manually upload this code on any Arduino device or modify it by adding function
blocks, copying and pasting parts of the code, and adding libraries if needed. This feature enables the user to
reuse or refer to the auto-generated code as a template.

3.4

Technical Implementation

HeyTeddy consists of three independent modules running on different networked hardware, as illustrated
in Figure 6. The first module deals with the voice input and conversations, and follows the rules shown in
Figure 3. A second module maps the commands to the corresponding Arduino functionalities described in the
Arduino reference page4 . So, for example, write and read commands are implemented using the Arduino built-in
digitalWrite, digitalRead, analogWrite, analogRead commands. The pulse action consists of repeated writing
operations, while the pass data action concatenates a reading and a writing operation. Control flow commands
and unit testing functionalities are scheduled in task queues, and executed as sequences of commands. A third
module is used to link all the pieces together (i.e., it interfaces the voice to the hardware commands).
The voice input is handled by an Amazon Echo Dot device, which automatically converts the voice input to text
and sends it to the cloud (i.e., Amazon Web Service’s servers). This text provides the input for custom Amazon
Alexa skill software that also runs on the cloud. The software was written using the Alexa Skill Kit5 and consists
of about 2500 lines of JavaScript code for parsing users’ utterances and commands and for handling the flow
of executing the instructions. In detail, the software is capable of handling 165 utterances (i.e., sentences) as a
combination of different commands (53 slots) mapped to 13 different intents (the code that handles instructions for
actions, conditions, replies from the system, unit testing capabilities, etc.). Finally, the Alexa Skill Software outputs
a time-stamped field in JSON format that unambiguously describes the user’s series of commands gathered with
relative parameters during the conversation. In the case of a user preferring to type textual commands in a chat
rather than using voice, this is also possible and does not require any change of code, as a Web chat client is
integrated in Amazon’s cloud.
The commands in JSON format are then sent in clear text format to an online HTTP server. A custom PHP
script appends and saves each command to a JSON file on a public URL. This file is polled by the software running
on HeyTeddy’s hardware, and it is used to update the state of an Arduino board. Specifically, at every second,
this software polls any new instruction from the server, compares the time stamp, and executes new entries by
issuing a command to the user’s Arduino board via serial using the Firmata library6 . This software also takes care
4 https://www.arduino.cc/reference/en/
5 https://developer.amazon.com/alexa-skills-kit
6 https://www.arduino.cc/en/Reference/Firmata
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Fig. 6. Overview of the software process from the issued command to the execution of instructions on the Arduino.

of visualizing the state of the pins on the GUI as well as keeping track of the commands on a logging console. The
software is written in Java and runs on a Raspberry PI 3 board. The Raspberry PI is interfaced to an Arduino UNO
board. It is also connected to a 7-inch 1024x600 LCD touchscreen used for the GUI. These hardware components
and a solderless breadboard are conveniently placed together on a supporting Plexiglas plate. The different
software components of HeyTeddy can be found online at https://github.com/makinteractlab/heyteddy.

4

PRELIMINARY STUDY: INPUT MODALITY COMPARISON

We conducted an informal user study to compare users’ modality preferences for conversations with HeyTeddy.
The study compared voice and text inputs (via Web chat). The Web chat interface is included in the Amazon
Developer Console as part of the Alexa Skills Kit and did not require additional coding, so HeyTeddy is guaranteed
to run the same sets of commands and features across modalities. Commands issued through either voice or text
result in an answer from HeyTeddy using both modalities (text-to-speech and written text).
Six students (2 graduate and 4 undergraduate), aged 21–29 (M = 23.5, SD = 3.3), with a variety of educational
backgrounds (design, computer science, and mechanical engineering) and some self-reported prototyping experience with Arduino (M = 6.5, SD = 2.4) were recruited from KAIST, Korea. All students were non-native English
speakers.
Users were introduced to HeyTeddy and could freely test the system with both input modalities (15 minutes).
They then conducted a prototyping task with no time constraint and were subsequently interviewed about their
experience using voice and text (30 minutes). The prototyping task consisted of assembling and programming
one circuit randomly assigned from those in Figure 7. All exercises were designed to have similar complexity and
were based on the tutorials from the Arduino Projects Book. The prototyping instructions were not delivered as a
circuit diagram but similarly to how they are presented in Figure 7. The study lasted about 1.5 hours, and users
were compensated with 20 USD in local currency.
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Fig. 7. Diagrams for the six prototypes used in the modality study. Users were given similar tasks consisting of controlling
actuators (motors, LEDs, piezo) given some input from sensors (photoresistor, flex sensor, anemometer).

