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Abstract— Ensuring the safety and efficiency of human
workers in environments shared with autonomous robots is of
paramount importance. In this work we examine the behavior
and attitudes of participants performing tasks in a noisy
environment collocated with an autonomous quadcopter robot.
Visual communication of spatial ownership and nonverbal
(deictic gesture) requests for changes in spatial ownership
are facilitated using an augmented reality (AR) head-mounted
device that renders a color-keyed grid on the floor. After a
request, the robot can alter floor ownership to provide partic-
ipants with a safe path to complete their work. Participants
(n=20) in a between-subjects study took part in either a shared
space condition (concurrently occupying the work floor with the
robot, with obvious rationale for floor ownership) or a turn-
taking condition (alternating excursions onto the grid with the
robot, without apparent rationale for the floor grid colors).
We find consistent evidence of potentially dangerous over-trust
in the system that led to non-compliance; notably, 25% of
participants intentionally walked across forbidden floor regions
during the experiment. We identify design considerations and a
variety of user-borne rationale for committing safety violations
that designers will need to explicitly take measures to remedy
in production AR safety systems.

I. INTRODUCTION

Due to a confluence of technological availability and
utility, humans and robots are increasingly operating in close
proximity to each other. The current state of safety in human-
robot collaborative and cooperative collocated tasks generally
revolves around protecting the human from any contact with
the robot, using physical barriers and sensors to pause robot
operation in the vicinity of humans. This is oft realized as
robots installed within physical cages or within fences in a
manufacturing environment, or as ground robots in a well-
structured warehouse environment that stop when a human
approaches wearing specially instrumented clothing. While
effective at preventing negative interactions, these approaches
tend to be inefficient and cause frustration.

Research on increasing predictability and interpretability
of quadcopter robots by collocated humans [1}, 2 3 4], in
addition to work that predicts human movement [3], tends
to assume that a robot should always defer or conform to
human preferences independent of the rationale behind them.
However, the practical alternative of expecting the human
to conform to the robot’s movements or demands is less
explored. With increased deployment of robots in established
processes within warehouse, manufacturing, and even space
environments, we must find safe, efficient, and robust ways
of collaborating with them.

1 Authors affiliated with University of Colorado Boulder
2 Authors affiliated with Draper Laboratories

(a) View through the HoloLens from Home. Eight bins contain task
components, a 3x5 grid indicates spatial ownership, and bin labels are

selected to request access. Shown is a path to Bin 4.
b

(b) Looking towards Home in the ARHMD during the trap scenario
(no return path) in the Shared Space condition.

Fig. 1: Example views through the HoloLens ARHMD.

This work surfaces insights about human compliance and
non-compliance with robot instructions for spatial ownership
as delivered via augmented reality in a collocated envi-
ronment with important safety implications. These insights
are gathered from an experiment where human and robotic
agents held ownership over different areas of a warehouse
floor. We designed and implemented the FENCES (Facilita-
tion of Efficient Nonverbal Collocated Environment Safety)
System to enable this interaction. FENCES enables a user
to request permission from an autonomous robot to traverse
the work floor to reach bins containing parts needed for an
assembly task. The robot, an autonomous free-flying quad-
copter that is conducting an inventory task, gives permission
by giving the human temporary ownership of parts of the
floor indicated by hologram coloration (see Figure [Ta).

We investigated user behavior and compliance with respect
to the FENCES system through an Institutional Review
Board-approved, between-subjects study with two condi-
tions: (1) a shared-space condition where the human and
robot occupied the floor concurrently, and (2) a turn-taking
condition where the human and robot performed their tasks
sequentially, with only one of them allowed on the work
floor at a time. The main contributions of this work are our
findings surrounding human compliance and the justifications



