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ABSTRACT

A new wave of collaborativeobots designed to work
alongside humanss bringing the automation historically
seen in largescale industrial settings tmew, diverse

contexts. However, the ability to program these machine

often requires years of training, making them inaccessible
impractical for many This paper rethinks what robot

programming interfaces could be in order to make them

accessible and intuitive fadult novice programmersWe
created a blockased interface for programming a ene
armed industrial rot and conducted study with 67adult
novices comparing it to two programming approacimes
widespreaduse in industry. The results show participants
using the block-based interface succes$yuimplemented
robot programsfaster with no loss in accuracy while
reportng higher score$or usability, learnability, and overall
satisfaction. The contribution of this work is showing the
potential for using bloclkased programming to make
powerful technologieaccessible to a wider audience.
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INTRODUCTION

is finding that automation does natecessarilyreplace
workers,butit does changthe nature of the work [9]

Collaborative robots which are intended to work safely

alongside humans,exemplify this trend [12,22,27]

Collaborative robots take advantage ‘tthe interplay
between machine andiman comparative advantafjbat]
allows computers to substitute for workers in performing
routine, codifiable tasks while amplifying the comparative
advantage of workers in supplying problesmiving skilks,
adaptability, and creativity[9]. In order to spport new
challengeshat emerge from being placiedsmaller factories
and given a wider variety of taskhese new robots mus¢
safe,efficient and, suppoquick reprogramming.

While the desigmof the machines themselvias resulted in
more powerful and flexible robots with a greatset of
capabilities relatively little attention has been given the
accompanyingprogramming toolsto make them more
accessible orintuitive. Programming languages used in
industrial settingsmany derived from Pascaland BASIC
and created in the early 1990$iave historically been
designed by engineers, for enginegks.such,writing the
programs necessary itdroducerobots into the workplads
time-consuming andoften requires years of training
meaning many small and mediusized enterprises are not

In recent years robots have become safer and more flexibléble to benefit from robotic automatifsv,38]

resulting in a greatgaresence in our world. This is especially
true in the workplace where robots are being used in a
growing number of roledhile thelarger narrative around
the introduction of robots into the workplao#en frames
these technologieasreplacements foworkers, scholarship
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Fortunately, advances in the design gfrogramming
environments for novices may provide some guidance on
ways to redesign these robot programming interfabidle
early work in eneuser programmingocused onmeking
computers and programming accessible to professionals [6],
the last twenty yeardias produced major advances in
designing introductory programming environmentfor
younger learnerd14,26). In particular, the emergence of the
block-based programming paradigm has introduced millions
of young learners to the powerful concepts of computing
through Scratch, Lego Mindstorms, and other {@ysThis
paper presents the results of an investigationifrand how
block-based programminglesigned for young learnersn

be usedo makethe task of programming industrial robot
accessible tadultnovices.
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Figure 1. The CoBlox programming environment. The left side of the environment contains the block-based robot programming

This paper introduceSoBIlox, a blockbased programming
interface for Robkertg a singlearmed industrial robot

(Figure 1) and presentresults of

showing how theCoBlox interface outperformsvo of the
most widely used roboticerogrammingapproacheswvith
respect to speed of authoring prograwith no loss of

accuracy and fostering more posi
levels of satisfactiofor adult novice

The contribution of thiswork is th

affordances of blockased programming can be used to
make a compbe task, like industrial roboprogramming,
more accessible dultnovices.In doing so, we provide an
empirical basis for the use of bleblased programmings

interface for Roberta, shown on the right.

a comparative study
publ i c

tidtitudes and higher
programmers.

at it showshow the

an effective programming interface for the growing set of approaches.
applications and contexts where programming by-non y, . .- Programming Systems

experts might occurAs programming becomes more \janual programming systemsre defined as robot

mainstream for notechnicalemployeesthere is a growing
audience of designerhdt may berfié from this work.
Additionally, this work showshatdrawing inspiration from

learning environments designed
effectively inspiretools intended for

RELATED WORK
The work presented in this pape
innovations from research into

accessible to young leeers with the large body of work
investigatingdifferent approaches to programmingpotic

systems. In this sectipwe revew rel

these two literaturesfocusing specifically on endser
robotics programming and blodlased programming,

positioning our work at the intersec

for youngvices can

wider audiences. apprach for

use”

End-User Robotics Programming
Enduser programming is defined dgrogramming to
achieve the result of a program primarily for personal, rather
case
the author is writing a routine for a specific, immediate task,
as opposed to creating a gengratpose program oa
template script that others will later modifyhis review
focuseson enduser robotics programming languages due to
our goalof makingthe power of industrial robots accessible
to a wider audience of potential users.

[9].