4.1

Results

All participants successfully completed the task between 40m 46s and 56m 57s (M = 49m 42s, SD = 4m 9s). All
interviews resulted in 2h 31m of material, transcribed and analyzed with open and axial coding methods. The
following themes emerged from the study.
Overall, participants felt positively engaged with conversational programming using both modalities. With
the exception of P1 and P3, who exclusively used text and voice, respectively, all other participants seamlessly
combined the two modalities. We observed several usage patterns. Most users started with voice but then
switched to text when HeyTeddy could not parse what was said. However, they also switched back to voice input
immediately after the command was registered by the system. For complex commands that required multiple
expressions or specific parameters (e.g., the "if" statement), users preferred typing, but for simple commands (i.e.,
those followed by a single expression), voice was the preferred choice. Surprisingly, voice was also the preferred
choice for the "test" command, which instead requires users to specify multiple options. P4 explains that “If I
say ’test’, then it [HeyTeddy] keeps asking questions for completing the test of the component. It was nice to make a
complex logic by exchanging conversation.” This suggests that the choice between voice or text does not depend
merely on the complexity of the command, but also on how the expressions are logically structured and related
to each other. For instance, users did not report any issue specifying one option at a time for the "test" command
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because they felt guided in the debugging process. However, for the "if" command, users felt annoyed by having
to specify related expressions in subsequent commands (the "if" block) instead of declaring them all at once in a
single statement. For this latter case, text input felt more natural.
Although users reported that input could be more efficient (P1: “I type faster than voice input”) and less
error-prone (especially for non-native speakers), most users indicated a preference for voice due to the benefits
of having a conversation with the system. For example, both P3 and P4 reported how the conversation with its
inherent pauses helped them organize their thoughts and elaborate on new ideas.
“By having a conversation with HeyTeddy, I felt that my thoughts became organized, and that complex ideas
become words.” (P3)
“HeyTeddy, let me do a fast and rough sketch for organizing the overall hardware behaviors using voice without
coding.”(P4)
Conversations were also a source of ideas (P3: “I suddenly had a different idea when I talked to HeyTeddy, so I
plugged in a tilt sensor instead of using a flex sensor”) and a way to discover mistakes early in the process (“HeyTeddy
asked questions regarding things I did not recognize, mistakes, or missing information” – P6). Furthermore, from a
psychological point of view, the conversation provided reassurance about the task, as it felt like “working with
someone who knows a lot about the hardware” (P3). Similarly, psychological reasons motivated P1 not to use voice,
because “[it] felt like I was giving orders to it [HeyTeddy] rather than having a conversation.” These motivations
are interesting and demonstrate both the users’ mental models and their perceptions of the system’s agency.
Finally, some users suggested that voice conversation for programming has the advantage of freeing the user’s
hands, making prototyping hardware more efficient:
“I was able to keep my eyes focused on the circuit while listening to what HeyTeddy said.” (P3)
“Using voice is great because you can make circuits without moving the hands to the keyboard or mouse.”(P4)
“My eyes and hands are busy building the circuit, but I can still hear at the same time the information without
[using a graphical] interference.” (P2)
A complementary argument describes how voice can naturally overcome distances and hence be suitable for
prototyping large or remotely controllable objects, like drones and RC cars (P6: “It would be very nice if I can say
a command to program a drone in real-time and see the result while it is flying”).
In conclusion, users felt comfortable using both modalities but tuned their choice depending on the command
used. Voice was preferred overall as it more naturally led to conversations that helped users rationalize their
processes, generating new ideas, and reflecting on the code structure. Finally, voice offered the opportunity to
free users’ hands from typing, hence allowing them to completely focus on the hardware. Nevertheless, text was
appreciated for its efficiency and was always used as a backup option when voice input failed.