they provide for non-compliance and the subsequent idenind green holograms, leading to our use of blue instead of
cation of critical design considerations for future AR-basedgreen, but maintaining the overall principle of using color to
safety systems to incorporate, with implications for safetydenote ownership or imply safety.
trust, and cognitive load. Some primary applications for our ndings include man-
ufacturing and ful liment centers. There are indications that
Il. RELATED WORK humans working in close proximity to robots at Amazon Ful-
The FENCES system and the experimental design in thisment Centers might alter their work ow to accommodate
work are based on insights synthesized from collectionsr support the work of their robot teammates|[27], prompting
of research within the multiple interconnected themes dahe authors to ask how AR can further facilitate these human-
communication, safety, augmented reality, and human-robaibot teams. Amazon has already initiated work on this front,
interaction, expanded upon in the subsections that follow. as evidenced by the existence of a patent on an AR display
Communication of Information in AR. Mclntire et al.  for ful Iment center workers [28[ 29].
[6] nd that stereoscopic 3D displays have equal or superior In this work, we utilize augmented reality to provide both
information communication performance as compared tacommunication modality and spatial ownership information
non-stereo (2D) displays the majority of the time. Aug<for a person working collocated with an aerial robot and draw
mented reality (one form of stereoscopic 3D display) is @onclusions related to human compliance and safety.
preferable option due to its dynamic visualization capabili-
ties, non-obstruction of the visual eld, and relative ease of Il. THE FENCES SYSTEM
use. Szar and Sza r([lf] indicate that most past research on The FENCES system includes a Microsoft HoloLens 2
human-robot interface design has centered around situatiomalgmented reality head-mounted display (ARHMD), a Parrot
awareness and user control. While our system provid&ebop 2 quadcopter robot, a Vicon Tracker motion capture
situational awareness in terms of spatial ownership, we loadamera system for tracking the robot and the user, and a
beyond control and towards back-and-forth communicatiodsomputer performing sensor fusion, state management, and
between the human and the robot. robot control. In the component descriptions below, the term
AR for Human-Robot Communication. A rich corpus “user” refers to the human participant.
of work on use cases and experiments exists regarding usingcFENCES was designed as a test bed for analyzing human
AR for human-robot communicationl[1}[2,[3,/8] 9] 10, [11, 12behavior while interacting with AR and a collocated robot.
13,1415/ 16| 17]. Many systems are designed to improw&/ithin the system, a user can request permission to traverse
communicationfrom the robot to the human, such as a controlled space in order to reach a speci ¢ goal location.
providing insight into motion intent[1, 2] 8], assistive controlThrough the ARHMD, the user can see who has ownership
predictability and legibility [[10], aiding teleoperation_[11], of the spaces on the oor: the robot, themselves, or no one.
improving control handovers for autonomous vehicles [9], ]
and using AR-assisted robot gesturgs| [17]. Other systerfis Microsoft HoloLens 2 ARHMD and User Interface
exist that facilitate communicatiofrom the human to The Microsoft HoloLens 2 is capable of projecting images
the robot, including programming or otherwise adjustingand text in the wearer's eld of view. The user interface
the system[[12] 13, 14, 15], teleoperationI[11], providingvas designed in Unity[[30] and consists of the following
boundaries to the robot|[4, 16], or functioning as a tearfeatures, some of which can also be seen in Figurgs 1a and
[18, [19]. While our work builds on this growing body of [IH: (1) A large 3-by-5 grid on the oor, with the 8 bins
research, we speci cally address humeosmpliancewith a  and table serving as boundaries. (2) The 1.5 x 1.5 meter
communicative system as it relates to safety. grid squares are colored red, yellow, or blue, depending on
AR and Safety. AR is increasingly used to improve whether they are “owned” by the robot, no one, or the human,
worker safety in a variety of environmenis [20] 21]. €aahd respectively. (3) Billboards above each bin are labeled with a
Tesic [22] presented a case study using AR to improve safetyorresponding number and always face the user. They can be
in an industrial environment by providing virtual safetyselected using a HoloLens “air tap” to indicate a user request.
instructions and other information. AR-equipped hard hatdudio feedback is provided when a bin/billboard is selected
are also increasing in prevalence, indicating there is growin@Bin [numbet selected.”). (4) A “Home” billboard hovers
acceptance of using AR in high-risk environments| [23, 24Jabove and behind the home base table. (5) Text con rming
Our work leverages these ndings and techniquespaces completion appears when the experiment has ended. The
containing humans and robots ARHMD is the sole mode of communication between the
AR for Human Safety in Shared Spaces with Robots. user and the system. The user initiates a request to approach
A system from Choi et al.[[25] provided safety signals ima bin by selecting its billboard, and the system may give
the form of a green, yellow, or red dot for low, medium,permission to traverse the oor, indicated by shading the
and high risk of danger in the corner of the user's eld ofgrid squares in blue that the user is permitted to enter.
view. Makris et al.[[26] also shaded regions of the workspace ) )
in red to denote the robot's space or green to indicate te EXperiment Manager and Experimenter Interface
operator's safe working area. In practice, for our system we All of the robot goal locations, oor color con gurations
found that users had dif culty distinguishing between yellow(and thus user access routes), and anticipated bin selections



are predetermined by the experimenters and implemented as
sequentially reachable states in the system. The states have
transition criteria based on specic conditions being met:
user location, robot location, and bin request.