I n the

In their survey of robot programmingystems,[6] break
downenduser robot programmirigto two main categories:
manualprogrammingsystemsand automaticprogramming

or use graphical

representations to giveuser control ver the robat

r brings togethergdesi
making programming

evant prior work from systems

tion of the two.

ncl

ude

Almost all majorindustrial robots can be controlled via a
proprietary, texbased programming languad@]. These
languages often draw inspiration from early programming
languages like BASIC and Pascalxaples of these

ABB’ s, wRi¢hP |

provide core functionality along with libraries that cover an
increasing array ofommon robotics tasks. In response to
this segmentation, there are efforts to create generalized

robot programming languagfko] as well as extensions for

programming interfaces where the user has direct control
over individual programming instructions. These interfaces
can present users with a tddsed interface for controlling
robots, which has historically been theredominant
robot programming,
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generalpurpose languages like C423] and Pythor{9] to ) : :
make the language more suitable for general robo Figure 3. Universal Robot’s tree-based programming tool.

programming tasks. automatic programming approaches include learning

A second form of manual robot programming systems adopBYStems[1], gesturefollowing robots that imitate human
a visual programming approach and incorporate graphics angctions [10], and the widelused programmingy-
icons into the programming interface. These environmentglemonstration approagh].

replace texbased instructions with icons, diagrams, or some programmingpy-demonstration takes the formpiiysically
other graphical representation that can be rendered in twenhoving the robot into the desitposition and then recording
dimensions which can then be manipulated by the user tqs state By sequentially positioning the robat different
define instructions for the robot to folloj#5]. A number of  statesthe operator can define a robot routine. This form of
graphical programming tools have been created to suppofihput is made possible through the combination of fdree
robot programming. The most wéthown d which is the  control (meaning the robot can be movedfaswas in a
Lego Mindstorms toolRigure 2, which uses visual blocks  zerogravity environment) and haneheld device, called a
to represent basic robot actions which the user can organizgach pendant[28]. All of the Big Four robotics

to produce desired outcomi@]. A seconcexample of this  manufacturers (ABB, Kuka, Fanuc, and Yasukawa)ich

appoach isMORPHA (Figure 2b) which usedan icor  account for over 60% ofhte wor | d' s i,ndust
based approaCh and flowchéke IayOUt to let users define provide a teach penda@éxampies of which are shown
instructions for their rOqu] MORPHA was intended to be belowin Figure 4) This makes the teach pendant approach

used in industry but never achieved Widespread adoption, |rﬂhe primary method of endser programming in the field.
part due to the challenge of creating a meaningful icon for

every possible command 5 _0oi®

Another graphical approach to robot programming
represergprograms as tresof hierarchical taskf20]. With
treebased representationthe task of creating a robot
routine is broken down into a series of steps, with each stef§§!
potentially have sulteps, resulting in a hierarchical *~
organization and presentation of the progrdfigure 3 Figure 4. Four teach pendants used for robot programming.

shows Uni ver sal Raopb arttesface, Wheh Y §iock-based Programming

includes a tredased program on the lefide of the screen  gjock-hased programmingyisible on the left side of Figure
Programming in tredased environments accomplished 1) js an increasingly popular approach in the design of
through mentbased navigation, liere new commands are introductory programming environments that uses a
introduced by clicking buttons and defining inputs, as can beprogrammingcommandaspuzzlepiece metaphor  to

seen in Figure, which shows how a new waypoint can be present commands the usef4,32]. Writing a program in a .
added to a program. These ipptBdsddvsnen?thkbsCtie f@niéF brdghiaga Wi z ar
to walk the user through creating common sequefid@s.  gropping instructionénto placeon screen. Each individual
approachhasbeen weHaccepted in practice. command includes visual information about how and where
Automatic Programming Systems it can be used, ensuring that incompatible instructions cannot
Automatic eneuser robot progmming systems give the be combined, thus preventing syntax errors in the program.

user the ability to program a robot, but unlike manual Additionally, blockbased programming environments
programming systems, these environments hide thanclude a number of features that have been identified as
programming language from the users. Examples ofproductive for novice programmers, including supporting
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natural language commands, presenting available commandsogramming experiencedur approach leverages black

in logically ordered and easily browsed ways, asthga based programming, a technique that has seen widespread
draganddropauthorshignechanism that is easier and faster success in educational contexts, and applies it to the
than typinga command charactdry-character with the challenge of robot programmiray creating a customobot
keyboard[45]. A growing body of literature showtbat the language a novicefocused editorand a robotsimulation
block-based approach to programminguseffective way to  interface The essential degm elements being investigated in
enable novices to write successful programs with little priorthis work include the use of the bleblased interface
experience and can serve as an accessible introduction fategrated into a virtual robotics environment and the custom
programming[17,21,43] The present study contributes to designed, domain specific language that accompanies it.
this body of researctby studying ault novices in a Here we provide an overviewof the CoBlox designto
professional settinginstead of young learnersn an contextualize the comparative studye design ipresented
educational contexAdditionally, the fact thabur toolis the in greater detain [42].

end goal language, not a stepping stone to profession
software developmentepresents a major change in the
purpose of the language

aILhe CoBlox environmentshownin Figure 1) is comprised
of a custorrdesigned bloclbased programming interface
built with the Blockly library[18] and an embedded virtual
Led by the popularity dblock-based tools including Scratch robot simulator which we discuss in the following
[39] and Alice[13], there is a growing ecosystem of bleck walkthrough.Users writeprograns in CoBlox by dragging
based environments that support a variety of programminganddropping pre-defined robotcommandsand snpping
activities. Alice [13], and other blockased tools like them together to define sequenadsinstructions for the
AgentCubeg25], are noteworthy in that they allow the user robot to follow.Userscandefine movement commands by
to programthreedimensional simulationsWhile much of  adding themove block to their program. The texin the
the focus of blockbased tools has been on the creation ofmove block readsMove quickly to <somewhere>