5

FEASIBILITY STUDY: CONVERSATIONAL VERSUS TRADITIONAL PROGRAMMING

The aim of this study was to understand the differences between traditional versus conversational physical
computing prototyping. Both modalities were compared with users assembling a circuit in hardware, but while for
traditional programming, users typed in software on a computer using the Arduino IDE and manually uploaded
the code on the Arduino micro-controller, for conversational programming, they instead spoke to HeyTeddy.
As in previous work [7], we are interested in studying the practices and pitfalls that novice users experience
with physical computing. Thus, we designed a study to reproduce the one by Booth et al. [7], aiming to compare
differences between the two input modalities (HeyTeddy versus Arduino) for obstacles, breakdowns, and bugs
during different tasks. For consistency, problems were defined as in previous work: Obstacles happen when
"participants hit hurdles to overcome" and need to gather more information, breakdowns are "evidence of errors
in action or thinking," and bugs are "evidence of faults" introduced by participants through their actions.
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Therefore, in our study, events were coded as problems (obstacles, breakdowns, or bugs) [7] happening in either
software or hardware, and prototyping tasks (programming the software, building the circuit, and searching for
information). Unit tests conducted during the prototyping process were coded separately as hardware-based tests
(e.g., the user tests a physical component) or software tests (e.g., the user tests the logic of the program or code
functionalities).
Our study followed a between-subject design with two balanced conditions: HeyTeddy and Arduino IDE. We
recruited 22 students: 12 male, aged 20–32 (M = 23.8, SD = 3.45), with some having experience with Arduino.
They were then randomly assigned to one of the two modalities, forming two groups of 11 users. All participants
received 10 USD in local currency as compensation.
The protocol of our study was the same as that in Booth et al.’s work. After a brief introduction, participants
completed a demographics and a self-efficacy [9] form, in which participants evaluate their confidence with
physical computing and Arduino (15 minutes). Users then did a prototyping session with one of the two modalities
(up to 45 minutes). The goal of this section was to complete the "Love-O-Meter" tutorial from the Arduino Projects
Book7 . For practical reasons, the tutorial was modified to use a photoresistor instead of a temperature sensor,
but the circuit and programming were the same. Participants could use any resource from the Internet (e.g.,
tutorials, component information, etc.) and were asked to think aloud during the session. We recorded videos of
the participants from two different perspectives as well as the screen used for information gathering. We finally
also collected users’ perspectives in a post hoc interview (10-15 minutes).

5.1

Quantitative Results

Fig. 8. Performance of HeyTeddy vs Arduino for number of problems (left), and task times (right).

Participants self-reported efficacy with physical computing is 67.72 (SD = 17.4) for the Arduino group and 62.8
(SD = 12.76) for HeyTeddy. An independent-samples t-test revealed no differences.
The videos of the recordings with the different views were combined into a single split-screen video and
separately coded by two researchers following the protocol described above. We report an inter-rater agreement
coefficient of K = 0.801. Raw results were then analyzed using independent-samples t-tests and three-way ANOVA
tests followed by Bonferroni correction post hoc analysis with α=0.05.
7 https://store.arduino.cc/usa/arduino-starter-kit
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Overall, the success rate for completing circuits was 100% for HeyTeddy and 81% for Arduino. The analysis
of variance revealed a statistical effect for problems (obstacles, breakdowns, bugs) across modalities (Arduino,
HeyTeddy) (F (1,60) = 41.3, p < 0.01), and pairwise post hoc comparisons showed that HeyTeddy outperformed
Arduino with fewer problems in all three categories (p < 0.01). A histogram of problems (Figure 8) further
corroborates these results.
HeyTeddy was faster overall than Arduino with an average completion time of 22m 42s versus 31m 49s
(t (17.6) = 2.15, p < 0.05). A deeper analysis also shows how users spent their time across the three tasks:
programming, creating a circuit, and gathering information. We report statistical differences for time across
modality (F (1,60) = 7.5, p < 0.01), task type,(F (2,60) = 11.5, p < 0.01), and their intersection (F (2,60) = 7.4, p < 0.01).
A post hoc test further shows that information gathering was significantly faster when using HeyTeddy (p < 0.01).
HeyTeddy’s users spent 16.5% of the overall prototyping time (on average 3m 45s, SD = 2m 6s) using unit tests
(in software and hardware), but Arduino’s users only spent 5.7% (M = 1m 49s, SD = 2m 11s). We found statistical
differences for the duration of the tests across modalities (Arduino, HeyTeddy) (F (1,60) = 11.4, p < 0.01), across
task types (hardware building, software programming, information searching) (F (2,60) = 18.7, p < 0.05), and their
interaction (F (2,60) = 28.7, p < 0.01). Post hoc analysis shows that in the case of Arduino, information searching
took longer than the other tasks (p < 0.05). Furthermore, HeyTeddy’s users spent more time on hardware tests
than Arduino users (p < 0.05) but less time in information searching (p < 0.05). The number of tests, however,
differed only for task type (F (2,60) = 4.3, p < 0.05) and not modalities. Their interaction was, however, significant
(F (2,60) = 8.5, p < 0.05). Pairwise comparisons show that hardware tests were fewer than software tests (p < 0.05)
— on average, 5.9 (SD: 6.1) tests on Arduino versus 12.1 (SD: 7.9).