IV. EXPERIMENT DESIGN

We designed this IRB-approved experimemnt=20) as
a between-subjects study with two conditions. Participants
were assigned pairwise randomly to conditions: odd num-
bered participants were randomly assigned a condition and
the following even numbered participant received the oppo-
site condition. Pairwise randomization is an unbiased assign-
ment mechanism to ensure balanced cases when there is a
guaranteed pair [31]. We recruited 22 participants, but two (a) An example of the instructh) The completed assembly of
trials were discarded due to issues with the motion capturetions provided. Each appeared multicolored MegaBloks.
system. The participant population drew from students at on separate pages for clarity.
our university and was 26 female, 36 nonbinary, and  Fig 2: The task (a) instructions and (b) nal assembly.
70% male. On a scale from 1 (“Never interacted with”) to. ) o
5 (“Extensive experience with”), average experience acrodshad departed. Since the robot and the participant were
participants was 3.1 for robots and 2.4 for AR, never on the grid at the same time, the dqraﬂon for the
We deployed FENCES in an experimental ight space lalgntire t.ask increased tq apprOX|ma}ter 30 minutes. In both
arranged to replicate an assembly environment with eigRfenarios, the “ownership” of the grid squares (robot, human,
distributed parts bins along east and west sides (Figure 18J, neutral/unowned) was communicated to the participant
The task space was approximatdyn x 12m A table for USiNg the virtual grid described in Section IlI-A and pictured
the user's workspace was at the south end, deemed “HorffeFigures 1a and 1b. . . o
Base” for the human. Participants received an orientation at 1"eseé conditions were chosen to investigate behavior in
this table, which also contained the assembly workspace af# different yet equally relevant situations: one where the
instruction booklet. The experimenter and control equipmer§Patial ownership rationale was more recognizable (Shared
were behind protective netting to the west of the table. ~ SPace) and one where the spatial ownership rationale and
After signing the consent form, participants read one pagq_ssqc'lated safety concerns were Ies; .ObVIOUS (T'urn-T.akm'g).
of instructions describing the experimental task. The activity rticipants were not provided explicit explanations in ei-
involved constructing a small assembly with Mega Blokdher _C(_)ndltlon about why certain regions were permitted or
according to a printed booklet of step-by-step instructiongrohibited, only what the colors denoted. Because we were
with words and photos (see Figure 2). They were instructd@vestigating behavior with respect to the oor ownership
to collect the blocks from the bins in a strict order from the®S designated in AR, we do not compare their behavior
bins and told that they should only walk on the blue aread® an AR-free condition. Further, without any indicator of
in the grid. They wore the Microsoft HoloLens 2 ARHMD SPatial ownership or a signi cant deviation of the quad-
described in Section I1l-A, which provided the interface forcOPter's behavior, travel through the space would have been
users to request permission from the robot to traverse tigohibitively unsafe for participants.
space and obtain access to particular parts bins (see Figure§nmediately after the task ended, participants answered
1a and 1b). Simultaneously, the quadcopter robot ew abotyerbal questions about their experience in an interview with
the room, stopping at bins to simulate inventory checks. an experimenter. They were asked about their thoughts and
The two conditions were designated “Shared Space” (ngahavior during the experiment, as well as whether they
and “Turn-Taking” (TT). In theSS condition the participant perceived any inef ciencies and whether they felt unsafe.
and the robot were permitted to work in the grid are&inally, they responded to a survey consisting of Likert (5-
simultaneously, in non-overlapping regions of the spac®0int scale) and free response questions.
The robot never returned to Robot Home, a red, robot- )
only location at the north end of the grid analogous to thé' Land Scenario
human's “home base”. The entire task took approximately In both conditions, the robot landed on the workspace
15 minutes to complete in the SS condition. In th&  oor approximately 60% of the way through the experiment.
condition, the participant alternated with the robot occupyingrhis scenario was designed to reduce the perceived risk
the oor space; while the robot conducted its inventoryinvolved in the shared space condition, since the robot was
route, the participant was required to stay in their respectiveot currently ying, potentially tempting the participant to
home base, and while the participant was collecting itendisregard the oor ownership indicators and to return home
from a bin and traversing the grid, the robot hovered atia a more direct route. In the TT condition, this also served
Robot Home. After each inventory excursion, the quadcoptéo allow the experimenter to quickly replace the robot's
returned to Robot Home via the same general path by whidfattery with minimal disruption to the experimental timing



of quadcopter behaviors between conditions. 2 participants admitted that they considered going around the
experiment area, outside the grid entirely.