digital meda (like stories, animations, and games), block The quickly  statement is a dropdown thgpecifies the
based programming environments exist for modeling andspeed of the movemerthé otherchoicesare slowly and
simulation toolg5,24,46] mobile applicatiordevelopment  moderately) .The <somewhere> portion of themove
[40,47] playing video game$l15,44] and manipulating command specifiethe Location the robot will move to
media[33]. At thesame time, there are a growing number of and includes a list of all previously definédcation s
libraries and tools designed to make it easy to create newalong with an option to define a newocation . A
block-based languages or embed blbalsed programming Location isa programming construate developedhat is
interfaces into existing application8,18]. Finally, the used tadefinearobot position,which includests x, y, and
block-based programming approach has been used iz coodinates andthe orientation of the tool attached to the
robatics kits for kidswhich we discuss belaw end of the robot arm, in this casegripper. Todefine a new
position for the robgtthe user selects thald Location

option in thecssomewhere> dropdown. When this happens,
ktheuser is prompted tase the virtual robot interface ¢tick-
gnddrag the robot arninto place Once the robot is in
position, the user clicks a check box at the top of the screen,
Sand gives a name to the Location (e.0.
RedBlockOrigin , as seen ithePick and Place recipe

in Figure 1). Once the Location is defined, the
<somewhere> text in the dropdown is replaced with the
newly entered name. This process is similar to the
programmingby-demonstration approach commonly used
in robotics programming7], just replacing the physical
robot with a virtual one and introducing the programming

programming using a blodbasedinterface. Examples of construct of d.ocation that can be reused throughout the

these tools includBash and Doj48], theFinch Robo{29], glock-bisdedprogram.With this fer;turt_a, we f;ig&!i%;t tze
mBots [31] , Edison [34] and Ozobot$§36]. While these ragancarop programming. mechanisms o S€

educational robots share the larger goal of making roboprogramm?ng, the abilitg todk()jl_end anu(tj featuresdwil;hin a
programming easier for novicethey lack the capabilities, _pro_grammmg comman (a Igg rgphov;ns an ﬁmuttons
power, and the ability to support thgpes of complex inside a programming command), and the dynamesfiate

instructions required for a collaborative robot in industry. (for shifting between the programming :.ind robot mterfaqes),
as ways to make the task of programming more accessible.
COBLOX DESIGN

This paperinvestigates ways to make robot programming
more accessibleespecially toadults with little or no

Educational and Entertainment Robots

The final section in our review of prior work looks at
educational robots and toys, where the intersection of bloc
based programming and robotics has already begun. Leg
Mindstorms [30] provides a LaWiew-based system to
program Legebased creations using sensors and motor
(Figure 2a)While the interface uses iconbasedanguage,
rather than texbased commands, ihas proven to be
powerful for beginnerand more advanced usethere are
also blek-based interfaces for Mindstoskits (and other
similar robots) such asOpen Roberta[50]. Beyond
Mindstorms, here are also a growing numbafr robotics
toysdesigned not as constructionskibut as robots to teach

Anotherinnovation of theCoBlox interface thatusesthe
affordances of the bloekased modality is the introduction
of Robot Re@es Robot Recipes are predefined functions



that serve as templates for commonly carried out actions. Il =/ | G .. acwonero wmemeson
the study presented below, the environment includes a singl:

2
Window : g in T_ROBI, main

ST

PROC main ()

Robot Recipe callegick and Place . ThePick and s | Moves *, v1000, fine, toolo;
Place recipe defines the sequence of staprobot follows || sereer arieimeriomea. o
to pick up an object in one location and place it somewhere, | 5250 bt e
else a very common task for industrial robots. Robot || Feiter dieripperopencd, 1;

MoveJ *, v1000, fine, toolO;

Recipes are comprised of blocks available to the user, witls| woves |, viooo, fine, too10;

SetDO doOpenGripper, 0;

suggestd default arguments provided to help make the|| weitor aicripperopencd, o

template asier to follow. For example, in theick and o et widutt e, Lot
Place recipe, the first Move command readgove A i:‘:p‘:;“m”“' = —
. . . . 0 Main Debug
quickly to <approach to pick>, which is meant  —
to let the user knowhatthe firstLocation to be defined is - =N ‘ %
where to put the robot arm ahead of its approach to the Figure 5. The virtual version of ABB’s Flex Pendant
pickup position.The goal of Robot Recipes is to further programming interface.

scaffold adult novice users by providing eagyfollow  ghown in Figure 4), we selected this type of approach as one
templates to carry out common robot programming tasksyf the comparative programming envirommte After

Additional featuresof CoBlox, including results from a e r j f yi ng t hat ABB' s Fl e x P
smallscale user study, can be found4@]. comparable to other widelysed teach pendants in terms of
EXPERIMENTAL DESIGN quality, capabilities anduse in industrywe chose it as an

To evaluate oublock-based technique for distrial robot ~ exemplary teach pendant programming environment for this
programming v conducted a user studgmparingCoBlox
to two widely-used professional tool$his section presents
the study design, including the procedure followed, data
collected, and analytic techniques used.