Fig. 9. Graphs showing how users spent their time during the prototyping process.

To sum up, our analysis shows that HeyTeddy was 26.1% faster than Arduino, but at the same time, that led to
a higher completion rate and fewer obstacles, breakdowns, and bugs. Furthermore, despite users being faster
with HeyTeddy and spending less time on information searching, they spent a considerably larger amount of
time (+10.8%) testing their progress using the test command. However, the actual number of tests did not differ
across modalities, only across the type of task (hardware, software, or information searching). These results are
further corroborated by Figure 9, showing the time-stamped events for each participant in both conditions.
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Qualitative Results

Overall, all participants who tried HeyTeddy expressed preference for conversational programming over traditional
development with the Arduino and reported feeling generally more confident (“It was like having a friend or
a teacher helping me” – P14). Users explained that HeyTeddy helped them quickly find information (“[with
Arduino] I needed [...] to find exactly what I wanted, but with HeyTeddy, I can simply ask” – P17) and guided
them through the process (“I had no confidence about how to build the circuit before. However, because of
HeyTeddy, I didn’t worry about wiring the circuit” – P7). Most users specifically discussed the testing of features
and explained they were useful and easy to use because they did not require writing code.
“I used to worry about mistakes in wiring before, but I could confidently build a circuit with HeyTeddy because it
alerted me whenever there was a possible mistake. It was easy to do tests such as ’check LED’ without writing any
software.” (P5)
“I was concerned about writing code with Arduino IDE before, but I have easily finished the task with HeyTeddy
because I don’t need to write the code following a specific syntax.” (P14)
These results are interesting when compared to what Arduino users reported. P9, one of the two participants
who failed at completing the task, reported that s/he “could not find the reason for the problem” (P9). Even
participants who eventually were successful reported similar experiences. For example, P20 explained, “I didn’t
test the circuit while building it, and it was not working after I uploaded the software to Arduino... so I was not
sure what the problem was” (P20). Other participants further explained that the main sources of struggle were
related to information gathering, coding syntax, and connecting components in the circuit.
“I struggled with finding the right circuit I needed on the Internet, and it took time for that.” (P6)
“I hardly remember how those components should be connected, so I needed to search how to use them [...] even for
the software, I was not sure how to combine [logical] conditions in C/C++ syntax.” (P1)
“I searched for the code on the Internet and combined here and there, so I was not convinced the software would
work.” (P21)

6

DISCUSSION

The study results show that conversational programming with HeyTeddy led to faster prototyping and fewer
obstacles, breakdowns, and bugs. Overall, participants appreciated having the possibility to ask HeyTeddy for
guidance or for more information. They also regarded positively the interactive test command and the possibility
to systematically troubleshoot problems using conversation. Overall, participants stated feeling more confident,
and their performance with HeyTeddy reflected this self-assessment.
One of the difficulties that many end-users face in physical computing is learning a programming language [27].
Conversational programming offers the possibility of creating a custom program without writing code. Hence,
users do not need to recall exact commands or the syntax of a specific programming language [12]. Our participants
reported that a large portion of the time used information gathering was indeed spent searching for these details.
Similarly, users can add unit tests for custom components [e.g., 29, 41]) without writing any software [e.g., 43]),
simply through a graphical interface. In sum, HeyTeddy offers a simple yet rich set of commands from the Arduino
platform, combined with unit tests for custom components. These two features allow for a general-purpose and
open programming environment in which users are free to explore alternatives rather than being limited to
tutorials [43] or limited components and behaviors [4, 8, 38].
Another important capability of HeyTeddy is that it handles ambiguous requests by either inferring information
from the context or by asking the user to clarify the intent. In this way, HeyTeddy not only frees users from
having to remember all of the necessary information to supply the program, but also prevents incongruities in
the code. For example, writing or reading from a digital/analog pin often requires users to initially configure a
specific I/O pin to specific states (pinMode operation). This situation can create unexpected errors that are difficult
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to detect if the state of the pin is not compatible with the operation requested, because the compiler does not
usually issue any warning in this situation. However, HeyTeddy alerts the user of a mismatch or even internally
changes the state of a pin to be compatible with the issued command. By assisting users with completing the
instructions through conversations, HeyTeddy effectively lowers learning barriers [26] for physical computing
and prevents insidious bugs.
Our results also show that a conversational agent can engage users to test circuits before adding new components. Our participants, including those who reported that they did not test circuits until the whole hardware
was assembled, performed interactive tests spontaneously and throughout the whole process. While many users
in the Arduino condition built the whole hardware and then wrote code, HeyTeddy’s users proceed with both
aspects of the prototype in parallel. They are hence able to isolate and identify problems and errors while testing
each component without carrying them over to the next step. While some of the Arduino users reported that
they did not even know where the source of the error was, our data clearly show that all of HeyTeddy’s users
identified and solved their problems.
Finally, an interesting byproduct of using voice as the input modality was that users felt more engaged and
reported their experience to be "fun." Interestingly, several users regarded the conversational agent as an intelligent
and autonomous partner, and we believe that this aspect helped users better rationalize and plan their actions. It
is, in fact, known that conversation activates all parts of the brain related to social interaction [30–32], regardless
of whether the conversation is with another human being or with inanimate objects. Voice, however, was also
the reason many users developed unrealistic expectations for the system, assuming that HeyTeddy had some
semblance of artificial intelligence and autonomous decision-making capabilities. These aspects are interesting
but beyond the scope of this work.