“I did come close to wondering whether [to walk] around the
outside because...nothing will be there...” (TT)

participant arrives at Bin 4, only the grid squares along the When asked why their path back to Home disappeared,

northern edge remain blue while the rest of the Workspa(%artlmpants generally thought that there was a software issue

) Lo . n=7) or that the robot was claiming the are&9).
oor turns red, effectively eliminating their route back to ” d like th litch so 1 broke the rul q
Home Base (Figure 1b). The system then begins a 60-second 't S¢émed like there was a glitch so | broke the rule [and]

timer, after which the path back to Home Base will reappear, V&Nt straight through.” (SS) _ _
The quadcopter hovers adjacent to Bin 1 in the SS conditidrioWever, there was no signi cant correlation between partic-

B. Trap Scenario
Partway through the experiment, the participant requests

and hovers at the Robot Home in the TT condition. ipants' reasoning about why the path disappeared and their
decisions about what to do, suggesting that all of the reasons
C. Hypotheses provided warrant consideration. Furthermore, we can see

Through the system and experiment described above, Weat when an autonomous system lags, users will not wait
test the following hypothesedd1: Participants will feel patiently; instead they desire ways to work around the lag.
safer in TT than in SS due to the reduced proximity t
the quadcopter. This will lead to increased deviations in TT,
as participants will rely on potentially faulty reasoning (i.e., < > )
based only on priors and directly observable features) whéfiat all participants felt safe during the experiment,
determining whether to follow the system guidance. The%',th the exact same distribution across both condltlon§
will also spend more time on the grid in SS due to increasegVen the statement, “I felt safe throughout the exercise,’
caution near the robok2: Longer or less direct routes will &/l résponses were either 4 or 5, with an average of 4.7
invoke more deviations from the blue path than shorter d°€€ Table ). Furthermore, 7 participants mentioned the

more direct routes. Thus, the land scenario and trap scenaff"d “safe” in the interviewbeforethey were asked whether
will also invoke deviations that participants will self-justify. 27thing felt unsafe about the experience. Two participants
used the word “safe” in their response to the question,

V. RESULTS “Did you nd anything inef cient about this process?” One
A. Mixed Methods in HRI participant (SS condition) believed the system was too safe:

For a model of mixed methods analysis, we consulted “It's overly safe...there's not enough risk involved.” (SS)
Veling and McGinn's [32] recent survey of 73 qualitativeWhen asked if they thought anything was inef cient about
research papers in human-robot interaction, speci cally théhe system, of the 20 participants, 17 identi ed inef ciencies,
categories of insights-driven, design, and hypothesis-drivemhile 3 did not. One TT participant described a SS environ-
studies. There is a substantial history of prior work in HRment that would be more ef cient, but SS participants had
that use qualitative and mixed methods [33, 34, 35]. Usinguggestions as well:
widely accepted qualitative methods we gathered data in “There were...times where there was a yellow part that didn't
semi-structured interviews as well as textual analyses [32], belong to anyone, and it still made me go around.” (SS)
and coded the responses for repeated key words and thenmgticipants also volunteered their thoughts about trust,
sometimes combined with issues of safety and ef ciency:

“...I trusted the robot to stay in its red areas.” (TT)

. Safety, Ef ciency, and Trust
One of the most remarkable results from this study was

B. Trap Scenario

A striking 25% of pf’all’tICIpantS chose to Walk. through “I trusted it. | think it was very safe at the cost of ef ciency,
the red and yellow regions to return to Home, disregarding Id be comfortable with less safety if possible.” (SS)
the instructions they had received at the start to only walk yip '

through blue regions. Three were in the TT condition whilé's presented in Table Il, participants in the SS condition felt

two were in the SS condition, showing similar rates of nont_hat the robot was more fair than those in the TT condition,

compliance regardless of robot proximity. suggesting a willingness to sacri ce safety for a perception of
1 knew | was faster than it, so [wherever] it was gonna go Ifawngss. As expected and required by the expenmgnt design,
' _ participants were closer on average to the robot in the SS
was gonna get out of dodge before it could get there.” (TT)condition (3.7 m) than in the TT condition (4.4 m), with
In fact, in one case it seemed thzcausea participant had < 9.0001 (Figure 3). However, the self-reported feelings of
high trust in the robot's consistency, they disobeyed the 00Lafery showed identical data for the two conditions (Table
colors to return to Home Base. ), suggesting that participants felt as safe nearly 3
‘I can see that it's safe, so [walked through the red].” (TT) meters from the robot as they did when it was waiting
Eleven of the 20 participants became impatient or assumg@dedictably in Robot Home.
a malfunction when the trap scenario began and selectedParticipants in the SS condition responded statistically
the “Home” button as a solution; 7 participants consideregigni cantly more positively to the statement, “I thought the
requesting another bin to generate a path, such as one clogbot was fair,” (see Table Il), suggesting that the longer wait
to Home, or Bin 4 again (the bin where they were trapped}ime in TT implied a level of unfairness.