study. The FlexPendant allows users to open or create
programs, edit them line by line, and input positions by
moving the robot via the attached joystick. As shown in
Figure 5, the programs authored in the Flex Pendant are
The robot programming environments represented as teklased programs in the RAPID
The independent variable in this user study is theprogramming language. Adding commands to a program via
progranming environment in which the participant was the Flex Pendant takes the form of navigating menus and
asked to workWe compared our programming environment selecting commands and parameters from lists. A tutorial
againsttwo of the mostly widelyused industrial robot  video showing this process is included in the online
programming approacheBhis ensures a benchmark against supplemental materials for this gex. Note that a virtual

the leading approaely enabling prospectiv adopters to  version of the pendant was used for the study, the reasons for
assess its practical impadiVe reviewed both research which are discussed as part of the study procedure below.
literature and products currently on the matkeselect the

. . Uni versal Robotsdé Polyscope
environments for comparison Thesecond robot programmirepvironment chosen for this
After our review of robot programming environmentg w st udy i s Uni ver sl shoRoibFgure s Pol
chosetwo comparison environment& B B 'Flex Pendant 3. This tool was chosen because it represents the most
andUni ver sal Ro Badlthree evipohnyests o SpieEssfiul—in terms of robots sold-approach to endser

we had participantss s e an “of fl i ne” rohotpwarampingoAgdditianally it uses a tieased, dilog
model [49] which includes a robotsimulationwhere the  driven strategy thus providing another engser
virtual version of the robot can be manipulatsdpart of the ~ programming paradigm to compareCoBlox. Authoring a
programming interfacé=or Polyscope, we added the virtual program in Polyscope takes the form of navigating through
robot by using RoboDK, a thisgarty simulator screens and menus, defining the specifics of each step by
recommended by Universal Robofhe offline approach inputting values into text fids and clickng buttons
offers a number of advantages over the alternative whictassociated with the desired behavidihis mendbased
requires a physical robot to be available, including cosg ea programming approach is distinct from conventional
of development and modification of programs, and programming in that the resulting program is not represented
development cabe accomplished while the robot is in use in text, but instead as a ser@sodes in a hierarchical tree
[37]. At any poirt during program development, the user can Participants

click Fh e lay’ Button and watgh a sm)ulatlon.of the robot The goal of this study is to create a robot programming
carrying out the programmed instructioffatorial videos  interface that is accessible and usable by adults with little or
showmg howlto program a robot in all thrge environmentsp prior robotics programming experience. As such, we
are available in the online supplem@aterials. sought to recruit a diverse setmbfessionalso match this
ABBS6s Flex Pendant profile. Participants wereecruited from an office of a
Because nearly all of the hundreds of thousands of deployethultinational engineering conglomerate located in the
industrial robots are attached to a teach pendant (like thoseastern United StatesOnly employees outside of the



company’' s Ro b ofori whreom domputers i amosen approach, andwe felt that access to this
programming is not one of their core competencigsvaho representative population was worth this shortcomiirge

do notdo it in their jobswere invited to participatelhis session ended with a post survey, which asked participants
population matches our target users in that they do notbout their experiences working on the programming
programcomputerr work directly with industrial robots as  activity. The researcher left during the programming portion
part of their daily job requirementBhe study was approved of the procedurdecausave wanted participants to rely on
by the inditutional review board at the primary research the training materials as much as possiblee participant
center with permission of the industry partner. was provided an instant messaging account to contact the
researcher if they had questioniie researchaeappeared

att h e p a sdesk@afteptlze raltotted time to ensure the
user had encountered no major problems.

We recruited participants by inviting them via intdfice
email or faceto-face contact offering a complimentary
lunch as an incentive. gproximately 80%of contacted
employees accepted our appointment request, leading to 110aining

participantsTo assign potential participants to environments Prior to attempting the assigned task usezsetrained on

in a uniform manner, we first divided them into three groups:ther programming environmentTo provide the most

research interns (17), researchers (44), andresearchers  realistic training we mimicked both ABB and Universal

(49). Participants from each group were then sortedRob ot s’ pract i c eideod Wecreatediad i n g
alphabetically and assigned to the treatments round robin. approximately temminute video for each @ronment. Each

video discussethe basic layout of the tool, how to navigate

the 3D simulation environment, how todda common
commands, how to use task templates, how to run programs,
and how to jog the rovdredthe Eac|
same materiajswith the details varying according to each
environment. In addition to the viddmased trainingwve also

included a single, twesided 8.5 by 1dnch referencesheet

thatusers could refer to throughout the task, which contained
screenshots and explanations of the commands used during

the video.All of these materials are available in the online
supplemental materiathat accompany this paper.

Of the 110scheduledusers 89 participated, and 6Were
included in the final resultsSeventeerparticipantswere
disqualified for proceduraviolations €.g, an emergency
meeting pulling the participant away from the task) and
another 5 participantsereremovedbecause they hadken
more than five programming courses in their lifetit@é the

67 participants,59 were male and 8vere female.The
average agefahe participants was 35y&ars §D9.1), they
had an avege professional experience of §8ars(SD8.4)
andhad taken an average oblrogramming courses (SD
1.4) with over half of the participants (37 out of 67) having
one or feweprogramming courses in their livdarticipants ~ Tasks

were from a variety of work areas, including development, Participants were asked to completées otasksinspired
sales, testing and quality assurance, and various forms d}y reatworld robotics tasks-specifically pick and place-

engineering. anddesigned to be challenging to finish in an hdimefour
tasks were designed to be cumulative arad increasing
User Study Procedure difficulty. Each task waggged and evaluated separately