7

LIMITATIONS AND FUTURE WORK

This paper illustrates how the conversational agent HeyTeddy can simplify the cognitive effort of physical
computing prototyping and provide assistance to debugging through unit tests. The limitations of HeyTeddy
relates to the complexity of the prototypes that can be constructed using the system, the level of customization
of the workflow, and the technical extendibility of the hardware and software features.
Issues related to scale are a primary concern. Conceptually, no ceiling exists regarding the number and type of
components supported by HeyTeddy or the number of instructions that can be executed. The current system
supports 12 components out-of-the-box, but this list is customizable by users. Future work will, however, focus on
offering a greater spectrum of predefined components, updateable through an open API. There is also no upper
limit to the complexity that can be achieved in the prototypes produced with the system. Through our studies,
we report successful implementations of prototypes with 6 components, 20 wire connections, and 49 commands
(exported by the system to 178 lines of C code). These numbers are compatible with the average project size
presented in the Arduino Projects Book in terms of components (M = 6, SD = 3.64), wires (M = 9.3, SD = 4.7), and
lines of code (M = 29.8, SD = 18.5). Although the current system is capable of supporting novice users’ prototyping
activities, we believe that the complexity of programs built through a conversation agent might be eventually
bound by the cognitive load required to remember previously issued actions. Although complex circuits might
also be harder to debug with HeyTeddy, we believe that conversation has the potential to help users decompose
complex debugging tasks in simpler units that can be handled separately, as shown in our studies. Future work
should present numerical evidence to characterize the effects of memory and cognitive load in conversational
programming.
In terms of user customization and personalization, the system currently supports only one user at a time.
We do not have an immediate plan for supporting multiple users, but it is worth noting that current research
includes trends to make voice input possible from multiple users [19]. Furthermore, HeyTeddy currently provides
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the same level of assistance regardless of the user’s expertise. In the future, we are planning to introduce features
that will allow users to specify their skill set or that will implicitly measure the user’s level of expertise [14].
As for extensions of the system, future iterations will include more commands from the Arduino language
as well as loop constructs and block-level scoping. To achieve this, exploring the structure of conversation and
how it would impact the composition of multiple commands will be important [12]. Providing support for a
wider range of micro-controller platforms beyond the Arduino UNO board is also desirable. Finally, the system
currently lacks an "edit" feature that would allow users to modify previously issued commands. At this stage, the
user has to undo what s/he did by assigning a new command to the same pin, which overrides older commands.
Alternatively the user can reset the current program and restart. Future work will focus on making modifications
possible.

8

CONCLUSION

We presented HeyTeddy, a general-purpose conversational programming system capable of assisting makers in
building a physical computing prototype. The main advantage of this system compared to traditional prototyping
is that it is based on real-time execution of vocal commands on the hardware, making prototyping simpler for
novice users. Through two user studies, we collected evidence showing that voice input is preferred over text for
programs with simple logic. Voice also encourages explorations and reduces the cognitive load needed to focus on
two different tasks (programming on a computer and assembling hardware on a breadboard). The second study
compared the usage of unit tests as a proactive debugging tool and showed that conversation implicitly fosters
TDD practices, resulting in faster development time and lower errors. Future work will focus on improving the
system by supporting more complex commands and programming constructs and will further demonstrate the
practical benefits of using a conversational agent for physical computing prototyping.
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