TABLE I: Summary responses to select survey items. Parentheses
indicate SS responses. 1 = Strongly disagree, 5 = Strongly agree.

Statement I 1 ] 27T 3] 471°5
::ifseét safe throughout the exert 0 0 0 6(3) | 14(7)
| deviated from the given path 15(8) 0 0 11) | 4) . . . f h .
during the exercise. Fig. 3: Mean d_lsftance rom the robot s_orted by condition.
I'felt informed throughout thel[ 1 | 2@ | 7@ | 76) Across all participants, mean distance in SS = 3.7 meters,
exercise. while mean distance for TT = 4.4 meteps; 0.0001.
TABLE II: Mean responses, by condition, to select survey items.
*p< 0.05
Statement [| Shared Space[ Turn-Taking
I thought the robot was fair.* 4.0 3.1
I liked the way | interacted with the 4.7 38
AR device.*
| thought the robot was very respor
h 3.7 3.0
sive to my requests.
| thought the robot was intelligent, 3.4 2.7

. . — . ) Fig. 4: Relationship between participant response to the item,
The robot thought its priorities were more important.” (SS) |, . : "
o ) I thought the robot was intelligent” and how frequently they
Participants .fu_rther personi ed the robot and the system ipyqred for the robot while on the grig€ 0.05).
some of their interview responses:
“Sometimes you...had to...wait a little bit for it [the robot] to generally liked seeing everything that was in the AR view,
realize, "Wait, | don't need that square, | can give it up.” (SS)except for 1 participant who stated that the grid hologram
“It knew when | was on the eld and when | wasn't” (TT) obscured the robot, making it dif cult to see where the drone

We also noted how many times each participant checkets, which he also said made him feel less safe. (This
the robot's position by |00king at it while they were on participant still responded with 4/5 to “| felt safe throughout
the grid. Data shown in Figure 4 indicate with statisticathe exercise.”) Participants consistently made the following
signi cance that the higher they perceived its intelligence, theuggestions for other information to share in AR: robot intent
fewer location checks a participant made. Repeated chec®s priorities (1=8), a timer showing remaining wait time
for the robot suggest that the human is engaged in trackit§=4), task instructionsné4), and an indicator for the robot
the robot. As multitasking increases cognitive load [36js  location (=2) were some of the most popular responses.
suggests that increasing the perception of intelligence can  Participants had a number of suggestions for additional
be a powerful way to reduce cognitive load. information they would like to see in the display. By showing

During the pre-experiment brie ng, the experimenter interthe red robot-owned regions, we intended to convey the cur-
acted with participants on the south side of the table locaté@nt and near-future movements of the quadcopter. However,
at Home Base, facing the grid. However, 4 participants chog¥er half the participantsng€11) desired even more insight
to work from the north side of the table with their backs tghto the robot's intent, priorities, and planning, with which
the robot and grid as they were constructing the assembtjiey felt that they could make their own decisions about how
One participant chose to work from the west end of the tablé0 move about the space. However it is unclear whether, with
This behavior (working without view of the robot) is possiblythis additional insight, they would continue to stay within
another indicator of participant trust in the system. the blue grid squares or feel empowered to make their own,

A number of other interesting behaviors were observedpotentially deviant, choices for movement around the space.
Despite being told to conduct the tasks in the order providethis information could be useful when designing such
in the instruction booklet, one participant in the TT conditiorystems to know what kind of deviations to expect and
attempted to increase ef ciency by gathering blocks fronhow to prime users to use the systems as intended.
more than one bin per excursion, for example if the followin
bin was also in the given path, as well as by trying to sele
future bins while he was on the grid. Other participants tried The rst hypothesis addresses ef ciency between the two
to anticipate what side of the table the path would start frongonditions. However we found no signi cant difference after
waiting on their predicted side, though frequently the patBomparing the time SS participants spend on the grid to the
that appeared started from the opposite side as predicted TT participants’ time. We also analyzed the mean partici-

pant distance from the robot as compared to participants'
D. AR Interface perceptions of safety. Looking at these data in concert, we

Despite having the same user interface across both condee that despite SS participants being closer on average to
tions, participants in the SS condition responded statisticalthe robot throughout the experiment (Figure 3), they were
signi cantly more positively to the statement, “I liked the just as likely to report that they felt safe throughout (Figure
way | interacted with the AR device” (Table Il). They I). While most participantsn=15, or 7%6) stayed within

%. Support for Hypotheses
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