For eachparticipantin the study we followed the same
procedure shown below in Figure 6. During setup we The first task was to open and close the robot gripper, and to
connectedheir work machingo our remote virtual machine move therobot armapproximately one inch to the right and
that had the robotics software gomded and gavéhem a  then to the leftThis was intended to serve as an initial,
reference sheet for theprogamming environmentThe orienting task to get users familiar with the robot and its
procedure was conducted at mpvamentsToe secondttask was hasickpick and plagg n i mi
the disruption participation would cause to their workday. routine with no outside constraintskig the users to move
Each participant waghen asked to (i fill out a brief thered block shown in Figure 1 froits startingpoint to
demographicsurvey, (i) watch an approriately 10 min pointA. Task 3 was gick and place routine, but with a small
training video, and (iji complete as many of the specified wall to be avoided in between the beginning and ending
subtasks as possible during the allotted time of 60 minuteslocations (moving the block from point A to point B in Figure
While it would have been preferable to hax@time limit, 1). The fourth and final task was a pick and place with
conducting studies with busy employeescessitated the reorientation, picking up the block fropoint B and placing

it on its side at point CThese four tasks representligiic

[ i Set [ Caeonete: J — programming activitiefor an industrial robotas positioning
Tutorial Video Survey the robot arm and moving and reorienting objects are core to

VM Connection the functioning and use of these types of rabdle exact
wording of the task instructions can be found in the
R T A

supplemental materials.

80 910
Performed By Administrator Performed By Participant minutes Pilot Study
To ensure that all unforeseen issues were fixed prior to data

Figure 6. The timeline for the study procedure. > ¢ . o
collection we piloted our study witli2 participants. As a



result, we identified two tas#lescriptions that users found * LB . = B e
confusing, which weddressed by revising the teat;bug g e g mm U ) @l [ B riecpencont
related to the robotic gripperahcaused some programs to o g |, B

18
i e a3y |17 | Ll {
. . . . 16 G i Polyscope
hang, which we patchednd a missing reset feature in the . i - . B rover
Universal Robots environment, which we added. sEhe I12 = 2],

. . d not attempt
improvements lé to a much lower procedural failure rate *
during the main data collection period.

mplete task

Attempted and
successfully
completed task

Data Collection and Analysis

Task 1 Task 2 Task 3 Task 4

Survey and Interviews
Surveyresponseswvere collectedrom all 67 participants. To Figure 7. Number of participants that attempted and

analyze the textual data of the survey responses, weaused completed each task, grouped by condition.

Grounded Theorgpproactio determine higher level themes Progress and Time on Task

[41]. To establish a common set of codes and themes, twdhe programming activity was broken down into four
researcherapplied open axial coding to the sasubset of  cumulative tasks, with each task building off the
survey responses and then established a commofunctionality authored in the previotsskand increasing in
understanding and defined a structure for the mostcomplexity As participants progressed through the
commonly mentioned concepts. To validate the analysis ofrogramming activity, tby logged when they completed
the survey results, two additionmalsearcherextracted their  each task. We use these selfiorted logs to track how many
main findings from a subsef the responses independently. tasks participants completednd the time required to
complete each task. The number of participants who
attempted each task is shovabove the lightly shaded
portion ofeach column in Figuré The solid portion of each
column reflects theumber of participants who scorédor
higher on each task he average time on taskthose who
attempted the tagk shownin Table 1

Self-Reported Progress

We collected progress logs froavery participantduring
their session, whiclincludedthe completion state antiime-
onttask for each taskThis data allows us to compare user
progressn terms of time and completion rate

Programs Authored
For each participant, we collected the program they authored Time on Task (in seconds)
as well am videoofe a ¢ h p a rptogramnirumrangWe’ s Condition Task 1 Task2 Task3 Task 4

used these videos to verify that sedported progress logs
were accuratand to evaluate the correctness of the program CoBlox = 438.36 843.64 481.43 621.29

with respect to the stated objective of each tBsk.each of Flex Pendani 1679.08 1003.32 506.93 605.00

the four tasks, a point grading rubric was created to Polyscope 940.73 1398.59 801.76 653.09
evaluate the correctness tiie program. To ensure a

consistent quality gradéwo reseachersscoredeach video Table 1. Time-on-tfts.k in seconds for each condition, including
individually, andall disagreements in scores were resolved only participants that attempted each task.

through discussiariThe grading rubric can be found in the All 67 participants attempted the first programming taik
online supplemental materials. many completing it Comparing the average tiroertask
RESULTS across the three conditions for the first task, we see a
The findings section is broken up irtteo sectiors. First, we  Significant difference (F(25) = 1597, p <.001). ATukey
report onan analysis of the programming portion of the Post Hoc HSD shows' .there to be significant differences
study, reporting differences icompletenesscorrectness, ~Petween all three condition€¢Blox and Flex Pendant p <
time on task, and findings from a qualitative analysis into :001; CoBlox and Polyscope p < .05; Flex Pendant and
types of errors made by each conditiBhe second portion ~Polyscope p <.01), witltoBlox users completing the first
of this section presents resufiom an analysis of the post t@sk the fastest and Fl@endant usertsking the longest

survey, looking at differences eported usefulness, ease The second task, attempted by almost all participants, again
of-use, and satisfaction, as well as reportpatterns in  showsa significant differencéetween the conditions (F(2,
responses to opeended prompts of usérexperiences g1) = 350, p < .05, with the Polyscope participants
during the programming task. significantly slower than thEoBlox participaits (p < .05).

Results from the Programming task Task 3 represents a turning point. Tasks were cumulative, so

Data collected during eachy@igdt W bidditdmpete cheétdsk did®nBt atteripf | U ©

time-on-task for each of the four tasks and videos of thelrany later tasks. All but on€oBlox participant attempted

final programs, whiclwere evaluated forcorrectnessThis Tasks 3 and 4, benly 12 of the 2Flex Pendarparticipants
section presents the result of these analyses. ’



CoBlox 8.0% 14.7% I 77 >

Ease of Use Flex Pendant 15.4% 243% I I o>
Strongly agree
Polyscope 18.5% 24.4% I  [FALS
s i aow| I ¢ 5 Agree
Learnability Flex pendant 16.0% 360% | I o0 Disagree
Polyscope 14.3% 7% | I - o Strongly disagree
CoBlox 10.4% 7.2% ] I :: < il
Satisfaction FlexPendant 26.6% 202% I I <.
Polyscope 304% 235% B 1
90% 70% 50% 30% 10% 10% 30% 50% 70% 90%

Figure 8. Composite scores for three attitudinal dimensions for the three conditions based on responses to the post survey. The
differences between the three conditions are statistically significant for all three categories.

and11 of the 22Pdyscopeparticipants attemptedagk 4. (81.3%) of the 16 programs resulted in the robot arm
This steep dropff in participation corresponds with skipping steps specified in the tasks.

shifting trend in time to completion. As the number of
participants attempting tasks in Polyscope Blak Pendant
dwindles, the time on task of those who did attetmgtatter
tasks becomes comparable@oBlox. This is true for both
Tasks 3 and 4. kwever, there is a significant difference
between the number of people who successfully complet
Tasks 3 and 4 in th€oBlox condition compared to the
others, as shown inigure 7. In summaryusers complete
more tasks, more quickly, usingoBlox.

Incorrect location specificatipnmeaning the participant
moved the arm to the wrongrfthe task (e.g. moving the arm
through the floor)accounted for errors in 12 (54.5%) of the
22 CoBlox users, 10 (43.5%) of the 23 Flex users, and 16
72.7%) of the 23Polyscope usersThe mechanism for
ocation specification was outside the scope ofGo8&lox
design.In summary,CoBlox users male the same types of
mistakes as users of the other two environments.

We also want to highlightwto errors unique to Flex
participants: failure to compile (&f 23 participants) and
incorrect parameters (1 of 23rpeaipants) To control the
gripper, Flex Pendant requires multigdeoperly ordered
consecutivanstructions in order to compil&oth CoBlox
and Polyscope providghis functionalitythrough asingle

Correctness

As Figure 7 shows the number of participants who
successfully completed a task is not identical to the numbe
of participants who attempted the next task. Therefoee,
separately discuss the correctness of prograiten only
including participants whattempted each tastere was no . )
statisticallysignificant difference by condition iscores on dropd'owncommand. Furthernithe Flex Pendant inteda
Tasksl, 2, or 4 OnTask 3 there isa significant difference  Participantshad to selecparameters &m a number of
betweenthe three conditionsF(2, 50) = 3.23, p < .05A dlfferent_ menus and mterfacem_aklng it more likely to
Tukey HSD Post Hoc calculation shows ti@oBlox §e|ect incorrect pa_rameters.W_hlle_ these errors were
condition to be significantly different than the Flex Pendant Nfréguent, wementionthemto highlight the fact that such
condition (p <.05. In summary,users achieve the same mistakes are not p055|bl_eth|e Po_lyscoper CoBloxdue to
level of quality when usingCoBlox, eve though they the composition constraints designed into the system.

complete more tasks more quickly Results from the Post Survey
I n this section, we present
experiences using the different tools by analyzing responses
given on the survey dihe conclusion of the study protocol.
The survey largely consisted of-point Likert scale
guestons. In this analysis, we grougimilar questions
Missing pieces ofode erraswere identified in programs for  together to create composite measures for perceivedéase
18 (81.8%) of the 2 CoBloxusers, 14 (60.9%) of the 23 Flex use, learnability, and satisfaction. The resofthis analysis,
users, and 16 (72.7%) of the P@lyscopeusers The two grouped by condition, ashown in Figurd. The survey also
most common errorgesulting from missing codevere  included free response questions, which are also included in
failing to avoid obstacles (i.e. the wall or the floor) and the analysis. The survey, including how the questions were
skipping steps defined in the programming task€dBlox,  grouped, can be found in the online supplemental méteria
10 (55.6%) of the 18 programs with missing code resulted inEase_of_Use
collisions with the floor due to not lifting up the arm Our measure for easd-use for each of the tools was
vertically befae moving it horizontally. In Flex Pendant, 7 calculated by combining responses to prompts asking about
(50%) of the 14 programs with missing code resulted in theirhOW eas thiool was to use overall. how easy it was o do
robot arm skipping steps specified in each of the easy | . L yitw
programming tasks. In Polyscope, 11 (68.8%) and 12 (75% pecific things (like add commds or fix errors), and how

of the 16 programs with missing code résdlin the robot Csﬁﬁfgglg trr;?n Itnsterggig d \;\gaseﬁ;oge mlast \;’grcé'?gl’m(\;ve
arm colliding with the wall and the floor, respectively. 13 promp

to correlate at an acceptable level across all conditions
(Cr o n b a=x.86). Eomparing the aggregate eabese

Patterns in Errors

An analysis of participast final projectsreveas two major
types of errors across the three conditomsssing code
shippets and incorrect location specification.



scores between the three conditioms,find the scores to be Satisfaction

significantly different from each other F(2, 65) = 3.45, p < For the composite satisfaction measdoerr promptswere
.05. A Tukey post hoc HSD calculation shows the differencecombined including“l am satisfied wh this programming
to be betwee€oBlox and Polyscope (p < .05). environmerit and”| would recommend this tool t@sieone
new to robot programmirig These questions all correlated
with each other@r o n b a = 188), suggesting they are

;aasrl]erto use tha; thﬁ other iwo mt_erfap?] flncri]mg that is measuring the same underlying perception of the interface
urther supportedy the responses givetn the short answer e There was a signifant difference in user satisfaction

questions from the post survéyhen asked what they liked ;. J<s the three conditions F(2,)66527, p < .01. A post

about the programming environment they used, 76% of,. comparison using a Tukey HSD shows there to be a
CoBlox users give a respomghat identified its ease of use,

) . . . . significant difference betwegtioBlox and Flex Pendant (p
saying tVeryeappsto use. lkmade it a pointnotto - g1y andcoBlox and Polyscope (g .05), with CoBlox
use the referenceheet  a bskr friendly interface and o qivin higher satisfaction scors summaryusers were
envionmert .~ Hal f of the PolyscqRe s hitcosidkdh i oterbivrorrents. © |
the Flex Pendant users attended to thseef-use of the

interface as somethirtbeyliked about the environment. Criteria CoBlox Flex Polyscope

Pendant

These results show users found @@Blox interface to be

A third data point tht further illustrates this difference in X
ease of use ithe number oparticipants in each condition ~Faster BskCompletion VvV
who needed to ask researchefor assistance during the More Correct

study. Severof the 22CoBlox participants asked for help

: Easierto Use \
during the study, compared &2 of the 23Flex Pendan .
participants, and 14 of the Pdlyscope participants. Again, Easiero Learn v
this datareinforces thathe CoBlox interfaceis the easiestto  Higher Satisfaction \Y

use of thethree.In summary,users perceivedCoBlox as

. - Table 2. Summary of the comparative findings
easier to use than the other environments.

. DISCUSSION
Learnability

The composite learnability score was calculated by Improving the design of Robot Programming Interfaces
combining responses s&ven survepromptsrelated to how The first contribution of this work is showing how the block
easy the environment was to learn. Examp|é§m5e basedCoBlox designperformed relativeo two of the most
prompts include“Overdl, it was easy to learn to use‘l ~ Widely-used industrial robgtrogrammingapproachesOur
learned to us the whole environment quicklyand“l could ~ results summarized in Table Zhow adult novices using
use this enviment without theeferencesheet. The seven ~ CoBlox were able to successfully complete more
questions in this sectiarorrelate with each other at a level Programming tasks more quicklyhan those using
beyad the .80 level conventionally use@ X o n b a = h ’ cenvegtional interfaces without  sacrificing accuracy
.86). Running an analysis of variance calculation shows theFurther,CoBlox had significantlyhigher scores for eass-
composite learnability scores to be significantly different Use, easef-learning, and levels of satisfacticelative to the
from each other across the three conditiors %) = 4.93, other environments. Collectively, these findings show
p = .01. A Tukeypost hocHSD calculation shows the CoBlox, and the bloctbased approach to botics
differences to be significant betwe€nBloxand Polyscope Programming more broadlgas great potential for making
(p < .09 andCoBlox and Flex Pendant (p ®1), with no industrial robotics programming more accessibleadalts
difference being found between Flex Pendant and Polyscopavith little to noformal programmingraining.

On the freeresponseportion of the survey, amall number ~ Challenges not solved through CoBlox

of participants gave feedback related to how easy or difficultCOBIoxwas very successful at increasing the speecase
it was to learn the environment. For examples GoBlox with which users entered instructions. Howewves,learn as
participant wrote It Was easy to learn and saw the output Much from what wasotsolved as whavas

change immediately from my code. That makes change easyrst, logical errors, in which users mesksteps(such asiot
toundestand” Thi s type of r espo g the rdbot drin hdfder nfoving it holizally), e
way participants in the Flex Pendant condition spoke abouprevalent in all threeonditions. While being able to see
how easy it was to learn to program in that interface, givingreadable instructions in an intuitive forncauldhave helped
responses SUCh aSThe program iS not |ntu|t|Ve|t will user s see w h en t h er e wer e mi S S
require more than a tut@l to learn, and must have more researclis neeed to provide strategies for helping
training.” In summarypsers perceive@€oBloxas easier to  ysers with such common mistakespecifically thinking
learn than the other environments. about howthe robotics programmingpntext can perpetuate
these errors while also potentially provide design
opportunities to help users not make these mistakes



Second, th@revalence of incorrect location specification as machines. Further, given tliecus onspeed and accuracy,
a cause ferror suggests that participants also had difficulty CoBlox may have a home ing¢hworkplace of tomorrow.
with the interface provided tanipulaéthe robot arm. This
finding suggests thamore effort must go into interface
design. When asked about frustrations related to the

progr_amming interface, manyanicipants_(37 out O.f the 67) study. For example, tHeéoBloxand Flex Pendant conditions
mentioned some aspects of manipulating the virtual robotU ed the same virtual robot interadut, due to technical

E ?j rex I?i mp Ithe T ? n ldﬂe gmsatlonttal_systzgm 4 asoﬁs,t e F%Igst:ope dondition used a different virtual
ad, you could miss the point unless you put in &x robot interface, thus introducing difference that may

location. 'Iherg ShOUId b_e more convenient 3.55'“‘)”'”9 influence our findings. While there was some evidence that
system This finding rephcates what we fo.und in cn_maIL these differences may have contributed to differing
scalepilot study[42]. This leads to potential directions for experences for usems seen in a small numberoimmants

future work. One of the emerging findings that will be it does not seem substantial enough to explain the significant

shapfml? ogr r}[eﬁ( t |t3r)att|fn_ c:f th"t; \{{vr?rk 'g E{h'nk'_?.g MOT€ yitferences betweenoaditions reported in this work given
carefufly about how tetterintegrate the robot positions as v, the there was no difference in capabilities between the
part of the programming task, and redesign the virtual rObOEnterfaces

space in hopes of rkimg it more intuitive and accessible.

Limitations
While we triedto make the condins as similar as possible
there were some differences that intragllimitations to the

A secad limitationrelates to theliversity of the tasks that

Bringing Innovations for Kids to Adult Environments - .
One of the major contributions of this work is showing the participants Wer_e_a_\sked to do and how it speaks 1o the larger
universe of activities that robots can perform. The robots

potential for taking design innovations targeted at one group S X :
of novices (in this casgoung learners) ahemploying them ?hS:d ;r;titcr:]ilsaittus:\j/grin;s?(degagn/?(l)osrzg‘lp?cirsar?gmgg

for another group of novices (adult€)ne hypothesis we P par . prog Pic 1d plact
brought to this work washat the blockbased approach to routine. Thisis a relatl\_/ely narrow sgtfuﬁctpnalltyth_at IS
programming that has been succeséfulyoung learners serving as representative fadfindustrial robotics. While we
could help adult noviceghe ease of assembling programs intend on introducing ad@p_onal Robot Recipes and
with the daganddrop interface the removal of syntax broadeningthe scope of activitieghe language has been

eors e iy 0 Geinalomarsspeic semanicad 95310 o1 0ere i stlork o be doe o e
the affordances of the graphical presentation all contribute

to makingrobotprogrammingeasier for adult novices arger, more complicatednd more derse

A final limitation relates to our recruitment of participants,
all of which came from the same company. This results in a
lack of geographic diversity and a shared background that
could potential affect our resulid/e view ths as a relatively
minor, but noteworthy, concermnd something we seek to
address in future itations of this work.

In fact, an argumentgainst theise oblock-based languages
in professionalsettings isthe perception that blockased
t o ol snot aeal @rogtammirigand less powerful than
conventional texbased tools[45]. However, growing
applications of bloclbased programming such as
distributed computinflL1], parallel computin¢l6], and data
scienceq2], show this to not be the case. Further, block CONCLUSION
based programming may be particulanrell suitedto the The goal of this work was to exploreays of making
context of collaborative robots, whictepresents an in  industrial roboprogramming more accessible to people with
between use of programmingsomeone who perhaps will little or no prior programming experienc@®rawing on
never become an expert programmer but needs to prograsuccessful design strategies used to introduce yleangers
occasionallymayte no more than one small program each to the practice of programming,encreatedCoBlox and
day (to be run by the robot for the next day). showed how it oyterforms the most widspread robotics
Adult Novices and Collaborative Robots programming approaches us_ed toddhye analysis shows the
CoBlox helped adult novices program more tasks

One of the goals of this work is to create a robot successfully by decreasing tinoa task while maintainin
programming interface that is powerful enough to be of use y by 9 9

in professional and industrial settings, while also beingquallty. In additionthe participants found it easier to use and

intuitive enough for adult novices. Creating such an interfaceemoy('Jd it more. Collectively, with this warkve advance

is important giving the shiftingature of manufacturing and our understandingf ways to make robot programming more

industrial jobs in the Zicentury. Increasinglyositions that ?ncgrzslsglesi:]o IZ ‘é")‘(‘;‘i; rlzngfaoziézeﬁwﬁC\QG;V&%?;L)C;S:Z
were once labek d “ manu a lare thangimgr ” y 9 p

Collaborative robots are one emerging fornthafnew 215 interface can be usedThis study shows the bloekased

century blue collar position that tasks workers wittrking ﬁg\eirg:(:éurlrggkmr%v? di;Obr?t;C; ?rrigg{irggén% rt?jﬁ;iafvscr)rk
alongside and interacting with robots. Accessible ' P @ P

programming interfaces are essential for helping WorkersConcerned with makg programming accessible &l. In

make this transition to working alongside autonomousOIOIng so, we contribute 1o the Iarger.goal of giving people
access to and control over tieehnologiesround us
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